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Abstract

The first part of this thesis presents a method to compute switching transients in the
power network in frequency domain. The method is based on the use of the
impedance response of the power system network and the switching current. The
impedance response is found by forming the admittance matrix as a function of
frequency. The switching current is obtained by use of superposition method to model

switch closure.

The second part of the thesis presents the key frequency concept to get quick but
fairly accurate result for the purpose of eliminating insignificant frequencies from the
transient spectrum. Several options of picking key frequencies are explained
depending on the degree of accuracy desired. The key frequency selection quantifies
the nature of the transients through the dominant frequencies. One point to note here,
however, is that the transients described by the key frequency spectrum can not be

used for the construction of time domain representation of the waveform.

The last part of the thesis deals with the analysis of the result obtained by the
frequency domain method by proposing the ranking technique to determine the worst
buses of the network. In the first case, the ranking of the buses is performed
according to the peak index of the transients. In the second case, the buses are ranked

by the energy index.
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Chapteer 1

Introducaction

Electric power quality is an area of study th:at includes methods or devices designed
to maintain a near sinusoidal voltage wav-eform, at rated voltage magnitude and
frequency for power systems at all times. [n this chapter the concept of switching
transients and methods for the computation and analysis of switching transients are
presented to facilitate the better understandiing of transients and ways to reduce or
remove transients from the power system network to maintain the quality of power.
The chapter ends with a statement of thesiis objective and the outline of how the

objective will be achieved.

1.0 Power Quality

Ideally, power should be supplied without interruptions at constant frequency, in
North America at 60Hz, constant voltage magnitude with perfectly sinusoidal
waveform and, in the case of three-phase, syvmmetrical waveforms. However, due to
the complex network between utilities ancl the end-user with the presence of a
multitude of non-linear elements, the ideal case can not be realized. The specific
objective of power quality is then focused on “pureness” of the supply including
voltage variations and waveform distortion.. Deviation from the sinusoidal voltage
supply can be due to transient phenomenam or due to the presence of non-linear

components.

Power Quality (PQ) refers to the characteris-tics of the power supply required for the
electrical equipment to operate correctly. Waking the lead of [1] a power quality

problem is defined from the customer prospective as: “Any power problem
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manifested in voltage, current, or frequency deviations that result in failure or mis-

operation of customer equipment. ”

There are many different types and sources of power quality disturbances. It is

common practice in industries for disturbances to be classified according to the

electrical characteristics of the voltage experienced by the customer equipment. The

characteristics include waveforms, RMS values and phase voltage balances.

According to the recent international efforts to standardize the definitions of power

quality terms, the common power quality disturbances are classified as [1]:

Transients

Transients are disturbances that last less than three cycles and they have many
possible origins, for example, capacitor switching, lightning strikes etc.
Transients can also be classified as impulsive and oscillatory types. Impulsive
transients are characterized by having sharp rise and fall edges.

Short duration voltage variations

These include voltage sags, swells and momentary interruptions. These
disturbances cause abnormalities in the voltage periods of 0.5 cycles to I minutes.
Fault in the system or the connection or the disconnection of the large equipment
or loads could cause short duration voltage variations.

Long duration voltage variations

These are steady state over-voltages, under voltages and sustained interruptions.
These disturbances have duration in excess of I min. In these type of voltage
variations, the rms voltage goes outside of the contract service voltage band such
as CSA standard of 110~128 V. The causes could be poor system design and/or
operation or excessive loads.

Waveform distortions

This type of disturbance is characterized by steady state distortions of the 60 Hz

sinusoidal waveform. Examples of distortions are harmonics, voltage notching,
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DC offset and broadband noise. The causes could be non-linear loads such as
power-electronic loads.

e Voltage unbalance
These are steady state disturbances where there is unbalance of the voltages
among the three-phase power supply. The causes could be unbalanced load or
unbalanced system.

e Voltage fluctuations
Repetitive voltage sags and swells appear as voltage fluctuations. A typical
spectral content of voltage fluctuation is less than 25Hz. Causes could be
repeated motor starting, industry processes such as arc furnace etc.

e Power frequency variations
This type of disturbance is defined as the deviation of the power system
Jundamental frequency from its specified nominal value. The typical duration of

the frequency variation of interest is less than 10 seconds.

Both electrical utilities and the end users of electrical power are becoming
increasingly concerned about the quality of electric power. The growing concerns for

the power quality is due to many factors such as:

¢ Newer and more advanced load equipment is more sensitive to power quality than
equipment used in the past.

e The increasing emphasis on overall power system efficiency has resulted in a
continued growth in the application of devices such as high efficiency drives and
shunt capacitors for power factor correction to reduce losses as well as wide
spread use of power electronics. This is causing increase in harmonic levels in the
power system.

e Manufacturer wants faster, more productive, more efficient machinery.
Interestingly often the equipment installed to increase the productivity is also the

equipment that suffers the most from common power disruptions.
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The proliferation of power quality sensitive loads in recent years has made power
quality one of the major concems for utility companies, manufacturers and customers
[2]. Interest in power quality was initially concentrated on the survey of power quality
conditions and the improvement of monitoring techniques. Over the years, the
increase in the general awareness on the subject with the increasing concerns over
productivity and efficiency (as mentioned above) have made development and
application of technologies for power quality disturbance analysis and mitigation a
new area of power quality research [3]. Many techniques and applications such as
transients-analyzers and suppression methods have been developed and tested for
power system network. However, there still a need for improvement to meet the

industry expectation to better utilize our resources and manpower.

1.1 Switching Transients

Transient over-voltage is one of the main concerns when it comes to power quality
issues. Transients can severely damage end user equipment as well as supplier's
equipment, which can be very costly to repair or replace. Transients can also disrupt
sensitive industrial processes such as chip fabrication. Therefore study and analysis
of transients in power system have been receiving considerable attention from both
power consumers and suppliers. Transients in power system can occur in many ways
of which there are two main sources of transient over-voltages on utility systems:
Capacitor switching and lightning. These are also sources of transient over voltages

within the end user facilities as well as myriad of other switching phenomena.

Capacitor switching is one of the most common switching events in utility systems.
Capacitors are used to provide reactive power (vars.) to correct the power factor, to
reduce losses and to support the voltage in the system [4]. One drawback of
capacitors is that they can interact with the inductance of the power system to yield

oscillatory transients when switched.



Chapter I : Introduction

The goal of switching transients is to develop methods for transient prediction and
mitigation. Reducing or totally removing switching transient will have tremendous
financial and economical benefits, as the power system will be more reliable, stable
and efficient. Voltage and current transients can be deadly to the proper function of

other devices as:

e Many modern power supply based devices require a clean supply current to
determine correct firing angle. The high current spikes can cause device to
malfunction by damaging semiconductor chips.

e Transient over voltage can reach as high as 2.0 p.u. that is capable of melting the
sensitive insulation.

e The utility transformer can fail due to sudden surge of current.

e The sudden high impulse transients can easily damage the end user equipment.

Recently much research and effort have been directed towards the study of the origin,
propagation and the mitigation of transients in the power system. The special
concerns have also been focused towards switching transients due to the fact that the

capacitor banks are a necessity to provide reactive power support in the network.

1.2 Analysis methods for Switching Transients

A number of methods have been applied in the past to study switching transients.
Most of them have been focused on analytical and the time domain simulation
methods with emphasis on developing transfer function models of network elements
such as transmissions lines, transformer etc [5, 6]. In some cases, Transients analyzers
have been used reasonably effectively in the past, but they are inevitably special
purpose devices while pressure has been increasing to make use of general-purpose

device such as digital computer to analyze transients related disturbances. For the past



Chapter I: Introduction

decade or so, time domain transient simulation program called EMTP! that runs in
general-purpose digital computers has also been used widely.

