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Abstract

Segflow: A New Object-Oriented Load Flow Which Uses Trace Methods and Affiliation Objects
by Larry V. Trussell

Committee Chairmen: Dr. R Broadwater & Dr. A.Phadke - Electrical Engineering

This dissertation presents a new alternative type of object-oriented load-flow called Segflow. Segment
objects are used to support the modeling of individual types of power system equipment. Current and
voltage trace techniques are used by Segflow to bind Segment models in support of Kirchoff’s laws.
Affiliation objects and the Target Voltage method are used to bring the solution of the Segflow model to
the solution of the power system network. An example for modeling a simple transformer is given along

with the solution results for a collection of common power system models.

Analysis of the Target Voltage method and simulation results show that Segflow is capable of consistently
solving the nonlinear load-flow problem. The object-oriented layout of Segflow provides very distinct
modeling advantages. Power system modeling is from the perspective of each equipment’s model. Rather
than force all equipment models into large sets of equations to be solved simultaneously by an equation
solver, Segflow allows component models to remain intact and independent as Segment objects. Each
Segment has a one-to-one correspondence with some piece of equipment in the respective power system
which is maintained in the system solution. The behavior of a Segment can be evaluated throughout the

load-flow process.

An important feature of Segflow is the object-oriented design enabling new equipment models to be added
into the Segflow environment as autonomous objects. New models are created from the Segment class and
their inputs and outputs are always relative to the same Segment attributes. Because all Segment objects
are derived from a Segment modeling class and all Segments are treated the same by Segflow, many types

and varieties of power system equipment models can be easily created.

A Segflow application is a collection of interacting objects whose interactions lead to a load-flow solution.
Segflow is an interesting alternative to classical approaches for solving the load-flow problem with large
sets of simultaneous nonlinear equations. It also adds new aspects to the application of object-oriented

design in load-flow analysis.
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Chapter 1

~Segflow: A New TypeofLoad-ﬂow

1. Segflow: A New Type of Load-Flow

Segflow is a new type of load-flow based on objects. An “object” can be simply thought of as a collection
of functions called methods and data called attributes[1]. These methods and attributes represent some
real or abstract item or entity within the respective problem domain([2]. In our case, the problem domain is
a power system and an object corresponds to a software representation of power system equipment such as

transformers, capacitors, and switches.

An object’s behavior is its action and reaction in terms of state changes and information passingiz].
Methods and attributes within Segflow objects describe the behavior of the object in a manner consistent
with the operation of the corresponding power system equipment. Methods within a transformer object,
for instance, use attributes regarding impedances and turns ratios to relate voltages and currents at either
end of the device’s model. Each piece of power system equipment modeled within Segflow has its own

object with tailored methods and attributes.

In Segflow, objects are arranged and connected in a manner similar to the actual power system equipment.
That is, they are given specific avenues of communication that generally correspond to the connection
points of physical equipment. These objects are all treated exactly the same by Segflow and are signaled to
send and request information about voltages, currents, and other items. This interaction is referred to as
information passing between objects and is a definitive attribute of an object-oriented design[3]. In

Segflow, this interaction leads to a load-flow solution.

The load-flow solution in the Segflow design is that state in which all objects signal satisfaction with their
internal state. This corresponds to the validation of Kirchoff’s laws within each and all objects. A Segflow
structure and process has been developed to impel objects to pass messages and respond in a manner to

reach the load-flow solution. Selected aspects of these items are, in fact, the topic of this paper.

The remaining portion of this chapter discusses the benefits and advantages of Segflow as well as the
contribution of others in the area of object-oriented load-flow. The next chapter presents the modeling

base class called the Segment. Chapter 3 discusses the radialized model and trace techniques used for

Chapter 1: Segflow: A New Type of Load-Flow 1



solving radial collections of Segments. Chapter 4 presents Affiliation objects and the Target Voltage
method. Chapter 5 analyzes the Target Voltage method and Chapter 6 discusses the overall Segflow

process.
1.1 The Object-Oriented Paradigm

Programming languages are paradigms that provide techniques to apply to the design and implementation
of a problem. These languages are generated by people's thinking about understanding and solving a
problem [4]. Segflow is based on languages directed towards the concept that things and ideas can be

expressed as autonomous entities called objects.

Classical load-flow applications are based on procedural languages. These programs consist of series of
operations on data structures to implement some algorithm [4]. For involved problems, the procedures are

usually long and complicated. They are thus difficult and expensive to maintain.

If the only tools available are procedural programming languages then we will naturally solve every
problem with sequential algorithms. And even though object-oriented techniques have been around since
the sixties, most of the work has been focused on procedural programming until the late 1980's [3].
Perhaps power engineers have not paid attention to the capabilities of object-oriented designs due to the
strict concentration on load-flow speed. Faster computers can now compensate for the loss of speed with
object-oriented designs. We can now begin to search for object-oriented load-flow methods and may find

that they provide outstanding benefits.

1.1.1_Objects

Schryver stated, "Any [system] is composed of objects that have their own internal calculus. The objects
are constrained by a lawful set of interactions, or a topology that connects the objects.” [5]. And Alvarado
wrote, “The most useful computer programs are those which solve problems in a manner closer to human
thinking.” [6]. Segflow follows these modes of thinking. Object-oriented design for analysis is an
alternative perspective on power systems.

In this dissertation, object-oriented design is presented as a method of analysis. To the extent of this
research, object-oriented design does not provide solutions that current techniques of power system
analysis does not already provide. At the most fundamental perception, the object-oriented design provides
a method of organizing data. It allows us to classify and to group so that power system models are much
simpler to understand and construct. As a further consequence, analysis is also easier to perform on very

accurately constructed power system models.
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This dissertation lays out an object-oriented design of the power system model based on my research and
my understanding of power systems. This model is not unique in my recognition of similarities and
abstractions. The formulations and proofs that are presented herein are a result of my discernment of
power transmission systems represented in my object-oriented model. The behavior that my model
exhibits to converge is rooted in its foundation. Someone else may be able to derive a behavior that will
allow a completely different modeling foundation to converge. This dissertation does, however,
demonstrate that a completely object-oriented power system model can converge to the load-flow solution.

This is the first such demonstration and is thus a fundamental contribution to object-oriented load-flow

research.

1.1.2 Classification

Classification is considered to be the most difficult part of object-oriented analysis and design [2]. It is
difficult to break down complicated systems into groups of related components or classes. It is believed,
however, that a system which is clustered into interacting objects is more pleasing to human cognition,
more meaningful to human understanding, and more closely related to the actual system. Michalski and
Stepp state, “An omnipresent problem in science is to construct meaningful classifications of observed
objects or situations. Such classifications facilitate human comprehension of the observations and the
subsequent development of a scientific theory [7].” Perhaps the classification that a designer has
developed at the point of design is most responsible for the product of his efforts. It could be the case that
our most fundamental ideas about conducting load-flow analysis or other power system simulations are
not unique but only as static as our way of thinking about the universe. Newton, Galileo, Einstein are the
famous examples of the simple solutions that result from a shift in perspective. They stopped, stood back,
and reclassified their model of the world.

Traditionally, the object-oriented model has been classified as a system of simultaneous linear and
nonlinear equations[8]. As a result of this classification, sophisticated equation solvers, data base interface
schemes, and sparsity techniques have been developed. Work with this power system classification has
continued for 40 years and resulted in very productive and accurate methods for solving the power flow
problem. Segflow has resulted from standing back and taking another look at the power system model. It

is a reclassification of the power system model as something other than simultaneous equations.
1.2 What Does Segflow Have to Offer

Segflow enables the users to focus their efforts towards power system component modeling and away from
the techniques for solving large sets of simultaneous equations. It allows users to easily create models of

specific types or classes of power system equipment. These models are built separately from the load-flow
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application and are dynamically drawn in for use when the particular model is needed to represent a

specific piece of equipment.

1.2.1 _Segment Independence

Segments and Segflow have no distinct relationship. That is, all component models look the same from
the outside. They all exchange the same information about flows, potentials, and impedances. The load-
flow algorithm that will be discussed in Chapter 6 never differentiates between a transformer, capacitor,
or line section model. All components are treated the same by Segflow. New models or model

modifications have no bearing on the load-flow program.

Segflow encompasses a careful layout of basic building blocks supporting the flows and topology of
general power systems. New models are fabricated from these basic building blocks enabling users to
model the behavior and attributes of particular types of power system equipment. The purpose of Segflow
is to persuade these new models to interact and converge to a load-flow solution. The tactics used by
Segflow to drive the collection of component models to the load-flow solution are, in fact, the topic of this

dissertation.

1.2.2 Black Boxes

Complex systems such as power systems can be shown to be hierarchies of interrelated subsystems. These
subsystems can be decomposed until, at last, the most elementary components remain [7]. In Segflow, the
elementary component is called the Segment. Segments can be thought of as “Black Boxes.” Segments
hold connection and communication information about generic components. Segflow is created to
manipulate these Segments to interact and converge to a steady state representing a balance of potential
and flow (Kirchhoff’s current and voltage laws). Segments are created to support the fundamental
property of Segflow -- New models never impact the load-flow algorithm.

Any new component is constructed from the Segment model and therefore has all of the characteristics of
a Segment. Segflow treats any component, whether a transformer or generator or line, like a Segment.
The component modeler has a responsibility to override the Segment behavior and create a behavior in his
component model that accurately represents the associated equipment and is conducive to the solution of a

very large collection of Segment objects.

Component models can be quickly constructed and linked with the object-oriented load-flow. They can
incorporate curves, anomalies, and special characteristics that a power engineer might wish to have
reflected in the load-flow results. The object-oriented modeling platform allows him to model a piece of

equipment in any manner he chooses. The load-flow can have its component models defined and
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redefined to fit the criteria of each specific application. Many different types of models can exist for a

general types of equipment such as a transformers, line sections, or generators.

1.2.3 Message Passing

Objects are characterized as dormant until they are activated by other objects. This activation is invoked
with a message. The message is sent to activate a very specific response and is therefore considered to
have an associated method. That is, every message is associated with a method. A sender object sends a
message to a receiver’s particular method. The receiver then sends a message back to the sender

describing the methods results. There are four things that a message sender needs to know:
v~ How to contact the receiver
v’ The name of the correct receiver’s method
v~ Arguments and parameter information to send
v" Generally what type of information that will be received back

The Segflow foundation defines the above aspects. Modelers in Segflow follow the resulting rules.
Message passing within the Segflow envirionment allows Segment autonomy and thus more modeling

freedom.

1.3 The Segflow Perspective

In both the academic and industrial realms, load-flow packages are used to solve intricate models of power
systems containing various representations of power system equipment. Prefabricated load-flow programs
usually offer diverse models for specific components. The load-flows use data pertaining to the models to
construct a collection of equations describing the power system. These equations are all solved
simultaneously using some method such as Newton-Raphson or Gauss-Seidel. The figure below delineates
the representation of a power system’s model as a collection of nonlinear, linear, and other equations such
as constraints. It shows how these equations are all solved together with a load-flow algorithm to produce

the solution of the power system.

Power System Nonlinear

K’ /” Equations\

Special Load Flow
Model = pquations Algorithm
Linear
Equations Solution

Figure 1.1 - The Classical Load-flow Approach
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Since the component models are merged into large sets of simultaneous equations, they are inflexible.
Engineers must make their desired model conform to the models available in the load-flow package.
Manufacturer software modifications are complex, time consuming and expensive. Some engineers or
engineering students may contemplate creating a specialized load-flow program from scratch to achieve
certain specifications. Often, however, engineering time, expertise, or motivation, will not warrant the
construction of a tailor made load-flow. The studies requiring load-flow results may be compromised, with

the abandonment of more ambitious options, by inadequate models.

Segflow is different. Component models in Segflow are not integrated into a global format with all other
component models. In Segflow, all component models remain distinct through the stages of model
construction, solution, and result output. The figure below presents a visualization of Segflow. Component

models communicate through Segflow and with other models.

The components shown above are examples of the models that Segflow users can create. There are a vast
range of possibilities for éomponent models provided with this type of approach. A component model
could be a simple resistor -- or it could be the model for an entire power system. A generator model could
be made having precise allowances for excitor, governor, and prime mover behaviors or it could be
modeled as a voltage behind a transient reactance. The modeling capabilities provided by the object-
oriented load-flow enhance the creativity of the user.

1.4 The Investigation

This dissertation presents the results of.an investigation to determine a method for finding the load-flow
solution with the completely object-oriented design described above. This is a new way to solve power

system models.

There are a number of points of investigation presented as contribution within this dissertation. First, the

object-oriented load-flow must have a method of converging to the load-flow solution. The load-flow is
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not allowed to distinguish between component types and must therefore treat all component models
exactly the same. Due to the design of the object-oriented load-flow, the objects, through their interaction,

should eventually reach a state corresponding to the load-flow solution of the meshed, nonlinear power

system.

Second, a comfortable modeling environment should be supported. Objects, which are collections of data
and functions that describe some physical device, are matched with actual power system equipment. These
objects are connected and allowed to interact. To provide a comfortable modeling environment, this
interaction consists of the passing of information about current flows and voltages. Segflow behaves as the
collective behavior of all Segment objects when they are interacting. If the object interaction settles to
some state then the load-flow has converged. Since the user constructs the equipment model within the
Segment objects, the modeler has the ultimate flexibility and responsibility towards the convergence of the
object-oriented load-flow. Future investigations into the uniqueness of solutions and multiple solutions is

discussed in Chapter 7.

This dissertation presents an object-oriented load-flow that supports the success of new models in
individual behavior accuracy and the overall system load-flow solution. This interaction described by the
interface of the fundamental component model sets the information that will be passed between instances

of component models. Their are a number of interface criteria:

e The interface must support the behavior of all power system equipment ranging

from lines to generators to sources or infinite machines.

e Adequate information must be passed through component interfaces to allow the

load-flow solution to be found.

Modern load-flow algorithms are very fast. They are essential to modern power system analysis. They are,
however, built to emulate very specific types of power system models. They are inflexible to users and
difficult to change for programmers. The contribution described in this dissertation should provide a
power system analysis tool designed for modeling flexibility and not speed.

The desired outcome of this research was to develop an object-oriented load-flow design that is capable of
accurately representing the details of modern power systems with relatively little programming effort. The
load-flow is to help support the sophisticated modeling demands of the user. The component modeling
was to be the fundamental aspect of the object-oriented load-flow so that new components are easy to

introduce and integrate into the load-flow application.
This outcome of my research is a modeling philosophy which exhibits the following features:

e Segflow allows engineers to create new component models by simply describing the

behavior of components in an actual power system[9].
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e The object-oriented design provides a strong cohesion between real world

equipment and their respective software objects [10].

e The model converges to a load-flow solution by object interaction. No algorithms

incorporating global data structures or algorithms are constructed.

o Segflow is relatively non-heuristic and supported with a mathematical and

engineering basis.

e  All data and functionality is contained within component models and other design

objects.

