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CHAPTERI1

INTRODUCTION

1.1General Background

One of the primary objectives of power system analysis is to study the impact of
changes in power system parameters on system behavior. For example, an operation
engineer may change the value of a system parameter, such as reactive power injection at
a bus, in order to improve the voltage profile of certain busses or to avoid voltage collapse
of the system. For the same reason, the engineer may also change the system topology by
switching ON/OFF a component such as a capacitor bank or a transmission line. In every
case it is important to know the effect of these changes on the system state of interest.

Studying the changes in system response is also important in the design process of
power systems. In this case the interest is typically to examine design alternatives. If the
design is to be optimized, the desired improvement to the system response should be

achieved with minim investment.

Therefore, studying the effect of changes in power system parameters on the

relevant aspects of the system response forms an important tool to both power system



designers and operation engineers [1-3]. This effect can be referred to, in general term, as
power system parametric sensitivities.

Formulating the power system parametric sensitivities in an efficient algorithm
will provide power systems engineers with a valuable tool to study certain power system
phenomena and identifies effective means of dealing with these phenomena. In this
research, a power system parametric sensitivity formulation based on the well-known
Modified Nodal Formulation (MNF) [4,5] is proposed. The proposed Modified Nodal
Formulation Sensitivity Analysis (MNFSA) is developed into a computer program and
applied to study different power system issues.

A brief description to some of the issues that will be analyzed using the proposed
formulation is outlined. The application and advantages of the sensitivity analysis and the
MNF are also briefly discussed. The objectives, research work methodology and thesis

contribution are detailed.

1.2 Application of Sensitivity Analysis in Engineering Problems

Sensitivity analysis is a mathematical process widely applied in engineering
problems, medical, economics and many other applications to analyze models and data.
The sensitivity analysis is used to validate parameter estimates obtained in model fitting
along with their significance. If the sensitivity function is known, it will be easy to

calculate the change in the system behavior from given parameter deviations and,



conversely, to calculate allowable parameter deviations from a given or pre-assigned
system behavior. The latter problem is often referred to as the inverse sensitivity problem.

Historically, sensitivity analysis have provided a fundamental motivation for the use
of feedback and are largely responsible for its development into what is called modern
control theory, implying the principles of optimization and adaptation [6].

Sensitivity analysis is also used in conjunction with Taylor Series to serve as
prediction tool by analyzing how a model output changes in response of variation to one
or more of its parameters. Another useful application for sensitivities is to quickly
quantify the effect of varying system parameters on system response. Sensitivity analysis
also simplifies the analysis of data and models by identifying parameters that do not have
significant impact on the system response. Those non-critical parameters can then be
eliminated from the model without significant impact on the model accuracy.

To illustrate the importance of the sensitivity analysis, following are some situations
in which calculating the effect of system parameters changes on the system response is
required [7].

1.2.1 What if Analysis

It is often important to ask (What if?) questions such as What is the smallest
acceptable value of Power Factor Correction Capacitor (PFC)? or What is the best
location for this PFC?. Another typical example is the manufacturing tolerance.
Equipment manufacturers usually guarantee compliance with specified requirement

within tolerance allowance. For example, ANSI C57 [8] specifies manufacturing of



transformer impedance to be within +7.5% of the specified value. In large power
systems, and the advent of large number of scenarios, one of the basic computational
needs is to be able, with ease, to simulate changes in the parameters of any system
component.

1.2.2 Model Simplification

To calculate the response of a system, each component must be represented by a
model. This process is still an art, and it is often uncertain as to whether the model being
used is appropriate. Some of the questions to be answered are: For a given type of
simulation; what system parameters that are of primary interest? And what are those
parameters that can be made redundant? To answer these questions, it is necessary to
compute the effect of the change or removal of each parameter on system response.

1.2.3 Normal Parametric Variations

In general, the value of a system parameter is a function of other factors such as
temperature and frequency. Therefore, for most power systems the expected variations in
these factors shall not cause system behavior to move outside specified limits.

1.2.4 Component Growth

In the case of some system components such as capacitors, aging is a factor that
plays a role in changing its value. Therefore, it is important to account for the effect of
aging factor on the system response. The knowledge of the effect of small changes in

relevant system parameter on the system response can provide:



e An indication of those components which might usefully be adjusted to improve
system behavior.
o A feeling for which may be the components principally responsible for the
essential aspects of system behavior.
e An identification of any unduly sensitive parameter in the system.
In summary, calculation of sensitivity can provide very useful information on how system

response reacts to parameter changes.

1.3 Basic Mathematical Concept of Sensitivity Theory

The mathematical problem to be solved in sensitivity theory is the calculation of
the change in the system behavior due to the parameter variations [6]. Let the parameters
of the system be represented by a vector @ = [a; a2, .]*. The mathematical model of a
system relates the system parameters to a quantity characterizing its dynamic behavior
(i.e. the state variables). In the following example, a system is described by a vector of
differential equation as follows:

x=f(x,a,t,u) x(2) = x° (1.1
Where: x represents the state vector

a is the parameter vector

t: is the time (for time domain analysis)

u is the excitation (input) vector

x? is the initial condition



As shown in Equation 1.1, the state vector x is function of the system parameters, that is

x=x (a). (1.2)

Equation 1.2 describes the relationship between the parameter vector and the state vector.
Mathematically, this relationship should be unique, however, in practice this is not always
correct.

Assume the parameter vector of the mathematical model to be ay, and the
parameter vector of the actual system is @, + Az of the actual parameter vector. In order
to study the influence of the parameter deviations Aa on the behavior of the system, the
following is defined:

1. Define Rzas the subspace of the parameter variations Aa around o, and

2. Define R; as the corresponding subspace of the state vector
By these definitions the mapping a — xcan be replaced by the mapping R, — R, as
shown in Figure 1.1. R; is uniquely determined by Equation. 1.1, if R, is known.
However, for a number of reasons, it is not reasonable to characterize the sensitivity in
terms of Equation 1.1: first, since the direct solution of Equation.1.1 for all elements of R,
requires an infinite number of solutions and depends on the definition of R, and, second,
since the result for small parameter variations |Aa| <<[a,|would be very inaccurate if
approximations are applied for the evaluation of this equation. For example, this would be

true in the case of numerical or analog computation.



Figure 1.1: Mapping of the parameters space into the state space
It is a common practice in sensitivity theory to define a so-called sensitivity
function S that, under certain continuity conditions, relates the elements of the set of the
parameter deviations Aa to the elements of the set of the parameter-induced errors of the

system function Ax by the linear equation
Ax = S(ay)Aa

Or, if Axand Aa are scalar,

Ax

S ~
(@) Aa

For infinitely small change in A& | the sensitivity function can be defined as [7]:

s, = é;r(a) =12, ..k (1.3)
0(1/
Where k is the number of system parameters.

Equation 1.3 calculates the change in the state vector as a result of small change in one of

the system parameters «;. For a state variable x,, the sensitivity can be written as

st = Sla) (1.4)

/ da,



1.4 The Modified Nodal Formulation

The Modified Nodal Formulation (MNF) is a circuit analysis technique that
models each circuit parameter with its own contribution as an individual entity. This
technique can directly compute both branch current and node voltages as a primary state
variable and consequently the matrices forming MNF equations may contain admittances
and/or impedances. Having the ability to incorporate any node voltage and branch current
in the MNF equations makes it possible to directly obtain sensitivities of any circuit state
(voltage or current) to any circuit parameter. Another advantage of the MNF is the ability
to model inductive elements as impedances and capacitive elements as admittances; this
allows RLC circuits to be modeled as first order differential equations instead of integro-
deferential equations.

The MNF can easily model circuit elements that cannot be represented in the
Nodal Admittance Formulation (NAF), such as ideal voltage source, controlled voltage
sources, short circuit. The MNF can easily model ideal voltage source, short circuit, and
all four types of controlled sources. In addition to the modeling capabilities, each type of
circuit elements in the MNF is defined by a stamp. Element stamp is a systematic
approach used to easily adopt the MNF into a set of equations. Therefore, system
equations are easily formulated by sequentially reading the circuit elements and

augmenting element stamps into the system equations.



1.5 Harmonics and Power Quality Issues

One of the major emerging concerns in power systems is harmonics. Harmonic is
a general term used to describe any oscillatory or repetitive types of phenomena. In Power
Systems Analysis, however, the term Harmonics refers to a distortion in the current and
voltage waveforms. Power system harmonics phenomenon is typically caused by the
presence of nonlinear loads (Arc furnaces, Adjustable Speed Drives (ASDs), dc motor
drives, and switch-mode power supplies). Non-linear loads draw distorted (non-
sinusoidal) currents causing harmonic currents to flow in the power system. These
harmonic currents can combine with system frequency response characteristics to cause

harmonic voltage distortion.

These harmonic problems are compounded by the use of capacitor banks, which
can result in resonance conditions magnifying the harmonic distortion levels. Capacitor
banks are normally installed for power factor correction purposes to avoid utility demand
charges and penalties, and to free up transformer capacity. The presence of resonance
frequencies close to harmonic frequencies can cause propagation and amplification of

these harmonic current into the power system.

Resonance point can be shifted as system parameters changes due to changes in
system impedance. Since Power Systems are designed to operate at power frequency, the

presence of voltages or currents at other frequencies will cause problems to many of the
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power system equipment. These problems include malfunction of controls, capacitor
failures, motor and transformer overheating, and increased system losses. Therefore,
sensitivity analysis presented in this thesis, can be used as an effective tool to study
harmonic propagation and amplification and to device adequate solution for harmonic

problems in power systems. Such issues are discussed in the following sections.

1.5.1 Sources of Harmonics

Conventional loads such as motors, heaters, etc can be represented by a
combination of passive circuit elcments, namely constant inductance, capacitance and
resistors. This means that when fed with a sinusoidal voltage they will draw a sinusoidal
current of the same frequency. On the other hand, non-linear load draw non-sinusoidal
current resulting in distortion to both voltage and current waveforms.

The degree by which this current/voltage deviates from a perfect sine wave is
known as Total Harmonics Distortion (THD). Harmonic Distortion, as it applies to power
systems analysis, is the measure by which a periodic non-sinusoidal waveform deviates
from a pure Sine Wave. The term is applicable to voltage and current alike. Because there
is no such thing as a perfect voltage or current, there are maximum distortion limits
deemed as acceptable. When the harmonic distortion exceeds these limits, problems can
be expected. The IEEE’s 519 standard [7] specifies strict current distortion limits that can

prove difficult for compliance by industrial and commercial facilities.
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To describe harmonic behavior, terms such as Total Harmonic Distortion (THD),
zero sequence and negative sequence harmonics, etc. are utilized. The most common
sources of harmonics in power systems are as follows:

1.5.1.1 Power Electronics Devises: Following the development of semiconductor
technology, new generation of non-linear loads such as personal computers, fax
machines, photocopiers, variable speed drives, etc has been introduced. Nonlinear loads
are devices, which do not exhibit constant impedance during the entire cycle of the
applied sinusoidal voltage waveform. This means, when powered by a sinusoidal voltage,
non-linear load do not draw a sinusoidal current. A typical example of these devises is the
three-phase converter shown in Figure 1.2 used for ASD application. Figure 1.3 shows
that the line current waveform is no longer sinusoidal.

1.5.1.2 Ferromagnetic Equipment: Ferromagnetism is the ability of certain
ferrous materials to produce magnetic flux in the presence of a magnetic field. This
phenomenon is the principle under which transformers and motors operate. The
magnetizing characteristic of these devices is defined by a nonlinear relationship between
the magnetic flux density (B) and the magnetic field intensity (H). This non-linearity is
more pronounce in transformers than in motors due to the air gap present between stator
and rotor. Since B is proportional to the voltage and H to the magnetizing current, the
magnetizing current will not be sinusoidal when a sinusoidal voltage is applied.
Fortunately, under normal operating conditions, this current account for only 0.5% to 1%
of the full load current of a transformer. However, the presence of a large number of

lightly loaded transformers, can lead to a significant amount of current distortion. If the
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voltage increases significantly, during periods of light load, saturation of the core takes

place. This dramatically increases the amount of distortion in the magnetizing current.



Figure 1.2 A: Three-Phase Power Converter
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Figure 1.3: Line Current Three-Phase Converter and its Harmonic Spectrum.
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1.5.1.3 Arcing Devices: Arcing devices deliver power through a gap of air or gas.
Typical arcing devices are arc furnaces, fluorescent lighting, mercury, and sodium vapor
lighting. The behavior of the current in an arc can be explained in three phases. The first
phase. the current increase linearly as the applied gap-voltage is increased. This process
continues till there are no additional electrons available to increase the flow of current. At
this phase voltage will increase with no increase in the current flow. If the voltage
continues to increase to the flash point, a luminous discharge occurs and the arc makes its
appearance. An arcing device is basically a voltage clamp in series with a reactance that
limits the current to a reasonable value.

1.5.2 Problems Associated With Harmonics Analysis

The widespread use of harmonic producing devises has increased the percentage
of non-linear loads in power systems causing significant distortion to the current and
voltage waveforms. The relationships and equations used to analyze balanced power
system with ideal sinusoidal voltage source and linear passive impedances are therefore
no longer applies to a system with harmonic problems. Therefore, it is important to use
new tools and philosophy in order to analyze such behavior and mitigate their side effect
on the power system. This has brought the need to include one additional dimension to
traditional power analysis; the Harmonic Frequency Dimension. With a high density of
these nonlinear devices, phenomena such as overloaded neutrals in spite of perfectly

balanced phases, harmonic overload to transformers, frequent failure of power factor



16

correction capacitors are common occurrences that require a different approach in order
to be understood.

The amplification and propagation of harmonics in power system are function of
network impedance. Also, distortion to voltage waveform can result from harmonic
current propagation throw the system. The presence of a system resonance at or near to
the frequency of an existing harmonic source will result in the amplification of these
harmonics. This amplification will result in further distortion to system voltages and
increase the risk of equipment failure due to increase in harmonic levels. Changes in
system operating condition such as capacitor switching, line switching, loading condition
of transformers and induction motors will affect the behavior of harmonic propagation in
the system. System parameters can also be altered in order to absorb harmonics at certain

location or suppress harmonic amplification.

1.6 Research Objectives

The primary objective of this research is to develop a sensitivity analysis
technique based on the well-known modified nodal formulation power systems analysis.
The MNF offers superior capabilities that make it ideal for the proposed mathematical
formulation.

The mathematical formulation used in the development of the technique is
modular and general to permit the incorporation of the parameters of any power system

element in the sensitivity analysis.
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1.7 Research Methodology

To achieve the objectives of this research, the following work has been implemented:

Propose a Power System Sensitivity Formulation based on the well-known MNF
along with the required rigorous mathematical derivations.

Device study systems that exhibit typical industrial power system concerns such
as power quality and voltage security.

Perform power system analysis on the study systems to identify voltage security
and power quality concerns.