Analytical methods consist of options such as developing a transfer function of the
power system network and using Fourier transformation to compute transient
solution. The method works fine for the simple systems but it is almost impossible to
use for the large and complex power systems. A number of methods have also been
developed for modeling distribution or transmission networks, transformers, and
machines etc. that can be used to compute switching transients in the power systems

[S, 6, 7]

The EMTP program can perform transient analysis on the power system network in
the time domain with the input data of network parameters such as bus voltages, bus
impedance, transformer models etc. The output of EMTP result, however, still needs
to be processed for proper understanding of transient disturbance and its effects in the
power system such as energy and frequency content of the transients. Time domain
result, obtained by EMTP, by itself is insufficient to draw any conclusion other than
proof of the fact that the transients exist in the system.

1.3 Objective and Scope

The study of switching transients is important for reliability, and to prevent economic
and financial losses. The more we know about the transient disturbance in power
system, the more likely we will be able to mitigate its harmful effects to the
equipment and the network itself. With ever-increasing complex power network,
analysis of the whole system or just knowing the presence of transients becomes

unrealistic and of very little value. It is, therefore, important to have a fast and

! EMTP - Electromagnetic Transient Program. First developed by H. W. Dommel at the Bonneville
Power Administration, Portland, U.S. A.
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efficient transient analysis method that not only gives most information about

transients but also can be applied for localized calculation.

This thesis proposes a method to analyze and calculate transients that have practical
uses and be very fast in terms of computer and engineer's time, and at the same time
give adequate result. Calculation can be performed using existing tools. The only
required result can be printed avoiding unnecessary information and calculation. It is
simple to use and understand. The proposed method focuses on minimizing numerical
and calculation error as well as aims at avoiding the need for expensive and

sophisticated hardware and software.

The proposed method calculates power system transients in the frequency domain. It
can be applied to the real life power networks. With this method, selective study of
the transients can be performed among the buses in the power network. A real case
example involving the power system of Southern Alberta is presented as a test case.
This thesis will try to demonstrate the flexibility and the simplicity of the method

over conventional methods.

In the final chapter, a practical method is proposed to determine the worst buses (the
buses that will most likely to have higher transients and high-energy content) of the
power network. A technique is proposed for the ranking of the buses of the network
according to the transient indices (peak index and the energy index). Again, the real
case scenario is used as an example to prove the validity of the method. Keeping the

above objective in perspective, the scope of this thesis can be summarized as:

e Propose a frequency domain based method to calculate switching transients in the
power network in frequency domain. Any random buses can be selectively
monitored for the transients. The indices that characterize the transient such as

peak and the energy contents will be computed and used for further analysis.
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e Determine the worst buses due to transients by ranking the network buses using
key indices. The ranking of the bus by the peak and the energy contents are
critical to limit harmful effects on the power network as it enables us to identify
the problem buses.

e Demonstrate the applicability of the proposed method to the real case of the
Southern Alberta Power Network.

e Compare the results for efficiency and accuracy with the existing time-domain

and the proposed frequency-domain methods wherever possible.

The proposed method is however limited to calculating switching transients and will
not touch upon other modes of transients such as the transients caused by lightning,

which is a whole new research subject.

1.4 Outline of the Thesis

Present transient analysis methods mostly utilize time domain method. The results
obtained through these methods have to be processed again to know certain
parameters such as frequency contents, dominant frequencies and the duration of the
transient etc. Other available methods employ very expensive and sophisticated
analyzers that are not economical to every potential user. Therefore, it has become a
necessity to improve present methods of transient analysis while keeping the cost
lower and increasing the efficiency and the usefulness. If the required data can be
obtained through one calculation, it will have vast usefulness to the power industry.

To this end, and to achieve that goal this thesis is conducted as follows.

Chapter 2 presents the problem of capacitor-switching transients. Analytical solution
for a single cap-switching transient problem is used to demonstrate the complexity of
the calculation involved, as the network becomes larger. Large case scenario is also

simulated using the existing time domain simulation program (EMTP) and try to
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evaluate both the analytical and the EMTP methods noting the specific problem areas.
This chapter also states the general outline of the previous work in transient analysis

in frequency domain.

Frequency domain analysis of switching transient is presented in chapter 3. The
concept of the method is described using a simple example. Chapter 3 also details the
proposed method of computing capacitor-switching transients from impedance
response of the network and the switching current. The impedance response of the
network is computed by forming the admittance matrix as a function of frequency.
The switching current is computed by using the superposition method. The chapter
ends with two case studies. (1) Simple case; (2) the large system case of Southern
Alberta and the results are compared with the time domain results.

Chapter 4 tries to simplify even more the proposed method by proposing the key
Jrequency concept. This concept is based on the fact that number of frequencies from
the transient frequency spectrum can be effectively discarded with out losing the
accuracy in the computation of the indices. Using the key frequency concept, the
transient can be quantified by only the dominant frequencies. The method reduces the

calculation involved and can be used more effectively for genral purpose work.

Chapter 5 details the idea of determination of worst buses, i.e. the buses that are more
susceptible to transients and more likely to be affected by it. Buses will be ranked by
two indices of transients—rthe peak and the energy contents. The ranking of the buses
will be a valuable tool for the power system management. An example case will be
presented to show the buses in the system that have the transients with highest peak
as well as higher energy contents.

Finally in chapter 6, conclusions about the transient analysis method investigated in
this thesis are drawn and the possible steps for future development and research are

suggested.



Chapter 2

Capacitor Switching Transients in Power System

2.0 Introduction

When the switch is closed the transients in the form of over-voltage may be observed
up-line from the capacitor. The capacitor switch contact generally closes at a none-
zero voltage between the contacts. However, the voltage across the capacitor at this
instant is zero. Since the voltage across the capacitor cannot change instantaneously,
the system voltage at the capacitor location is briefly pulled to zero and rises as the
capacitor begins to charge toward the system voltage. As is typical of capacitors in
inductive power systems, the capacitor voltage overshoots and rings at the natural
frequency of the system. The overshoot will generate a transient between 1.0 to 2.0
per-unit depending on the system damping. The utility capacitor switching transients
are generally in the 1.3 to 1.4 per unit range but have also been observed nearer the
theoretical maximum. The transient present during switching propagates into the local
power system and generally passes through distribution transformer into customer
load facilities by an amount in proportion to the turns-ratio of the transformer. While
transients of up to 2.0 per unit are not generally damaging to the system insulation,
the occurrence of such transients can often cause misoperation of electronic power
conversion devices. The transient may effect gating of thyrsistors for proper
operation. The analysis of transients therefore becomes one of the important tasks in

power quality management.
In this chapter, different methods for computation of capacitor switching transients as
well as some of the indices that we look for in the transient analysis are explained.

Capacitor switching transients can be calculated using analytical, time domain

10
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simulation, numerical or frequency domain methods. The indices that play an
important role to describe transients are peak, frequency spectrum, and energy
content of the transients.

2.1 Analytical Example

The transients can be computed using analytical method. Consider the RLC network
with a simple switch shown in figure 2.1. The analytical computation will result in the
combined output functions of transients and the steady state. The example below will

I L R

—————— YTV —AAN,
Switch
(close at £t = 0s.)

O

|
o

Figure 2.1 RLC circuit

demonstrate analytically the presence of transients in the circuit. It is supplied from
the source of sinusoidal voltage of the form V.sin(w*T+¢g), where Vi, is peak
magnitude of the source voltage, @ is frequency in radian per second and ¢ is phase
angle in radian. R is the resistance of the circuit, L is the inductance, and C is the

capacitor to be switched.

The circuit can be described by the equation in the time domain for £ > 0 s as:

(Switch close at £ =0 s,¢ =0, initial capacitor voltage =0.)

11

v, sin(ar) = R*i(r) +L*—d—ig—)+é£i(‘t‘)d7+Vc(O) @0

and in frequency domain (Laplace model) as:

V *w .
m =R*I(S)+S*L*I(S)—-L*i,(07))+——
I S+ (S) i,(07) G 3

Is) ¥ (22)



Chapter 2: Capacitor Switching Transients in Power System

Where V.(0) is the initial capacitor voltage at t = 0 s.
iL(0) is the initial current through the inductor.