Segflow is not designed to calculate values or solve problems that cannot already be solved with modern
load-flow techniques. I doubt that there is anything that Segflow can model that cannot be modeled with a
persistent engineer writing a Gauss-Seidel or Newton-Raphson algorithm. Segflow is, however, a move
from simulation based on algorithms to simulation based on component modeling. The Target Voltage
method created through this research work allows the creation of a power flow algorithm that is
completely transparent to component models. Users of this method can model to high detail and precision

power system equipment without having to integrate their models into a classical load-flow platform.
1.5 What Have Others Done

The solution of global, nonlinear, simultaneous equations representing the power system has been used
almost exclusively for over thirty years. The emergence of object-oriented programming techniques has
not greatly moved the power engineering community towards object-oriented analysis. In fact, a lot of
object-oriented concepts were developed long before object-oriented programming came around. H.H.
Happ [11] was very interested in independently solving subsections of power systems and then using a
transformation to combine the solution of the groups into a global solution for the entire system. Carre’
[12] considered another method in which a power system model was broken into trees. He found that
particular tree partitions could mimic an optimal elimination scheme used in block iterative Gauss-Seidel

type load-flows.

More recently, attention has been given to the modeling capabilities of a truly object-oriented power
system modeling design and to the effectiveness of using trace methods for solving radial systems. These
two ways of thinking have diverted into two generally separate approaches which are presented in the

following section.
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1.5.1 Efforts in Object-Oriented Load-flow

Two tendencies toward object-oriented power system model design have emerged in the literature. One
group has established a method for solving lightly meshed systems with trace methods used for solving
distribution systems. They have not embraced an object-oriented approach and violate the object-oriented
way of thinking with a global breakpoint impedance or sensitivity matrix. Another group uses object-
oriented programming as a buffer between data and traditional Jacobian matrix based approaches to

solving the set of load-flow equations.
1.5.1.1 Hakavik & Holen[10]

Hakavik and Holen took a similar approach in object oriented programming. They considered object-
oriented programming a tool for data abstraction and encapsulation. An algorithmic approach was used
on network topology to drive components to form the bus admittance matrix with respect to a Tinney
sparsity technique. A solver was used to determine the solution to the application's linear and non-linear
differential equations. They showed that object-oriented programming can be powerful for custom
techniques for handling sparsity. They also showed that execution speed is not hampered with object
oriented data handling. These authors (as was Neyer indirectly) are using object-oriented programming to
handle data into and out of Ybus and the system Jacobian. The object oriented design proposed in this
dissertation circumvents this need by avoiding any global equations.

1.5.1.2 Neyer, Wu, & Imhof [9]
This group showed their design philosophy for an object oriented load-flow application. They pointed out

a number of problems with the present methods of creating load-flow applications:

e The effort for developing and particularly for debugging the [power flow] software

seems to increase exponentially with the size of the project.
e Completed code is not flexible.
¢ Modifying and adapting computer code to changing requirements is costly.
e Discrepancies in data and algorithms lead to hard to detect programming errors.

e A strong coupling between data structures and procedures means that minor

changes propagate through the entire load-flow program.

Their approach is object oriented in data handling. A modified polar Newton-Raphson algorithm and
specialized sparsity scheme harness the power of data abstraction and encapsulation. Because a global

load-flow and data handling algorithm are required to handle the classic non-linear power flow equations
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the approach is not object-oriented as is the contribution of this dissertation. Node models are constrained
to PV, PQ, or Slack.

They did find that object-oriented programming leads to flexibility and modularity. Unfortunately, the
characteristic loss of speed associated with most object oriented programs was a problem. Their

contributing work provides a powerful new approach to writing a load-flow application.

The solution of the load-flow problems using optimal ordering and an upper triangularization technique is
actually embedded into the way that components interact (pass information.). An object in their power
flow constitutes a node and associated branches. A local portion of the Jacobian matrix is formed for each

node and a “localPowerFlow” is initiated so that the system is solved as if it were factorized triangularly.
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Figure 1.3 - Node Objects Pass Sections of the Jacobian Matrix

Very interesting results were found from their work. First, the speed of the load-flow algorithm is slowed

by 30-50% due to message passing. Message passing, in fact, consumed 40.6% of the total run time for
the IEEE 30-Bus test system. They also pointed out that:

e Programming was more natural since the computer model corresponds to the real

world. Programs are much more readable since special purpose data structures are

hidden from the user of a class.

o Inheritance made it very easy to incrementally build up, test and extend the existing
program.
e Object-oriented programming emphasized programming on a higher conceptual

level.

e Message passing in object-oriented programming supports descriptive
programming,.
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The paper introduced the basic elements of object-oriented programming that can be used by the power

engineering community with the example of a load-flow algorithm.

Like the work of Neyer, Wu, & Imbhof, a heavy reliance is place on object-oriented modeling methods.
Unlike their work, the power system is solved with an object-oriented method that is object-oriented by
supporting component modeling flexibility. Component models are not constrained into a global set of

equations to be solved by Newton-Raphson.
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Chapter 2

The Segmeht "a'n‘d Systéin' |

2. The Segment and System

The Segment class is used for equipment modeling. Objects created from this class specifically model
unique power system components. The System class provides containment{13] for the collection of
Segments representing a power system model. Each Segment in the load flow platform is responsible for
establishing and maintaining a behavior that simulates a respective power system equipment. Segments

are self serving; acting as they will in response to Segflow messages.
2.1 The Segment Class

The Segment is the most generalized class, the base class[13], for equipment modeling within Segflow.
The Segment is an abstract[13] class from which all classes corresponding to specific equipment models
are derived. Classes derived from the Segment class and their instances[13] are called Segment objects.

The Segment is the intrinsic component model of Segflow. It can be correlated to an arc in graph theory
and is defined below:

Definition 2.1 - Segment o

A Segment, denoted by ¥, is the fundamental model in Segflow. It is a directed
component analogous to an arc. The segment is connected only in rooted trees and the
end toward the root end of the tree is called the /nward End. The other end is called
the Outward End. The indegree[17] of every segment is exactly one except for the

source Segment, corresponding to the root of the tree, which has indegree of zero.

Inward End Outward End

The Segment class provides abstraction[2] for trace pointers[14], loads, as well as node and connection

information. Abstraction is also provided within the Segment class for database access, windowed output
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and graphical symbol manipulation. Several virtual methods[13] are provided to support distinct
equipment modeling within those classes derived from the Segment class. The methods are essential
because they support the modeling of specific power system equipment. The virtual methods may be over-
ridden (replaced) with new methods which explicitly describe the behavior of the particular equipment
type being modeled. These virtual methods govern Segment behavior associated with current, voltage, and

impedance information passing among other things.

Conceptually, the non-virtual protected [13] member methods and attributes of the Segment class provide
a cast for derived model classes. The representation below shows how this cast provides connection points

for the Segment, orientation with an inward and outward side, and a reference direction for flows:

Flow Reference
——

Inward End ————— I Outward End

Segm en.t »
Figure 2.1 - A Representation of the Segment Class

Member attributes maintain current and potential values at the ends of the Segment and pointers support
the connection of the Segment within the Segflow model.

The virtual methods allow derived classes to insert a model within the framework of the Segment to create
an object specialized for modeling some type of power system equipment. This figure depicts a new model
class being created from the Segment cast:

Component [
Model [ \

Segment

Figure 2.2 - A Derived Modeling Class

The role of the virtual methods in equipment modeling can be made more clear with examples of
transformer and generator modeling presented in Chapter 6. The examples should help demonstrate how
the Segment virtual functions fulfill very specific roles within Kirchoff’s laws by relying upon attributes of
the Segment class.

As discussed in Chapter 1, an objective of Segflow research is to produce a method of load-flow analysis

that will allow software packages to be easily modified and maintained. There are several characteristics

Chapter 2: The Segment and System 13



of the Segment object which allow the addition of new component models and the maintenance of old

ones in Segflow.

e New Segment models are incorporated into Segflow with the registration of the
Segment class’s name into a database read by Segflow. (Dynamic linking of
Segment classes is possible with new frameworks.[15]) No other modifications to

the load flow are necessary.

e The load flow algorithm treats all Segment objects exactly the same. The load flow
algorithm, as previously suggested, never has to be altered with the incorporation of

new component models.

o [Each Segment, has specific and unique data and functionality that allows it to
model some piece of power system equipment. The modeling can be as detailed or

general as the model builder likes.

e From the modeling viewpoint, Segments are connected at exactly one point and
have a load at one point. Models are therefore created to respond to conditions at
the connection point and the load point. One Segments has no responsibility to any

other Segment (Unless the modeler creates a relationship).

2.1.1 Seagment Attributes and Methods

The Segment contains attributes which describe its state and methods which describe its behavior. The
following is a list of three essential attributes and methods which are briefly described. They are important
to the development of current and voltage traces, Affiliation objects, and the Target Voltage method that

is done later in this dissertation.

¥—,Z  Model Impedance -- This is a virtual method which allows the modeler

to enter an expression for the Segment’s series impedance. This
method is used in the calculation of the source trace impedance
discussed in Chapter 3.

Y-, V,, Outward Voltage -- The voltage at the Segment’s outward node. The
value of this attribute is determined from the method
OnVoltageTrace discussed in Chapter 3.

Y—, I, Inward Current -- The current entering the Segment is determined

from the method OnCurrentTrace discussed in Chapter 3.
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The model impedance is essential to constructing the radialized model of Chapter 3. The inward current
and outward voltage are commodities of voltage and current traces and are used to determine the solution

of the radial collection of Segment objects.

2.1.2 Information Passing

Shown below is a tree of Segments representing component models:

Figure 2.3 - Rooted Tree of Segments

Segments are connected into rooted trees so that information can be exchanged between a component and
its single upstream connected Segment. That upstream Segment is called the feeder Segment and is
defined as follows:

Definition 2.1 - Segment Feeder

The feeder of Segment ‘¥, is the single Segment, '¥';, in a Segflow rooted tree whose
outward node is incident to the inward node of ‘¥,. A containment[13] attribute

pointing to ‘¥, is maintained within ‘¥, and is noted as ‘¥, > ‘¥,

eed

Within the collection of Segments, information is only passed between a Segment and its feeder. The two
primary types of information passed are voltage and current. Current information is sent from a Segment
to its feeder during voltage traces (discussed in Chapter 3). During these traces, information about flows is
accumulated from the ends of the radial model to the source. Here is a system of Segment objects, each

representing some power system equipment:

m m m
o,?f %, Amps coe’%g_ %, Amps wﬁf;?.
Mo Mo Mo

Figure 2.4 - Passing of Current Information
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Information about voltage is requested by a Segment from its feeder. Another Segflow process called the

voltage trace is used to propagate voltages from the source Segment to the end of the rooted trec of

Segments:
m m m
2%, KV @0?3;: %K £
Mo Mo Moo

Figure 2.5 - Passing of Voltage Information

The powerful feature of the object-oriented design of Segflow is that any analytical model can be inside of
the Segment model as long as current, voltage, and other types of information passing are supported.
Detailed characteristics of adjacent Segments are unknown to a Segment. Each Segment simply expects a
voltage and is responsible to provide a current to its feeder. The remaining chapters of this dissertation

describe how the load-flow solution can be determined from this open object-oriented design.

Other types of information can be passed and other avenues of information passing can be established by
the Segflow modeler. Links between Segments can be created to simulate remote controlling or coupled
components. Dynamic modeling (briefly discussed in Chapter 6) can also be modeled with other types of

information passing.

2.1.3 Segment Load

Models derived from the Segment class can utilize any sort linear or nonlinear injection internally.
Segflow does, however, encapsulate the general modeling of constant power, current, or impedance loads

as the following diagram suggests:

Inward User Dutward
Ende——1 Supplied End
Mode! T
Load
Reference —g Point
Direction

Figure 2.6 - A Segment Diagram Showing Enéapsulated Load Point

Load at the load point is handled by the Segment class in two ways. Current injection from the load point
is propagated to a current demand at the inward end and by message to the feeder Segment. The constant
current and constant impedance loads are also evaluated and converted to constant current loads with the

linearization method discussed in Chapter 6.
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2.1.4 Compensation Current

Conpensation current is an attribute of the Segment class and represents a constant current load at the

load point of the Segment model. The current is collected as a load by the Segment.

Definition 2.1 - Compensation Current.

Compensation current is a Segment attribute and represents a constant current load.

Compensation current for Segment i is noted as: ¥, - /.,

Affiliation objects, presented in Chapter 4, contribute to this current in order to alter the outward voltage
of Segments. Models for equipment such as generators might also contribute to the compensation current

of a Segment. An example of generator modeling is presented in Chapter 6.

2.1.5 Getting Data to Segments

When a Segflow program is used, data has to be transferred from a database into appropriate Segments. A
very important aspect of Segflow is the segment’s ability to handle data input and output. A Segment
method can be overridden by the modeler to intercept model information as Segflow reads an appropriate

database. This diagram represents the process:

B Mode! information is

Tels Segfiow to creats
an instance of a class

Figure 2.7 - Data Transfer to a Segment

Information is moved in groups from a data file or database into Segflow. From the information, Segflow
creates instances of the appropriate class and passes the information on to that object. The data is
interpreted by the new Segment with a method created by the model builder. This layout promotes object
independence and maintains the fact that Segflow does not have to be altered with the incorporation of

new component models.
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2.1.6 Deriving New Models

As was previously mentioned, new equipment models are derived from the Segment class. These derived
classes which are also called Segments exhibit all of the base class characteristics. Virtual functions are
over-ridden to provide the specific behavior required for modeling their particular equipment. The figure

below depicts classes derived from the Segment class:

T

Transtormer’
wih LTC

Figure 2.8 - Segments Derived from the Base Class

This diagram shows that three types of transformer models can be derived from the Segment class. The
first transformer has a detailed core model that demonstrates core losses and saturation. The second
transformer is an ideal transformer with series winding losses and a tap selector on the primary side. The
third transformer derived directly from the segment class can operate with forced oil, forced air, or forced
oil and air [16] depending on the loading. A transformer with a load tap changer can be derived from the
transformer with the high side tap selector.

2.2 The System Class

The power system is represented with the System class. The collection of Segments used for component
modeling is contained within the System class. The System class orchestrates the message passing that is

used to invoke the traces and the Affiliation objects which will be discussed in Chapters 3 and 4.

The system class is essential to Segflow. The scope of all Segment objects is within the System object. It is

the only object with influence transcending over all segments. It serves four fundamental functions:
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Database I/O: A database is used to store information about power system
components. Chunks of information are grasped by the System object and used to

construct the collection of Segment objects.