Formulate the proposed Modified Nodal Formulation Sensitivity Analysis
(MNFSA) algorithm into a computer program code and confirm the program
results.

Apply the MNFSA computer program to look into power quality problems
(Harmonic and resonance analysis)

Use the results of the MNFSA to study some power system concerns and

alternative system designs to deal with such issues.
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1.8 Research Contributions

The main contributions of this thesis research are as follows:

(V%)

Propose a new parametric sensitivity approach based on the modified nodal
formulation to investigate power quality issues.

Formulate the proposed sensitivity approach into a modular mathematical
structure.

Develop a power system analysis program based on the proposed approach. This
program can be used as a tool to provide the following:

Help power system engineers in understanding how parametric variation of any
power system elements influence its response in order to evaluate the quality of
alternative power system design having the same purpose. The tool can also
provide an assessment mechanism to changes in power systems due to addition of
new component such as power factor correction and harmonic filters etc

Provide power systems sensitivity indices and measures to identify the route
causes of power system problems and help in devising solutions

Provide response gradients in optimization application.
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1.9 Thesis Organization

This thesis is divided into six chapters. In Chapter "I". the basic mathematical
background and the applications of the Sensitivity analysis in engineering problems is
described. The advantages and modeling capabilities of the Modified Nodal Formulation
and are briefly discussed. Description to some of the issues that are analyzed using the
proposed formulation is outlined. The objectives, research work methodology and thesis
contribution are detailed. Chapter "II" contains the review of literature on the application
of sensitivity analysis and the MNF in power system analysis. The mathematical basis of
the MNF is presented in Chapter "III". This is followed by detailed discussion to
demonstrate the modeling capabilities of the MNF. A rigorous derivation of the proposed
Modified Nodal Formulation Sensitivity Analysis (MNFSA) is detailed. Chapter (IV)
presents the derivations of equations used in the development of the MNFSA program.
The structure of the algorithm used to develop the code is then described. The different
types of output results the program can produce are presented. Finally the program
capabilities, applications and type of analysis that can be performed are also discussed. In
Chapter (V), the MNFSA program is applied in evaluating several power systems and to
demonstrate the ability of the proposed method in analyzing power system issues related
to harmonic, harmonic amplification and power system resonance. Finally, in Chapter

"VI" the conclusions and some of the recommendations for future work are outlined.



CHAPTER I

LITERATURE REVIEW

2.1 General Review

Parameter sensitivity analysis is a mathematical tool widely applied in engineering
problems where mathematical models are used for the purposes of analysis and synthesis
[6, 7, 11, 12, 13]. For example, sensitivity analysis has been used to perform exact
frequency domain analysis for multiphase periodically switched network [14]. The
method can be used to calculate sensitivity of system response to changes in any system
parameters using the MNF. In order to be able to give a unique formulation of the
mathematical problem, the mathematical model is usually assumed to be exact. This
assumption is usually unrealistic since there is always a certain discrepancy between the
actual system and its mathematical model. This is because mathematical models are often
simplified or idealized intentionally in order to make the problem solvable and to
accommodate uncertainty in the model parameters caused by manufacturing tolerance,
temperature variation etc [7, 15]. If there are deviations between the real system and the

mathematical model parameter and the solution is very sensitive to these parameters, the

20
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results of the mathematical model may not be accurate. Therefore, it should be part of the
solution to a practical problem to know the parameter sensitivity prior to its
implementation and to reduce the sensitivity systematically if necessary [16]. Parameter
sensitivity can be defined as the effect of parameter changes on the dynamics of a system
such as time or frequency response, state or transfer function or any other quantity

characterizing the dynamics of the system [6].

2.2 Application of Sensitivity Analysis in Power System

Sensitivity analysis has been widely used in power system analysis {17-33]. A
general approach for power system sensitivity analysis was proposed in [17] to calculate
the gradient of any system function with respect to system parameters. Following is a
survey of areas in power system analysis where sensitivity analysis where primarily
applied.

2.2.1 Stability Analysis

2.2.1.1 Voltage Stability: Sensitivity analysis has been widely used in voltage
collapse and voltage stability analysis [18-28]. In [18] Sensitivity of reactive power
generation to load changes to compute proximity to voltage collapse. Similar sensitivity
approach has been used in [19] to compute the amount of reactive power needed to
control voltage stability. In [20], the sensitivity of the minimum singular value of system

Jacobian matrix where computed for the assessment of voltage instability.
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Another method to determine voltage stability condition is presented in [21]. The
method is based on calculating the reactive power margin available to any bus in the
system. The reactive power margin is used to determine distance to voltage collapse and
hence defines the state of system security to voltage collapse. The method is inherently
sensitive to the limits of MVAR’s resources reactive capability limits.

A method to diagnose midterm instability following large disturbance is presented
in [22]. The proposed algorithm combines time domain simulation with sensitivity
analysis to identify busses in the system at which load increase is most critical to voltage
instability and determine the corresponding corrective actions such as load shedding
and/or tap changer blocking on time scale. The approach has the limitations that active
and reactive loads are modeled as voltage dependent type only and no frequency
dependent load were considered in the load modeling.

In [23]. a nodal sensitivity approach is used to obtain indices or measures for area
or system voltage stability margin and required corrective action. The required corrective
action is obtained by calculating real and reactive power generation shift factors using
area sensitivity matrices. The sensitivity of the total reactive power injections at pilot area

*¥¢) is used in

nodes (Qpiier) to the total reactive generation of SVC controlled units (Q
obtaining indices for stability margins and corrective actions.

The sensitivity of loading margin to voltage collapse has been presented in [24].
The main idea of this research is to predict the voltage stability loading-margin of power

system subject to changes in system parameters or control. System parameters of interest

can be an impedance of a Flexible AC Transmission System (FACTS) controller or a
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shunt impedance power factor correction etc. A linear and quadratic sensitivity approach
has been proposed to predict loading margin as system parameters changes. One source of
inaccuracy in this approach is the assumption that system equations remains the same as
system parameters varied, which means the effect of generators reactive limits and other
voltage regulation equipment can not easily be represented in the formulation. This work
can be considered as an extension to the application of first order loading margin
sensitivity that reported in [25].

In [26], similar sensitivity formulations to that developed in [24] were used to
establish a contingency ranking for voltage collapse. The stability margin due to line
outage is calculated using linear and quadratic sensitivity of loading margin to each
contingency. The result is a computationally fast algorithm that can estimate loading
margin for a nominal P-V curve much faster than the direct methods with reasonable
accuracy. The algorithm has the same limitations presented in [24]. The method presented
in [26] was used to determine the safe operating voltage stability margin of South
England Power System voltage [27].

2.2.1.2 Dynamic Stability Analysis: The sensitivity analysis has also been used
in small signal stability to deal with other highly non-linear power system phenomena
such as interaction phenomena of FACTS devises in power systems [28]. The sensitivity
analysis was used to create an index for limiting the interaction phenomena on the inter-
area ties. The oscillation is reduced by optimally selecting the location of a Static
Compensator (STACOM). The sensitivity analysis approach was based on small signal

stability theory and eigenvalue analysis. A method for real time computation and control
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of oscillations using sensitivity analysis was presented in [29]. The approach is based on
computing eigenvalue sensitivity with respect to different system parameters, namely
generator set points such as prime mover input power reference (Pc) and exciter reference
voliage (Vref).

2.2.2 Optimal Power Flow and Contingency Analysis

Contingency analysis and Optimal Power Flow (OPF) are widely used by utilities
as real-time tools to operate power systems at the most secured and efficient condition
[30]. Because both tools require extensive computational efforts and the results are
needed on real-time bases, sensitivity analysis are often used in such applications.

A method to compute network sensitivity factors for contingency analysis is
discussed in [30]. This method provides a quick approach for studying hundreds of
possible outages, which becomes very desirable when used on real-time basis so that
corrective actions can be taken. The sensitivity factors used to approximate the change in
line flows for changes in generation or on the network configuration. Two types of
sensitivity factors derived from DC load flow are computed namely:

e  Generation shift factors
e Line outage distribution factors

The generation shift factors are used to estimate changes in line flows due to
generation or load changes while line outage shift factors are used to estimate line flow
changes due to line outages. Sensitivity factors are also used to calculate changes in tie-
line flow due to outages on external system [31]. This method is used to avoid modeling

external system and thus results in reduction in the complexity of the system model. The
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method also incorporates spare matrix inversion, which also increase the computational
efficiency.

A sensitivity analysis approach to estimate the desired changes in the OPF
solution due to small change in system operating conditions is presented in [32]. The
approach is based on a least-square algorithm suitable for post-OPF. This algorithm was
designed for a large utility power system Energy Management System (EMS). A
generalized parametric algorithm for OPF is presented in [33]. The technique is based on
two steps approach. In the first step is the optimal solution is found for arbitrarily chosen
operating point. The sensitivity analysis is used to find the trajectories correspond to
different loads. The approach shows the non-linearity of the OPF solution and its
sensitivity to variation in parameters.

Sensitivity approach to determine a new state from an optimal state due to small
change in system parameters such as system load or control-action weighting a factor is
presented in [34]. The method is used to avoid a complete OPF solution, for real-time
application, when dispatcher makes small changes in weighting factors to reduce
emission or when system load changes insignificantly. In [35] the OPF problem is solved
by applied voltage security constrains on the Fast Newton Raphson economic dispatch.
By shifting generation to satisfy the economic dispatch solution, voltage at some busses
in the system may fall below acceptable values. This method uses reactive power

sensitivity factors of bus voltage magnitude to regulate load bus voltage to secure limits.
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2.2.3 Power Quality Application

Sensitivity analysis was also applied in harmonic design. In [36], a method for
distribution system harmonic design based on eigenvalue sensitivities to system
parameters was presented. The system state equations are used to compute system poles
and zeros and there sensitivity to parameters changes. The resulted sensitivities can help
in capacitor bank placement to improve harmonic system design.

A method to compute voltage dips using sensitivity for large-scale power system
is presented in [37]). The sensitivity analysis is derived relative to changes in operating
conditions such as generation and load levels, voltage profile etc. The sensitivity
technique can be used to maintain voltage dip within pre-specified limits.

Sensitivity analysis can be combined with optimization technique to optimize the
location and size of PFC in radial distribution system. The sensitivity algorithm identifies
candidate locations for PFC. This will reduce the search space of the optimization
procedure and hence enhance the performance of the algorithm. In [38-39], sensitivities
of system real power losses to nodal reactive power injections were formulated to identify

candidate locations for the PFC that will have maximum impact on power losses.

2.3 Application of MNF in Power System

The MNF has generally been used in dealing with Power Electronic Circuits
simulation. Switching modeling in power electronic circuits using MNF was presented in

[40]. The MNF was also used in [41] to find the equilibrium points of closed loop
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switching PWM converter under large signal disturbances. In [42], a computer-aided
analysis of power electronic circuits based on Modified Nodal Formulation was proposed.
By using the MNF the formulation of state-equations were avoided and hence the system
equations can be solved much faster by solving a set of first order differential equations.
In this research, a sensitivity analysis approach based on the MNF is proposed as a

power system analysis tool. The MNF is a well-known circuit analysis technique that can
model an electric circuit as a set of linear equations and first order differential equations.
The modified formulation was introduced to overcome modeling capabilities and better
computational efficiency than the conventional Nodal Admittance Formulation (NAF).
The enhanced capabilities of the MNF are summarized as follows:

e [t can handle ideal voltage sources

e It can handle short-circuits

e It is possible to handle all the four types of controlled sources

o Impedance branch elements such as inductors can be modeled as first order

differential equation system.



CHAPTERIII

MATHEMATICAL FORMULATIONS

3.1 Introduction

Analyzing an electrical network involves three major steps; the first step is the
formulation of system equations that describe the relationships between the variables. The
second step is to solve these equations in the time and/or frequency domains. The third
step is to evaluate the solution. Several methods have been used to formulate system
equations such as loop matrices formulation and nodal-admittance/impedance
formulations (NAF) [44]. All formulations are based on natural laws of balance Kirchhoff
Voltage Law, KVL or Kirchhoff Current Law, KCL. Each method goal is to find a
method, which is simple and general with respect to implementation in a computer
program.

The loop formulation is useful in the hand calculations of simple circuits. It is
based on the KVL, which states that the sum of the voltage drops around any loop visiting
a set of nodes is zero. The method is difficult to apply for non-planar circuits. The Nodal

Admittance Formulation (NAF) is based on the KCL, which states that the sum of the
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currents leaving a closed subset of a circuit must be zero, e.g. the sum of the currents
leaving an element is zero or the sum of the currents leaving a node is zero. A closed
subset of a circuit is a super node or a multi terminal.

The variables chosen in the basic nodal formulation (NAF) are the node voltages,
i.e. the node potentials with respect to an arbitrary reference. This implies that short
circuits, ideal voltage sources and ideal current controlled sources cannot be handled.
Furthermore inductive and capacitive elements will give rise to integro-differential
equations or second order differential equations. Therefore drawbacks of the node

admittance formulation can be summarized as follows [43]:

I. Itis not possible to handle ideal voltage sources.

2. Itis not possible to handle short-circuits.

3. It is possible to handle only the voltage controlled current source (VCCS) among
the four types of controlled sources.

4. Impedance branch elements as e.g. the inductor may involve a second order

differential equation system.

The following section demonstrates how it is possible to overcome these
drawbacks by means of extending the node admittance formulation while preserving the
basic properties of this formulation. This will be followed by rigorous derivation for the

proposed Modified Nodal Formulation Sensitivity Analysis (MNFSA).
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3.2 Mathematical Formulation of the MNF [43]

One of the limitations with the NAF is the limitation when formulating

equations for elements described by voltage constitutive equations.

@ + @
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Figure 3.1 Ideal voltage source.
An ideal voltage source, as shown in Figure 3.1, is described by
vi—v, = Ey 3.1)

Since there is no current variable in this equation, it is not possible to formulate the nodal
KCL equations, if the voltage source is the only branch in that circuit. This problem can
be seen in the circuit of Figure3.2, if E; became an ideal voltage source (i.e. G2 = oc). The
nodal admittance matrix becomes singular as G, becomes much larger than the other
conductances. One solution is to use a gyrator circuit to simulate an ideal voltage source.
As shown in Figure3.3 a current source of £ amperes is connected to one port of the

gyrator producing a voltage v; = E volts at the other port.
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Figure 3.2: Example circuit

The implementation of this concept for the circuit of Figure 3.2 is shown in Figs.
3.3. It can be seen that a new node is introduced. The circuit is described by the following

system of equations

G] ‘G; 1 V1 .;1
G= 'G1 Gi*Gg -1 v=ive i= o
-1 1 0 V3 -E, (3.2)

Note that the third, new, equation is

v,—v_7=E2 (33)

which corresponds to (3.1). The voltage of the third node is numerically equal to the

current flowing through the branch with the ideal voltage source.
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Figure 3.3 (a) Use of gyrator for ideal voltage source simulation,

(b) Implementation of the gyrator.
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This leads to the idea of introducing a current as a new circuit variable when an
ideal voltage source has to be described. This may also be useful for cases where the
branch current is needed as an output variable irrespective of the type of branch element.
Introduction of a branch current as a new variable means augmenting the number of

unknowns; so one additional equation is needed.