Analytical method basically involves solving the equations 2.1 or 2.2 that describe the
circuit. However, solving the above equations requires some standard steps to follow.
For our case, initial capacitor voltage and initial inductor currents both are equal to
zero. Therefore, we can write separate equations for capacitor voltage after the switch

is closed in simpler form.

i
/Sc 1
V.(S) = V(S) = 14 2.3
O = s 177 ® irrCs+Icst & @A)
sC
where,
V,*w
V(S)=82+ 2

From the equation 2.3, the characteristic equation that governs the transient response
of circuits containing capacitors, inductors, and resistors can be written as:
2.4)
s +Rs+ Lo
L LC
We solve for S of the equation 2.4 by the use of quadratic formula. Let us use actual
numbers from a typical power system data to compute capacitor voltages of the figure
2.1. Consider a 34.5 kV system with short-circuit current L. = 25 k4 and the capacitor

size of 18 MVA. Then the normal capacitor current is given by:
V3*V*I=18MV4

I=—M2 30124

3 *34.5kV
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Therefore, the capacitance is:

14
/ﬁ 34500

X, = = =66.13Q
¢ I J3*301

- C =40.1uF.

Then, the source reactance is:

V
LBy, o 380670

I = = =
<X, L J3%25000
. L=0.0021H.
The value of R is
R=040Q.

As the switch is initially open, the initial capacitor voltage and the inductor current
are both equal to 0. The total response of the capacitor voltage is calculated for z >0

s€cC.

The steady state component is obtained by the phasor method. Using the voltage-

divider method:

_ (0—j66.13)(34500 + j0)

- =349382—0.35°V.
(0.40 — j65.3)

The corresponding function is

13

V., (f) = 49410sin(ax — 0.357)V. (2.5)

To obtain the transient response, we substitute the values of R, L, and C in equation
2.4 and obtain, for the characteristic equation

S? +190S +11875074 =0. (2.6)
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The solution of quadratic equation 2.6 yields two equal negative values for S; and S»:

S, =95+ j3445,
S, =—95— j3445.

The time constant associated with this response are equal and their value is 1/95 s =
0105 s. One of the options for the solution for the transient component of the

capacitor voltage is of the form:

V.. (¢) = Re Ke™. 2.7)

This form is preferable to one employing two arbitrary constants because of the

computational ease with which K can be determined.

For the total response, we have thus far

V(1) = 49410sin(wt —0.35°) + Re[Ke™] t>0s (2.8)
and
dVC — Y < St
T 49410wcos(axt ~0.35°) + Re[(SKe™)].
Atr=0,

¥.(0,) = 0 = 49410sin(0 — 0.35°) + Re[K].

Let K = a +jb; evaluating the equation at = 0. gives

0=-302+gq
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Next using the expression for the derivatives of the capacitor voltage together with its
initial conditions, the value of S and the nurmerical values of the cosine term and of @
=2(3.14)(f) =377 rad/s., we obtain at £ = 0+

dI;C =0 =49410(377)(0.99) + Re[(—95 + j3445)(302 + jb)].

Taking the real part of the quantity with in the square brackets, we have

Re[(—95 + j3445)(302 + jbw)] = —28690 —~ 34455,

Substituting this into the expression for thes time derivative of the capacitor voltage
and evaluating it at £ = 0.

0=18441294 — 28690 — 34455,

solving for b gives

b=5344.
Hence
K =302 +j5344 = 5352 ~ 86.7.

Entering this value into our expression for the Vc(f), we finally have
: ° -95¢ ° (2.9)
Ve(t) = 49410sin(ax —0.35°) + 5352e™"" cos((3445¢ + 86.7°)V. t>0s

The transient component is

Ve, (£) = 5352 e cos(3445 t +86.7°)V". t>0s (2.10)
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Figure 2.2 shows the capacitor voltage and the input voltage as well as the transient
component of the capacitor voltage obtained by using the equations 2.9 and 2.10.

Response of the Circuit Figure 2.1 Transient Component of the Capacitor Vaitage
&0 T T B T T T T
—— Capacitor Voltage
---~ Input Voitage
40| E s 4
20 E 2H 4
z 60 . z0
20F 2 -
40 E 4 |
_m 1 L L 1 _6 1 L — 1
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
Time(sec) Time(sec)

Figure 2.2: Capacitor Voltage of the Circuit Shown in Figure 2.1
(Plotted from Equations 2.9 & 2.10)

2.1.1 Transient Indices

Equation 2.9 is the capacitor voltage of the circuit shown in figure 2.1 for ¢ > 0 s and
equation 2.10 is the transient component of the capacitor voltage. From these
equations, information needs to be extracted to understand transient behavior. It is
seen from the plot of the transient voltage that the transient oscillation frequency is
much higher than the fundamental frequency. The oscillation frequency is

3445

w, =3445rad /sec = f,,, = —— =548 Hz.
PAY 1
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Transients are considered to be effectively non-existent after the transient magnitude
reaches the 10% of the peak. With that consideration, it can be seen that the transient
duration is 0.026 s. or 1.55 cycles.

The peak of the capacitor voltage can be computed from the equation 2.9 and is found
to be 540007 or 110% of the steady state voltage. In some cases, the peak voltage can
reach up to twice the steady state voltage. The other index that is important is the
energy of the transient. The area under the curve of the transient represents the energy

of the transient.

2.1.2 Analytical Method Summary

The analytical process of evaluating the voltage response in the network can be

summarized as follows:

1) The characteristic equation of the network is determined.

2) The roots of the characteristic equations are evaluated.

3) Steady state response is determined by the phasor method.

4) The transient component of the network is evaluated by using the roots of the
characteristic equations.

5) The constants are evaluated by using the initial conditions and the steady state
response.

6) Finally, the voltage or current response equation can be obtained. These equations
are further manipulated or plotted to get the desired result such as peak, energy,

and duration of the transient.

The main difficulty in analyzing transients by this method for general networks,
described by higher order differential equations, consists of the need of calculating
the arbitrary constants and the roots of the characteristic equation. It is seen from the

17
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example that as soon as there is a presence of frequency dependent elements such as
C and L in the circuit, there would be a presence of transients. As the number of
RLC-branch increases in the circuit, the "order of the equation'" increases. The higher

the order of the equation, the more difficult it becomes to find the solution.

The case shown above is just a simple example of analytical method. It only has
simple RLC parameters and one source. However, in real case there would be
thousands of RLC branches and number of sources in one system. There would be
more complicated interconnections and not to mention the presence of transformers,
machines, and other non-linear elements in the system. It will be virtually impossible
to have all the parameters and solve analytically for the transients in the real case.
Analytical method, therefore, is limited to research work as it will prove to be too

complex for all practical purpose.

2.2 Time—Domain Simulation Methods

As shown in the previous section, an analytical method of solution for the transients
in the power system is not practical for practical purposes. Other methods to compute
transients are necessary. One of the methods is the time-domain simulation of the
network. Computers and computer programs are used to predict the transient voltages
and current in the power network. As the name itself signifies, voltage and current
magnitudes are plotted in time domain and the plots can be analyzed further for the
desired result. There are a number of different techniques for time domain evaluation
of the power system network. The most prevalent method is solving network
equations by numerical method. The differential circuit equations are written in the

form

! In the function f(S)= @, the power of "S” in the denominator determines the order of the

P(S)
equation. Higher the power of "S™, the more complex the solution of f(S) becomes.

18
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[X]=[4][X]+[B][U]
[X(O)]= [Xo]

19

2.11)

Where [X] is the state variable such as ¥ and I. [4] is a constant square matrix.