Algorithm Emulation: The Segments in Segflow are connected for use with the
trace methods discussed in the next chapter. The System class directs traces and
activates Affiliation object methods. Linarization and Adjustment messages are also

sent by the System class. All of these topics are presented later in the dissertation.

System Structure: The System class is responsible for construction and

maintaining the collection of Segment objects used for power system modeling.

Segment Access: Segments may need access to other Segments other than their
feeder. A Segment can make a request to the System object for the address of

another Segment.
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Chapter 3

'The Radialized Model and Traces

3. The Radialized Model and Traces

Object independance in a load flow analysis scheme refers to the identical treatment of all component
models. The object-oriented load flow is created to support object independance. This support is possible
because of a fundamental model or template having a well established interface. Other models are created
from this fundamental model and therefore inherit the common interface. The interface is sustained with a

radial representation of the power system.

A power system model is solved when validation of Kirchoff’s laws has been achieved throughout the
system. Since Kirchoff’s laws correspond to current flows and voltage potentials, the information to be
passed in the object-oriented load flow is voltage and current. The reference direction of current flow is
along the outward direction of a component (to be discussed below). This direction is always from left to

right in the figures of this chapter.
3.1 The Radial Model

Components in power system network models are typically connected between or to nodes. Current flow
through these components is assigned a reference direction. Arcs[17] are therefore valid representations of
power system components in these models. The component model in the object-oriented load flow is
analagous to an arc. The indicative arc of a power system with loops or meshes has multiple other
components connected to either of its nodes. Both the indegree and outdegree[17] of the arc are greater
than one. In a radial system with arcs referenced away from *he source, the indegree of every arc is one

and the outdegree is zero or more for connecting arcs.

Broadwater, Thompson, and McDermott showed the advantages in speed, storage, and elegance of using
pointers in radial distrubution system analysis[14]. Another advantage of their methods, and in fact the
contribution to this research, is the clear definition of the type and path of exchanged information. Here is

a line section related to their work in radial systems:
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Figure 3.1 - A Sample Rooted Tree

Look at line section “B”. There are two pieces of information handled by the line.

e First, all of the line flows for “Line C”, “Line D”, and “Line E” are combined to
form a flow through “Line B”. This information is added to the flow through “Line
A”. This type of information passing corresponds, in their work, to current and is

analagous to the implementation of Kirchoff’s current law.

o The second type of information passing corresponds to voltage. A voltage at the
right end of “Line A” can be recieved by “Line B” and altered with some sort of
voltage drop. The voltage at the right of “Line B” can be formed and subsequently
be used by “Line C”, “Lir: D”, and “Line E”. This information passing corresponds
to Kirchoff’s voltage law.

3.1.1 Some Examples

In the radial circuit above, Line B takes a value of current or voltage and supplements or alters it with an
internal voltage drop or load. This revision takes place completely within the bounds of “Line B”; without
the influence of any other line section. This demonstrates that the line sections are independant and that

the actions are object-oriented ones.

Lets replace “Line B” with a transformer:

Transformer B

e

—

Figure 3.2 - A Transformer Example

The first KCL type operation occurs when the current demand from all Segments connected to the
transformer’s outward end are divided by the turns ratio of the transformer and added to the transformer’s
feeder Segment. The second KVL type operation occurs when the transformer multiplies the voltage at its
inward node by the transformer turns ratio and supplies that resulting voltage to all of its outwardly

connected components.
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Here is a capacitor replacement of “Line B”:

Capacitor B
Figure 3.3 - A Capacitor Example

During the KCL operation, the demand current from the capacitor component’s outwardly connected
components is combined with the capacitor injection and supplied as a demand on the capacitors inward
component. The KVL operation takes the voltage at the capacitors inward node and supplies it to the
outward node.

The purpose of these examples is to explicity show that

1. The type of component does not effect the general KVL and KCL operations.

2. Voltage and currents are commodities exchanged with a components inward
connection. These commodities can be altered by a component without concern for

other components in the system.

3.1.2 The Advantages

It is advantageous for a component model to be connected in a rooted tree for a number of reasons. First, a
component passes and retrieves information from exactly one component -- its innode connected
component. Second, the topology of the network can be maintained with a single linked list. This is a very
simple and efficient method for containing a circuits topology. Finally, the linked list(s) that are used to
emulate the KVL and KCL patters of operation provide a natural data base structure. It is therefore
concievalble that a power system’s database, memory structure, and load flow algorithm can be the same.

3.1.3 Who else uses a rooted tree

Authors Shirmohammadi, Semlyen and Luo have developed a method for solving power system network
models with a radial representations. The authors present a robust and efficient method for solving
“weakly meshed distribution systems.” An infinite bus or swing machine is chosen as the root of their
radial model. They break the weakly meshed system at “breakpoints” to form a radial system. The source

in the radial model is the swing bus and each break point is the intersection of exactly two line sections.
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Figure 3.4 - A Weakly Meshed System With Breakpoints
That radial system is solved with forward and backward “sweeps” corresponding to the general trace
methods that will be discussed below.

3.1.3.1 Shirmohammadi, Semlyen and Luo[18]

The authors use a multi-port compensation method to load the breakpoint nodes with constant current
loads. The values of the loads are determined from a breakpoint impedance matrix which is global:

Vl Zn Z]j 1p J] (3.1)
Wit=%n = Z; - Z, JJJ (
\VpJ _Zpl Ut Ly Ut Lpp ] f]pJ

The dimension of the impedance matrix corresponds to the number of breakpoints. All breakpoints have
exactly two branches and the combined load added to each section is zero. The above impedance matrix is
small for weakly meshed systems regardless of the system size. A system with 20,000 branches and two
loops will have a 2X2 breakpoint impedance matrix. The matrix does, however, have to be constructed
globally. Diagonal terms (Thevenin Impedances) do correspond to trace impedances. Off diagonal terms
must be determined from the network topology.

While a radial representation of a power system network is used in the research represented by this
dissertation, there are fundamental differences between this contribution and that of Shirmohammadi,

Semlyven and Luo.

e First, the load flow presented here is object-oriented since no global matricies or

evaluations have to be performed.
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e Second, the object-oriented load flow supports densly meshed power system

networks and breakpoints having more than two incoming sections.

e Finally, the series impedance of components is not needed by the object-oriented
load flow in support of component modeling freedom. (Some representative number
of a series impedance is requested for the construction of the radial model. This

number is not used during the load flow convergence process.)
3.1.3.2 The later work of Luo & Semlyen [19]

The work here is built from the work of Shirmohammadi, Semlyen, & Luo discussed previously. The
primary modification is the use of active and reactive flows along the forward and backward sweeps. This
modification works much better with PQ busses but doubles the size of the breakpoint transformation
matrix. The matrix was previously called the breakpoint impedance matrix. It is now called the sensitivity
matrix. It relates changes in active and reactive compensation power loading to changes in bus voltage
and angle. They apply a detailed method for network flow tree labeling to determine impedance values for
use in their sensitivity matrix.

It is conceivable that power flows could be used in the object-oriented load flow instead of current flows.
Although this does simplify the arithmetic associated with the modeling of PQ loads and generators, it
increases the complexity of modeling voltage drops across lines, transformers, or constant current or
impednac loads. The information associated ﬁm Kirchoff’s laws, current and voltage, is maintained in
the object-oriented load flow. It is the responsibility of the component modeler to emulate the behavior of
aspects of a component model associated with the nonlinear quantity, power.

3.2 Constructing the Radialized Model

The discussion above is supportive of an object-oriented load flow layout. The root, or substation in radial
distribution system analysis, corresponds to a node with both know voltage magnitude and voltage angle.
In the analysis of power system networks, the swing bus has a constant and predetermined value for both
of these quantities. Power system networks analyzed by the object-oriented load flow are therefore

rendered into a radial system with the swing bus assuming the position of tree root.

Definition 3.1 - Radialization

A power system network model is Radialized particular arcs are disconnected from
certain nodes so that the indegree of every arc (except the arc cooresponding to the
source) is one. A radialized system is delimeted as I" and the root or infinite bus

Segment is delimited I" — Startq,. The magnitude of the source trace impedance

(discussed later) for each Segment in a radialized model is a minimum.
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Shown below is the Wood & Wollenberg power system network and the radialized model:
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Figure 3.5 - The Radialization Process

The purpose of this radialization process is to allow a clear avenue of communication between a
component and another. Component models in the radialized system communicate exclusively with the

single upsream component.

Construction of the radial representation of the power system model is done with a network combinatorial
optimization technique[17]. The resulting model must be radial and the source trace impedance of any
Segment has to be a minimum. Using the combinatorial technique, the radialized system model is created
by starting with the source Segment (representing the swing bus). Each time a Segment is added to the
growing rooted tree, all Segments that could possibly be connected are evaluated. The Segment that, when
connected, would have the least source trace impedance is actually connected. All other Segments remain

for evaluation during subsequent connections.

Pointers for the inward, outward, and feeder Segments are created and maintained as the rooted tree is
constructed. The process of constructing the rooted tree is the only operation requiring global operation in
the object-oriented load flow. The process of constructing the rooted tree with each Segment having a
minimum source trace impedance is time consuming. The IEEE 300 bus test system took approximately
three minutes to construct. However, the tree only needs to be constructed once because it can be saved to
a database with all tree related pointers intact. The system can be quickly read in as a radialized model

during consecutive system loading.
3.3 Trace Methods for Solving the Radialized Model

Up to this point, two objectives necessary for the presentation of the object-oriented load flow have been
discussed. First, the meaning of object independance has been defined in the last chapter and established

as the Segment previously in this chapter. Second, a structure for object communication has been
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generated with the incorporation of a radial representation of a power system network. Their are two

objectives remaining.

The next chapter will present a method for realizing the solution of a power system network with its
radialized representative. This section, however, will present a previously secured method for solving
radial circuit models. This method referred to as the Trace Method supports object independence and the
object communication ideas developed earlier. The Trace Method has been developed by R. Broadwater
and others[14,20,21,22] and is a descendent of the Ladder Method created by W. Kersting[23,24]. The
Ladder Method and the Trace Method have become valuable tools for radial system analysis. The
difference between the conceptualization of the two methods (not necessarily the application) is subtle but

distinct.

3.3.1 The Ladder Method

The Ladder Method. was derived from a popular method to solve non-recurrent and linear ladder type

circuits such as the one below.

Figure 3.6 - Non-recurrent Linear Ladder Type Circuit

The source voltage to the left is known as some constant value. The solution process is started by
assuming a voltage across the admittance Y4. This assumption allows the calculation of the current
through Y4 and Z3. A voltage drop can be calculated across Z3 to give the voltage across the admittance
Y2. This process is continued all the way back to the source. The calculated source voltage is compared to
the actual source voltage. The ratio of the two is used to multiply the voltages and currents throughout the

rest of the circuit. After the multiplication, the solution of the entire linear circuit is known.

The solution of a system with PQ load is different from the case of the linear circuit. Here is the same

figure except that the admittances have been replaced with PQ loads:
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Figure 3.7 - Ladder Type Network with PQ Loads

Once again, a voltage is assumed at the end of the “ladder” across the load S4. Load current is developed
from the assumption and used to get the voltage drop across Z3. A voltage can be determined for the load
S2 and the calculation of a corresponding load current. The process continues all the way back to the
source. At the source, the difference between the actual source value and the calculated value is
determined. That difference is then added to the voltage guess across S4' and the process is repreated until
the currents evaluated at the PQ loads remain stationary within toleration. The process usually takes four
to six iterations. In a radial distribution system, the process is applied to the laterals and then to the main

feeder in some independent fashion.
3.3.1.1 A Look at the Ladder Method on a Simple Voltage Divider

This simple example is given to contrast the effectiveness of the ladder method with more general trace
methods. The ladder method is very effective for solving circuits with constant impedance loads like the

one that follows:

Vs 7s

Figure 3.8 - Circuit with Constant Impedance Load

Implementing the Ladder method begins with a guess of the receiving end voltage:
V(l) = Guess (3.2

The next step is to determine the load current:

! The per-unit system is used with the Ladder method
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Y (3.3)

v (3.4)

The error in the calculated source voltage is found as:

E= __Vs— (3.5
V(‘) V(]) 7
+ r
r ZL S

And the new receiving end voltage is scaled:

Z

ad A (3.6)
Z, +Z

Vr(2) - EV,(I) =V,

The ladder method converges after one iteration on a circuit with constant impedance load.
3.3.1.2 The Ladder Method with Constant Current Load

Repeating the above analysis for a constant current load results in an iterative expression for the receiving

end voltage:

Vr(M) = Vs i i (3.9
0o+1,2,)" + 35

V(’)

A binomial series expansion can be used twice on the denominator to show that:

limVr(i) =Vs-1,Z (3.8)

i—»0

3.3.2 The Trace Method

The Ladder method that was just described is driven by inward motions from the ends of a radial system
to the source. Errors are evaluated at tie points between laterals and the main feeder as well as at the

source. These errors are used to adjust the voltages at the ends of the system for the next inward motion.

The Trace Method has an inward motion corresponding to the collection of load current and the

satisfaction of Kirchoff’s current law. (The Ladder Method attepts to satisfy both KCL and KVL along the
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inward motion.) Unlike the Ladder Method, the Trace Method incorporates an outward propagation
starting at the radial systems source and extending to the outer edges of the system. Kirchoff’s voltage law
is applied during this propogation. After iterations of these inward and outward motions, both the current
and voltage law of Kirchoff will be simultaneously satisfied for every component in the model signifying

the solution of the collective system.

The Trace Method is well suited for an object-oriented power flow design. It is implemented by
recognizing each element in a power system's model in an organized manner. Segments in the object-
oriented load flow pass information in a manner consistent with the topological layout used for the

solution of radial systems using the Trace Method.
3.3.2.1 Some Definitions

The Trace Method is the motivating force behind the solution of a power system model with the object-
oriented load flow. The terminology associated with the description of the load flow will, therefore, be

presented here with the introduction of the primary component -- the Trace Method.

The first definition is used to describe the recognition of Segments which are independant and isolated

except for their methods of message passing:

- “Definition 3.2 - Focus

When control or attention is given to the state, methods, or data of a particular
Segment, ¥, in the object-oriented load flow via a particular method of the load flow
the Segment is said to have been given focus.

The source trace is not explicitly used in the object-oriented load flow. It is, however, important to the
understanding of the inward and outward trace that will be defined shortly.

Definition 3.3 - Source Trace

The source trace of Segment, ', is the set of Segments not including ¥ such that
each Segment in the set occurs once and each Segment belongs to the unique path

between ¥ and the system source or start I" — Start,, .

An inward trace represents the order in which Segments are focused during the load currrent collecting

portion of the Trace Method.