As an example of this concept, consider the circuit of Figure 3.4 In this case iz has
to be introduced as a circuit variable in order to describe the ideal voltage source, while i3
is required as an output variable. For two new currents, two additional equations are

needed. One represents the voltage source

=)
5
e
b

Figure 3.4 Introduction of iz and i; as new variables

vi-va=E (3.3)

And the other represents the conductance branch

vy - i3 Zl =0 (3.4-3)
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The nodal equations are

~J+ Gy, +Gz(v1 "’2) +1 =0

Ga(vz-wi)-ip+iz=0. (3.4-b)

Augmenting equations (3.3), (3.4), the system of equations matrix describing the circuit is

1 g v,
-1 1) ve]
0 of|lid”
0 -2} |5

This system can be divided as shown. The first two equations, being nodal KCL

G‘ +* Gz "Gz
-Gz Gz

1 -1

0 1

(3.3)

equations, are distinguished from the second two, which are branch constitutive
equations. The unknown variables are separated, too. The first part has the circuit node
voltages while the second contains the new variables (currents). Finally, the RHS vector
is also divided; the upper part has current excitations while the lower contains voltage
excitations. Note that the gyrator method would not allow i3 to be introduced as a network

variable so this is a new method.

The above formulations were described by Ho er a/ (1975) and named the
Modified Nodal Formulation method or (MNF). It is now the most common method used
in circuit analysis programs. It has also become a technique for explaining general ideas

in circuit theory.

Generalization of (3.5) leads to the following equation:
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Tx=W (3.6)

[ f)

In (3.7) the following notation is used:

G is the reduced nodal conductance matrix whose size is nxn. Its elements are the
derivatives of the nodal KCL equations with respect to the node voltages.

B is an nxm matrix where m is the number of new variables (currents). Its
elements are the derivatives of the nodal KCL equations with respect to the new
variables.

C is an mxn matrix whose elements are obtained as derivatives of the new
equations with respect to the node voltages.

D is an mxm matrix with elements representing the derivatives of the new
equations with respect to the new variables. B and C may have only 0. | and -1 as
matrix elements.

v is the vector of n node voltages.

i is the vector of m new branch currents.

J is the vector of node current-excitations. The & element of I is the sum of all

independent current sources flowing into the node 4.
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e E is the vector of branch voltage sources. An element of e will be non-zero if an

ideal voltage source is described by the corresponding equation.

Unlike the matrix G, T is not symmetric and is not diagonally dominant. This is
seen in the second row of (3.5) with G> and the 1. In addition, zero-valued diagonal
elements may be introduced. For a grounded ideal voltage source (if connected between
node k and ground, such a source is described by v, = E), a zero valued diagonal element
and only one off-diagonal matrix element is introduced. This matrix element is frequently

called a singleton.

From inspection of (3.5) it can be seen that the new equations are ordered at the
end of the system taking numbers starting with n+1. This is also true for the numbering of
the current variables. The first new variable is numbered n+1, where n is the number of
circuit nodes. Reordering the equations means renumbering the variables, which in turn
means that the current variables will be rearranged in the vector x. A similar

rearrangement will happen with T and W.

3.3 Modeling Basic Power System Elements Using MNF

To model a power system using the MNF, the network is disseminated to its most
basic components (resistance, conductance, inductance and capacitance, etc). Each of
these basic elements is sequentially incorporated in the model using a MNF element

stamp. Following are the MNF stamps for circuit elements related to the proposed
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research work. Other circuit elements stamps, which are primarily related to circuit

analysis theory, can be found in the literature [1-2, 43].

J
—
Figure3.5: Ideal Current Source

3.3.1 Stamp for Ideal Current Source

In power system applications, ideal current source is used in representing a
harmonic source, performing impedance frequency scan studies and in representing the
initial condition of a capacitor. The ideal current source, shown in Figure 3.5, is
represented by two terminals (nodes) with a current injection (J) from one node {j} to the
other one {j'}. To model an ideal current source into the MNF equations, complex value
of the current source is added to the j and the j” ™ elements of output vector W or the
Right Hand Side (RHS) of the system equations. The addition of an ideal current source
does not make any change to the system matrix nor does it add a new state variable to the
unknown vector x. The stamp of an ideal current source is mathematically represented as

follows:

RHS

Equation j J (3-8)

Equation j° -J
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3.3.2 Stamp for Ideal Voltage Source

Voltage source are used to represent a utility system, generators or initial
condition of an inductor. The ideal voltage source is represented by two terminals (nodes
Jj and j') with a potential difference between the two nodes equals to the source voltage
(E), as shown in Figure 3.6. To model an ideal voltage source, three steps are required: 1)
the size of W vector is increased by one and the complex value correspond to the voltage
source is added to the last element of the vector (k+1). 2) The size of T matrix has also to
be increased by one row and one column. Values of the new row and columns elements
are set to one at {k+1j},{k+1,}, {j,k+1}, {j,k+1} and zero elsewhere; 3) The state
variable vector (x) is increased by one (k+1)and a new state variable, representing the
current passing throw the voltage source is introduced. After solving the system
equations. current passing throw the ideal voltage source is automatically calculated. This
is not possible in the case of nodal formulation method. The stamp for an ideal voltage

source is as follows:

Columnj Columnj’ Columnk+1 State RHS
V; V; L5 Vector (x)
Equation j 1 V;
Equation j -1 Vi 3.9)
Equation (k+1) 1 -1 0 I E

Were k is the size of the system matrix before adding this voltage source
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The following stamp is added to the x vector

I...-
—p -

E
—O
Figure 3.6 Ideal Voltage Source

3.3.3 Stamp for Admittance Element

Using MNF to model admittance is simple and similar to the conventional nodal
formulation. An admittance (y) connected between node j and j° is simply modeled by
adding (y) to the {j.j} and {j°,j’} (self) elements of the system matrix and (-y) to the {jj"}

& {j.j} (mutual) elements of T. The stamp for an admittance element is as follows:

Column j Column j’ State
\/ V; Vector (x)
Equation j Yii “Yii Vi
Equation j’ Vi Yi Vi (3.10)
Ly tV- .
.l i
J = v

Figure 3.7 Admittance

3.3.4 Stamp for Impedance Element

An impedance (z) connected between nodes j and j° is represented in the MNF by

increasing the size of output vector W and state vector x by one to (k+1) with new state
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variable at k+1 representing the current passing throw the impedance. The system matrix
size is increased by one row and one column (k+1). The modification to the T matrix
when adding impedance to a system is similar to that of voltage source except in this case

element {k+1,k+1} is set to be equal to z. The stamp of an impedance element is as

follows:
Column j Column j’ Column k+1 State
V; V; I Vector (x)
Equation j 1
Equation j -1 (.11
Equation (k+1) 1 -1 -Z I

Where £ is the size of the system matrix before adding this inductance element

[ . +V -
i 1 )
j— [ ——

Figure 3.8 Impedance

By being able to simultaneously model inductive elements as impedances and
capacitive elements as admittances, the s-term introduced by these elements will appear
in the system equations as first order differential equation. This will have significant
computational advantage both in time domain and frequency domain analysis. As shown
in equation 3.12, this formulation, also, allows the complex matrix T to be structured into
two real matrices to improve the computational efficiency. This representation shows
some physical characteristics of the system such as system damping and capacitive and

inductive nodes in the system.
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. » (3.12)
Gll GI12 . . Gin Cil C12 . . ClIn
G2l G22 . . G2n C21 C22 . . C2n
T S

or

Gnl Gn2 . . Gnn Cnl Cn2 . . Cmn
T=G*C

Where

{G]: is an (m+n)*(m+n) matrix constituting the real part of T

[C]: is an (m+n)*(m+n) matrix constituting the imaginary part of T

n: is the number of voltage variables (number of system nodes)

m: is the number of current variables (number of impedance and voltage source

elements)
S=2nf

3.4 Derivation of Modified Nodal Sensitivities
Analysis (MNFSA)

The research work of this thesis is based on developing a parametric sensitivity
utilizing the MNF to perforrn power system sensitivity analysis. The proposed
formulation shall be able to determine the sensitivity of any power system state (node
voltage or branch current), due to changes in any sysiem parameters. As shown in the
previous section, the MNF models both voltages and currents as system variables.
Therefore, it is possible to obtain the sensitivity of node voltages and branch currents with

respect to any circuit parameters (inductances, resistances, capacitance, etc). Following is
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the mathematical derivation of the proposed Modified Nodal Formulation Sensitivity

Analysis (MNFAS):

As shown in the previous section, the system equation of the MNF can be written as

T(h).x(hy = W(hy (3.13)

Where h; is the parametric value of arbitrarily chosen system element i , i.e. A, can be

resistor (R;,) inductor (L;,) capacitor (C;) or conductance (G;)

Taking the derivative of Equation (3.13) with respect to parametric value 4;

—x+T——=—— (3.14)

T = — -
oh, ok, oh, (.15)

ox . T ow

AT b P

oh, Gn " an, (3.16)

i i
Define a scalar variable @, where ¢ is the j unknown variable in the vector x, this is to

deal with one system variable at a time; then ¢ can by mathematically defined as

p =dx (.17)
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Where d is a constant vector with one at the /* element and zero in the rest.

Take the derivative of equation 3.17 with respect to 4;

op 4! ox
Substitute equation (3.16) into equation (3.18), we get

GQ) ¢ -1 or ow

—=d {T  (—x—— 1

o { (ah,. x 6h,-)} (3.19)
Define an adjoint vector x“ so that
(x)'=d' T (3.20)
Rewrite (3.20)

T'x*=d (3.21)
Substituting equation (3.21) into equation (3.19), we get

0 oT ow

2= (x) Zox = (x7) 2= (3.22)

oh, oh, oh,

1

Equation (3.22) describes the sensitivity of any state variable ¢ to any system element

parametric value A;.



3.5 Applications and Advantages of the MNFSA

The details of sensitivity analysis formulations and derivations were discussed in
the previous sections. It has been shown that it is possible to find the differential
sensitivity of any arbitrarily chosen unknown state variable (voltage or current) from the
vector (x) with respect to any chosen system parameter (4;). These sensitivities will be
used as indices to analyze power system issues related to power quality.

In order to focus the research efforts and demonstrate the capabilities of the
MNFSA, key system parameters and phenomena of concern, namely harmonic resonance
will be identified and evaluated for different case studies.

3.5.1 Application of MNFSA in Power Quality Issues

The research work will concentrate on dealing with harmonic and resonance
issues to identify sources of harmonic amplification and resources of harmonic
suppression in a typical power system.

The MNFSA provides a comprehensive tool that assist power system designers to
identify the potential of harmonic amplification and to maintain harmonic levels to
acceptable levels using various design approaches including filters to absorb harmonic or
detune the system away from the harmonic source frequencies. This will improve the
efficiency and quality of power system design.

The MNFSA can be applied more effectively to determine harmonic resonance

and amplification of a large system than that of conventional tools such as frequency
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scans. If a harmonic source exists in a system, under some operating conditions in which
the system is tuned at or near to the harmonic source then, there is a potential for
harmonic amplification. This can lead to undesirable consequences such as damage to
equipment insulators due to over voltages. Such problems can be analyzed by the
MNFSA with out the need of conducting many scenarios.

Impedance frequency scan and voltage response are useful tools commonly used
to identify resonance points in the system and the magnitude of harmonic amplification at
different frequency range [45]. However, for relatively large system with many different
operating scenarios, frequency scans may not be the best solution due to the huge number
of scenarios. Furthermore, the frequency scan and voltage response cannot identify the
network elements that are responsible of creating these resonance points. These analyses
also cannot provide quantitative indices for measuring response improvement when

designing filters, Power Factor Correction capacitors (PFC’s), shunt reactors etc.
3.5.2 Advantages of the MNFSA in Power Quality

Following are some of the MNFSA program advantages:

e A measure of contribution each system parameter has on the system response at
any system frequency. This helps identifying the network parameters that causes
phenomenon such as resonance.

e A parametric sensitivity evaluation for system response.

e A quick measure of how system response is sensitive to system frequency at
different harmonics relative to fundamental frequency (for harmonic analysis).

e Compare alternative design solutions and optimize design parameters.
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In the first type of studies, the MNFSA is used to identify those system parameters
that have more influence on the system response. Therefore, almost all system parameters
will be initially evaluated. Once identified, the dominant elements in the system can be
further evaluated. This type of studies can be considered as screening for the parametric
sensitivity evaluation. The parametric analysis examines the variation in the response of
the sensitivity as some of the dominant parameters changes. In this case only those
dominant parameters that are expected to vary will be evaluated.

For power quality studies, an alternative to performing complete frequency scan
runs at all possible operating scenarios, performing sensitivity analysis to system response
at frequencies where harmonics are expected (e.g. 5™ 7th etc) can be used as a screening
tool to determine the cases of concern for further analysis.

The MNFSA can also provide qualitative comparison between designs and
solutions to system problems. The sensitivities can be used as indices to compare these
alternative designs and solutions. If, for example, the concern is the presence of a 5
harmonic source and the existence of a response near that frequency, then different
solutions will result in reducing the sensitivity of system response to 5" harmonic. The
lesser the sensitivity value the more effective is the solution. On the other hand, one
should also avoid creating another resonance at a frequency that coincides with other

existing harmonic source.



CHAPTER IV

MNFSA PROGRAMMING

4.1 Introduction

To verify the capabilities of the proposed MNFSA in analyzing a typical power
system, the MNFSA is structured in a modular format suitable for computer program. The
formulation is then developed into a Fortran based code, which was successfully
integrated into a power system analysis package that was developed in [1] to create an
integrated power system analysis tool.

Derivations of equations used in the development of the MNFSA program are
detailed in this chapter. The structure of the algorithm used to develop the code is then
described. The different types of output results the program can produce are described.
Finally the program capabilities, applications and type of analysis that can be performed

are also discussed.

47
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4.2 Formulating Parametric Sensitivities for Basic Power

System Elements

To develop the MNFSA into a computer program, equation 3.22, which calculates
the parametric sensitivities, must be further simplified into a more programmable format.
The parametric sensitivity equation is:

a¢= xa)lix_(xa)l aw
oh, oh, an,

1

4.1

Careful analysis to equation 4.1 will help in developing a compact and efficient

algorithm to solve this equation using a computer program. Clearly the equation has two

-~

distinct parts separated by a minus sign, the first part involves %’T— while the second part

ch,

-

involves <~. From chapter 3, it can be seen that the T and W are element-type

1

dependent, and therefore, their derivatives with respect to A; will depend on the type of

element to which the sensitivity is being calculated. Once ?Trand -g—:—are calculated, the
C 4 [}

remaining computations to obtain :T(pare the same for all types of system parameters.