Second part of the right hand side of the equation 2.11 is a vector of known forcing

functions such as voltage and current sources. For example, network equation can be

set up for figure 2.1 as:

di/de

dVc/de

1c

(LDV©)

(2.12)

A number of different computer programs exists that perform time domain simulation
of the power network by solving network equations. EMTP (Electro-Magnetic
Transient Program) is one of the most popular and widely used in the power-
engineering field. There is an ATP (Alternate Transient Program) that evolved from
EMTP. ATP is shareware while EMTP requires commercial license to use. EMTP

uses trapezoidal numerical method to solve the network equation such as equation

2.11. However, the numerical solution is used at component level using the

component model. An example can be seen below:

Inductor model;

L

S

+ V-

Figure 2.3: Inductor
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We have,
V= Lﬂ = Vdt = Ldi.
dt

Assume at £ = f, ¥ and i are known. It is needed to find the Vandiatt=ty.; =t+Atr.

Also,
lTth = ’TLdi.
L 113
Therefore,
Right hand side = L(i+; — it).
Left hand side = (Vi + Viss)/2)*At.
We have
Vie+ Vier = QRLIAD (igey — By).
So
Vier = Rr*ige;— Ep (2.13)
b1 = G Vi1 + i
Where,
R, =Q2L/IAY) and Ei= R;*i,+ Vi =known.
k=G*Vi+ i
G = (1/Ry).
Similarly,

The capacitor model can be written as:

Virt = Rc*ixs 1 — Ey, (2.14)

k1 = Gc*View  + i

[Ek = -Rc*ix- Vi = known; iy = -Gc*Vy- ik].
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The resistor model is
R=Rp. .15

Using the above models, the numerical circuit can be set up. Starting from time ‘0’
and known initial values such as V, I; next values for ¥, I can be computed for #; =0
+ At and similarly ¢, = #; + At and so on. Equations 2.13, 2.14, and 2.15 are used in
the program EMTP to solve for the network equations. In this thesis, EMTP is used
as a tool for time domain calculation and comparison. EMTP simulation of the actual
power system network is taken as an example below for the computation of transients

using time domain solution methods.

To demonstrate the time domain method, a sample network is taken from the
Southern Alberta Power Transmission and Distribution Network. Appendix A has the
complete electrical parameters of the network of the Southern Alberta in EMTP
format. The system is rated at 138kV. Network has 14 electrical sources or power
generators. There are 332 inter-connected buses rated at various voltage levels. There
are number of capacitors in the network that are kept on at all times. In this section,
the transient voltage occurring due to the closure of a 54 MVar capacitor switching at
substation 428, bus-number 42S-202 is considered. The system is simulated using
EMTP computer program to determine transients at the switching bus and also at one
of the non-switching bus in the network. Figure 2.4 in the next page shows the
general interconnection network of the Southern Alberta Power System. This figure
will give a general idea about the network layout. The other bus (non-switching bus)
that is monitored for transients is at substation 44S, the bus number 44S-184. This bus
was also picked at random for analysis. However, the bus number 44S-184 is also one
of the major distribution bus in the network and it is of considerable distance from the
substation 428, bus number 42S-202. One point is to be noted here that this network

is also used as a test case for the proposed method.

21
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res: ) 10 1315
{ T 2 81 Mrar

=\
T0 1029

Figure 2.4: Southern Alberta Power Transmission and Distribution Network

22
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The capacitor switch at 42S-202 is initially open and switch closes at the peak at
0671 sec and remains closed during the duration of simulation. The time step is taken
at 41 microseconds. The time step should be small enough to "catch" the transients in
the circuit. However, very small time step should be avoided to reduce computational
burden. Forty-one (41) microseconds was arrived by trial and error and also by
engineering judgement as it has been noticed that the simulation with time-step of 50
microseconds or equivalent have no change in resuit. Figure 2.5 below shows the

transients phenomena at the switching bus (42S-202).

Total Waveform Transient Component
200 100
100 S0
0
z o z
e N -50
'100 _100
-200 -150
o 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
t (sec) t (sec)

Figure 2.5: Transient Voltage waveforms at switching bus (Bus no 42S-202)

It can be seen that the voltage overshoot is quite sharp and reaches to 180kV. Matlab
program can be used as an analysis tool to further understand the result obtained
through EMTP program. Using MATLAB, when the 60HZ component is filtered

from the total waveform, only the transient component can be seen in the figure 2.5

(right).

Frequency content of the waveform can be seen using the FFT2. However, it is not the

standard part of the time-domain methods. Another tool needs to be used if the

2 fft - Fast Fourier Transform. For the fft the basic assumptions used are:

a) Sampling frequency is equal to the number of samples multiplied by the fundamental frequency.

b) The sampling frequency theorem is satisfied by choosing the sampling frequency to be at least
twice the highest frequency in the waveform.

c) The frequency contents of the waveform are the integral multiple of the fundamental frequency.
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frequency spectrum of the transients is to be required. MATLAB’s fft function can be
used for this purpose. The sampling frequency of 18kHz is used for the process as the
maximum frequency content of the transients waveform is expected to be about
5000Hz. Figure 2.6 shows the frequency content of the waveform as detected at the
switching bus 42S-202.

A: Frequency Spectrum of the Total Waveform B: Frequency spectrum without Fundamental
T T T 6000 T T y
e s
80K J
5000
70 . »]
60 R 4000
[~]
Z =} ] s
-+
g 3
H g
= 4041 } 2
30 H ]
20H J
10H .
1] 1000 2000 3000 4000 o} 800 1000 1500 2000 2500

Frequency (Hz) Frequency (Hz)

Figure 2.6: Frequency Spectrum of the Voltage at Switching bus (42S-202)

The figure 2.6A shows the total frequency spectrum. The large value is fundamental
at 60HZ. When the fundamental is taken out from the plot, the transient's frequency
values are clearer in the figure 2.6B. Again it is to be noted that different tools than
the time-domain simulation program are required to obtain frequency spectrum of the
transients. Another point is that the transients usuaily die out quickly. In the above

example the total duration of the transient was .0065 seconds, which is approximately
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one third of the cycle. The duration of transient is calculated by the taking the peak of
the transient and the time it takes to reduce to the 10% of the peak value.

The effect of transient voltage at non-switching bus due to the capacitor switching in
the system can also be monitored. Figure 2.7 shows the transients at bus 44S-184 due
to switch closing at bus 42S-202.

Total Waveform Transient Component

200 50
100

o

S 0 =z

-50
-100

-200 -100

0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
t (sec) t (sec)

Figure 2.7: Transient voltage at non-switching bus (Bus no 44S-1 84) due to
switching at 42S-202

The peak of the transients reaches up to the 160 kV. That is 1.5 times the nominal
voltage. The peak is slightly lower at the non-switching bus than at the switching
bus, which can be expected as the energy of the transient decreases, as it propagates
further away from the switching bus. However, if resonance condition exists this may
not be the case. The duration of the transient is also different from the switching bus
and it is .0287 seconds. Again the duration is computed by taking the peak of the
transient and the time it takes to reduce to the 10% of the peak value.

As in the previous case the frequency content of the transients can also be quantified
using MATLAB’s fft function. Figure 2.8 shows the frequency spectrum of the
transient voltages. In this case there is a significant voltage at 3500Hz as well.
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These results will be revisited in chapter three, when the comparison is made between

the proposed method and the time-domain method using EMTP.