Definition 3.1 -‘Inward or Current Trace

A Segment, ¥, in a radialized model I" can be given focus during the inward trace

only if the Segment is an end or all other Segments having ¥ in their source trace
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have been focused during the same inward trace. Each Segment in I is given focus
exactly once during an inward trace. The first Segment focused during an inward trace

is delimeted I' — End,,. The inward trace is alwo known as the current trace

because it is used to collect load current towards the radialized model’s source.

Inward or current traces are used to collect currents from the outskirts of a circuit, through the circuit, and

back to the source.

Figure 3.9 - Current Trace Circuit

An inward accumulates through current from component B and A to component C. That current is

combined with D and added to E. The current demand from the source is then known.

Segments are focused along an outward trace such that upstream voltage and drop information can be

propogated from the source of the radial model to the outer segments.

Definition 3.1 - Outward or Voitage Tlface; :‘

A Segment, ¥, in a radialized model I" can be given focus during the outward trace
only if ‘¥ is the source or starting Segment I" — Start,, or all other Segments in the
source trace of ¥ have been focused during the same outward trace. The outward

trace is known as the voltage trace because it is used to propogate voltages from the
source of the radialized model throughout the circuit.

An outward trace is the ordered progression from component to component starting from the radial
system’s source to all other components. The outward trace is used for voltage propagation. Consider the

source voltage in the circuit shown below:

Figure 3.10 - Voltage Trace Circuit
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Voltages are propagated from the source to sections A, B, C, E, and D in that order’. This movement
among the components is called an outward trace [17] since components gaining control are gradually

farther or more outward from the source. Broadwater refers to the process as a forward trace in his work

[14].
3.3.2.2 Solving circuits with trace methods

The inward and outward propogations briefly presented above are used to solve circuits like the example

presented earlier:

vSource AY=d

Figure 3.11 - Ladder Circuit with PQ Loads

An outward trace is performed which propagates the precise source voltage to each of the nodes atop the
loads S2 and S4. Next, the load current of S4 is evaluated with the loads voltage. That current is used as
the current flow through Z3. The load current through S2 is added to the current through Z3 to get the
current through Z1. An outward trace is started at the source. The current through Z1 is used to evaluate
the voltage drop and get a new voltage across S2. The current through Z3 is used to further drop the

voltage to S4. The process is reiterated with the new voltage estimates and eventually converges.
3.3.2.3 Trace methods on a constant current circuit

The trace methods inherently solve radial systems with constant current loads with exactly one inward and

one outward trace. Here is a small radial system with a single constant current load:

v/ 7.

Figure 3.12 - Circuit with Constant Current Load

? Other orders are possible.
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During the inward trace, the load current is summed back to the source. The voltage drop across the line
can then be used from the source voltage to get the voltage at A. Since the current remains constant, the

system is solved with the single inward and outward trace set.
3.3.2.4 Trace Methods with Constant Impedance Load

The behavior of the trace method will be investigated on this circuit:

| — Vr

Vs 7s

Z,

Figure 3.13 - Circuit With Constant Impedance Load

This is a linear problem since the source voltage, line impedance, and load impedance will be given. The
following derivation will show how the trace method reaches the correct solution for the receiving end

voltage. It will also be shown that the method will not converge if the line impedance is greater than the
load impedance.

Given the line and load impedance, a trace method iteration can be defined by a forward and backward

trace. After a forward trace is used to propagate the source voltage, a backward trace is implemented:

) (3.9)

Use a forward trace to determine the segment downstream voltage:

V,=V.-1z, (3.10)

To start the iterative process, the downstream voltage should be estimated as the source voltage. A
backward and forward trace used in succession constitutes an iteration and yields a new guess at the

downstream voltage:

LZ (3.11)

v =v,-
r s ZL s

Another backward and forward trace can be induced on the above results:

o V[1_£+Zsz_] (3.12)

r s
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And after more backward and forward traces:

V.=V 1—ZS+Zf_Zj+... (3.13)
r S ZL Zz ZZ

The downstream voltage calculated with Ladder method iterations can be written as:

J" (3.14)

This equation demonstrates that the trace method will only converge if:

Zs
L

V=Y~

(3.15)

S

<10

Series converges if

L

This result shows that the total equivalent series impedance between a segment and its source should
always be less than the fixed impedance representing the load and downstream demand.

Equation ( 3.14) is useful to show that the trace method does converge to the correct solution. Use this

substitution in ( 3.14):

4= (3.16)
ZL

to get:

V,=V,(1- 4+ 4> - £'+-) (3.17)
which represents a binomial series in A:

1-A+A4 - AL +=1+ )" (3.18)
So, if we revert the substitution of A then:

V.=V, IZ :V‘ZZ+LZ (3.19)

1+—== L7 %s

which is the correct solution to the voltage divider circuit.
3.3.2.5 The Application of the Trace Method by Broadwater & Rahman [21]

The Distribution Analysis and Economic Evaluation Workstation (DANE) is presented in the respective

paper. The product is intended for student use but does contain state-of-the-art concepts about open-
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architecture and object-oriented analysis. The application programmer interface (API) is constructed with
objects (groups of data). There are a number of characteristics of DANE that are directly related to this

dissertation work:

e Forward and Backward traces are used to solve radial systems.
e Different object types respond differently during traces.

¢ Dynamic memory allocation is used to support user modeling.
DANE is a precursor to the EPRI Distribution Engineering Workstation (DEW).

3.3.2.6 The Work of Broadwater and others [22]

The archetecture of the Distribution Engineering Workstation is designed around the heavy reliance on
inward and outward traces (forward and backward traces). The support of object independance although a
truely object oriented design is not persued in liu of a relational data scheme. The paper shows how
classes with similar characteristics can be grouped together into a superclass. A subclass is a
specialization of a higher level class. It includes the attributes and methods of its parent class. These
characteristics are said to be inherited from the parent class. An example of the class hierarchy concept
can be found in the design of the EPRI Distribution Engineering Workstation [22]:
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Figure 3.14 - DEWorkstation Component Objects

Object-oriented concepts are used with DEWorkstation even though object-oriented programming
languages are not. A component object is the fundamental structure (analogous to class) describing a

power system. Power system components such as lines, transformers, or breakers are derived from the
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component object. Components such as switched or fixed capacitors can be further derived from the

capacitor object.
3.4 The Source Trace Impedance

The source trace impedance is the Thevinin impedance for a Segment. It is, that is, the impedance lying
along the path between a Segment and the source of the radialized model. The accumulation of source
trace impedance for a segment is an object-oriented technique. A global or localized algorithm is not
needed to compute the impedance. The impedance is instead propagated from component to component

along an outward trace.

Figure 3.15 - Diagram Showing Source Trace Impedance

The source trace impedance for G can be found by adding the impedances of A, B, C, D, E, F, and G. A
change in current at G will bring about a proportional change in voltage at G with the proportionality
constant being the source trace impedance of G.

Definition 3.1 - Sdurce Trace Impedahéé'i :

The source trace impedance for a Segment is simply the source trace impedance of the
segment's feeder supplemented with the modeler supplied impedance of the Segment.
This impedance is found for each Segment during outward propogations of the object-
oriented load flow algorithm. It is the impedance between a segment and the radialized
network source along the unique path separating the two. The source trace of
impedance of Segment, 'V, is the impedance seen from the outward end of ¥ along
the source trace. The source trace impedance of a Segment is denoted as ‘¥ — , Z;.

3.4.1 Minimal Voltage Drop

The source trace impedance for each Segment is minimized during the constrution of the radialized model

to insure that the voltage drop due to a load is minimal.

Loads in the radialized model are fed from a single path from their respective Segment back to the

model’s source. If the radialized model is not constructed correctly, this path may be one of unnaturally
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high impedance. Consider the simple power system network with the infinite bus, two 115/13.8kV

transformers, and a very large load shown:

115/13.8

1157138
Smail
Load

Big
Load

Figure 3.16 - A Power System with Sub-transmission and Distribution voltages

If the system is radialized as follows:

115/13.8

L— \
g 115/13.8
Small
Load
Big
Lood

Figure 3.17 - A Poor Radialization of the Network

N

then an enormous load current would be forced to travel through the 115/13.8kV transformer and through
the 13.8kV portion of the model. This is an unnatural path because it is a high impedance path. The
source trace impedance for all segments in the above system is not a minimum. Clearly the best path for

the load current is along the 115kV line section Segment and into the source.

In this radialization all segments have a minimum source trace impedance:

115713.8
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Figure 3.18 - The Best Radialization of the Network

All loads travel along a path of least impedance within the radialized model. The Affiliation objects will
alter current flow so that the state of the radialized model corresponds to the solution of the power system
network.
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3.4.1.1 Load Placement

Loads in a power system network may have many possible locations for placement in the radialized
model. The correct place to put the load is with the Segment having the least source trace impedance. The

load is therefore fed along a path with minimal loss and voltage drop.
3.5 The Move to Networks

The radialized model and the Trace Method are the basis of the object-oriented load flow because they
support object independance from the load flow as well as distinct avenues for message passing. In order
to solve power systems network models, a new object has to be introduced called the Affiliation object.
Affiliation objects communicate with Segments whose outward nodes correspond to some common node
in the power system network. Each Affiliation object communicates with its member Segments until the
outward voltage of all of the members is the same. If these voltages match for the collection of Segments
belonging to each Affiliation object then the solution of the radialized model will match the solution of the
power system network. Affiliation objects and their internal methods called the Target Voltage method are
the topic of the next chapter.
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Chapter 4

Affiliation Objects & The Target Voltage Method

4. Affiliation Objects & The Target Voltage method

The previous chapter showed that Segflow power system model consists of a collection of radially
connected Segments. If each Segment is connected so that its source trace impedance is minimal that the
collection is called the radialized model of the power system. A set of trace techniques were presented
called the current and voltage traces which are used to find the solution of the radialized model with

constant current loads.

Some components are broken apart when a power system network model is radialized. The connection
information that is lost through the radialization process is maintained with Affiliation objects. This
chapter presents the Affiliation object which is used to drive the solution of the radialized system to match
the solution of the power system network model with corresponding current loads. The algorithm used by
the Affiliation object is the Target Voltage method.

After the successful implementation of Affiliation objects and their inner mechanism, the Target Voltage
method, the solution of the power system network with constant current injections will have been found.
Chapter 6 will discuss the Segflow process and the linearization methods of Segments which allow the

solution of the nonlinear network model and even dynamic simulation of power system behavior.
4.1 Affiliation Objects

The connection information that is lost through the radialization process is maintained with Affiliation
objects. Segments whose outward nodes are disconnected to form the radialized model become members
of a container attribute [25] of a particular Affiliation object corresponding to the respective outward node.
This Affiliation object simulates the behavior of the respective network node from within the radialized
model. The purpose of an Affiliation object is to bring the outward voltages of its member Segments to the
same value. When this purpose is fulfilled, the Affiliation object forms a “virtual node”.
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Affiliation objects are considered container objects because they associate or have access to a collection of
Segment objects. They are also a vehicle for the implementation of the Target Voltage method that will be

presented later in this chapter.

‘Definition 4.1 - Affiliation objects

Segments of the set ‘¥,...'¥), of the radialized model I" are members of Affiliation
object Aif superimposing ‘F,...'¥,, onto the model of the power system network
reveals that the outward ends of the Segments form a node. The Affiliation object
retains, as its own, the name of the common outward nodes of the assdciated
Segments. This common outward node is called the identity node of the Affiliation
object. The degree of a Affiliation object corresponds to the number of associated

Segments.

4.1.1 A Clarification of Affiliation object Members

As the above definition implies, all Segments whose outward nodes are the identity node of an Affiliation
object are members of that object. The inward node of some Segments correspond to the identity node of
an Affiliation object. The outward nodes of the Segments in the figure below are marked with arrows. The
inward node is unmarked. The dot in the middle of the diagram refers to the identity node of the
Affiliation object to which the figure corresponds:

a5
D/INE

Figure 4.1 - A Node in a Network and Affiliation object Member Segments

The system has been radialized so that Segments A, B, and C are member of a Affiliation object.
Segments A and C were disconnected from the node to radialized the model. Segment B has an outward
node corresponding to the Affiliation object’s node. Segments D, E, and F are fed from Segment B during
current and voltage traces. They are not members of the Affiliation object and only interchange
information with Segment B. The Affiliation object drives the outward voltage of Segments B, A, and C
together. Segments D, E, and F bind their inward voltage to the outward value of B during voltage traces.

Thus, the corresponding inward and outward voltage of all Segments involved become the same value by
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the action of the Affiliation object and voltage traces and the voltage of the emerging virtual node is

found. The section below shows the Affiliation objects of an example system.

4.1.2 Return to the Six Bus Example System

Shown in Figure 4.2 (A) is the six bus example system presented in Chapter 3. The second frame, Figure
4.2 (B) shows the breaks created during the radialization process. Affiliation objects are introduced by
Segflow to bind those Segments together in the radialized model. The Affiliation objects are shown in the

last figure:
G2 -
mU)C D Y / ‘\‘ VMm
F F 61 62 v
A 8 ry RN
E D C et ° c \ N
(A) Power Network (B) Radialized Model (C) Affiliation objects

F>**E>""D
Figure 4.2 - Three Affiliation objects

The locations of Affiliation objects can be found from inspection after a network model has been
radialized. The connectivity of the radialized model cannot be found without the application of an
algorithm which minimizes the source trace impedance for every Segment. The radialization process and
the number and degree of Affiliation objects are therefore dependent. This dependency is rendered in the

next section.

4.1.3 The Number of Affiliation objects

The radialization of a power system network model may not produce a unique radial model. (The
constraint that all Segments have a minimum source trace impedance that was given previously with the
definition of radialization does tend to produce unique radial models.) For a given power system model,
however, their is always a relationship to any radialized model and its Affiliation objects. The relationship
involves the number of simple loops or meshes in the network model and the number of Affiliation objects

and Segments that are members of Affiliation objects in the corresponding radialized model.

From Linear Network Theory [17, 26] it is known that the number of branches in the power system

network’s cotree is related to the number of loops:
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N coree = N Loops (4.1)

The set of branches in the cotree is characterized by two items:

1. The cotree voltages are a basic set of variables from which all other variables can be
determined. That is, the cotree voltages contain complete information about the

state of a network.

2. Breaking or removing all of the cotrec branches plus one non-cotree branch splits
the network into two disconnected trees.