L
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Derivations and formulation of sensitivities for basic power system parameters are
detailed in following sections.
4.2.1 Sensitivity With Respect To System Elements

As previously mentioned in chapter 3, the MNF can model any basic circuit
element as either impedance or admittance. Impedance-type elements are incorporated
differently into the MNF than admittance-type element when building the system

equations.

4.2.1.1 Inductance Elements: Consider the element shown in Figure 4.1 to be an
inductance L; (Z,,- =Li). In order to calculate the sensitivity of any system variable ( x,

where x; =¢) with respect to any inductance (L,, where L,=h;), equation 4.1 is re-written

as

axk av! oT avt ow

—_t = —x~(x —_—

o, - ) (4.2)
IJ-J' > j‘

j——— Z,

Figure4.1Impedance

To calculate é’l, it is important to observe how Z;.;; was incorporated into the T-matrix.

1

As discussed in Chapter 3, equation 3.11, shows how to incorporate Z;; into T
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Columnj Columnj’ Columnp
Vi Vi L
Equation j 1
Equation j° -1 4.3)
Equation (p) 1 -1 “Zjy

Where p is a pointer which correspond to order of the current variable introduced when
Z;; was incorporated in the MNF system equations. The first current variable is
numbered n+l, (i.e. xp<;=I;, .. , Xn+p= I, .. , Xn+m=In ) Where n is the number of circuit

nodes and m is the number of unknown currents.

Taking the derivative of T with respect to L, results in:

Col. n+p
0 0 0 ]
0 0
eT ' . :
=] 44
oL, _ _ (4.4)
6
a-(zj-,-) - Row n+p
0 - o

For inductance element

Z=s.L; 4.5)
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Where
S=,2x.f

f: is the system frequency
(4.6)

Therefore, %(2”-) =5
There is only one non-zero element in aTT and it is equal to (s) which can be represented

I4

by an integer pointer instead of a matrix. The derivative of the RHS vector (W) with

(4.7)

respect to L; ( ?—"i) is equal to zero, if the initial condition L,(0’) is zero.

Wy
aL,
Substituting 4.6 into 4.4 and substitute 4.4 & 4.7 into 4.2
"0 0 .0 [ x ]
X
Pk _fer NS ) R x, | (4.8)
CL,
. e e e . . . . X+l
Q0 L. -1 .. x,
_0 0 J -x'l-i’l" J
4.9)
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4.2.1.2 Resistance Element: If the element shown in Figure-4.1 is a resistance R;

(where Z,,- =R;) and the state variable of interest is x; (Where x, = ¢ ), then equation 4.1 is
re-written as

_afk;z(x“)’ _Q_T_x_(xa)’ﬂ

3R, oR, oR, (4.10)

If the element is modeled as an impedance in the MNF then ?—T is calculated as

OR,
Col. p+n
i 0 0 . . 0 7
0 0
T ’ . )
= 4.11
CR, . . ( )
o Row p+n
ERa
| o 0 0 0o |
Since
Z; =R 4.12)

Therefore, —-(z,,) =1 (4.13)
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There is only one non-zero element in :a{— and it is equal to (1) which can be

]

represented by an integer pointer instead of a matrix. The derivative of W vector with

respect to R; ( ZTW) is equal to zero.

1

oW _
=0 (4.14)

Substituting 4.13 into 4.11 and substitute 4.11 & 4.14 into 4.10,

0 0 Xy
I2
6'Xk a a a a a )
Lo O X oxfy ooxt x| @19
OR,
. Lol
0 -1 x,
L i _xn+m_

Equation 4.14 produces a scalar value can be reduced to

ox
a—l;=—x;xp 4.15)

4.2.1.3 Capacitance Element: Consider the element shown in Figure-4.2 to be a
capacitor (C;). In order to calculate sensitivity of any system variable x; (wherex, =¢)
with respect to any capacitance in the system C; (where h;=C,) equation 3.22 can be re-

written as
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=(x) S mx=(x%) aC, (4.16)

j— Y 1

Figure 4.2 Admittance

To calculate ;’%— , it is important to observe how C; was incorporated into the T-matrix.

!

Equation 3.10, shows how to incorporate Yj; into 7" :

Column j Column j’
V; \Y/
Equation j Yi-i: -Yi° “4.17)
Equation j’ “Yi-j Yii

Using equation 4.17 to calculate sensitivity of any system parameter with respect to C;

vields to;
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Col j Colj
0 0
0 . 0
a .
0 =) - Ti-(y,, : : .|| Rowj
. . 0 0 0 . . .
a_ (4.18)
« 0
c c -
0 E(Y"') 0 EcT(y”) . . - Row j
0 0. 0
0
Since YV, is a sussetance,
Y,=s5C, (4.19)
Therefore £—(SC,) =5 (4.20)

The derivative of W vector with respect to C; equals to zero, if the initial condition C,(0’)

1S zero.

oW
— — 7
ac 0 “4.21)

Substituting 4.20 into 4.18, and substitute 4.20 and 4.21 into 4.16 to get:
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0 0 IS
00 .
01 0 -10 x,
T S SR Ul Y N B IR R N P (22
x”
J 'rll+”l

Equation 4.22 produces a scalar value that can be reduced to

a

&
=S st =< (423)

4.2.1.4 Conductance Element: [f the element shown in Figure-4.2 is a
conductance G; (where Y,,- =G;) and the state variable of interest is x; (wherex, =¢),

then equation 4.1 is re-written as

= ety S ey 22

aG, G, 3G, (4.24)

If the element is modeled as an admittance in the MNF then %— is calculating as

i



Colj Colj"
0 0
0 . 0
p .
0 GO o —2(¥,)
o 0 0 0
G, 0
0 R
0 0. 0
0
Since
Y, =G, (4.26)
Therefore, %(YU-) =] 4.27)

Row j

(4.25)
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Row j’

There are four non-zero elements in 2~ which can be represented by integer pointers

-

OR,

instead of a matrix. The derivative of W vector with respect to G; equals to zero.

oW
W - 4.2
&G, 0 (4.28)

Substituting 4.27 into 4.25 and substitute 4.24 & 4.28 into 4.24,



Equation 4.29 produces a scalar value and can be reduced to

-

Z o g e, 5 ), (4.30)

'

4.2.2 Sensitivity With Respect To System Frequency

58

x, | (4.29)

X

n+m

One of the capabilities of the proposed MNFSA is to calculate the sensitivity of

any system variable (voltage or current) to system frequency. Equation 3.12 shows that

the complex system equations of the MNF can be structured into two real matrices as

follows

Tx=W 4.31)
and

T=G +sC (4.32)

Where G and C are real matrices correspond to the real and the imaginary parts of T

respectively.
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To calculate sensitivity of any system variable x; (where x, =) with respect to

system frequency equation 3.22 can be re-written as

axk =(xa)l_a_T_x_(xa (@—

of of af

From equation 4.32

T _ L (G+5C)
o o
L_%5.,2 0
o o o
a—T 2xC

of

Wo_o

ef

Substitute equations 4.36 & 4.37 in 4.33

&
of

=2.1.(x*) .Cx

4.33)

(4.34)

4.35)

(4.36)

4.37)

(4.38)

Equation 4.38 produces a scalar value represents the sensitivity of any variable with

respect to system frequency.
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4.3 The MNFSA Algorithm

The parametric sensitivity equations derived in the previous section are
summarized in Table 4.1 along with MNF stamps for different types of system
parameters. These equations are used to develop the flowchart, shown in Figure 4.3, of
the MNFSA algorithm. The proposed sensitivity analysis algorithm is developed into a

Fortran program.
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Table 4.1: Summary of Power System Elements Parametric Sensitivity Formulations

System

No v
Paaater MNF Stamp MNFSA
1 Col-j Col.-j
(V/) (vJ) éiuk a a ) a
_‘_Q_ ——j | Rowj sCij  -sCij —SE=S{XI —xppx, —s{x] —xpbx,
ROWj * -sC,-.,-v SCj_j’ '
2 Coly Colj _ Colp+n
Vi) (Vy) [y
Row j ol -
L o Rowj ° -l il =—sx%x
Y| o premepmemeesespecemebe—oe- eeeeenas oL e
Row 1 -1 -sL ;; '
ptn
3 Col-J Col.-T’
(V/) (vJ) (?:l’k ) a u a
o G —j Row j Gy -Gy G {xy —xix, —{x) —xyix,
RowJ "’ -Gj.j' Gj.j' !
4 Co.-J ColJ Col p+n
v, (Vy) [y
RowJ S -
.R . RowJ r __________ : - bl 2 —r; p
VoV Row  [TTUTTTITTTIRY, OR,
p+n
> f
. ax, _ 9 ayt o
. ——j o =2x(x") Cx




Figure 4.3: Flowchart of the MNFSA Algorithm
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4.4 MNFSA Program Input and output data format

The MNFSA program reads the input data from an ASCII-text file. The program
output results are tabulated into an ASCII-text file that can be easily exported to other
applications such as Excel. The sample circuit shown in Figure 4.4 is used to describe the
structure of the input data and the output results. In the following sections the sequence
and format of the input data and types and format of the output results for this example
are detailed.

4.4.1 Input Data Structure

The input data consists of two main parts, general study data and system model
details. For the system shown in Figure. 4.4 the input data is shown in Table 4.2. The first
part shows the general study data while the second part represents the system parameter

data.



1'—9

IETJ- =] L
L

//-‘
E1 (.’Q 4

?m ?nz

Figure 4.4: Sampie System

Table 4.2 MNFSA Input Data For The Sample System

SECTION I: GENERAL DATA
- m v 2
z 2 8¢ 3 s
Z O | l T 3 > w B
- m 2 D M B o T @
()] m m I g o m
[®] [®] ['®) m
6 4 0 400.050.0 2 0 2 13800.0
SECTION H: SYSTEM PARAMETERS DATA
ETYP N1 N2 VAL SC
L1 1 2 0.0016 O
L2 2 4 0.03056 1
R1 3 0 5.36 0
R2 4 0 44 1
Cl 2 3 0.207E-3 1
El 1 0 138000 O

Where
NEL: Number of power system elements involved in the power system model.
NODES: Number of the power system nodes

INIT_FREQ: The initial frequency for the study
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FINAL_FREQ: Final frequency

STEP_FREQ: Simulation frequency step

OUTNOD: Output variable; defines the output node voltage or branch current of interest
REFNOD: Defines the reference node (0 means ground)

TYP: Define the type of analysis (TYP=1 frequency scan, TYP=3 parametric sensitivity,
TYP=4 frequency sensitivity)

BV: Base voltage. The program uses this value to normalize the parametric sensitivity.
ETYP: Type of element (L Inductance, R resistance, C capacitance, G Conductance, E
Ideal voltage source, J Ideal current source)

N1: The “From” node or terminal

N2: The “To” node or terminal

VAL: Actual value of the parameter ( L in Hinry, C in Farad, R in Ohm, G in Semens,
Voltage source (E) in volts, Current Source (J) in Amperes)

SC: Sensitivity analysis control (If SA=1 the program will perform sensitivity with
respect to the parameter, SA=0 the program will not carry sensitivity calculation with

respect to this parameter)

As an example, in Table 4.2 the program is directed to perform sensitivity analysis
for node-2 voltage (V) with respect to parameters L,, C; & R; for frequency range from 0

to 350Hz in 50Hz steps.
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4.4.2 OQutput Results

The MNFSA program calculates the sensitivity of any system variable (voltage or
current), with respect to any circuit element parameter or the sensitivity of any system
variable with respect to system frequency.

Table 4.3 shows the MNFSA output results that correspond to the input data file
descried in Table 4.2. In addition to calculating the sensitivity of any node voltage to
any system parameter, the program can also calculate similar sensitivities to branch
current variables. To calculate the sensitivities of load current (I;), output variable Output
Variable in Table 4.2 is changed to (OUTNOD=5), incorporating current variables in the
MNF equations is described in detail in section 3.3. Table 4.4 shows the sensitivity of

load current with respect to parameters L, C; and R,.



Voltage at Different Frequencies

Table: 4.3 Sample Output For Parametric Sensitivity of Node-2

Frequency

(Hz) Sv2L2 | SV2R2 | SV2C1 | SvaL2
0 0.00E+00/0.00E+00/0.00E+00{0.00E+00
50 4.10E-02|1.88E-02|2.77E-02|4.10E-02
100 5.21E-02|1.19E-02|9.22E-02|5.21E-02
150 5.83E-02{8.90E-031.60E-01!5.83E-02
200 6.06E-02|6.95E-03|2.08E-01|6.06E-02
250 5.95E-02|5.46E-03|2.32E-01]|5.95E-02
300 5.61E-02(4.29E-03|2.36E-01|5.61E-02
350 5.15E-02|3.37E-03{2.27E-01|5.15E-02

Table: 4.4 Sample Output for Parametric Sensitivity of
Source Current at Different Frequencies

F'e?;ze)"cy SISL2 SISR2 | sisc1

0 0.00E+00 | 2.85E-03 | 0.00E+00
50 1.056-03 | 4.81E-04 | 7.09E-04
100 6.67E-04 | 1.53E-04 | 1.18E-03
150 497E-04 | 7.60E-05 | 1.37E-03
200 3.88E-04 | 4.45E-05 | 1.33E-03
250 3.056-04 | 2.80E-05 | 1.19E-03
300 2.39E-04 | 1.83E-05 | 1.01E-03
350 1.88E-04 | 1.23E-05 | 8.31E-04
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The sensitivities shown in Tables 4.3 and 4.4 are normalized by multiplying the
actual sensitivity with the parameter actual value divided by the base value. Fore example
the sensitivity of node 2 with respect to L, (SV2L2) is calculated based on the following
equation:

&Vy L,

SV2L2 =22
éL, BV

Where SV2L2 is the sensitivity of node-2 voltage to system parameter L,.

To calculate the sensitivity of node-2 voltage (V») with respect to system
frequency, the only change to the input data is to change Type of analysis from (TYP=3)
to (TYP=4). The results of the MNFSA are shown in Table 4.5. The resuits showed both
the magnitude and the phase angle of the network sensitivity. Similar sensitivity for the

source current (Is), as shown in Table 4.6, can be obtained by choosing OUTNOD = 4.