A: Frequency Spectrum of the Total Waveform B: Frequency Spectrum without Fundamental
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Figure 2.8: Frequency Spectrum of the Voltage at the non-switching bus (44S-184)

2.3 Problems of Existing Approach

In the examples given above, two methods of transient analysis as presented have
their own constraints. Analytical approach in frequency domain tends to be
mathematically too complex where as the time-domain simulation method does not
give out the result that we want outright, and further computations are always
required. As an example, to determine the buses with the highest transient, all buses
have to be analyzed. Following points summarizes why the two methods as presented
above are not the most efficient methods in certain aspects and why there is a need for

an improved technique.
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® One of the most important reasons for transient analysis is to be able to determine
worst buses. Worst bus can be defined as a bus or buses in the network that
exhibit the highest transients in terms of peak, energy, or the duration. Therefore,
it is important for the analysis tool to be able to perform selection of buses
according to the transient effects at individual buses. For this purpose all the
waveforms needs to by analyzed. Computing analytical solution for each
individual bus is not an option. The desired result can be obtained eventually by
time domain solution methods. However, the work requires use of different tools
and monitoring all the buses in the network.

e Analytical method has several hurdles to be efficiently used outside classroom
and research labs. In real case scenario there will be multiple sources and
hundreds of nodes, along with increasing number of sophisticated electronics. It
will be almost impossible to find true capacitive, resistive and inductive
characteristic of the network for proper analysis. Models have to be built and even
model will fall short of defining all scenarios.

* Analytical method is mathematically too complex for everyday use. High degree
of mathematical concept is required for the solution of higher order differential
equation and for the interpretation of the results.

e Power system network is a dynamic system. Even if the system is solved
analytically, as soon as the system's parameters (consumer load etc.) change, it
has to be solved again, as the change in load etc. will change the system
characteristic equation.

e Time-domain simulation method such as EMTP is one of the best options
available for transient study today. However, it has its own limitations. As the
name implies, it gives solution in time domain associated with the plots. No
quantitative conclusion can be drawn from the plot along. We cannot derive the
transient characteristics, frequency contents, etc. with out further calculation using

other tools such as Matlab.
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® Quantitative information about transients is the single most important factor for
implementation of measures to reduce or remove transients from the power
network. For example, knowledge of frequency content can help implement
certain filter to absorb the high impact frequency signals from the system.
However, EMTP falls short of providing all the information for transient study.

24 Frequency Domain Analysis

Frequency domain analysis of the transients has been of interest to many scientist and
researchers for a long time. Even though frequency domain analysis has been mostly
applied to control system, there has always been interest to use it for power system

transient analysis.

In a book [8] published by Solodovnikov, V. V. (1958), extensive study of the
computation of the transient response using frequency response has been performed
for use in the control system. The author has arrived into the different set of equations
depending on the properties of the transfer function of the given system to be used to
compute the systems transient response with the help of its frequency response. His
work has given a foundation for many authors to try to apply similar approach in the
power system transient analysis. In the power system transient analysis, impedance
response of the network becomes same as the frequency response of the network

described by the transfer function.

Frequency domain technique has been used to compute the impedance characteristic
[6] of the power system network. This author has used the approach to find equivalent

network models.

Mathematical models for the transient analysis of poly-phase transmission lines using

the modified Fourier Transform (Frequency domain technique) has been presented in
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detail in several papers [5, 9]. These work have been mostly devoted to modeling
particular part of the power system network

All the work described above suggests that the numerical frequency domain
technique can be taken as one of the major options for transient analysis. As seen in
the previous section, time-domain simulation result do not provide much information
outright with regards to the nature of the transients in certain aspects such as the
dominant frequencies and the maximum frequency range. Other tools have to be used
to extract such information. In frequency domain analysis method, most of the
desired information for analysis of the transients can be obtained directly. It is this
author’s belief that the focus of transient analysis is extracting the information and
making it useful for practical purposes rather than just computing the transients.
Extracting information for ranking of the worst buses in the network can be done in
number of ways that already exists. However, this thesis will explore the better ways
to extract information and define the methods suitable for ranking of the buses with
respect to the transient peak and the transient energy.
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Frequency Domain Analysis of Switching Transients

3.0 Introduction

Frequency domain method investigated in this thesis uses numerical computation to
determine capacitor-switching transients in the power system network. However, all
numerical computation is performed in frequency domain. Superposition method is
proposed to simulate the switch closure. Software tools such as MATLAB and
EMTP are used through out the thesis for computation.

Apart from the simplification of calculations involved in the derivation of transient
responses, the superposition method that is described in this chapter has the important
merit in that it may be used when the differential equations of the system is unknown
and the starting data for the calculation of the transient responses consists of

impedance response of the system.

In this chapter the superposition method to determine the transient response of the
system is described using a simple example. After the validity of the method has been
established, it will be used to compute transient response of the larger case of
Southern Alberta Power Network to demonstrate the practical use of the proposed
method. The result will also be compared with the time-domain simulation result as
obtained by EMTP. Time-domain results are taken as a reference to measure the
validity of the proposed method as EMTP has been proved to be reliable and correct
for transient calculation for the number of years. The transient response obtained by
the superposition method will be in frequency domain and will be used for the

determination of the worst buses.
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3.1 Basic Concepts

The impedance of the system can be determined as the function of frequency. One
way is that voltage and the current can be measured at different frequencies to
estimate the impedance as a function of the frequency and can be effectively termed

as the impedance response of the system.

To define the concept involved in the frequency domain computation of the transient,
let us look at a single input, single output (SISO), system with input Y(¢) and the
output X(?) is shown in figure 3.1

G
Yo ¥ — Pxp

Figure3.1: Single Input-Single Output System

This system has a impulse response function, G(), that relates the input and the

output as
X(r) = ]G(t)Y (z—1t)dt 3.1)

Which is the convolution integral of the system impulse response, G(t). The
frequency domain transform of the integral yields

X(jo)=G(ja) (jo) (3.2)

Where G(ja) is the frequency response of the system shown in figure 3.1. The first
term in the equation 3.2 is the effect of the input signal and the second the effect of
the initial conditions. The equation 3.2 forms the basis for all the computation. It is to
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be noted that the transfer function is defined with zero-state conditions. A numerical

example is used to show the basic concept of the proposed method. Consider a simple

LRC circuit of the chapter 2, page 12.

I L R

> YYTAAA,
0.0021H 0.4082 Swi tch
34.5KV system . (F&ose at t = 0s.)
48790sn( wt ) @VS
c
—— 40.1#F
Figure 3.2: A simple RLC Circuit
We have,
R =0.40Q;C =40.1uF;L =0.0021H,
Vs =34.5kV;80 = 0°;V.(0_) = 0OV.
Therefore, in time domain the input becomes
V.(t) = J2* 34500sin(ax + 0°) = 48790sin(awx). 3.3)

It is needed to find the voltage across the capacitor V.

The transfer function G(@) of the circuit shown above when the switch is at closed

position with the output is considered to be ¥V, can be written. The transfer function

G @) of the circuit is:

1
G(7 = . 34
V@) =13 IC+ jaRC @4
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Then applying the equuation 3.2, the capacitor voltage will be
V.(jo) =V, (jo)G(jo) (3.5)

as the initial values are all zeros before the switch is closed. It must be noted that
equations 3.4 and 3.5 are determined numerically, not analytically, by the proposed
method.

The above derivation &s programmed in Matlab. The complete program in attached in
the appendix B. To be able to use the equation 3.2 numerically in the frequency
domain, a window of input is selected and transformed to frequency domain. Three
complete cycles of the input are taken into account for the process. The time step is

taken to be .00002 secconds for the input function as shown in figure 3.3.