Here is a network that has its cotree and one tree branch marked by the intersection of a dotted line:

Figure 4.3 - The Cotree and One Tree Branch

During the radialization of a power system network, some branches are broken away from a node at their
outward end. These branches are called “broken branches” and become Segments belonging to Affiliation
objects in Segflow. A set of broken branches is created when the power system model is radialized to form
a rooted tree. This set is a cotree set. The breaking of any other branch in the radialized model will
separate the tree, and thus the original network, into two trees. It follows therefore[17], that:

NBreak.w = NCarree = NLoops (4.2)
where
Ng,.as = Number of Branches Broken From a Node
N

Cotree

N ,.ps = Number of Simple Loops or Meshes in Network

= Number of Branches in Network's Cotree

An Affiliation object is formed for each set of broken branches whose outward end is incident with the
same node. Since the radialized model consists of a single rooted tree, the identity node of the Affiliation
object will have connected to it the outward node of a single branch. This node is, by definition, a member
of the Affiliation object. An Affiliation object has a number of Segments associated with it that correspond
to branches having outward nodes incident to the Affiliation object’s identity node. Exactly one Segment
in each Affiliation object will correspond to a branch that was not broken to form the radial model and
still has an outward node incident to the identity node. So, the total number of Affiliation object member

Segments correspond to the number of cotree branches summed with the number of Affiliation objects.
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Each Affiliation object will have a collection of broken-branch type Segments and one Segment that does

not correspond to a broken-branch. Thus using equation (4.2):

Ny =N

where

Loops T N, (4.3)

N,; = Number of Segments Belonging to Loop Objects
N ,0ps = Number of Simple Loops or Meshes in the Network

N, = Number of Affiliation objects

Consider two radializations of the simple network presented above. The Affiliation objects of each

radialization are governed by the above equation:

®

5 Segments Belonging to Affiliation 4 Segments Belonging to Affiliation
objects objects

3 Loops 3 Loops

2 Affiliation objects 1 Affiliation object

Figure 4.4 - Two Groups of Affiliation objects

4.1.4 Affiliation object Statistics

Experimentation has been performed on a number of popular test systems. Although the details of these
experiments will be given in Chapter 6, a chart with information regarding Affiliation object degree is

given on the following page:

Chapter 4: Affiliation Objects & The Target Voltage method 42



‘Number of Affiliation objects with Specified Number
i of Segments :
# Busses 2 Seg. 3 Seg.‘ L 4 Se’g‘.‘i : | 5 Seg.
Stevenson s ‘ : 2 - . -
A#lderson & Fouad ' 9 1 - - -
Wood& Wollemberg | 6 | 2 2 - -
IEEE 14 o4 7 - - ]
Gross v 16 1 - - -
IEEE30 30 12 - - -
NMPP = | 36 11 - - -
NewEngland | 57 8 ] ] ]
IEEE 300 s 300 73 18 1 - l
Frequency | 84% 15% | l% *.'0-%' :
Table 4.1

The models listed above have been properly radialized with each Segment having a minimum source trace
impedance. The chart shows that these power system networks contain mostly degree-two Affiliation
objects. This is just an interesting result pertaining to the expectations of Affiliation objects within a

properly radialized power system model.
4.2 The Action/Reaction Predictability Problem

Affiliation objects support the object-oriented layout of Segflow because they are autonomous and they
send messages to member Segments requesting specific information and actions. The primary internal
method of Affiliation objects is the Target Voltage method. This method operates over the information
available to Affiliation objects and produces output that can be sent to the member Segments of an
Affiliation object. This section does review the action/reaction behavior of a linear and radial system with
constant current loads. This concept is fundamental to the derivation of the Target Voltage method in the

next section and to its analysis in Chapter S.
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4.2.1 The Action/Reaction Predictability Problem

Shown below is the radialized model for the six bus network presented in Chapter 3. The source trace for

W, p is shown as a solid line:

/'DE
.*D
F D
Pl L
oo AT
@ G1 A B . c
} < - - - - - ©
o S \‘\\ \“\‘0
EQ\ *E G3
"o
G2
®p

Figure 4.5 - Radialized Model with Source Trace and Compensation Current Shown

A change in compensation current (discussed in Chapter 2) for ‘¥, is depicted as A/. During an

outward trace , the source trace impedance for all Segments could be found. The value for ‘¥, , is:
Yepo4Zs =Yool +Y 3oy Z+Ye 42 (4.9

This equation states that the source trace impedance attribute of Segment C-D is comprised of the sum of
the impedance methods of Segments G1-A, A-B, and C-D. Since the overall figure of the radialized model
is visible, Equation (4.4) can be written. Note, as was discussed in Chapter 3, that the process of
determining the source trace impedance is within a specialized outward trace and not a closed form
equation.

Now, back to Figure 4.5. A change in the current ¥ ,— ,/,,, causes a voltage change proportional to

the series source impedance. That is:
A(¥ep> Vo) = M¥eo> dcomp ) * Pe.p—> 4 Zs (4.5

This equation shows how a change in the compensation current for ¥, , causes a predictable change in

outward voltage. Of course, the outward voltage of other Segments are effected by the change in
compensation current at this particular Segment. That change in outward voltage of other Segments
cannot be predicted from within ‘¥ ,. In fact, if other Segments with access to the change in
compensation current at W, , cannot predict their own change in voltage. This type of predictability
requires an admittance matrix which would be created from the connection and impedance of all

Segments in the model. This type of matrix is characteristic of traditional load flow methods like Gauss-
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Seidel and Newton-Raphson. As an example, the next section presents a method for fulfilling the purpose
of the Affiliation object if this matrix were available.

4.2.2 An Example Non-Object-Oriented Affiliation Object Method

The method presented in this section is an introduction to the Target Voltage method. The method of this
section does not support the object-oriented design of Segflow because the method depends on network
information that is not available to Affiliation objects. If a Affiliation object had access to a global
admittance matrix then the compensation currents could be found so that the outward voltages of all
member Segments matched with a single inward and outward trace following the operation of the
Affiliation object. Look at the Affiliation object formed by the Segments having outward names of "D" in
the six bus system of Figure 4.2(C) :

Figure 4.6 - The Degree-3 Affiliation object “D” of the Six Bus System

The dashed line in the above figure corresponds to the Affiliation object, A ;, binding the three Segments.
If we could to make the outward voltages of ‘¥ ,, V., and ¥, , become the same value then the

solution of the radialized system would match the solution of the network containing the node "D". A
global algorithm could be made to determine the impedance matrix from the perspective of the loop's
member Segments. Since interest lies only in the changes in the outward voltage of these Segments with

respect to changes in compensation current, the system could be written like this:

A(\YB,D “’AVo.u) Z, %, Z, A(\PB,D_)AIC"'"P) (4.6)
A(\PC.D—)AVW) =12y Zyn 2y A(\*IC,D'_)AICW)
A(\PE,D—)AVOw) Zy Zy Zy A(‘PE'D—)A]CW)

The diagonal terms of the above impedance matrix are self-impedance values and the others are mutual-
impedance values. To simulate the node voltage, changes are going to be made to the compensation
currents of the three Segments. Two sets of constraints can be written. First, the new outward voltage for

each Segment brought about by the change in compensation current should be the same.
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Y0 4Vou — A(\*’B,D "’AVo.u) (4.7

Yer=>4Vou — A(\PC,D = Vou )

Yep—>aVou - A(\PE,D—)AVOM)
Ap=> 4V yode
The symbol A ,— V.. is the Affiliation object voltage to which each Segment is driving the value of its

outward voltage. In the second constraint, the sum of the changes in the compensation currents must total

zero so that no net change is incurred on the loading of the system:

A(¥5.0> il comp )+ AW 5> 4 comp )+ A(¥5 o= 4L oy ) = 0 (4.8)
The last three sets of equation can be combined to form the system:

"Zn le “Zu 1 A(TB-D_)AICMP) (4.9
=Ly Zyp-Zp 1 A(‘PC.D _’AICanp)
=2y Zy-1y 1 Ap= Vot

Y0 4V ou Z
Yeo>aVou = Zn
VA

Ye 5> 4V ou 3l

When given the initial outward voltage of member Segments, the matrix can be inverted and used to sdlve
for the change in compensation current required of each Segment and the Affiliation object voltage that
will result from the alterations. The value of the third compensation current can be found with Equation

(4.8).

This technique of finding the precise value of compensation voltage and resulting Affiliation object
voltage depends completely upon the reduced system impedance matrix being available to the Affiliation
object. In the Segflow, however, this information cannot be made available because a global algorithm for
collecting and consolidating impedance information is not available. The best information available to
Affiliation objects is the source trace impedance from each of the Segments. This information can be used
to iteratively find the node voltage that was found previously in one step. This information can be used in

the Target Voltage method which is presented next.
4.3 The Target Voltage method

The Target Voltage method is the technique within Affiliation objects that is used to find the values of
compensation current needed to add to all member Segments so that deviation of outward voltage is
reduced following a voltage and current trace. The Target Voltage method depends upon information that
can be requested from Segments -- outward voltage and source trace impedance. Once compensation
currents are found with the Target Voltage method, a Affiliation object sends messages to member
Segments with regard to the compensation current alterations. The convergence capabilities of Segflow

and the Target Voltage method are heuristic in nature when more than one Affiliation object is present.
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The method is accurate when no path coupling is present between the member Segments of the Affiliation
object. The use of the Target Voltage method has been tested on a variety of systems with good results.
The method is developed by example from the degree-3 Affiliation object below.

4.3.1 The Target Voltage method development on a degree-3 Affiliation object

Shown below is an Affiliation object like the degree-3 one used earlier in this chapter. The Affiliation
object is represented with a dashed oval:

J2s

Figure 4.7 - General Degree-3 Affiliation Object

The Segments in the Affiliation object are ¥, '¥,, and ‘¥,.. The source trace impedances corresponding
to each Segment are labeled Z 5, Z,, and Zg and correspond to Segment source trace impedances
Y,»,Z,, ¥Yy—>,Z, and ¥, ,Z;. Compensation current will be added to the outward ends of these

Segments and will be noted as explained in Chapter 2. The target voltage is a weighted average of all
Affiliation object member Segments and is defined as follows:

Definition 4.1

The target voltage is the anticipated voltage to which the outward voltage of all

members of a Affiliation object will converge. The target voltage is based on:

1. Loop Segment voltages from the solution of the linearized radialized
system model.

2. Segment source trace impedances.

The target voltage is represented as a dot and labeled ¥, in Figure 4.7. Assuming that the target voltage
is known, the change in a the compensation current of ¥, needed to make that Segment's outward voltage

meet the target voltage can be approximated as:

Y -V, -V,
A(¥, > Loy ) = ——2 00T (4.10)

¥, > .Zs
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For the three Segments in the figure above, we have:

¥, V Vi 4.11
A= omy) = ————;"_) 0"'2 (41D
‘}’ V V
b Y V V.
(\p _)AICamp) M_
lI”C—.)AZS

Adjustments must be made to the compensation currents of ¥, ¥,, and ‘¥, such that there is no net

change to the loading of the system.
A¥ > o )+ (¥ o oy )+ A(Fe> oy ) = (4.12)

Equation (4.11) and Equation (4.12) can be combined to get:

\PA _’AVo.a _Vr + TB —)AVOut _Vr + lI"c_’AVan _
‘{JA_>AZS ‘PB—)AZS lPC__)AZS

V., -
I -0 (4.13)

Now we can solve for the target voltage in terms of the known Segment outward voltages and source trace
impedances:
VAZSBZSC+VBZSAZSC+VCZSAZSB (4'14)
Loyl +Zploc+Zols
Where:
Vx = \Px .—)A VOul
Zg =Y,>,Z;

Ve =

The compensation currents from Equation ( 4.11) can be applied to all member Segments, ¥,, ¥,, and
V.., with this closed form solution of the target voltage.

4.3.2 General Target Voltage method

Consider an Affiliation object having N member segments. The Affiliation object receives information
about the outward voltage and series impedance of each Segment. The Affiliation object also has the
capability to add constant current load to the outward end of each Segment through compensation current

information passing. Shown below is that Affiliation object:
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Figure 4.8 - A Degree-N Affiliation Object

The Affiliation objects has access to member Segments ‘¥, '¥,, --+ ,'¥,, and their respective source trace
impedances ¥,—» Z;, ¥,— Z;, .-, ¥Yy— ,Z;. The outward voltages of the Segments represent the
solution of the radialized system of constant current loads. Those voltages are also respectively

¥ = Vour V= Vous s ¥y = Vo, The operation of the Affiliation object is to meet two goals.

+ Add constant current load to Segments so that their voltages reach some common value called the

target voltage .
o The net change in system loading due to Affiliation object operation is zero.

Since the circuit model is radial and presumed linear, a load current change to exactly one Segment,'¥,,
in the Affiliation object causes a predictable change in that Segment's outward voltage:
A(Y, > Vo) = A(¥y > il ) * ¥ 4 Z (4.15)
When changes are made to multiple member Segments of the Affiliation objects, the equality above can be
loosely held:
A¥, > Vo) 2 A(Hy > oy ) * ¥ 4Zs  k=12,N (4.16)

A" Ow

The desired result of changes in compensation current to Affiliation object member Segments is to bring

them to the common target voltage. This implies:
A Ow

A, > Vou ) =Y, > Vou -V, k=12,--N (4.17)

Equation (4.15) can be arranged and combined with Equation (4.17) to get:

¥, V,, -V,
A(‘*’kmlcm)z% k=12,--N (4.18)
k T4%s

The total change in compensation current within the Affiliation object is constrained to zero:
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(4.19)

N
Z:A(‘{",t —->A]Cw) =
k=1

Equation (4.18) can be substituted into Equation (4.19) to get:

i\p > Vou Vs ' % (4.20)
- Y- Z

The denominator of the fractions can be removed by multiplying both the denominator and numerator by

N
the product of all source trace impedances, H Y-, Z

J=1

N (4.21)

1M
'-6
R
‘1
-
i
N
1l
()

The value for the target voltage can now be isolated:

N
> ¥, OWH‘P > ,Z,
k=1

:k

N N
2I1%-.2

k=1 j=t
2k

(4.22)

V. =

T

The target voltage can now be found from within a Affiliation object having any number of member
Segments. Equation (4.18) used with Equation (4.22) determines compensation currents for all member
segments.

4.3.3 Deriving the Target Voltage method With a Z Matrix Approach

The Target Voltage method was derived using information available to the member Segments of
Affiliation objects. The effects of a compensation current change on a single Segment was determined.
This behavior was used as an approximate behavior for all Segments in a Affiliation object when multiple
changes to compensation current was made. When the total change to compensation current within a
Affiliation object was constrained to zero an expression for the target voltage could be found. This section
takes the Affiliation object impedance matrix used in Section 4.2.2 and solves it within an Affiliation

object using a Z matrix. The result is very similar to the Target Voltage method results.

The Segflow notation from Chapter 2 that has been used in derivations up to this point will now be

relaxed. The following assignments are made:
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AV, =¥, > Vo, (4.23)

A]x = \I}x _)AICanp
This notation remains in effect for Section (4.3.3.1) and Section (4.3.3.2).
4.3.3.1 The Z Matrix Applied to Flows

The radialized network appears as a matrix of self- and mutual- impedances from within an Affiliation
object. Here is the radialized network with respect to a degree-3 Affiliation object:

AVI Zu le 213 A]n (4.24)
AV, =12y, Z,, Zy|\AlL
AV} Zl} 23 33 A13
If we apply the following constraints:
Al +Al +Al, =0 (4.25)
and
AV, =V, -V,
then the system can be factored and rewritten as:
Vl Zn _le le _213 1 AI] (4.26)

This matrix equation can now be written as a Gauss-Seidel iteration common in numerical methods[28].
Note that this application of the Gauss-Seidel technique is not directly related to the Gauss-Seidel load-

flow common in power system analysis.