Table: 4.5 Sample Output for Sensitivity of Node-2

Voltage with respect to Frequency

Frequency

(Hz) SV2F(Mag)| SV1F(Phase)
0 3.07E+01 180.0001
50 1.05E+01 -115.95
100 2.53E+01 -148.211
150 3.24E+01 -173.659
200 3.46E+01 164.626
250 3.37E+01 146.2357
300 3.12E+01 130.7622
350 2.82E+01 117.7515

Table: 4.6 Sample Output for Sensitivity of Source

Current with respect to Frequency

SISF

Frequenc . SISF
?Hz) d Magemtud Phase
0 1.26E+02 180.0001
50 2.81E+01 13.6923
100 1.44E+01 -51.4495
150 1.10E+01 -98.9134
200 9.31E+00 -135.511
250 8.03E+00 -164.238
300 6.93E+00 172.8298
350 5.98E+00 154.2364

69
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4.5 Applications and Capabilities of the Algorithm

The MNFSA program is designed to perform a wide range of sensitivity analysis:

more specifically the code is designed to compute the sensitivity of all system states

variables (voltages and currents) with respect to any network parameters. Since this

research is concerned with specific power system issues, only those network element

related to these issues are incorporated in the MNFSA program. These components are

Resistances
Conductances
Capacitors

Inductors

4.5.1 Capabilities of the MNFSA Program

The MNFSA program can perform the following:

Perform sensitivity analysis for any voltage with respect to any system parameter.
Perform sensitivity analysis for any current with respect to any system parameter.
Perform sensitivity analysis for any voltage with respect to system frequency
Perform sensitivity analysis for any current with respect to system frequency
Depending on the type of analysis, the program can perform the above

sensitivities over a frequency or any parameter range
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e The use of MNF provides extra flexibility of modeling ideal voltage sources and
ideal switches.

4.5.2 Application and System Analysis

In the Chapter 5, the program will be utilized to perform the following analysis:
e Quantify the significance of each parameter on system response relative to other
parameters
e Analyze the effect of changes in system parameter on sensitivities.
e Perform a quick assessment to system frequency response at different harmonic
frequencies.
e The above analysis can be used in power system design optimization.
4.5.3 Computational Advantages
A close inspection to the above equations reveals the following: -
1. Sensitivity of any system variable (branch current or node voltage) to any system
parameter can be calculated.
2. The algorithm is generic for current and voltage variables, which means that the
same equations are used for calculation of current and voltage sensitivities.
3. Inversion of T is needed only once.
4. Although the size of system matrices has increased due to the use of MNF, the
structure of system equations has been greatly simplified by modeling the system

as a set of linear and first order differential equations.



CHAPTER V

APPLICATION OF THE MNFSA

5.1 Introduction

The mathematical basis and the programming aspect used to develop the proposed
parametric MNF Sensitivity Analysis program (MNFSA) were presented in Chapters 3
and 4. In this chapter, the MNFSA program is applied in evaluating several power
systems and to demonstrate the ability of the proposed method in analyzing power system
issues related to harmonic, harmonic amplification, power system resonance and voltage
stability. Application of the program to study these power systems issues involves
calculating the parametric sensitivities and analyzing the results in order to identify the
route causes of certain problems such as harmonic amplification as well as identifying the

most effective mitigation methods to such problems.
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5.2 Application of the MNFSA in Power System Analysis

Three power systems are evaluated using the proposed MNFSA. The first power
system is a radial distribution system, the second power system is a 14-bus multi-machine
industrial power system and the third system is the IEEE 30-bus test system. Two case
studies are evaluated based on the first system, four case studies are based on the second
system, and two based on the third system. Following are the case studies simulation and
analysis using the MNFSA:

e Case study |: A radial power system with a PFC at the load end

e Case study 2: A radial power system with a de-tuned capacitor at the load end

e Case studies 3-6: A 12-bus industrial power system supplied from local generation
with different harmonic mitigation methods

e Case studies 7-8: The [EEE 30-Bus Test Power System

Results of the MNFSA are presented in graphical and tabular format. These
results are evaluated to investigate the use of the MNFSA in analyzing certain power
system problems and solution methods. In the following sections, a brief description of
each system followed by presentation of the sensitivity analysis results then a discussion

on the result from each case study.
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5.3 Study System 1: Radial Systems

Radial systems are used to examine the ability of the proposed MNFSA in
identifying circuit parameters that characterize power system phenomena such as parallel
and series resonance and how these parameters influence system response at different
operating conditions. In radial system, identifying these parameters can be done by
inspection. In more complex systems however, identifying theses parameters and
establishing means to quantify the relative impact of varying these parameters on system
response is usually a more difficult task. Furthermore, harmonic problems are usually
localized to areas where the non-linear load is connected. Therefore, the analysis is
usually performed on a reduced power system and, in many cases, this reduced system
has a radial structure.

5.3.1 Application of the MNFSA to Study Problems Associated With

PFC Installations in Industrial Systems

In the following cases, the MNFSA is applied to study the effect of installing a
Power Factor Correction Capacitor (PFC) at the load bus. These capacitors are used in
power systems to improve the efficiency at which electrical energy is utilized. A high

power factor avoids penalties imposed by utilities and makes better use of the available
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capacity of a power system. Introducing a capacitor in power system can lead to
resonance phenomenon [47].

Resonance is a condition whereby the capacitive reactance of a system, offsets its
inductive reactance leaving the resistive elements in the network as the only impedance.
The frequency at which this offsetting effect takes place is called the resonant frequency
of the system. Depending on how the reactive elements are arranged throughout the
system, the resonance can be of a series or a parallel type. At the system's resonant
frequency, the parallel combination of the capacitor bank and the source reactance
appears as large impedance. If this frequency happens to coincide with one generated by
the harmonic source, then dangerous voltages and currents will increase
disproportionately, causing damage to capacitors and other electrical equipment.

Series resonance occurs when the capacitors are located toward the ends of feeder
branches. The line impedance, in this case, appears in series with the capacitor, from the
harmonic source perspective. At, or close to, the resonant frequency of this series
combination, its impedance will be very low [48-49]. If the harmonic source generates
currents near this resonant frequency, they will flow through this low impedance path
causing interference in communication circuits along the resonant path, and excessive
voltage distortion at the capacitor. Harmonic currents may load capacitors beyond their
limit causing them to fail.

5.3.2 Case 1: Plain Power Factor Correction Capacitor

A radial system feeding a group of induction motors load (20MVA) operating at

60% lagging power factor is evaluated. The load is fed from a 13.8kV utility company via
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a 15kV cable. Power Factor Correction compensation (PFC) of 1SMVAr is connected at
the load end. The single line diagram of the system is shown in Figure 5.1 and the Circuit
diagram is shown in Figure 5.2. The system equipment data are as follows:

Utility data

Short Circuit Level ( MVA s¢)= 350 MVA

X/R ratio =15

Voltage level = 13.8 kV

Cable data

Cable size 350 MCM, 3-Coonductors/Phase (3-1/350MCM)

Cable length = 3 km

Cable Impedance = 0.0427+j0.0386 ohm/km, Y.=0.2 ufF/km

Load data

20 MV A Induction motors load

Power factor = 60% lagging

13.8 kV 13.8 kv
Bus-1 Bus -2
Cable Motor Load
B>—{——«mw O
Utility
PFC

T

Figure 5.1 : Single Line Diagram for Case Study 1 (Plain PFC)
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5.3.2.1 Modified Nodal Formulation Modeling

Utility Source Equivalent Impedance

_ KV?
T MVA,,

2
= 13% =0.38088 Ohm

s

Z, =R +X >
Z, = X,,/(R, 1X,)?+1

Zs =0.380hm

w/(R, 1X,)? +1

L, = Ll=2%s =1.0078mH
2o

IYS =

£

&_ =Rl =’YS(RS /‘YS) =0.02530hm

Cable impedance

R.=0.0427x3=0.1281 Ohm
L=L,= X, - 0.0386x3 1.0078 mH
-2 377

C,=C,=C;=02x3=0.6uF

Load equivalent impedance
Kv?
MVA,

5

13.87
2

L

=9.5220hm

L

R’- =R3 =p.fle_ =5.7l30hm

X, = MVA, xy1- p.f* =7.6170hm

X _ 20.20 mH
24

LI. =L3 =
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Power Factor Correction Capacitor

Kv?
lY(‘l s
MVA’.IIF‘('
z, =138 _1i56960mm
Cp[.(' = Cl = l = 208.9 UF
27X -
L1 R1 3 L2 4 g2 5
—- ST —e— \A\—e- ]
1 2
L3
. 4 L 4

Figure 5.2 : Circuit Diagram for Case Study 1 (Plain PFC)

5.3.2.2 Frequency Scan: Impedance frequency scan and voltage response of node
5 (load bus), shown in Figurers 5.3 and 5.4 indicate that the system has a parallel
resonance near the 5" harmonic (315Hz). The circuit has an amplification factor of 14.02
p-u at the resonance frequency. Due to this amplification, the presence of a 5" harmonic
current source near this bus will lead to over voltages and possible damage to the PFC
capacitor and other equipment. Nevertheless, this resonance frequency is very close to
one of the commonly encountered characteristic harmonics that can be produced from

nonlinear loads such as 6-pulse converter circuit.
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5.3.2.3 Sensitivity Analysis Results: The MNFSA program is applied to calculate
parametric sensitivities for node 5 at the 300 Hz and 60 Hz with and without the PFC.
The parametric sensitivities are used to analyze the causes of the parallel resonance near
the 300 Hz. Results shown in Table 5.1, shows a significant increase in the sensitivity of
node-5 voltage to all system parameters at 300 Hz as compared to the 60 Hz case. The
increase in the sensitivity is consistent with the frequency scan results and can be used as
another means to locate the system resonance frequencies. In fact the sensitivity curves
maintain the same profile as the frequency scan curve. This can be demonstrated by
comparing node 5 the frequency scan curve shown in Figure 5.3 with node-5 parametric
sensitivity versus frequency curves shown in 5.5. From these curves it is clear that the
sensitivity curve can be used instead of normal frequency scan to calculate series and
parallel resonance frequencies.

Moreover, results in Table 5.1 shows that Vs sensitivities with respect to certain
parameter are substantially higher than others. Fore example, in the case where the PFC is
connected to the load bus, the sensitivities for the parameters C|, L; and L; are 81.04.
58.33 and 5.232 respectively. Therefore parameters L, C; and L, are the main cause of
the 300 Hz resonance. When the PFC removed from the system, the sensitivities shown in
Table 5.1 are comparatively smaller at both the 60 Hz and the 300 Hz, which indicate that

the 300 Hz is no longer a system resonance frequency.



40
35 dommmmeeee ( 480 —— 275 Mag.
leo [
g 15
2 . [:\ 12 &
ERs I 01 o
& 15 - 120 2
= 10 / \ 14 <
3 le 2
5 / "\-\—.\_ ______ + -80 5
o -100
2 §8 8 3 88§ 8 3 &

Frequency (Hz)
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Figure 5.4: Frequency Response For Node 5 Voltage

(Case 1: Radial System With a Plain PFC Capacitor)
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Table 5.1: Sensitivity of load bus voltage (Node 5) to System

Parameters at Different Frequencies with and without PFC

With PFC Without PFC

Freq 60 300 60 300
SV5L1 0.02483 58.33 0.03317 0.03993
SV5R1 0.001657 0.7784 0.002213 0.000533
SV5L2 0.007569 17.71 0.01013 0.01273
SV5R2 0.008374 3.918 0.01121 0.002817
SV5C1 0.04027 81.04 N/A N/A
SV5C2 8.57E-05 0.1408 8.02E-05 0.001944
SV5C3 0.000116 0.2333 0.000108 0.002503
SV5R3 0.03358 0.9838 0.03115 0.01056
SV5L3 0.03572 5.232 0.03313 0.05615

5.3.3 Confirmation of the MNFSA Program Results

82

To confirm the parametric sensitivities results obtained from the MNFSA program

for the system shown in Figure 5.1, two scenarios in which the impact of small changes in

C, and L; are evaluated. The parameters are chosen because the MNFSA identified them

as the key system parameters causing harmonic amplifications at the 300 Hz and also

because the value of these two parameters can be different under different operating

conditions. It is not always practical to change cable reactance because cable impedance

is related to the cable size, length and type.

5.3.3.1 Scenario 1: A 5 % Increase in C;: The MNFSA results in Table 5.1

shows that Vs is highly sensitive to C, at the 300 Hz frequency. This means for a very

small change in this parameter there will be a large change in node 5 voltage. In this
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scenario the parameter C; (PFC capacitance) is increased by 5% (218.86uF) and then V5
is calculated with using the frequency scan subroutine.

Results shown in Table 5.2 indicates that an increase in the value of C, by 5%,
which correspond to 10.44F, caused an increase to the magnitude of node-5 voltage by
76.2kV (60.6% increase in magnitude). This situation should be avoided since the system
is very sensitive to the PFC capacitance changes at the 5™ harmonic frequency. It is
advisable that the designer utilizes other measures to reduce the high sensitivity obtained,
such as reducing the PFC capacitance or installs a series reactor, which will lead to
shifting the resonance to other non-harmful frequency.

5.3.3.1 Scenario 2: A 5 % Increase in L3: The MNFSA results in Table 5.1
shows that Vs is much less sensitive to L; than C,, therefore, the change will not result in
significant change to node 5 voltage as compared to the first scenario. In this scenario the
parameter L; (Load Reactance) is increased by 5% (1.01.86mH) and then Vs is calculated
with using the frequency scan subroutine.

In the first scenario, a 5% increase in the value of C;, which correspond to 10.4uF,
resulted in increase to the magnitude of node-5 voltage by 76.2kV (60.6% increase in
magnitude). While a similar percentage increase in L3 (1.01lmh) resulted in 2.44%
decrease in Vs magnitude. Figure 5.6 illustrates the effect of changing the PFC
capacitance on the parametric sensitivities and on shifting the system resonance
frequency. As the value of the PFC increases or decreases the resonance frequency is
moved lower or higher. The pattern of the parametric sensitivity at the resonance

frequency can also be obtained from the envelop of the sensitivities family of curves. As
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the resonance frequency increases, the parametric sensitivity increases in an exponential
manner.

Results from the MNFSA can also help in selecting the appropriate values of
certain power system parameters. Figures 5.7 and 5.8 show the sensitivity of the load bus
voltage and utility busses voltage to the PFC capacitance as a function of the PFC
capacitance. As C, increases the parametric sensitivity increases in a non-linear fashion.
The sensitivity is at its peak when the system resonance point coincides with the supply
frequency. Further increase or decrease in C,; will move the system resonance point away
from the supply frequency and the sensitivity will start decreasing in a non-linear fashion.
Due to the proximity of node-3 to the constant voltage source E;, the sensitivity of the
utility side bus voltage (V3) has a lower value compared with the load side at all times.