Input voitasge in Time Domain Input voltage in Frequency Domain
50 : — T r v v
(]

B 8 & 8

50 = — -~ -6-0—60-6-0-0-0-6-0-0-5-6-0-0-0-0-0-0—
0 0.01 0.0=2 003 004 005 0 80 100 200 300 400
Trime(sec) frequency (Hz)

Figure 3.3: Input Voltage

Figure 3.4 shows the frequency response (G(jw)) of the circuit in figure 3.2. The
frequency response plot shows that the center frequency is around 548 Hz, which is

the oscillation frequency as shown by the analytical computation in chapter 2.
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Figure 3.4: Frequency Response of the Circuit of Figure 3.2

This response multiplied by ¥ () numerically gives the capacitor voltage response
V(@) in frequency domain as shown in figure 3.5. Note that the fundamental

frequency has been excluded in the figure so that the transient component can be seen
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Figure 3.5: Capacitor Voltage ¥¢ (jw) with out Fundamental in Frequency Domain

more clearly. When the inverse fft is applied to V¢ (jw), the result is then the time
domain waveform. In the figure 3.6, the capacitor voltage is obtained by time domain
method and plotted side by side with the time domain result from inverse fft of

Vc(j@). The results are almost identical.
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Capacitor Voltage Obtained by Inverse Transform Capacitor Valtage Obtained by Time Domain Method
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Figure 3.6: Capacitor Voltage in Time Domain

3.2 Sensitivity Study of the Basic Case

As mentioned earlier, the proposed method relies heavily on the Fast Fourier
Transform for frequency domain analysis. It is therefore important to further examine
the relationship of the accuracy of the result with the variation in some parameters
such as number of points considered, sampling frequency, and the frequency steps. If
the concept is found to be relatively sturdy or if the best numbers can be found for
most accurate result with the mathematics involved then it will help in determining
more accurate result from the proposed method. It would be necessary to have the
mathematics very accurate for the proposed method, then if any errors are
encountered in the method, we can be certain that the errors are not occurring due to
mathematical error. It should be noted that the case used for basic concept is only
provided for determination of mathematical accuracy, it does not address the switch

or the switching scenarios, which is provided in the proposed method.

3.2.1 Data Window Size

As mentioned earlier data window size is taken as the integral multiple of the
complete cycle. It is the periodic nature of the Fourier transform that the complete

cycle of the waveform has to be considered to accurately represent the frequency
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content of the waveform. In the above example, three complete cycles of the input is
taken for calculation with the assumption that in real case transients will completely
die out with in three cycles. It is common for transient to become insignificant or
completely gone with in one cycle. However, three cycles is considered to
accommodate even the longer lasting transients. Question that is needed to be
answered is if the use of larger data window size will make the result any different.
Our objective is to be able to represent the transient in frequency domain as
accurately as possible. If the transient only last for one or two cycles, then the data

window sizes of three cycles guarantees the total representation of the transient.

Figure 3.7 below shows the capacitor voltage for the same example (figure 3.2).
However in this case four cycles of the input is considered for the calculation. It must
be noted that the waveforms of figure 3.5 can not be directly compared with the
waveforms of figure 3.7 that uses four cycles because of the discrete nature of the fft
involved. There is an indirect way of comparing the results of two different data

window sizes by converting the frequency domain into time domain.
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Figure 3.7: Capacitor Voltage Vc(ja) with Four Cycles of Input without Fundamental
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The time domain capacitor voltage waveform obtained with four-cycles of input is
shown in the figure 3.8. When it is compared with the figure 3.6, it is seen that the use
of three cycles is better than using four-cycles of input. It can be logically argued
because of the periodic nature of the fft involved that the optimal data window size is
the one that just accommodates the required only part of the waveform, i.e., in our

case the complete transients.

Capacitor VVoltage Obtained by Inverse Transform
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Figure 3.8: Capacitor Voltage Obtained by Inverse Transform with Four Cycles of
Input

It is therefore concluded that for general-purpose use to our proposed method, we will
be using three cycles of the waveform. Three cycles of waveform will cover all major
switching transients. There would be some exception cases when the dominant
transients is the oscillatory transients where the oscillation may last more than three

cycles, but such cases are rare and becomes a whole new specialized research.
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3.2.2 Sampling Frequency

Sampling frequency for the fft is equal to the number of samples multiplied by the
fundamental frequency. Nyquist theorem states that the sampling frequency have to
be at least twice the maximum frequency of the waveform for accurate result. For the
example of figure 3.2, we knew from the analytical solution that the center frequency
was 548 Hz. Therefore to satisfy the Nyquist theorem, the example in the previous
sections have been computed with the sampling frequency of 3000 Hz. It is explored
in this section whether the result will get any better by increasing the sampling
frequency. In the complex power system network, maximum frequency can reach as
high as 5000 Hz. It is not the goal of this section to find fixed sampling frequency for
all computation. However, the main purpose is to explore, if the sampling frequency
of slightly higher than twice the maximum expected frequency of the waveform
would be sufficient for the accurate representation or the sampling frequency have to
be significantly higher than the minimum requirement of double of the expected
maximum. For this purpose, the capacitor voltage of figure 3.2 is computed using
sampling frequency of 6 kHz, which is double the sampling frequency used in the
previous section and significantly higher than the Nyquist requirement. Figure 3.9
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Figure 3.9: Capacitor Voltage with sampling frequency of 6kHz without Fundamental
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shows the capacitor voltage that is computed with the sampling frequency of 6 kHz.
Just by looking at the magnitude plot of figure 3.9, it is difficult to see the difference
between this plot and the earlier figure 3.5 computed with sampling frequency of
3kHz. Figure 3.10 shows the capacitor voltages computed at two different sampling
frequencies together. As always fundamental is excluded from the plot to magnify the
transients. The magnitudes of the voltages at different frequencies are very close. It
shows that high sampling frequency does not necessarily give the better result. It can
therefore be concluded that the just right sampling frequency (that will satisfy the
Nyquist requirement) will probably give the best result. Not having the need to use
very high sampling frequency will reduce the computation time and probably even
reduce some numerical errors that may arise due to large number computations. As
the real case, switching transients will have maximum frequency in the range of
5kHz, using sampling frequency of about 12 to 15 kHz seems appropriate.

1600 T T
[ — Cap Voltage at Sampling Freq of 3kHz

-— - Cap Voltage at Sampling Freq of 6kHz

Magpitude (Volts)
8
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Figure 3.10: Voltage Magnitudes at Different Frequencies when Sampling
Frequencies are 3KHz and 6KHz
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3.3 Superposition Method

The concept of frequency domain analysis described above is applied in the power
system for the transient computation. In thee example shown above there was no
significance of having a switch as the circuiit was energized at time zero and the
whole circuit started at zero state. However, im the power system when the switch is
closed, switch will not be at zero voltage and the power network will not be at zero
state. Therefore a procedure is needed to obtaira switch current and the voltages taking
in consideration the switch closure time. Also,, the transfer function concept has to be

modified to be able to use in a numerical method.

3.3.1 Calculation of Capacitor Switching Current

To calculate capacitor-switching transients, a key step is to obtain switching current.
This is done by superposition procedure proposed in this thesis. The principle of
superposition is based on the fact that considering the case of the switch to close, the
voltage that exist prior to switch closure is the system steady-state voltage and to
simulate switch closure it is necessary to injec& across the switch terminals a voltage
equal and opposite to this so that the resultant voltage across the switch terminal is

zero, i.e. switch closure.

The above stated fact can be seen in picture as shown in the figure 3.11 a, b, c. In the
figure 3.11a, Vswiten is the steady state voltage that existed prior to the switch closure.
The current transient can be determined by #injecting a voltage that is equal but
opposite in magnitude of the steady state switchn voltage prior to the switch closure as
shown in figure 3.11c with the supply voltage source disconnected. Z(j@) is the

impedance response of the network as a function of frequency.
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Figure 3.11: Principle of Superposition to find Switching Current

It should be noted that the initial capacitor voltage is considered to be zero for
computation. For example if the Vwircn (in time domain) is as shown in figure 3.12A
and the switch to be closed at the peak of the voltage, then the —F.icp, will be seen as
shown as the figure 3.12B (again in time domain). Finally, the current response due to
this injected voltage (-¥swicn) is determined which will be the required switch current
I w) of the system. It is to be noted that switch voltage needs to be converted to
frequency domain prior (o the computation.
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Figure 3.12: A: Steady State Switch Voltage Prior to Switch Closure (Vewireh). B: -
Vswiteh When Switch is Considered to be Closed at the First Peak.
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3.3.2 Calculation of Transient Voltages at other Buses

Once the switch current I(jw) is computed by the superposition method, the
impedance response of the individual buses along with the (@) can be used to
compute capacitor voltages at any buses. For example, if the voltage at bus J’ is to

be computed and the capacitor is switched at the bus ‘i’, then we have
. . . 3.6
V,(jo) = Z,(jo)I(jo). ©-0)

Where Zij(jw) is the impedance response of the bus ‘> with the capacitor switched at

bus ‘7.