AT = Vi =Vr +(Z,y - Z,,)AL, (4.27)
Zn —Zu

AL = Vi =V +(Zy, - 2,,)Al}
Zyn—Zny

Vit =V + Zy(A5 + ATY)

Only the diagonal terms of the impedance matrix in equation (4.24) are known to an Affiliation object. To
apply the above result, therefore, the off diagonal terms need to be neglected:
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vi-v, (4.28)
Z

A1i+l _

1

1

Vzl — Vr‘
V4

i+l
Al =

22

i+l i i i
Vit =V + 2, (AL + AL
Some substitutions can be made in the above expression:

I/; _ V;+‘ N I/li—l _ V;—l . I/zi-l _ V;_l _ O (4.29)
Z33 Z]I ZZZ

and if we consider V;"' = V™' =V} then:

- Vi ZypZyy +Vy 20,253 +ViZ 52y (4.30)

vy
222233 +ZIIZBS +Z22233

This expression is very similar to the target voltage value derived earlier and does reach the target voltage
in the limit.
This section shows that the Target Voltage method can be derived using a Z matrix approach to solve the

radialized system impedance matrix from the perspective of a Affiliation object. In that derivation,
negligence is cast upon impedance values indistinguishable from within the Affiliation object.

Approximations are also made over iterative intervals to create an expression for ,‘ that matches the

target voltage.
4.3.3.2 Y Matrix Applied to Node Voltages

The nodal application of the Y matrix does not work well into the object-oriented layout of Segflow.
Consider the modal for a radial system with constant current loads:

{1} =V [V} (4.31)

The matrix {] } represents the current injections into the linear system. {V} is the vector of node

voltages. The current injection for a particular node can be given by:

N (4.32)
I; = kZ_leka +1V,
)

This can be rearranged as:
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(4.33)

1 N
V; =T 1, _ZijVk
g k=1

®j

This method is applied iteratively at each node and therefore does not benefit from voltage and current
trace methods. The equation above uses local impedances (admittances) only. The impedances of adjacent
Segments probably do no represent the relative relationships of the source trace impedance. The equation
above would tend to draw current from adjacent Segments with low impedances. Those Segments may,

however, have very large upstream impedances.

Finally, there is no way to implement the suggested target voltage using the above equation. The nodal
version of the Y matrix approach has to be used for all node voltages. In that case, users are forced to
create their models to fit into the YBus admittance matrix. There is minimal use for object-oriented

methods in that case and little modeling flexibility is achieved.
4.4 The Affiliation object Leader

This section shows that as an Affiliation object becomes more isolated from a systems source, the target
voltage approaches the average of the outward voltage of the Affiliation object’s member Segments.
Shown below is the radialized six bus system presented in Chapter 3 and discussed earlier in this chapter.
The Segments and their source traces of the "D" Affiliation object are highlighted:

Figure 4.9 - Member Segment Traces for a Degree-3 Affiliation Object

It can be seen from this figure and verified with general network theory that any degree-3 Affiliation

object can be represented as follows:
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Figure 4.10 - Circuit with Degree-3 Affiliation Object

The outward nodes of three Segments, ¥, ‘¥;, and ¥, correspond to nodes A, B, and C above. These

assignments can be made from any degree-3 Affiliation object. The picture demonstrates that the source

traces for Segments, ¥, \¥;, and ¥, eventually join. The compensation currents of ¥, and ‘¥, join and
travel through impedance Z,p5. That current combines with the load current of ‘¥, and travels through
Z g to the source. As the Target Voltage method is used to bring the outward voltages of Segments, ¥,
¥,, and ‘¥, together, the constant current loads on those Segments change. Since the changes in those

load currents always add to zero then the current through Z,5- never changes due to action of the

Affiliation object.
A(Y4 > Loy ) * A ¥ oy )+ A( P> L ) =D (4.34)
So
Al 4 =0

The source trace impedances of ¥, '¥;, and ‘¥, are used. Those impedances can be written as follows:

Vi Zy=Z, +Z y+Z (4.35)
Vo> Zo=Z,+Z , +Z .

Yoo, Zs = Zc +ZA.BC

So even though Z,p~ has no effect voltage/current relationship within the Target Voltage method

controlled Affiliation object, it is still used in determining the target voltage since:

= VA ZSBZSC + VB ZSA ZSC +VCZSAZSB ( 4'36)
Zalsp+Zplsc+Zsylsc
Where:
Ve=¥, 24V ou
Zs =Y, >,Zs

Vr

Now, lets consider the effect of isolating the Affiliation object from the source by increasing the

impedance of Z,pc:
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ZVew = 794 | A7 (4.37)
Put the new value of Z, 5 into Equation (4.36):

. Vi (Zsy + DZ)Zse + AZ) 4V (Zgy + AZ)(Zge + AZ) +Vo(Zgy + AZ)Z gy + AZ) (4.38)
T (2 +AZ)Zgo + AZ) +(Zgy + AZ)Zge + AZ) +(Zg, + AZ)(Zgy +AZ)

The function can now be factored with respect to powers of AZ to get:

VaZspZsc +VyZiyZsc +VelsuZs (4.39)
+AZ[VA(ZSB +Zge )4V (Zgy + Zse ) +Ve(Zs, +Zsa)]
+AZY(V +V,y +V,) .

V. =
T ZoZspg+ZoZse +ZpZse +AZ(2Z 5y +2Z gy +2Z5. ) +3AZ

If AZ is small then the target voltage above has the same value as the one in equation (4.36). When the
leader grows, however, and AZ becomes large, the target voltage reaches a limit at the average of the

member Segment outward voltages.

lim = V +Ve +V, (4.40)
AZ 5o 3
Where:
Vx = \Px _>AVOm

This implies that Affiliation objects attached to long leaders have insufficient information for the target
voltage to be anything other than the simple average of the voltages of the member Segments.

4.4.1 Using the Average

The previous section demonstrated that a sizable leader pushed the target voltage to the average of the
Affiliation object's member Segment outward voltages. It would seem, therefore, that the voltage average
would be a sensible alternative to the target voltage. It has been experimentally shown that in many cases,

the average value of loop voltages and the target voltage converge together. Here is an example:
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Figure 4.11- Convergence Using Averaging Technique

The error in voltage magnitude and angle of the average of member Segment outward voltages diminishes
quickly. The bump in the middle of the graph is caused by responses of other Affiliation objects in the six
bus system. (The six bus system has two other Affiliation objects whose behavior affects the voltage and
angle of member Segments in the Affiliation object of Figure 4.11) Although the methods seem

comparable in this example, there are two reasons why the average voltage cannot be used as a target.

First, the target voltage has, at it foundation, provisions to make the sum of all current adjustments add to
zero. The voltage found with the Target Voltage method will always produce a zero net change in load
when applied. If the average voltage is used, some sort of method for balancing the currents will have to
be introduced. This provision will more than likely violate the coupling between the members of the
Affiliation object.

Second, the voltage averaging technique does not incorporate the trace impedance information. In the

cases in which the average is very close to the target voltage with long leaders, this is not a problem. Here,

however, is a behavior plot for a Affiliation object that is close to the source:
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Figure 4.12 - Target Voltage Method vs. Averaging Technique

Notice how the error in target voltage is steadily decreasing to the voltage of the Affiliation object’s
identity node. The average oscillates and in many cases diverges the load-flow. This strengthens the claim
that there is no foundation for using the average voltages of loop Segments. I used some heuristic methods

in experiments with averages and found nothing to challenge the efficiency, simplicity, and robustness of

the Target Voltage method.

4.5 An Example of Applying the Target Voltage Method

A four bus system was created and loaded so that an increase of one MW or one MVar would create an
system with no load-flow solution. The system was then put into the Segflow environment and radialized.

The figure depicts the radialized model, line Segment model impedances and their loading:

138KV 7=6,38
; A
B
Z=12,48
C

S=60,37

Figure 4.13 - Example Circuit With Degree-3 Affiliation Object
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All line impedances are in Ohms, all loads are in kVA, and all voltages are in kV. Segments A, B, and C
are members of a Affiliation object named ‘Bus 3°. The ‘Bus 3’ load was placed onto Segment C because

Segment C has the lowest source trace impedance of any of the loop’s member Segments.

An outward trace is performed and essentially propagates the source voltage throughout the circuit as well

as the source trace impedance for each Segment. The loads are also evaluated on the Segment voltages:

Segment Source Trace Z () Linear Load (Amps) Outward Voltage (kV)
A (20,94) - 116.532-11.21
B (24,94) - 116.532£-11.21
C (24,96) 294.912-31.66 106.49/-20.61

The standard deviation of the voltages is 0.0869. The target voltage can be calculated using the equation
developed in the previous chapter:

V. =

T
(116,512 - 11.21)(24,96)(20,80) + (116.512 — 11.21)(20,94)(20,80) + (106.5.£ — 20.61)(20,94)(24,96) (4.41)

(24,96)(20,80) + (20,94)(20,80) +(20,94)(24,96)

=1125£-1453

The compensation currents are:

11654 -1121)-(1125£ - 1453
Al = ( ) ) =805£-319 (4.42)
(20,94)
11654 -1121)-(112.5£-1453
Al = ( ) )_ 782£-299
(24,96)
10654 -206)-(112.5£ - 1453
Al = ( )~ )_ 158.62149.1
(20,80)

The compensation currents are signaled into the Affiliation object’s member Segments and a current and

voltage trace is initiated. Here is a list of target voltage values and standard deviations for a few more

iterations.
# | Target Voltage _ Standard D}cviaﬁoni
1 111.77£-15.21 0.0248
2 111.56.£-15.46 0.0071
3 111.51/£-15.46 0.0020
4 111.48/-15.48 0.0002

So the standard deviation among the Affiliation object’s member Segments has reached a very small value

after a few iterations of the Target Voltage method.
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4.6 Implementation of the Affiliation Objects

In a system with multiple Affiliation objects, focus is always given to the Affiliation object with the worst
deviation among its member Segments. The chart below reflects the general solution process which will

be discussed in more detail in Chapter 6:

DF036 XLS

Give Focus to Worst
Loop Object

Inward and Outward
Trace to Solve Radial
System

Are All Loops
Within Tolerance ?

Linear
Network is
Solved

Figure 4.14 - Processing Loops to Get Linear Network Solution

The trace methods discussed in Chapter 2 are used to find the solution of the radialized system having
constant current loads. At that point, the Affiliation object having the worst deviation in outward voltage
between its member Segments is focused. That Affiliation object applies the Target Voltage Method to its

member Segments. A few statements can be made:

e [t seems appropriate to expect the Target Voltage method to converge in systems
with multiple Affiliation objects and an existing solution. The next chapter shows
that systems with single Affiliation objects have some properties that suggest a
tendancy toward convergence. Chapter six states that the Affiliation having the
worst spread in member Segment outward voltage is always focused. This may
produce an algorithm that maintains some of those properties leading toward

convergence.

e If iterations in a system with multiple Affiliation objects is destructive the
convergence of one of those Affiliation objects then it will, as its deviation
increases, become the focused Affiliation object. As that Affiliation object is
focused, its deviation will decrease. If this is destructive to the deviation of another,
particular, Affiliation object then an oscillation may be sustained in trying to reach

the solution of the linear network. If this oscillation can be created then it will be
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detected in the Segflow. A minor adjustment could be made to the behavior of one

Affiliation object to bypass this oscillatory state.

4.7 Loops Objects in Action

Systems with multiple Affiliation objects are not explicitly analyzed in this dissertation. Extensive
simulations have been performed on systems ranging from half-a-dozen busses to 300 busses. In each
case, the solution has been found when it existed. When finding the solution of each power system model,
the solution of various linear networks was found many times. The Target Voltage method was applied
within Affiliation objects hundreds of times for each simulation. The method worked on the nine test
cases studied (Chapter 6). Here is a graphical depiction of the transition of Target Voltage state during the

solution of a test system:

Wollenberg

Non-Concurrent Iterations

y

90 + - — A S 4 ' s
+ t + t t + t +— — t t —r

Figure 4.15 - Affiliation object Convergence Curves

Shown above are the target voltages of the four Affiliation objects in a test system. Two of the Affiliation
objects are degree-2 and the other two are degree-3. Embedded in the figure are the re-evaluations of load
or load linearizations which are a part of the total solution of the power system model. The iterations are
non-concurrent. That is, the Affiliation objects were placed on an independent axis representing the local

Affiliation object iteration number. Causes and effects seen in the pits and peaks are therefore skewed.

4.7.1 Implications of Loop Handling Methods
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Using Affiliation objects supports object independence and maintains the over-all object oriented design of
the power system model. The loop coupling scheme allows power system models to remain radial with
respect to the swing bus. The Affiliation object also hides the radial modeling scheme from the user by

providing loop flow information.
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Chapter S

Analysis of the Target Voltage Method

5. Analysis of the Target Voltage Method

The Target Voltage method presented in Chapter 4 is a method employed by Affiliation objects to bring
the outward voltage of their member Segments to the same value. This goal is achieved by altering the
compensation current of member Segments. The amount of compensation current change requested of

each Segment is governed by the Affiliation object by employing the Target Voltage method.

A system of Segments, trace methods, Affiliation objects, and the Target Voltage method can be used to
determine the solution of a power system model with constant current loads. The explicit proof of

convergence for this system cannot be found for a number of reasons:

e First, Segment models are unknown. Users can build models using any combination of linear, or

nonlinear approaches with continuous or discontinuous functions.

e Second, the Affiliation object with the worst deviation in member Segment outward voltage is always
evaluated by Segflow. (This was discussed briefly in Chapter 4 and will be presented in more detail in
Chapter 6.) Determining the convergence characteristics of a system with multiple Affiliation object

is therefore nearly impossible without actually running the Segflow calculations.

e Finally, a closed form representation of the Target Voltage method cannot be created because the
method as well as current and voltage traces are compositions of functions. This is unlike traditional
methods which solve large systems of simultaneous equations. For the following illustration, assume

that the outward voltage and demand current can be defined with these two functions:

Where (5.1)
Vouw =V,,,8 Vews) 1, = Current Entering Vo = OutwardVoltage
I, =10V,...S Ip.,) S =State 1,,,, = Total Current Dem
Vieea = Voltage of Feeder

Then voltage and current traces over N Segments are defined by the two compositions listed below:
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Vv[(I]sS]sVz (12382 ’V3(13,S3,V4('“ =0
IN (VN’SN’]N~1(VN-1’SN—1’IN—2 (VN_;,S~_2,1N4(--- =0

(5.2)

This type of mathematical representation is difficult to manage and is avoided in this chapter.