Figure 5.9 shows the changes in the parametric sensitivities due to 50% (+/-25%)
variation in reactive load equivalent impedance. As the reactive load increases, due to
increase or decrease in the load power factor, the sensitivity increases indicating that this
load increase bring the system resonance frequency closer to the 300 Hz. This change in
the sensitivity is more modest and closer to linearity than the change cased by C,. From
design perspective, the sensitivity curve shown in Figures 5.7, 5.8 and 5.9 can help in

selecting adequate ranges for the PFC capacitance, to avoid harmonic amplification.
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Table 5.2: Evaluation the Effect of Changing Parameters C; and L; on Actual Value of

Node 5 Voltage at 300 Hz Frequency

- Vs Vs Angle IAV] AV o
Scenario No. Magnitude D 5 |V|
egree VOIt 3{ Base
Volit o
Normal Case 125832.6 -38.52 0 0
Scenario 1:
5% Increase to C; | |/1611.8 -62.46 76243 60.6
Scenario 2:
5% Increase to L; 129119.45 -39.1 3072 244

250 -

g 200 :
= T B T A C1=188uF
§ 150 C1=208uF
B C1=228uF
AN 100 C1=248uF
S 50

o |

180 240 300 360

Figure 5.6: Parametric Sensitivities versus Frequency as the PFC Capacitance (C;)

Changes (Node 5 For Case 1)
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5.3.4 Case I1: De-Tuned Capacitor

De-Tuned Capacitor (DTC) banks are normally considered for the purpose of
power factor correction. The DTC will not have a significant contribution in removing
exiting harmonic distortion but will allow the installation of a large capacitor bank
without adverse system interactions. The DTC has an anti-resonance frequency that can
be selected to prevent the system from having a resonance near a potential characteristic
harmonic.

A DTC capacitor consists of a capacitor in series with an inductance. As shown in
Figure 5.10, a DTC capacitor is connected at the load bus (node-5) of the system. In this
case study the capacitive element is selected to provide 15 MVAR positive reactive
injection while the reactive element tunes the circuit to 140 Hz. This frequency is selected
since it is fare from the frequencies of harmonics commonly encountered in this type of

industrial plants. The circuit diagram of the system is shown in Figure. 5.11

13.8 kv 13.8 kv
Bus-1 Bus-2
CB1
-4
L

Figure 5.10: Single Line Diagram for Case Study 2 (De-tuned Capacitor)
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The specifications of the system elements are as follows:
Utility data

Short Circuit Level ( MVA sc)=350 MVA

X/R ratio =15

Voltage level = 13.8 kV

Cable data

Cable size 350 MCM, 3-Coonductors/Phase (3-1/350MCM)
Cable length =3 km

Cable Impedance = 0.0427+j0.0386 ohm/km, Y.=0.2 uF/km
Load data

20 MV A Induction motor load

Power factor = 60% lagging
5.3.4.1 Modified Nodal Formulation Calculations and Modeling

De-Tuned Capacitor

= L =208.44 uF
2

cl

X, —-Xp4=0 (atl40Hz)
1 1

- — = 5 —=62mH
af)2C, (2af x140)2208.44x10

4

LvZt
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L1 R1 3 L2 4 R2 5
—QW\——Q-\AHW—O-VV\H |
1 2

C1
1 1 L3
€ @ ’ T 1~ 7 6

~

L4§ Ena

Figure 5.11: Circuit Diagram For Case Study 2 (De-Tuned Capacitor)

5.3.4.2 Frequency Scan: Due to the DTC reactor the system resonance point can
be shifted to a desired frequency. Impedance frequency scan and voltage response of node
5 (load bus), are shown in Figures 5.12 and 5.13 respectively. Both figures indicate that,
the DTC has created a series resonance at 140 Hz. At this frequency, the system has a
series resonance that was introduced by the DTC. The system has also a new parallel
resonance near 130 Hz.

5.3.4.3 Sensitivity Analysis Results: Results of the sensitivity analysis performed
on the system of Figure 5.11 are presented in Table 5.3. In this Table, two cases are
evaluated, the de-tuned system and the un-tuned system (with L4 short circuited). The un-
tuned case evaluated at 300 Hz shows that the system has a harmonic resonance near 300
Hz, caused by C;, L; and L,. Parametric sensitivities of the de-tuned system show that at
60 and 300 Hz frequencies C1, L1 and L, are no longer key parameters to Vs. On the
other hand at the 140 Hz, the MNFSA results has identified that, the de-tuned capacitor

elements are the most significant system elements that influence Vs. These results also

Lvzli
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illustrate that the DTC parameters are the key parameters for node 5 voltage (Vs).
Furthermore, the sensitivity of Vs with respect to L, equals to the sensitivity with respect
to C,. This can be explained by the fact that, the capacitor (C;) and inductor (L) of the
DTC have the same impedance magnitude at the resonance point, 140 Hz.

When the tuning reactor is removed from the DTC, the parametric sensitivity
versus frequency curves shown in Figure 5.14, confirm that the system has a parallel
resonance near the 300 Hz frequency. To remove this resonance, the circuit is de-tuned
using the reactance of Ls. The sensitivities of node-5 voltage to DTC parameters verses
frequency are shown in Figure 5.15.

In Figure 5.16 the system frequency is fixed at 130 Hz and value of the DTC
capacitance gradually increased while L, is fixed. The sensitivity of node 5 voltage to L4
and C; increased linearly until the circuit is tuned close to 130 Hz frequency. The

sensitivity increases exponentially as the value of C, tune the system towards the

resonance frequency.

LvzZL
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Figure 5.13 Frequency Response For Node 5 Voltage

(Case 2: Radial System With A DTC Capacitor)
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Table 5.7: Sensitivity of load bus voltage (Node 5) to System
Parameters at Different Frequencies with De-tuned and un-tuned capacitor

95

Un-tuned
With De-tuned Capacitor Capacitor
Frequency 130(Hz) 140 (Hz) | 60 (Hz) | 300 (Hz) | 300 (Hz)

SV5L1 8.211 0.003872 | 0.1417 | 0.02605 | 59.39
SV5R1 0.2529 0.000111 | 0.001891 |0.001738| 0.7926
SV5L2 2.503 0.001181 | 0.04352 [0.007934| 18.03
SV5R2 1.278 0.00056 | 0.009629 |0.008777| 3.99
SV5R3 0.1857 81.5 0.006118 | 0.03245 | 0.9087
SV5L3 0.4493 1.42E-06 | 0.03416 | 0.03624 | 5.074
SV5L4 70.47 4.671 0.1971 | 0.01131 N/A
SV5C1 81.74 4.671 0.04293 | 0.06156 | 82.26

Lozt
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5.3.5 Discussion of the Radial System Cases

Frequency scan analyses were performed to study the effect of installing the PFC
on the system frequency response. If there is a resonance frequency at or close to a nearby
harmonic source frequency, then there is a potential of harmonic amplification and over
voltages. The frequency scan however, does not provide information on what are the
system elements that are causing this resonance? How changes in these parameters
change the resonance? Addressing these questions, using the MNFSA will help in
identifying the exact causes of the resonance problem and assist in devising appropriate
solutions.

The MNFSA was applied to locate the system resonance frequency. Furthermore
the sensitivity analysis identified system parameters that are causing this phenomenon
and the effect of changing these parameters on system response. In the previous case
studies, the MNFSA was used to study different approaches of PFC installations in
industrial systems. The results of the MNFSA were confirmed using small perturbation

and the frequency scan analyses.

5.4 Study System 2: A 14-Bus Power System

In the following three(3) case studies, the MNFSA is applied to analyze a 14-bus

(25 Nodes), three (3)-generators industrial distribution system.

Lvzl
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5.4.1 Description of the Power System

The MNFSA is used to analyze an industrial distribution system that consists of
three main substations interconnected via a 34.5kV sub-transmission system and operates
at three different voltage levels, 34.5kV, 13.8kV and 4.16kV. Two of the substations have
local generation connected at the 13.8kV voltage level. Loads are connected at the
4.16kV and 13.8kV levels and consist of a combination of large and small induction
motors in addition to a large UPS system located at Substation 2. The one-line diagram of
the system is shown in Figure 5.17 and the specifications of the power system elements
are as follows:

Load Centers

One 8000 Hp Induction Motor operating at 80% PF

Four small load centers as follows

MVA PF
Load Center 1  0.01 100
Load Center2 0.5 0.85
Load Center3 0.5 0.9
Load Center 4 1 0.75

Generation
Three generation units
2*10 MW 60 Hz, 13.8 kV, 80% pf, X;=8 %

1*15SMW 60Hz, 13.8kV, 80% pf, X;=7.5%

Lvzi
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The two-(2) 10 MW-Generators (Gen #1 and Gen #2) are located in Substation 2 and the
15 MW-Generator (Gen# 3) is located in Substation-1
Cables:3-35kV Submarine Cables, Size S00MCM 1-C/Pase
Z., =0.178+j0.23, Y.=j3.88 mS
Ze =0.089+j0.1152, Y.=j2.228 mS
Z.4=0.089+j0.1152, Yc=j2.228 mS
2-15kV Cables, size 350MCM 1-C/Pase
Z. =1.540+j1.338, Y=)0.05mS
Z.s =0.50+j0.4, Y= j0.00
1-5 kV Cable, size 500 MCM 1-C/Phase
Z.5s=1.69+j1.244,  Y.=j3.77uS

Transformers

1-13.8/4.16kV 2.5/3.125 MVA, Z=5.8% Transformers
2-4.16/34.5kV 15720 MV A, Z=8.1% Transformers
2-34.5/13.8kV 25/33 MV A, 6.5% Transformers
4-13.8/4.16 15/20 MV A, Z=10% Transformers

5.4.2 The Modified Nodal Formulation Calculations and Modeling

Parameters of each of the power system elements described in the previous section
are calculated and summarized in Table 5.8. The circuit diagram for the MNFSA
modeling is presented in Figure 5.18. The 14-bus power system is converted to a 25-
nodes circuit with 43 circuit parameters. These parameters constitute the basic models for

each of the power system elements. In this system, a cable is modeled using its m
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equivalent model, a generator is modeled using its synchronous reactance in series behind
a constant e.m.f, a transformer is modeled by its leakage reactance and loads are modeled

as a constant impedance as shown in Figure 5.19.
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Table 5.8 MNFSA Parameters Model of the 14-bus System

Element Parameter
Type D ID | From Node | To Node |  Value Unit
Generator GEN1 |E! 7 0 13.80E+03 Volt
LS 5 7 3.250E-03 H
GEN2 | E2 1 0 13.80E+03 Volt
L1 1 2 3.250E-03 H
GEN3 | E3 23 0 13.80E+03 Voit
L17 23 24 2.000E-03 H
Load LOAD1 | R7 18 0 1.904E+04 Ohm
LOAD2 | L2 3 0 5.322E-01 H
R1 2 3 3.237E+02 Ohm
LOAD3 | L4 6 0 4.404E-01 H
R3 5 6 3.428E+02 Ohm
LOAD4 |L14 14 0 3.341E-01 H
R6 13 14 1.428E+02 Ohm
LOADS |L18 22 0 4.300E-02 H
R9 22 21 2.176E+01 Ohm
Transformer T1 L6 5 8 9.364E-03 H
T2 L7 8 9 2.042E-03 H
T4 L11 16 17 1.010E-03 H
T5/T6 |L13 17 18 1.263E-03 H
17 L10 11 12 1.010E-03 H
T8IT9 |L12 12 13 1.263E-03 H
Cable CABLE1 | C1 2 0 1.500E-07 F
c2 5 0 1.500E-07 F
L3 4 5 3.550E-03 H
R2 2 4 1.543E+00 Ohm
CABLE2 | c7 11 0 1.031E-05 F
cs 16 0 1.031E-05 F
L15 11 19 6.112E-04 H
R8 19 16 1.780E-01 Ohm
CABLE3 | c5 9 0 5.910E-06 F
Cc6 16 0 5.910E-06 F
L9 15 16 3.056E-04 H
RS 9 15 8.900E-02 Ohm
CABLE4 | c3 9 0 5.910E-06 F
c4 11 0 5.910E-06 F
L8 10 1 3.056E-04 H
R4 9 10 8.900E-02 Ohm
CABLES |C10 21 0 1.000E-08 F
c9 8 0 1.000E-08 F
L16 8 20 3.300E-03 H
R10 20 21 1.697E00 Ohm
CABLES | L19 24 25 1.330E-03 H
R11 25 12 4.000E-01 Ohm
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5.4.3 Case Study 3: Base Case for the 14-Bus Industrial System

The first case to be evaluated using the MNFSA is the base ase in which the
power system is simulated using the circuit diagram shown in Figure 5.16 and the data
presented in Table 5.8. In the following sections, frequency scan is performed to
calculate the basic system frequency response, resonance frequencies and potential
over voltages. The MNFSA then applied to analyze the base case for any power
system problems related to harmonic amplification resonance, and harmonic over
voltages to finds the causes of the problems. In cases 4-6 the MNFSA is applied to
evaluate alternative solutions and mitigation methods to these problems.

5.4.3.1 Frequency Scan Analysis: Frequency scan analysis is performed at
different busses in the power system to calculate the system frequency response at
these locations. The frequency scan identifies system resonance frequencies and
calculate the amount of harmonic amplification at these frequencies. On the other
hand, harmonic surveys are usually performed to detect the presence of any harmonics
in the system and identify their magnitude, phase and frequency. Availability of a
harmonic source with a frequency near to a system parallel resonance frequency, will
give rise to harmonic amplification and over-voltages problems. In this power system,
a seventh (7% and fifth (5™) harmonic sources are expected at Bus# bbl where a large
non-linear load is connected.

For the system of Figure 5.19, frequency scan analyses are performed at the
location, of the non-linear load. The magnitude and phase angle of system impedance
as seen from Bus# bbl are shown in Figures 5.20 and 5.21. The frequency scan

results show that the system has a parallel resonance at around 415 Hz, which very
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close to the 7" harmonic frequency in a 60 Hz power system. As shown in Figure

5.20, this parallel resonance will cause a significant amplification to the 7" harmonic

voltage.
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5.4.3.2 Parametric Sensitivity Analysis: The MNFSA program is applied to
calculate the power system parametric sensitivities in order identify the parameters
that are creating the 420 Hz parallel frequency. Analyzing parametric sensitivities will
also facilitate the identification of the appropriate means for dealing with this
phenomenon.

Parametric sensitivities were calculated for bus voltages at selected location in
each of the system substations, bbl, bb4, bb8 and bb10 and the results are presented in
Figures 5.22, 5.23, 5.24 and 5.25. Parametric sensitivities at the 60 Hz and 420 Hz are
shown in Table 5.9. The 420 Hz was selected because it is the frequency of concern
while the 60 Hz was selected to serve as a base for comparison purpose.

Results presented in Table 5.9, indicates a significant increase in all parametric
sensitivities at the 420 Hz as compared with the 60 Hz case. This is a clear indication
from the MNFSA results that the 420 Hz frequency is very close to a parallel
resonance point. There are certain parameters that cause higher sensitivities than
others. To focus the analysis and to identify the main causes of the resonance problem,
ten parameters are selected for further analysis and summarized in Table 5.10. These
parameters were selected because they are causing the highest sensitivities at the 7
harmonic level. The following can be observed by comparing the parametric
sensitivities summarized in Table 5.10:

1. The results indicate that bb8 has the highest parametric sensitivities among the
other busses. This bus is located in Substation# 3 which is not loaded and do

not have local generation.
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2. The synchronous reactance of Generator 3 (L;7), which is the largest generator,
has the highest parametric sensitivities at the 420 Hz frequency. Therefore, in
order to make a significant change in the frequency response of the system, the
reactance between Generator#3 voltage source (E;) and the system should be
changed.

