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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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5,130,
“ aVl

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
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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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