Analysis can be performed to help understand the stability, consistency, and speed of the Target Voltage
method. Four sets of analysis are presented in this chapter. Each analysis concerns a radialized model
with exactly one Affiliation object and Segments modeling series impedances. As always, Affiliation
objects and thus the Target Voltage method act on radialized systems with constant current loads. The
analysis is presented to show that in some situations, the Target Voltage method does have some
characteristics which might be beneficial to to determining the network solution from the Segflow
radialized model.

5.1 Notation For Chapter 5

The following notation changes are made for this chapter to allow more clarity within the rather complex

formulations:
Segflow Notation | o " : Méémng i . | ChapterSRepresentann |
¥, Vo Outward Voltage V,
¥, -, Z Source Trace Z Zy
¥,>,2Z Segment Z Z,
¥, >, Z,n¥Y,>,Z A & B Common Z Zy
Yo comp Compensation Current 1,
Table 5.1

A matrix representation is used to simulate the behavior of series impedance Segments during a single

inward and outward trace. The matrix representation is developed by example from the following figure:
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Figure 5.1 - View From an Affiliation object
An Affiliation object encapsulates Segments with outward nodes A, B, and C. Within the dashed rectangie
lies an unknown radial connection which converges through Z . and to the source. Changes in the
compensation current of the member Segments (noted as Z,, Zg, and Z;) causes voltage changes

predictable with knowledge of the radial connections as follows:
-AV, = AIA (ZA + ZAB + ZAC + ZABC)+ Al (ZAB + ZABC) + AIC(ZAC + ZABC) (5.3)
-AVy =Al, (ZAB +ZABC)+ A[B(ZB +Zp+ 2y +ZABC)+ AIC(ZBC + ZABC)
—-AV, = AIA(ZAC +ZABC)+ AIB(ZBC + Z,wc)"” AIC(ZC +Zyc+Zge +ZABC)

By the design of the Target Voltage method, Affiliation objects are not allowed to induce a net load

change into the power system model. The following equation is therefore implied:

A, +Al,+Al. =0

(5.4)
Applying this constraint to Equation ( 5.3) yields:
AVA ZA +ZAB +ZAC ZAB ZAC AIA (5.5
AVB == ZAB ZB +Z 4+ ZBC ZBC Al
AVC ZAC Zac Zc + ZAC + ZBC AIc

Study of the intersections contained in each of the diagonal terms will allow the following simplification:

AV, Za Zu Zu||AL (5.6)
AV, b=-Z, Z, Z, (Al
AVC ZAC ZBC ZSC AIC

B

This formulation can be repeated for Affiliation object 2, 4, or more member Segments. The diagonal
terms of this matrix are known by an Affiliation object’s member Segments and thus by the Affiliation
object for use in the Target Voltage method. The off-diagonal terms are not known by Affiliation objects.
Equation ( 5.6) will be used to simulate the effect of a single current and voltage trace to solve a radial

network of series impedances and constant current loads.
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5.2 Behavior of Single Degree-2 Affiliation Object

This section evaluates the behavior of a single Affiliation object of degree-2. The object exists in a
Segflow radialized model comprised of all linear Segments. All loads are constant current. The evaluation
results in the eigenvalues of the iteration matrix for the Affiliation object. Here is a representation of the

subject system:

Figure 5.2 - A Radialized Model with a Single Degree-2 Affiliation Object

The stray dashed lines show that many Segments can exist in the system and are not important to the
analysis of this section. There is, for this analysis, only one Affiliation object and it is represented by the
dashed circle. The member Segments are labeled with an A for ‘¥, and a B for'¥',. Representation of

current, voltage, impedance and source trace impedance values are consistent with Section 5.1.

The operation of the radial system with respect to changes in the compensation current of ¥, and ‘¥, is

given by this equation, also from Section 5.1:

V, M_ Va i Zy Zy||A, i (5.7)
Ve ) Ve Zy Zg [|Aly

The changes in the value of compensation current are found with the Target Voltage method as follows:

art =Yl (58)
Z&A
A]i = V;_VTI
'z

The target voltage, V;, will be substituted shortly. Combining Equations ( 5.7) and ( 5.8) yields:
Vi=Vr (5.9)

AR AR ¥
VB VB ZAB ZSB Vl;_VT’

ZSB
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The impedances of the right-hand vector can be moved over into the multiplying matrix:

i+l i 1 @ i i
B 1R PR
VB VB @ 1 V; - VTi

S84

The target voltage for a loop object of degree-2 is given from Chapter 4:

V - VAZSB +VBZSA
R
Zyp+Zg,

This value can be substituted into Equation ( 5.10) to get the following factored expression:

i+l 0 _£A£ i 1+éi i
v, B Zg v, 1 Zg 7 7 v,
v.] |_Z ARERY Ziy (o Zaa} V,
B 4B 0 B s T isp 1+ 248 B
ZSA SA

These results can be combined to form a single transition matrix:

{VA }M _ 1 [ZSB + ZAB ZSA - ZAB:I{VA }i
Va ZSA +Zs3 ZSB - ZAB ZSA +ZAB VB
The eigenvalues for this matrix have been determined as:

A,=1
27,

A, =—£_ <1
Zy+Zg

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

Note that the second eigenvalue is less than one because both the source trace impedance values in the

denominator contain the common impedance in the numerator. This analysis implies, that a radialized

system with just line impedances and constant current loads and a single degree-2 Affiliation object will

not diverge.

5.3 Behavior of Single Degree-3 Affiliation Object

An Affiliation object with three member Segments is analyzed in this section. A radialized system having

three loop objects is figured below:
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Figure 5.3 - A Radialized Model with a Single Degree-3 Affiliation Object

The member Segments of the Affiliation object are labeled within the representative dashed circle as ¥,
¥,, and ¥, . As in the previous discussion of the degree-2 Affiliation object, laterals can emerge from
any node in the above figure. Only one Affiliation object may exist, however. Notation for Segment

voltages, currents, and source trace impedances are consistent with Section 5.1.

In the radialized system of Figure 5.3, the change in voltage of Affiliation object member Segments with

respect to changes in compensation current can be represented as follows:

AV [ AL

4 4 (5.15)
AV, Z, B ||,
AVC A]C
< = - < 0 >
C D
AV, L 10

Segments in the system number from ‘¥, to ‘¥ but there is only a single Affiliation object and it contains
just Segments as ¥,, ¥,, and ‘¥,. Hence, there are only compensation current changes for those
Segments. All other Segments have a change in compensation current of zero. The Segments of the
Affiliation object are not effected by any other Segments in this restricted scenario. Since we are not
concerned with the behavior of other Segments, the upper three rows can be isolated from Equation (
5.15).

AV, Zy, Zg Z,.||Al, (5.16)
AVyp=- Z,w Zg Zge JAI,
AV, Zo Zype Zg||A

When the Affiliation object focuses, the target voltage is given by:

- VAZSBZSC +VBZSAZSC +VCZSAZSB
ZSEZSC + ZS4 ZSC + ZSA ZSB

V.

T

(5.17)

And changes in Segment compensation current are given by:

Chapter 5: Analysis of the Target Voltage Method 67



V,-V, V,-V, V.-V, (5.18)

V,-V, (5.19)
i+! i
VA 4 A ZSA ZAB z 4ac ZS4
Vg - Vr
Ve =Wet |2 Zs Zx 7 ’
SB
Vc Vc z Aac z BC SC Vc - Vr
ZSC
The above expression can be re-factored to get:
| fe Zi 11 lm  Zac (5.20)
i+l i i
V:4 VA ng Zsc VA ZSB ZSC
Z Z VA Z
vt o=l o|2e 0 Ly Ly l+i+ik
vV 1% ZSA ZSC 1% ZSA ZSC
¢ ¢ ZAC ZBC 1 ¢ 1+ ZAC + ZBC
L ZSA ZSB i ZSA ZSB )
Further factorization yields:
i+1 i
v, | V, (5.21)
Ve = [M ] Va
ZSAZSB +ZSAZSC + ZSBZSC
C [of
Where the matrix M is given by:
M =
(5.22)
ZgZog+ Z,wzsc + ZACZSB ZoZo+ Zmzsa - Z;wzsa - Zuzsc anzss + ZABZSA - ZACZSA "chzsz:
Zsazsc+zsczsa "Zuzsc_z,wzsa Zsazsc+zuzsc+zaczm ZSAZSB +Z,wzxs _Zmzsc_zaczsa
Zsszsc + Zachc - ZAcZw - ZACZSC ZSAZsc + ZAchc - Zaczsa - Zachc ZSAZSB + ZACZSB + Zaczs.q

The matrix is not diagonally dominant but all entries are less than one and each row sums to exactly 1.

The eigenvalues for the system are:

4 =1 (5.23)
ZyZg+ZpZ +Z 7.
’12,3 =

ZoZp+Zo Zo+ZyZ

) 2 2
Z,Zyg+ZpZ+Z 7 . (Z,w "ZAC) _Z(ZABZEC +Z 0 pc _ZBC)
ZZg+Z Zo+Z4Z ZyZpy+Z Zo+ZGZ,,
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The eigenvalues above usually lie within the unit circle because of small numerators from the off diagonal

terms and the fact that Z ;7 Z, . =0. The analysis presented here for degree-3 Affiliation objects does

not demonstrate convergence due to eigenvalues. It can be seen, however, that the eigenvalues are usually
ZACZSE +ZBCZSA +ZA.BZSC
ZZog+2 2 +2Z 2

84 sB SATsC SB™ SC

were found with eigenvalues outside of the unit circle. The radial circuits still converged with application

is usually small. Several radial circuits

within the unit circle because the term

of the Target Voltage method.

It should be made clear that the analysis of this section is performed on a very specific type of radialized
model. It may not correctly represent the behavior of a general system within Segflow containing multiple

Affiliation objects and user defined Segment models.
5.4 Target Voltage Convergence of a Degree-3 Affiliation object

This section deals with the value of the target voltage within an Affiliation object of degree-3. The
analysis will show that, in the given radialized model, the target voltage of a focused Affiliation object
will steadily approach a convergent value. The relatively slow convergence rate suggested by this analysis
is verified in the Chapter 6 simulation results by the large number of Affiliation object focuses needed to

solve a system in Segflow.

Consider a power system containing lines, constant current loads, and an Affiliation object like the one

below:

Ich

Figure 5.4 - A Degree-3 Affiliation object

Constant current load increments are to be added to the ends of each of the lines so that their respective

voltage approaches V..
From the Chapter 4, the expression for the target voltage at the i iteration can be written as:

- ViZspZse +VaZsyZse +VelsZyy (5.29)
2 Zog+Z Zo +Z 7.

S4™SB

Ve
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The changes in load currents for the Segments (which add to zero) are given as:

) Vi __Vi ) Vi _Vi )
A]:' - AZ T AI; - _B T AI& = ~
M SB SC

i £
Ve-Vr (5.25)

The power system model with the Affiliation object is radial. As demonstrated in Section 5.1, a reduced
impedance matrix can be found which relates the changes in voltage at each of the loop Segments as their
currents change:

i+l i i

V4 Va Zys Zy Zao||A, (5.26)
Vg =V = Zps Zgc [(Alg
VC VC ZCS A]C

The impedance matrix is diagonally dominant and symmetrical and only valid if the sum of current
changes is zero. Equation ( 5.26) can be substituted into equation ( 5.24) to get the following:

(V/: 'N;Z&q _AI;ZAB _NéZAC)ZSBZSC (5.27)
sc

(Ve —AILZ 5~ A3 Zg — AILZp0 )25, Z
(Vc' - AI;ZAC - A];azxc - A](i‘zcc)zsazsa
2ol +ZoZo+ZpgZ

il __
V=

The sum of the voltage terms in the numerator divided by the impedance in the denominator matches the
expression for the target voltage in equation ( 5.24). These terms can be factored out and ( 5.25) can be
substituted into the result to get the following simplification:

i+l _
Vit = (5.28)
[(V,; - Vrl )ZSAZSBZSC + (V; - Vr' )ZABZSAZSC + (Vé - sz )ZSAZSBZAC]ZSBZSC
+[(V/; _Vri)z,«wzsazsc "'(Vl; ‘Vr‘)zsazsazsc +(Vé _V;)ZBCZMZSB]ZSAZSC
Ui +[(Vj -V )ZACZSBZSC +(V1; -V )ZBCZSAZSC +(Vc; ‘Vr')zs«:zsszsa ]ZSAZSB
’ ZoZspZso(Zs4Zsp + ZsZse + ZspZsc)
Equation ( 5.24) is also useful in simplifying the “diagonal” terms of the above equation to zero:
(V,«: - V;)Zsazsc + (VI; - VTi)ZSAZSC + (Vc‘ - VTi)ZSAZSB -0 (5.29)
ZouZog ¥ ZyZsc +ZspZsc
The expression for the new target voltage is now:
(VA -Vr )(ZABZSC +Z,4cZg) +(Va -V )(ZABZSC +ZpcZy) (5.30)

Ve =ViNZacZsp +ZocZs1)

vt =vi -
2oyZop+2yZo+ZypZ

A substitution can be made for the outward voltages in terms of the target voltage:
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Va=alks (5.31)
Ve =agVy

Vi=ay
so that:

(@4 —1)(ZpZsc +ZAcZSB)+(aB - 1)(ZABZSC +ZpcZsy) (5.32)
Hae —1)(Z,cZs +ZpZgy)

Vit =il 1-
ZoZog+Zoylo+Zgly

The following substitution is introduced between the source trace impedances and the intersections:

Zyp=6Zg, (5.33)
Zye=82
Zpe =C3lg
These substitutions are made to get:
_$iZsZg(astac—2)+( ZuZsc(atas =2)+{ZgZs(a, tac-2) (5.34)

it =vi1
2o Zg+ZyZo +ZpZ

Finding a common denominator:
i+l _
= (5.35)

» ZyZg[l-Calas +ac-2)|+ ZuZs[1-C\ (@, +a,s -2)|+ ZgZs[1-&,(a, +ac -2)]
T 2y Zg+Z23Zg+ZyZg

The target voltage can be approximated as its value in the limiting case:

V,+Vy+V,

V, = (5.36)
3
The following can easily be shown from Equations ( 5.31) and ( 5.36):
a,+tag+a.=3 (5.37)
This result can now be used in equation ( 5.35) to get:
s Zo Zg[1+¢3 (@~ )]+ Zg Z [1+¢, (@ ~ 1)+ Zg Zoo[14¢ (25 - 1) (5.38)
T ZoZy+Zo 2o+ 27,
Where 0<¢, <1
a, =1
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This equation shows the transition of the target voltage of a Affiliation object during application of the
Target Voltage method. The factor multiplying the target voltage is not static and therefore cannot be used
to show strict convergence. The factor iterating the target voltage is usually very close to one because the

factors 1+¢(a-1) are typically very small. This suggests a slow and steady convergence rate. The
changes invoked upon the target voltage through iterations are well behaved within the nine test systems
solved with Segflow. As the Target Voltage method reaches convergence, each of the factors, o ,, ,a,,
=V;.

i+1
and ,a . becomes one and thus V;"'|,,, ...