3. The charging capacitances of the 34.5kV cable 2 have the highest sensitivities
among the capacitive parameters of the system. This cable is 10,000 ft long

while the other two 34.5kV cables are 5,000ft long each.

These observations help in understanding the system frequency response and
hence clear alternative solutions to reduce harmonic amplification and shift the
resonance frequency are identified by correlating these phenomena to relevant system
parameters. In the following cases, these observations are utilized to devise practical

solutions to the problems of this particular power system.
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Table 5.9: Parametric Sensitivities for The 14 Bus Industrial System at 60 and 420 Hz
With Respect to Different bus Voltages

System Bus# bb1 Bus# bb4 Bus#bb8 Bus #bb10
Parameter| 60 (Hz) | 420(Hz) | 60 (Hz) | 420(Hz) | 60 (Hz) | 420(Hz) | 60 (Hz) | 420(Hz)
C1 1.79E-05| 0.00354 |6.81E-06|0.00993 [ 0.00234 | 0.01301 |3.84E-06| 0.00962
C10 1.01E-06| 0.0101 [1.05E-05| 0.0517 [1.27E-05| 0.0644 | 2.6E-06 | 0.0476
C2 4.36E-05| 0.0126 [1.66E-05| 0.0354 | 1.1E-9 | 0.04641 {9.34E-06| 0.0343
C3 0.000496 10 0.00227| 48.9 [0.00476| 65.24 |0.00215| 48.2
C4 0.000469| 9.66 |0.00215]| 47.2 |[1.98E-05| 63.03 |0.00219| 46.7
C5 0.000496 10 0.00227| 48.9 [0.000252] 65.24 |0.00215| 48.2
C6 0.000487| 104 [0.00223| 50.6 | 0.0202 | 67.69 |0.00217 50
C7 0.000818| 16.8 [0.00375| 82.3 | 0.0117 110 (0.00383| 81.4
C8 0.00085 18.1 0.00389| 88.3 [0.000115/ 118.1 |0.00378; 87.2
C9 1.17E-06| 0.0117 [5.36E-06/ 0.057 |5.11E-06{0.07464 |3.02E-06| 0.0552
L1 0.00181 0.711 [0.000689] 1.99 [0.000397{ 2.612 |0.000388] 1.93
L10 0.000814| 124 [0.00373| 60.7 [0.00042| 81.1 |0.00121 58
L11 2.3E-10 | 4.88E-06 |1.05E-09]2.39E-05| 0.00002 |[0.003035/1.02E-09;2.36E-05
L12 2.15E-06 | 0.00152 [9.86E-06]0.00742 | 2.3E-12 |0.009906|1.38E-05 0.00741
L13 2.87E-10| 6.11E-06 [1.32E-09{2.98E-05/0.000025/0.003795/1.28E-09| 2.95E-05
L14 2.88E-10| 1.81E-6 [3.05E-10| 5.01E-8 |0.000426| 0.00015 0 5.11E-8
L15 3.09E-05| 0487 [0.000141] 2.38 [0.000125| 3.287 |4.58E-05| 2.27
L16 0.000451 0.247 0.037 | 0.913 |1.24E-05| 1.682 |0.00117| 1.17
L17 0.00198 24.1 0.00907| 118 |0.00809| 157.5 | 0.0127 118
L18 0.00588 3.24 0.0612 | 16.7 |0.00768| 20.74 | 0.0152 16.3
L19 0.00132 16 0.00603| 78.4 [0.000373] 104.7 |0.00845| 78.3
L2 0.000439| 0.00605 [0.000167| 0.017 [0.000127|0.02222 {9.39E-05| 0.0164
L3 0.00114 0.78 ]0.000431| 2.19 [0.000517] 2.867 |0.000243] 2.12
L4 0.000883| 0.0253 [0.000335| 0.0708 [0.000256] 0.143 |0.000189| 0.0686
LS 0.00821 3.14 [0.00312| 8.82 |0.00167| 19.9 [0.00176| 8.54
L6 0.00508 10.1 0.0127 | 55.6 |0.00584| 125 |0.00716| 53.8
L7 0.00216 346 [0.00989| 169 |0.00301| 359 |0.00358| 18.1
L8 0.000147| 0.24 [0.000675 1.17 [2.47E-05/ 0.0038 |0.000231| 1.04
LS 2.49E-05| 0.248 |[0.000114| 1.21 0.0271 3.98 |4.34E-05] 1.23
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Table 5.10: Parametric Sensitivities for The 14-Bus Industrial
System Critical Parameters at the System
Resonance Frequency

System Parametric Sensitivity
Parameter BB1 BB4 BB8 BB10

C3 10 48.9 65.24 48.2
C4 9.66 47.2 63.03 46.7
C5 10 48.9 65.24 48.2
C6 10.4 50.6 67.69 50

Cc7 16.8 82.3 110 814
Ccs8 18.1 88.3 118.1 87.2
L10 12.4 60.7 81.1 58

L17 24.1 118 157.5 118
L19 16 78.4 104.7 78.3
L6 10.1 55.6 125 53.8
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5.4.4 Case 4: Connecting A Small Load to Substation 3

As presented in the system input data, Table 5.8, the connected load at
Substation 3 is practically zero. As a result of this loading condition, parametric
sensitivities summarized in Table 5.10 shows that Bus #bb8 voitage has the highest
sensitive among the other busses. This can be observed by comparing the sensitivities
of different busses with respect to the same parameter. For example, Table 5.10
shows the sensitivity of Bus #bbl to L7 is 24 pu while the sensitivity of Bus #bb8 to
the same parameter equals to 157.5 pu

Connecting a small resistive load of 0.1 MW to Bus# bbl at Substation 3 will
not shift the resonance point, but will reduce the parametric sensitivities of this node,
and all other system nodes and reduce the amount of harmonic amplification
throughout the system. As shown in Figure 5.27, the sensitivity of bb8 to parameter
Li7 is reduced from 157 pu to 135pu due to this load addition. The sensitivities of
Busses bbl, bb4 and bb10 to parameter L;; with and with out the 0.1IMW load at bb8
are presented in Figures 5.26, 5.28 and 5.29 respectively. The effect of adding this
small load on the voltage amplification can be observed by comparing the frequency
response results for Bus # bbl volitage presented in Figures 5.30. The voltage
amplification was reduced from 4.2pu in the no load case to 3.6 pu with 0.10MW at

bb8.
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5.4.5 Case 5: Reducing System Capacitance by Taking Cable-2 Out of

Service

The capacitance available in the power system will be reduced and hence, the
resonance point will be shifted to a new higher resonance frequency as a result of
removing any of the 34.5kV cables from the system. Since cable 2 capacitances were
identified by the MNFSA as the one that causes the highest sensitivities, removing this
cable will have the highest impact on the system frequency response. This action will
reduce the system capacitance and hence the system resonance frequency will be
shifted to a higher frequency.

As shown in Figures 5.31 to 5.34, the new resonance point is shifted to 580 Hz
when cable-2 is taken out of service. This frequency is between the 9" and 10™
harmonic. Results of the parametric sensitivities when cable#2 is taken out from the
system are presented in Table 5.11. The results demonstrate that, small deviation in
any critical system parameter, at the 420 Hz frequency, will have minimal effecton
the system frequency response. Furthermore, these results indicate that the new
resonance frequency is near the 9" harmonic, which is consistent with the frequency
scan results. The possibility of harmonic amplification is minimized because triple
order harmonic current, such as 9" harmonic, can be contained using proper

transformer’s connections, and they are generally of no major concern.
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5.4.6 Case 6: Installing a De-Tuned Capacitor at Bus bb3

One of the common methods of shifting resonance frequency in power
systems is to install a De-Tuned Capacitor (DTC). A 0.5MVAR, tuned to 402Hz
(6.7*60Hz) is connected bus #bb3 to shift the system resonance points to non-
characteristic frequencies. The parameters of the DTC are as follows:

De-Tuned Capacitor

Xy =¥ _380.88 Ohm
MVAR
Cpy =~ = 6.964uF
2WC15

Xcl —XL4 =0 (at402HZ)
l l

— = . —=22.5mH
(27)2Cs (27 x402)26.964x 10

Lzo =

The MNFSA is applied to study the affect of installing the DTC on shifting the
system resonance frequency. Table 5.12 shows the parametric sensitivity results at
characteristic harmonics of concern, namely 5" and 7" harmonics. These results
indicate that, with the DTC the parametric sensitivities have been reduced
significantly, indicating that the 420 Hz is no longer the critical frequency of the
system. This conclusion is confirmed from the bb1 frequency scan presented in Figure
5.35, which shows that the DTC has shifted the system frequency resonance to 340Hz
and 475Hz. As a result of this shift, the system impedance as seen from Bus# bb] at
the 420 Hz is reduced from 8.3 ohm to 4.8 ohm. The MNFSA also confirms that the
DTC did not introduce a new resonance point near the other characteristic harmonic

frequency, in this case the main concern is the 5% harmonic.
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5.4.7 Discussion of the 14-bus Case study results:

The MNFSA is applied to investigate harmonic amplification problems in a
14-bus, multi-machine power system. The MNFSA was used as a tool to analyze a
harmonic amplification and resonance problems, identify the rout causes of the
problem and help in evaluating different alternative solutions. Frequency scan
revealed that under some operating conditions the system has a parallel resonance
very close to the 420 Hz frequency. Since a 7" harmonic current producing source
exist at bbl, the presence of this resonance can result in harmonic amplification and
subsequent damage or mal operation of some electrical equipment. The indices
obtained from the MNFSA program was used to:

. Help in identifying design deficiencies or abnormal operating condition by
analyzing relative difference between the parametric sensitivities of similar
System states at different locations in power system. In case 5, high
sensitivities of Bus# bb8 voltages, helped in identifying the light loading
condition of Substation 3 as the main cause of the excessive harmonic
amplification.

2. The MNFSA identified the parameters that caused the resonance problem and
ranked them based on their effect on the system response. In this system the
34.5kV charging capacitances, mainly line-2, with generator#3 synchronous
reactance and the leakage reactance of cable 6 were the main causes of the

problem.
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3. The MNFSA provided a quantitative approach to determine how the
interaction between the system capacitive and reactive elements caused the
420 Hz paraliel resonance and harmonic amplification problems.

4. MNFSA help in evaluating mitigation methods to resonance and harmonic
amplification problems. Finding adequate solutions and mitigation method to
these problems is possible, once the main parameters were identified and
sufficient knowledge on how changes of these parameters affect the system is

gained.

5.5 Study System 3: The IEEE 30-Bus Power System

The MNFSA program is applied on the IEEE 30-bus system. Two case studies

are evaluated using the MNFSA program and frequency scan analysis program.

3.5.1 Description of the IEEE 30-Bus Power System

The IEEE 30-bus system is part of the American Electric Power Service
Corporation Network that is used as a standard test system to study different power
system problems and evaluate programs designs to analyze such problems [50]. The
one line diagram of the system is shown in Figure 5.36 and the system parameters are
presented in Tables 5.13 to 5.16. The MNFSA input data shows that the system

consists of 91-nodes and 155-circuit elements.
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Table 5.13: Branch Data for the IEEE 30-Bus Test

System
LineFROM| TO [Phantom 172
ID | BUS |BUS| Node |R(PY)|X(pu) g\,
1] 1 721 31 |0.0192/0.0575]0.0264
2 [ 1 131 32 [00452]0.1852]0.0204
3] 2 [ 4] 33 [0057]0.173710.0184
41 3 4| 34 00132(0.0379]0.004>
5] 2 5] 35 1[00472/0.1983]0.0209
6] 2 16| 36 J00581/0.1763/0.0787
| 7] 4 16 | 37 [00119]0.0414]0.0045
8] 5 [ 7] 38 [0046[0116]00707
S| 6 [ 7 | 39 [00267]0.0821]00085
10] 6 | 8 | 40 0012004200045
1] 6 | 9 0 0208 0O
2] 6 |10 0 0556 0
13 9 [ 11 0 0208 ©
14 9 10 0 011 0
5] 4 12 0 0256 0
16 12 13 0 014 0
17 12 14 | 41 ]0.1231/0.2555 g
18] 12 115 | 42 [0.0662]0.1304] 0
19] 12 116 | 43 [0.0045/0.1087 0
20 14 [15] a4 (022104997 o
211 16 [ 17 | 45 [0.0824[0.1933 0
221 15 118 | 46 [0.1073(0.2185] o
23] 18 [ 19 | 47 [0.0639]0.1253 o
241 19 120 | 48 0034|0088 o
25] 10 [ 20 | 49 [0.0936/ 0309 o
26| 10 [ 17 | 50 [0.0324/0.0845] ©
27110 [ 21| 51 |0.0348/0.0749] ©
28] 10 [22 | 52 [0.0727]0.1499 ©
29121 |22 | 53 [0.0116]0.0236 ©
30] 15 [ 23] 54 ] 01 [0203] o
311 22 [ 24 55 J041504791
321 23 124 5 J04321 037
33| 24 [ 25 | 57 J0.1888]0.3293 o
34| 25 26 | 58 ]0.2544] 038 o
35] 25 |27 | 59 10.1093/0.2087 G
36| 28 | 27 039 | 0
37] 27 29 | 60 102198/0.4153 ¢
381 27 30 | 61 J0.3202/06027 0
39] 29 [30 | 62 ]0.2399]0.4533 o
40| 8 [28| 63 0.0636] 02 [0.0274
41| 6 [28 ] 64 0.0169]0.0598 0065
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Table 5.14: Load Data for the IEEE-30 Bus

Test System
Load Phantom
’ iD | BUS MW | MVAR Nod:]
1 20 2.2 0.7 65
2 3 2.4 1.2 66
3 29 24 0.9 67
4 18 32 0.9 68
5 23 3.2 1.6 69
6 16 35 1.8 70
7 26 35 23 71
8 10 58 2 72
9 14 6.2 1.6 73
10 4 7.6 16 74
11 15 8.2 25 75
12 24 8.7 6.7 76
13 | 17 9 58 77
14 19 9.5 34 78
15 30 10.6 1.9 79
16 12 1.2 7.5 80
17 21 | 175 11.2 81
[ 18 2 217 | 127 | 82
[ 19 7 228 109 | 83
| 20 8 30 30 | 84
[ 21 5 94.2 19 | 85

128
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Table 5.15- Machines Data for the IEEE 30-Bus
Test System

Q Q Phantom
P Gen | Max | Min | Node

MACHINE| BUS
D ID Type

11 | Syn Cond.
13 |Syn Cond.]