3.3.3 Determination of System Impedance Response

As seen in the previous two sections, impedance response of the circuit Zijw) is
required to compute voltages at the individual buses where subscript i’ stands for the

switching bus and ¢/ stands for the non-switching buses.

The impedance response is determined by performing frequency response calculation
on the steady-state network. The network is modeled as a frequency dependent
admittance matrix as follows:

YoV (@)l = (o)) (3.7)

Where [/(j »)] would be O for all the buses except 1 at switching bus, and Yfo)is a

square matrix.

I1(f) =[0,0.....,1,0,0,0.,............ I
then we have,

VUa)] =[YUa)I' ()] (3.8)

The equation 3.8 will give
Vi)l =[Z(jw)]. (3.9
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From equation 3.9, we can obtain Z;j(j@) which is the impedance response of the bus j
when the switching bus is i. Equation 3.9 is possible because /(ja) is 1 ampere, and

the inverse of ¥(jw) is Z(jw) by definition.

A number of programs can be used to compute impedance response of the circuit by
use of equation 3.8. For example, if we have a network as in the figure 3.13A, then 1
amp current at variable frequency is injected as shown in the figure 3.13B. At each

frequency, the voltage response at individual buses is recorded. The resultant array of
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Network c Ne twork
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A: Power Network with B: Power Network with
Cap located at nodej, sources disconnected and

switch replaced by 1 Amp.
current source.

Figure 3.13: Current injection in Power Network

voltages at different frequencies at each bus will be the impedance response Zi(jw) of

the bus j with current injection at bus i by virtue of equation 3.9.

3.3.4 Case1: Simple System

We can use the superposition method to compute the switching transients of the
circuit described in the previous chapters. Consider a same RLC network from figure
3.2 that is shown again in figure 3.14 with the slight modification that this time the
switch will be closed at the peak of the input voltage.
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Figure 3.14: RLC network for Case 1

An ideal switch is used to switch an RLC circuit on an AC source (60 Hz). The
switch, which is initially open, is closed at the peak of the input voltage. As in the
previous sections, L=0.002IH, R=0.40¢2 and C=40.IuF. The objective is to

determine capacitor switching transient voltage using the proposed method.

The [¥] matrix is formed to obtain the Z(j@) as discussed previously. The impedance

response of the circuit is shown in the figure 3.15. In this case, the state equation is

simple and will lead to:

Z(jw) = R + j*2*n*f*L, where f goes from 0 to 3000 Hz with

an increment of 20Hz.
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Figure 3.15: Impedance Response of the Circuit Shown in Figure 3.14
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Next is to use superposition method to find switching current [(jay. The switch
voltage prior to the closure of the switch can be found (since it is the steady state
voltage that exists prior to the switch closure as described in the previous section.)
which will be the open circuit voltage at the location of the switch. Figure 3.16 shows
the circuit configuration to find switching current by the use of principle of

superposition.

G L1GD)
N

Vswitch (o)

1/j0C

Figure 3.16: Circuit Configuration to Find Switching Current

The switch voltage (-Viwicn(j@)) is the frequency domain values obtained by
transformation (fft) of the time domain voltage values (-Vswiich) as shown in the figure
3.17.
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Figure 3.17: Switch Voltage

It is seen that the switch voltage is not pure sinusoidal because at the instant the

switch closes, the voltage at the contact point rises from zero to the peak. The
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switching current obtained by using the superposition method (figure 3.16) is shown
in the figure 3.18.
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Figure 3.18: Switching Current /(j@) in Frequency Domain

Therefore the transient capacitor voltage due to the switching in the circuit is
computed by multiplying impedance response of the switching bus with switching
current by the use of equation 3.6. The resulting transient voltage is plotted in figure
3.19.
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Figure 3.19: Switching Transient Voltage Frequency Spectrum

It should be noted that in this computation the switch was modeled to be closed at the

peak of the waveform and the initial capacitor voltage was zero.
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3.3.5 Comparison with the Time Domain Results

EMTP program is used to simulate the transient voltage in time domain. The
switching voltage in the time domain for the circuit shown in the figure 3.14 as
obtained with EMTP is shown in figure 3.20. The time domain plot of figure 3.20a is
transformed into frequency domain using fft function and the data window of three
cycles starting from the instant the switch closes (at the peak).
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Figure 3.20: Switching Transient Voltage as obtained by Time Domain Method
(Using EMTP Program)
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The capacitor transient voltage obtained by the method of supefposition in the
frequency domain can be compared with the result obtained by the time domain
method by plotting both the voltage spectrums in one plot with same number of
points and the frequency steps. Figure 3.21 shows the capacitor voltage obtained by

both methods, and it is seen that the result is very similar.

Fraquency Domain Plot without Fundamental Comgonent
1500 T

—— Capacitor Voitage Obtained by Time Domain Method
— - Capacitor Voltage Obtained by Proposed Method

8

Voltage Magnitude (V)

8

T
1000 1500

Frequency (Hz)

Figure 3.21: Voltage Magnitudes Obtained by Superposition Method and the Time
Domain Method (EMTP) in Frequency Domain.

It is seen that the magnitudes for some frequencies are slightly higher in the result
obtained by the proposed method. However, the peak, the trend and the dominant

frequencies are same for both results.

Another way of comparing the two methods is by using inverse transform to change
the frequency domain result into time domain and compare the voltages in the time

domain. The transient voltage waveforms in time domain are seen in the figure 3.22.
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Time Domain Plot from Tme Domam Method

Capacitor Voltage Obtained by Iaverse Transform
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Figure 3.22: Time Domain Plots of the Switching Transient Voltages

In the frequency domain, before the switch is closed there are no values. To plot, the
time domain values obtained from the inverse transform in the similar scale as the
result obtained by the time domain method, time-shift was used to make the
waveform starting point at 0.00416s. Switch closure can be modeled at the peak of
the waveform but time can be shifted wherever it is appropriate in the frequency
domain method. The plot shows that the two waveforms are closely matched. Again
the author would like to point out that the emphasis here is at the frequency domain
result and the frequency domain analysis. Occasional time domain results are used for

the comparison purposes only.

3.4 Analysis of Large System

The main purpose of this thesis is to develop a method to compute and analyze power
system transients in the real case with efficiency and accuracy and be able to use the
result data for practical purposes. It is therefore necessary to use the method in the
real system as an example to demonstrate the application of the proposed frequency
domain method. In this section a method to compute switching transients from
impedance response and the superposition method, as described in the previous

sections, is used to compute transients of real case network.
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Unlike small network, large system network will have considerably higher transients
and with higher number of harmonic contents. It will be demonstrated that the
frequency response method will be very suitable for the actual power system network
to compute transients in frequency domain. The large system is part of city of Calgary
and Southern Alberta transmission and distribution network. City of Calgary has six
substations with capacitor banks at 138kV level. Southern Alberta has six substations
with capacitor banks also at 138kV level. The total simulated system have 332 three-
phase buses (332*3 individual buses) at various voltage levels. The system buses and
the corresponding voltage levels are shown in the appendix C. The system network
block diagram can be found in chapter-two figure 2.5. When the capacitor is switched
on any location of the network, transients can occur in that switching bus as well as it
will propagate to other buses. As the network is mostly high voltage distribution,

transients can have a significant effect in the normal operation.