5.5 Target Voltage Convergence of a Degree-N Affiliation object

This section reflects the analysis of Section 5.4 for a general Affiliation object. Consider a power system
with linear lines and loads containing a single Affiliation object named A. A has access to N Segments
numbered ‘F---'¥),. Each Segment has an outward voltage tagged with a matching subscript V,---V,.

Each Segment, j, also has a source impedance ¥, — ,Z . The target voltage is expressed as:

V! (5.39)
1 17k where:

Ly =Yy Z,
Zyx Zy =¥y Zin V> Z;
Jj=1 k=i
k»

Changes in the outward current for ‘F,---'¥,, are calculated respectively with:

v,V (5.40)
Z

7

AL =

Our iterations of the target voltage correspond to a single loop A. This Affiliation object is solely iterated
in this system. Since the system we are considering is linear and radial, changes to the Segments constant
current load belonging to A have the following effect:
N
vt =y =Y ALz (5.41)

J J A
I=1

Substituting this into the target voltage of ( 5.39) we get:

Chapter 5: Analysis of the Target Voltage Method 7



(- 1
N N
211z

J=1 k=1
=J

The target voltage expression of Equation ( 5.39) can be used to factor out the voltage term of the

numerator above to yield:

N N N
Z [Z AI,' Zj, JH Z, (5.43)

The compensation current expression of Equation ( 5.40) can be substituted above to get:

Z{ vy ,,]HZ (5.44)

J=1 Il

i+l i
i =Vr- N N
th
J=l k=1
#j
The above expression can be factored to get:
. N V' V’ N N N (5'45)
I T i i
DADILLEN § PR 7R § EX
J=1| 1=1 n k=1 J=1 k=1
i+ i % % 2j
im=V- - N N
>11% 2]z
J=l k=1 J=1 k=1
*J i

The target voltage of equation ( 5.39) can be used to easily show that the third term in the above

expression is zero:

ﬁ ;) Hz (5.46)

The following simplification of equation ( 5.45) results:
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N N (547)

2|20 2

J=1| 1=l k=1
2j 2yl

N N
211z
J= k=l

)

=z

all impedances are symmetrical such that Z,_ = Z . Equation ( 5.47) can therefore be refactored:

N N N
DR RAJER (549
) ) J=1 /=_l k=.l
V;H = V;. _ - ;_1 #j2l
2112
J=1 k=1
*Jj
The following substitutions are introduced:
Vizelr (5.49)
Z, =642y

i*j
The voltage substitution is applied to Equation ( 5.48) to get:

N N N

> >z, -1 12a (5.50)

Jj=1 1I=1 k=1
i 2j 2 j#l
1- J

N N
212
J= k=1

*j

The second summation sign was shifted left to make the following steps more clear. Since all impedances

are symmetrical, the second summation can be broken into two parts:

N N N N (5.51)
>3 z(a -0 T2a +2, (@ -] ] 24
Vr l =V; 1- NJ N
212
j=1 k=1
2j

Now, Equation ( 5.51) can be factored to get:
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J=11=j+1 =

:jzl
N N
211
J=t k=1
*J

Vi+l - Vi 1-

The second substitution from Equation ( 5.49) is now made:

ZN: Zleﬂ(aﬂ- +a —Z)ﬁl,,* (5.53)

J=11=j41 k=1

i+l i %
Vit =y 1- d

A common denominator can now be found and the expression factored once again to yield:

ﬁ:[l‘ iﬁﬂ(ai +a -2)]]£[Z“ (5.54)
J=1 1=j+1 ‘%I
211

Vi+] = Vi

T T

Each term in the numerator has a matching term in the denominator of the target voltage multiplication
factor. As the outward voltages of Affiliation object member Segments get closer to each other, the factors

a; — 1. The value of the target voltage therefore converges to some constant value.

The values of a typically range as 8 <a <12and 0<¢{ <1 so that the quantity multiplying the target
voltage during iterations is around 1. It appears that the multiplier for Affiliation objects with high
degrees can have a higher deviation from 1 resulting in a faster convergence or perhaps a greater

oscillation around the final target voltage value.

Once again, this analysis does not imply that Segflow will converge with systems having user defined
Segments and multiple Affiliation objects. This analysis is only an investigation into the behavior of a
single Affiliation object in a radialized model with constant impedance line sections.
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Chapter 6

 The Segflow Process

6. The Segflow Process

The Segflow process is the overall method that brings the system of radially connected Segment objects to
represent the solution of a nonlinear power system network model. Segments, current and voltage traces,
and Affiliation objects with the Target Voltage method are all incorporated into the Segflow solution

process. This diagram below represents, as rings, the levels of the Segflow process:

Figure 6.1 - Layers of the Segflow Process

The diagram represents Segments as the fundamental aspect of Segflow. In the second ring, voltage and
current traces are used to solve the radial collection of Segments to determine the solution of the
radialized model having constant current loads. Affiliation objects are used to bring the solution of the
radialized model to match the solution of the corresponding power system network having the same
constant current loads. Finally, linearizations which are discussed by example in this chapter, are used to

drive the state of the Segment collection to match the solution of the nonlinear power system network.
6.1 The Segflow Flowchart

Many aspects constitutional to this dissertation have been discussed in the last five chapters. These aspects

are organized in Segflow such that the solution of nonlinear power system models can be found. This
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represents the Segflow organization as a flowchart:

Start Systemn Loadfiow ! @

Current Trace @

b

Voltage Trace g @

Focus Afﬁhatson Object
wtth Worst Deviation

Petition Deviation From |
All Affiliation Objects @

T

y

YES Send “Adjust’ message !
to all Segments

system network found.

Figure 6.1 - The Segflow Process

organization is contained in a method of the System class used for load-flow analysis. The figure below

The table below describes each of the boxes in the above flowchart. Each of the steps in this tables

corresponds to the number next to the particular box in the figure above. This description is a general

overview of the Segflow process.

Step 1
Start

The load-flow solution was called for by the System object discussed in
Chapter 2. At this point, an initial voltage trace would have been performed
to propagate the voltage of the system’s source Segment (swing bus)
throughout the radialized model. Each Segment would have also been sent
a message to Linearize (also discussed in Chapter 2) so that all loads are
represented as constant current values with respect to the outward voltage

of each Segment.

Step 2

Current
Trace

A current trace (Chapter 2) is evoked by the System. Through an inward
propagation, this process collects load current from the ends of the circuit
and to the source Segment. Each Segment has a value of current entering

its inward node.
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Step 3 | A voltage trace is used to propagate the source Segment outward voltage
Voltage | through the model supplied drop of each segment.
Trace

Since Segments are not supposed to alter injections within the voltage and current trace

methods, steps 2 and 3 of the Segflow process determine the solution of the radialized

model. This solution corresponds to a radial circuit having constant current loads.

Step 4

Get
Affiliation
Object
Deviation

A message is sent to all Affiliation objects requesting their status. An
Affiliation object can respond with a message that its member Segments are
in satisfactory condition. Alternatively, it can respond with a factor
representing a normalized deviation in the outward voltages of its member

Segments.

Step §
Check
Affiliation
Objects

If all of the Affiliation objects interrogated in Step 4 responded in
satisfaction with their member Segments then the Segflow process is
continued to the next step. Otherwise, Affiliation objects need to be focused

so that they can correct their internal discrepancies.

Step 6
Invoke Worst
Affiliation
Object

The Affiliation object having the worst deviation from Step 4 is focused.
This means that a message is sent to that Affiliation object signaling it to
invoke the Target Voltage method. Alterations are made to the value of
compensation current and so current and voltage traces are made after this

step.

The completion of Steps 1-6 brings the System’s Segments to states that represent the

solution of the power system network having constant current loads.

Step 7

Adjust
Segments

Messages are sent to Segments calling for them to “adjust” their state in
lieu of the solved, constant current load, network. Segment outward voltage
and input current are used as a basis for state changes. A current and
voltage trace is invoked each time a Segment responds to the “adjust”
message. Segments modeling lines and transformers probably do not
respond to the “adjust” message. Generator Segments, however, may alter
their current output to bring up terminal voltage. A generator modeling

example is discussed later in this chapter.

Step 8

Check
Segment
Adjustment

If any Segments responded to the “adjust” messages of the previous step
then the Segflow process returns to the solution of the radial system and

Affiliation object invocations.
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Steps 7 and 8 are primarily used to balance loads and supplies in the radialized model.
Generators, SVCs, and other devices whose output may vary are adjusted to a satisfactory
output. After Step 8, loads in the radialized model should generally be fed from a proper
location and Segment voltages should be reasonable. These steps prepare the system for the
linearization steps in which load currents may be determined from voltages and Segment

states.

Step 9 | “Linearization” messages are sent to all Segments. Segments may respond
Linearize | by re-evaluating their loads and injections based on the Segment state and
Segments outward voltage. These loads are converted to constant current loads in
preparation of restarting the Segflow process. Each Segment returns a

message regarding its state as satisfactory or not.

Step 10 | If any Segment responded to the “linearization” message with a return
Check | message of “unsatisfactory” then the Segflow process is returned to the
Linearization voltage and current traces used to solve the radial model (Step 2).

Otherwise, the Segflow process is completed.

Step 11 | The completion of the Segflow process signifies the solution of the

Process | nonlinear power system network model. Voltages, flows, and model states

Complete | e all available within each Segment

This section has presented an overview of the Segflow load-flow process. Certainly there are many details
of the prototype Segflow that have not been discussed here. These details do not, however, pertain to the
concept and contribution of the object-oriented load flow which is the subject of this dissertation.

6.2 Some Segment Model Examples

This section introduces, by example, the method for modeling power system components. As has been
discussed previously, specific component models are derived from more general ones. The following is an

example of a transformer class.

6.2.1 A Transformer Class Example

An equipment modeling class, such as a transformer class, is created in Segflow by deriving it from the
Segment class. Some of the virtual methods of a modeling class are presented in this example. These
methods are essentially all which differentiate the derived class from its parent, the Segment. The

transformer class presented here is based on the following model:
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Inward End Qutword End
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Figure 6.2 - A Simple Transformer Model

Information about the transformer voltage ratings, tap ratio, and impedance are stored as attributes of the
derived class. The exerpt below shows a portion of an exemplar[13] for the class modeling the
transformer. Notice how it is derived from CSegment, the Segment class, and stores equipment data as

protected[13] attributes for classes derived from CTransformer:

class CTransformer : public CSegment .
{ T :

protected: - G
- Complex Z; // ** Impedance
float ‘RatedHighKv, // ** KV Ratings
RatedLowKv, - : o
~ TapRatio;  // ** Fixed Tap =
public: i - S

CTransformer() : CSegment(){}:   L

void oOnCurrentTrace(); E

void OanltageTréceK):
void.OnTraceImpedance() ;

void OnModelbisplayf{): g .
void OnReadDataBase {CRecord *rec§rdy; v -

}s

Figure 6.3 - A Transformer Class Exemplar

The methods OnModelDisplay and OnReadDataBase and the constructor CTransformer[13] are not
further discussed in this example but are used for creation and input/output into instances of the
CTransformer class. The remaining three methods are discussed below.

6.2.1.1 OnCurrentTrace()

This method is a direct application of Kirchoff’s current law within the transformer model. In all
Segments, its purpose is to determine the inward current demand when given the outward end current
demand. The method has access to the total of all downstream current demand and load current with the

Segment attribute /Out. From the perspective of this method, the transformer appears like this:
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Figure 6.4 - The Transformer Within OnCurrentTrace Method

I0ut is known, IIn is found with the OnCurrentTrace method by transferring /Out through the

transformer as follows:

void CTransformer::0OnCurrentTrace ()
IIn = IOut * RatedLowKyv / RatedHighKv / TapRatio;
}i ! . L e

Figure 6.5 - The OnCurrentTrace Method for CTransformer
6.2.1.2 OnVoltageTrace()

The purpose of this method is always to find the outward end voltage when given the inward end voltage.
This method represents the application of Kirchoff’s voltage law within the transformer model. In this

case, the inward voltage KVIn is available to the method as a Segment attribute. Here is a diagram:

KVIn %g KV0Out

Figure 6.6 - The Transformer Within OnVoltageTrace Method

The goal of the method is to determine the outward voltage KVOut by transferring KVIn through the
transformer and taking a drop through the impedance. Here is the method:

void CTransformer::OnVoltageTrace ()

( S

Complex KVDrop = IOut * 2 / 1000.;

Kvout = KVIn * RatedHighKv / RatedLowKv * :
TapRatio - KVDrop; v

yi

Figure 6.7 - The OnCurrentTrace Method for CTransformer
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6.2.1.3 OnTracelmpedance()

The purpose of this method is always to approximate the series impedance from the outward end when

given, as a Segment attribute, Z/n, the series impedance from the inward end. Here is the model in the

"?f—§ i

Figure 6.8 - Transformer Within OnTracelmpedance Method

case of the transformer class:

The following is the method which reflects ZIn through the transformer and adds the transformer

impedance:

void CTra'nsf_oxmer':i:QnTrageImped’an;e‘:(_)
float a = RatedHighKv/ RatedLowKv * TapRatio;
ZOut = ZIn/ala+Z; -

yi

Figure 6.9 - The OnCurrentTrace Method for CTransformer

This method is important to the construction of the radialized model which will be discussed later.
6.2.1.4 A New Modeling Class Emerges

In most cases, the over-riding of the above virtual methods is all that is necessary to create a new class for
modeling power system equipment. Models for single- or three-phase lines, regulating transformers, and
self-regulating capacitor banks can be handled in a fashion similar to the above example. Models for more
extensive components such as generators or static var compensators require the incorporation of another
virtual method dealing with iterative linearization called the OnAdjust method. The method is discussed

in the following example dealing with a generator class.

6.2.2 A Generator Class Example

Segflow treats the generator model just as it would line models, transformer models or any other models.
The internal functionality of the generator class must provide an accurate representation of the generator
object to neighboring Segments. The generator model of this section represents generator real power

output with a negative load. The Target Voltage method is used within the Onddjust method of the
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generator class to alter the generator’s current output so that its terminal voltage matches the voltage

magnitude setting. Here is a generator object attached to a general radialized system:

N

/

I~
o

Out

NN

I

Comp

Figure 6.10 - A 