24 | 6 90
| 24 7 6 91 |

MW | mvaRr |MVAR
1 1 GEN 261 86
2 2 GEN 40 50 -40 87
3 S |SynCond.| 0 40 | -40 88
4 8 [SynCond.| 0 40 | -10 89
5 0
6 0

Table 5.16: Shunt Capacitor Data for the IEEE
30-Bus Test System

CAP BUS Q-INJECTION
ID ID MVAR
1 1 10 | 19
2 | 24 ] 4.3 ]
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Figure 5.36: The IEEE 30-Bus System One-Line Diagram
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voltage has a relatively high sensitivity to Cys at the 420Hz frequency. This result is

confirmed from the frequency scan analysis, which indicates that the System has high

impedance at this frequency.
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Figure 5.37 Frequency Scan atBus # 10

(Case 7: IEEE 30-Bus Test System: Base Case)
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Table 5.17- Para

System

C25

metric Sensitivitieg for The

IEEE 30-Bus Test System (Base Case)

| Frequency (Hz) ]
Parameter| g | 300 420 660

133
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5.5.3 Case 8: Additional Reactive Power Injection at Bys 10

5.5.3.1 Frequency Scan Analysis: In thjs case study the capacitor bank at

parallel resonance near the 5™ harmonic. This was done to demonstrate MNFSA
capability to detect such phenomena on the IEEE 30-Bys test system. Parametric
sensitivities at the characteristic harmonics of concern are summarized jn Table 5.18.
At the 300Hz2 frequency, the sensitivity of bus-10 voltage to Cys has increased from
3.5 pu in case#7 to 64.8 pu in case#8, indicating that the system has a resonance point

close or at the st harmonic.
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Impedance Ohm

j Frequency Hz _
Figure 538 Frequency Scan at Bus # 10

(Case 7: IEEE 30-Bus Test System: 30MVAR Shunt Capacitor at Bus 10)
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Table 5.18: Parametric Sensitivities for The IEEE 30-Bus

Test System (30MVAR cAP AT BUS 1 0)
mmmm

| 0.0853770.06926 [0.006876

| 2.175 10.08264 006504

lmxmm

. | 1417 10.04628]0.03456 1 5.07457
-mlmn@n
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6.1 CONCLUSIONS

1. A Parametric Sensitivity Analysis approach based on the Modified Nodal
Formulation for power system analysis (MNFSA) has been proposed. The
MNFSA approach provides the following:

e Helpin understanding how parametric variation of power system equipment
such as motor, generators, transformer, cable and PFC capacitors influences
the power system response.

® Provide a tool to help system designers and operation engineers in comparing
the quality of alternative power system design having the same purpose. The
tool can also provide an assessmént mechanism to changes in the power
system due to addition of new component such as power factor correction and

harmonic filters,

137
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® Provide insight into power quality issues specifically in systems with non-
linear loads to which PFC Capacitors are applied.

2. The proposed MNFSA formulation has a modular and general mathematical
algorithm that can incorporate the parameters of all power system elements.

3. The MNFSA algorithm was translated into a Fortran code computer program that
was applied to study power System resonance and harmonic over-voltages and
amplification problems. The program can perform the following parametric
sensitivity calculations:

® Sensitivity of any power system voltage with respect to any system
parameter.

® Sensitivity of any power system current with respect to any system
parameter.

® Sensitivity of any power system voltage with respect to system frequency.

* Sensitivity of any current with respect to system frequency.

4. The MNFSA program was applied as a power system analyses tool to perform the
following engineering studies on different power systems:

e Study the causes and suggest mitigations for harmonic amplification and over

voltage problems that can arise when installing a Power Factor Correction

Capacitor in a power system. The MNFSA was applied to study a typical case

of a PFC installation in an industrial power system that exhibited such

LYZ
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problems. The sensitivity approach was used identify the system parameters
that were causing the resonance and harmonic amplification problems. The
sensitivity indices obtained from the program helped in selecting the adequate,
type and design parameters for the PFC installation.

* Analyze harmonic amplification and over voltage problems in an industrial
power system. The system was found to have a parallel resonance at the 7"
harmonic frequency, which coincided with a harmonic generated from a non-
linear load.

e The MNFSA was applied on the IEEE-30 bus test system. Results from the
MNFSA program were found to be consistent with the frequency scan
analysis.

e The MNFSA was applied to identify the root causes of the harmonic
amplification and over-voltage problems and help in suggesting and
evaluating alternative solutions.

5. The MNFSA can provide a quantitative approach to determine how the interaction
between the system capacitive and reactive parameters caused resonance and
harmonic amplification problems.

6. The MNFSA combines the MNF superior modeling capabilities and the
computational efficiency of the sensitivity analyses. The develop program has the

following computation advantages:

Lvzi



140

® The algorithm is generic for current and voltage variables, which means
the same equations are used for calculation of current and voltage
sensitivities.

* Inversion of System matrix is needed only once.

® The structure of System equations has been greatly simplified by modeling

the system as a set of linear equations.

7. The MNFSA limitation is that j requires some additiona] memory and

Computational speed due to the increased size of System matrices. The size of
System matrices has increased due to the increase in the number of System nodes

and the additional current variables introduced by the impedance and voltage

source elements.

6.2 Recommendations for Future Work and Potentia]

Applications

Lozl



141

2. The MNFSA can be formulated in the time domain to serve as a switching

transient, dynamic analysis and motor acceleration assessment tool. The
advantage of using the MNF is that, power system equations can be represented as
a set of linear and fist order differentia] equations. Due this simplification, this
tool could be used as an on-line simulation tool for power system and plants
operators.

Incorporate constant power models and generators reactive power limits into the
MNFSA program. This will allow more adequate power system representation for
voltage stability sensitivity analysis,

Apply the MNFSA to investigate other power system issues such as voltage

stability analysis.

Lvei



142

REFERENCES

S. Chow Chan, Ka-Leung Ho, “Efficient method for computing the frequency
response of linear networks”, The 33« Midwest Symposium on Circuits and
Systems, August 1990.

M. Sultan, (et. al.), “Transient behavior of systems containing FACTS Devices”,
EPRI report TR-108191, July 1997.

M. Sultan, “ Authentic Transient/Dynamic Analysis of AC Power Systems
Including DC Systems and FACTS Devices”, A PHD Thesis To the Electrical
Engineering Department, University of Waterloo,1996.

Stig Skelboe, "A Universal Formula for Network Functions", IEEE Transactions
on Circuits and Systems, vol. CAS-22, No.1 pp. 58-60, January 1975.

Erik Lindberg, "On the Formulation and Solution of Network Equations”,
Proceedings of the Fourth International Symposium on Network Theory,
Ljubljana, Yugoslavia, September 4-7, pp. 427-432, YU ISSN 0351-1669, 1979.

P. M.Frank, “Introduction to system sensitivity theory”, Academic Press Inc., 1978.
R. K. Brayton, R. Spence, “CAD of electric circuit, 2 Sensitivity and
Optimization”, Elsevier Scientific Publishing Co., 1980.

IEEE/ANSICS57 Standard, “Distribution power and regulating transformers™, 1990
IEEE 519, “Recommended practice and requirements for harmonic control in

electric power system”, 1992

Lyl



10

11

12

13

14

15

16

17

143

P. Kundur, “ Power system stability and control” McGraw-Hill, 1994.

A. V. Fiacco” Mathematical programming study 21”°, Mathematical Programming

Society Inc. 1984.

J. W. Bandler, Qi-Jun Zhang, R. M, Biernacki, “ A unified theory for frequency-
domain analysis for linear and non-linear circuits”, IEEE Transaction on

Microwave Theory & Techniques, Vol 36 pp 1661-1669, December 1988.

C. Apte, R. Dionne, “ Building numerical sensitivity analysis systems using a
knowledge based approach”, Proceeding of the 4t Conference on Al pp 371-378,

March, 1988.

Ajoy Opal, Jiri Vlach “ Analysis and sensitivity of periodically switched linear
network™, IEEE Transactions on Circuits and Systems, Vol. 36. No.4, Apr. 1989,

pp- 522-532.

J. Milman, A.Grabel “ Micro Electronics”, McGraw-Hill, 1988.
P. J. C. Branco, “A didactic explanation of field oriented systems sensitivity”, St

European Conference on Power electronic, Vol §, pp 408-412, 1993.

J. M. Wojciechowski, “ A General Approach to Sensitivity Analysis in Power
Systems”, IEEE International Symposium on Circuits and Systems, Poland, pp.

417-420, June 1988.

Lvtlt

AN

A A

s A ALEA s BUSDAREEY . vy @



18

19

20

21

22

23

24

144

J. Carpentier, R. Girard and E.Scano, « Voltage collapse proximity indicators

computed from an optimal load flow”, Proc. 8t PSCC, Aug 1984, pp. 671-678.

M. Begoic and A. Phadke, “ Control of voltage stability using sensitivity analysis”,

IEEE Transaction on Power Systems, Vol. 6, No. 1, Feb. 1992, pp. 114-123.

A. Tiranuchi, R. J. Thomas, “A posturing strategy against voltage instabilities in

electric power systems], IEEE Transactions on Power Systems, Vol. 3, No.1, Feb

1988, pp. 87-93.

N. Flatabo, R. Ognedal, T. Calsen, “Voltage stability condition in a power system

calculated by sensitivity methods”, IEEE Transactions on Power Systems Vol. 5,

No. 4, Nov. 1990, pp 1286-1293.

T. Van Cutsem, “An approach to corrective control of voltage instability using

simulation and sensitivity”, IEEE Transactions on Power Systems, Vol.10, No. 2 s

May 1995, pp 616-622.

A .Berizzi, P. Bresesti, P. Marannino, G.P. Granelli and M.Montgna “System-area
operating margin assessment and security enhancement against voltage collapse”,

IEEE Transaction on Power Systems, Vol. 11, No. 3, Aug 1996, pp. 1451-1462.

Scott Greene, lan Dobso, and Ferando L. Alvarado, “Sensitivity of the loading

margix_i to voltage collapse with respect to arbitrary parameters”, IEEE

Lyt

A LT Y

CITYPNY

oo ARAL Y




25

26

27

28

29

30

145

Transactions on Power Systems, Vol. 2, No.1, Feb. 1997, pp-262-272.

I. Dobson, L. Lu, “Computing an optimum direction in control space to avoid
saddled node bifurcation and voltage collapse in electric power systems”, IEEE

Transactions Automatic Control, Vol. 37, No. 10, Oct. 1992, pp. 1616-1620.

Scott Greene, Ian Dobso, and Ferando L. Alvarado, “Contingency ranking for
voltage collapse via sensitivities from a single nose curve”, IEEE Transactions on

Power Systems, Vol. 14, No. 1, Feb 1999, PP, pp- 232-240.

Scott Green, Ian Dobson, “Voltage stability margin sensitivity methods applied to
power system of south England”, Technical report by Electric & Engineering

Department, University of Wisconsin-Madison, 1998.

JC. Passelergue, N.Hadjsaid, D.Georges, R.Feauillet, V.Hanneton, S.Vitet, “An
effective index to deal with interaction phenomena of FACTS devices in power

systems” pp. 401-405, 1998.

P. Sauer, M. A. Paj, S. Fernandes, Ian Dobson, F. Alvorado, Scott Greene, Bob
Tomas, H. Chiang “Real time control of oscillations of eleétric power systems”,

Technical report prepared for Empire State Electric Energy Research Corp. 1996.

Allen J. Wood, B. F. Wollenberg “Power Generation Operation and Control”, John

Wiley & Sons, Inc. 1984.

Lzt

e reas



il me PGl WA TR T T
A =

146
31 R.D Shultz, M Muslu, R.D Smith A new method in calculating line sensitivity
for power system equivalencing”, IEEE Transaction on Power Systems, Vol 9, pp
1465-1470, August 1994,
32

S. V. Venkatesh, W. Liu, A. D. Papalexopoulos

“A least squares solution for
optimal power flow sensitivity calculation”,

Proceeding of Power Industry

Computer Application Conference, pp 379-38s5. May 1991.

33 K. C. Almeida, F. D. Galiana & S. Sores,

flow”, IEEE Transaction on Power System, vol. 9, pp. 540-547, February 1994,

J. H. Talag, F. El-Hawary,

“A general parametric optimal power

34

M. E. El-Hawary, «“A sensitivity analysis approach to
minimum emissjon power flow”,

IEEE Transaction on Power Syst;:ms, vol. 9, pp.
436-442, February 1994,

35  Mow Jan Rong, Chen Nanming Application of fast Newton Raphson economic
dispatch and reactive power/voltage dispatch by sensitivity factors to optimal
power flow”, IEEE Trans. on Energy Conversion, vol. 10, pp. 29-301, June 1995.
36

T. Ortmeyer, K. Zehar

“Distribution System harmonic design”, IEEE Transaction

on power delivery, vol. 6 No.] Pp289-294, January 1991 .

37 F. Dominguez, A. §. Debs, J. Anasis “Transient voltage dip in power system:

computation\a‘nd sensitivity analysis using hybrid method™, Proceeding of the 3]st

Lyt



VD

38

39

40

41

42

43

147

IEEE Conference on Decision and Control, v1.1, PP 576-581, December 1992,

S. Sudhararajan, A. Pahwa, “Optimal Selection of Capacitors for Radial
Distribution Systems Using A Generic Algorithm”, IEEE Transactions on Power

Systems Vol. 9, No. 3, August 1994.

Yann-Chang Huag, Hong-Tazer. Yang, Ching-Lien Huang, “Solving the Capacitor
Problem in a Radial Distribution System Using Tabu Search Approach”, IEEE

Transaction on Power Systems, Vol. 1 1, No. 4, November 1996,

S.A. Sudha, A.Chandrassekaran, V. Rajagopalan., “New approach to switching

modeling in analysis of power electronic circuits”, IEE Proceeding Vol.140,

No.12, Mar. 1993.

H. Chung, A. Ioinoici, “Large-signal stability of PWM switching regulator”, pPp.

1123-1126, 1995.

Ali B. Yildiz, N. Abut, “An effective approach to modeling and analysis of power

electronic circuits”, pp. 344-349,

V. Litovski and M. Zwolinski, “VSLI Circuit Simulation and Optimization”,

Kluwer Academic Publishers, 1997.

G. T. Heydt, « Computer analysis methods for power systems”, Stars in a circle

publications, 1996.

Lvei



45

46

47

48

49

50

R i e

148

L. Jordaan, G. Atkinson-Hope, “Harmonic frequency scan software as analytical
tool and a methodology for investigating resonance in power factor corrected

plants”, IEEE Power Tech Conference, Budapest , pp 225, 1999.

Westinghouse Power Generation Service Technical Training Center, “Power

Quality analysis; Technical course”, 1993

M. Sultan, J. Wikston, A Young, “ Power System Harmonic Analysis

Tourniquets”, The first South Africa Power Quality Conference, 1997

M. H. Shwehdi, M. Sultan “ Power Factor Correction Capacitors; Essentials and

Cautions” I[EEE/PES Accepted for presentation IEEE/PES SM, July 2000

M. Shwehdi, M. Sultan, J. Refaee, “ The Other Side of Power Factor Correction”,

The First International Energy Conference IEC 2000, May 2000.

Hadi Saadat, “ Power System Analysis”, McGraw-Hill, 1999

Lo}