In this section, superposition and the system impedance response method is used to
compute transients at the switching bus and as well as a non-switching bus in the
frequency domain and the results are compared with the time domain solution
obtained by EMTP. The knowledge of the harmonic contents of the transient and the
peak magnitude will help determine whether any mitigation methods are needed to
curb the transient effects or that it can simply be neglected. Chapters 4 and 5 look into
the details how to use the result obtained in this section for ranking of the buses so
that the worst buses can be determined. The problem to be investigated here involves
the closure of capacitor switch at the substation 42S bus number 202, which has a
54MVAR capacitor. The transient at the switching bus as well as the other bus (non-
switching bus) at substation 44S, bus 44S-184 is monitored. These buses were picked
at random for analysis. However, bus 44S-184 is one of the major distribution bus in
the network and it is of considerable distance from the substation 42S, bus number
425-202. The distance between two buses gives the rough extent of transient
propagation in the network. The capacitor switch at 42S-202 is closed at the peak of

the waveform.
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3.4.1 Determination of System Impedance Response

The procedure for obtaining the system frequency response for the large case is the
same as for the smaller network described earlier. In this case, since large numbers of
buses are involved, equation 3.7 is solved by using the frequency response feature of
the EMTP program (input data is attached in appendix A). The voltage sources of the
network were disconnected (Nodes were grounded). The capacitor bank at the
substation "42-S bus number 202" was turned on and one ampere current source was
placed in between capacitor bank and the bus-202A (where the capacitor switch was
located) for current injection into the network. A frequency step of 20Hz is used and
the response up to 8000Hz is computed.

The magnitude and angle response of the impedance of the network is then plotted
which can be seen in the figure 3.23. It is the Z;(jw) (without the capacitor) of the
network where i is the switching bus which is 42S-202 in this case. It can be seen
from the figure 3.23 that unlike the simple case the impedance response does not
follow any order. The impedance magnitude for some frequencies is very high while
for other frequencies it is considerably low. The angle of the network also varies in

the low frequency range.
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Figure 3.23: Impedance Response of the Large System
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The substation 44-S-bus-number-184 is also monitored for the transfer impedance
response Zz02,184(7 @), where 202 is the switching bus, as an example to obtain voltage
at other buses. The figure 3.24 shows the impedance response of the bus 184 when

the capacitor is switched at bus 202.
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Figure 3.24: Impedance Response at Bus 184 when Capacitor is Switched at Bus 202

We know that the resulting impedance response of the bus is the transfer impedance
of that bus. Therefore, the transient voltage at any bus such as bus 184 is given by the
equation 3.6, which is the product of switching current and the impedance of the

given bus. Switching current is computed by the method of superposition.

3.4.2 Case Study Results

To find the actual voltage at the bus 44S-184 or at the switching bus itself (bus 202),
as explained in the previous section, switching current is needed. Switching current is
computed by the superposition method described in section 3.1.1 using the steady
state switch voltage and the impedance response of the network (figure 3.24)
including the capacitor. Then by applying the equation 3.6, the voltage at (any) bus
184 will be Z(Gjw) (i.e. the impedance response) of bus 184 multiplied by the
switching current in frequency domain. The switch voltage (required to compute the

switching current) represents the negative of the steady state voltage of the network
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prior to the switch closure in frequency domain. The steady state voltage prior to the
switch closure can be measured or computed from the network data. In this case the
steady state voltage was computed from the network data and the resulting switch
voltage is shown in the figure 3.25 (with the switch is modeled to be closed at the
peak of the waveform). The data window is shown in the figure 3.25 that covers the

complete three cycles of the switch voltage for conversion to the frequency domain.
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Figure 3.25: Switch Voltage of the Large Case

Finally, the switching current is obtained and shown in the figure 3.26.
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Figure 3.26: Switching Current [(j) of the Large Case
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The switching transient voltages at the switch location (bus 428-202) are I(j ) *Zi(j )
(where i and j are equal to bus 202), computed from the impedance response method
are shown in the figure 3.27. The voltage magnitudes at certain frequencies are

relatively high and can not be ignored for optimum performance of the network. The
peak of the transient at 300Hz reaches up to 5900V.
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Figure 3.27: Switching Transient Voltage Obtained by Impedance Response Method

Similarly, the voltage at the bus 44S-184 can be computed by using impedance

response of bus 44S-184 and the /(jw). The transient voltage at the bus 44S-184 can
be seen in the figure 3.28.
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Figure 3.28: Transient Voltage Obtained from Impedance Response at Bus 44S-184

The non-fundamental peak of the transient occurs at 300Hz at peak is about 5100V.
The other significant transient occurs at 1860Hz and 2460Hz.
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3.4.3 Comparison with Time Domain Simulations Result

The EMTP result for the transient voltage at bus 42S-202 and at bus 44S-184 is

shown in figure 3.29.
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Figure 3.29: Time Domain Plots of the Transient Voltage at Bus 202 and Bus 184

To make the comparison easier, the time domain results are converted to frequency
domain by taking exactly same data window and number of points as used in the
impedance response method for the transient voltage computation and using the fft
function in the Matlab. The resulting frequency domain transient voltages at the bus
202 and bus 184 are shown in the figure 3.30.
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Figure 3.30: Switching Transient Voltages as Obtained by EMTP

(Plot is shown without Fundamental)
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Chapter 3: Frequency Domain Analysis of Switching Transients

The time domain result is converted to frequency domain result because the main
focus of the thesis is based on the analysis of transient in frequency domain. We want
to prove that the frequency domain result obtained by the proposed method in this
thesis is correct and does provide the similar result as the existing programs that work

in time domain.

One way to see the extent of difference in the result between the time domain method
and the frequency domain method proposed in this thesis is to plot the discrete
voltages in one plot to see the deviation of results from one another at different
frequencies. The figure 3.31 shows the transient voltages obtained from both methods
in one figure for both buses (bus 202 and bus 184).
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Figure 3.31: Transient Voltages in Frequency Domain without Fundamental
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As mentioned earlier, the another approach of comparison between two results is to
keep the time domain result as it is and transforming the frequency domain result into
time domain using the inverse transform, thereby comparing the waveform in the
time domain. However, the time domain plots are for quick comparison. Main goal is
to show that the waveforms obtained by the both methods have the similar shapes.
The figure 3.32 shows the time domain plots for bus 202 and bus 184 obtained by
both methods (time domain method—figure 3.29 and the frequency domain method

converted to time domain by using inverse transform).
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Figure 3.32: Time Domain Plots of the Transient Voltages at Bus 202 and bus 184
Obtained by Time Domain Method (Top) and Impedance Response Method (Bottom)
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It can be concluded from the figure 3.22 that the results obtained from the both
methods are very similar to one another. The dominant transients have less obvious
differences, while the majority of the differences seem to be in the middle section of
the waveform. The results obtained by impedance response methods are more
straightforward and can be directly read for any individual frequencies. It minimizes
complexity and provides more information about the nature of the transients than by
the EMTP results alone. Of course, EMTP results can also be further processed to
arrive at same data, but the whole purpose of developing impedance response method

is to avoid extra time and manpower as much as possible.

3.5 Summary of the Proposed Method

The basic flow chart of the procedure to obtain switching transients using the
frequency response method is shown in the figure 3.33. The method needs the
impedance response data of the power network in frequency domain and the steady

state open circuit voltage at the switch node prior to switch closure.

Certain procedures are followed in this thesis to obtain frequency response of the
system and the switch current. The detail flow chart, which summarizes all the
procedure that is followed in this thesis to obtain the transient voltage using
frequency response method, is shown in the figure 3.34.

It should be noted that the specific procedure that is used in this thesis is not the one
and only way to obtain the desired result. User can follow different program or
procedure. The focus is the method. It is proved that the proposed method to obtain
switching transient voltage in frequency domain works with very good accuracy and
provides lot of information about switching transients with respect to frequency

contents, magnitudes etc.
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Figure 3.33: Flow Chart to Obtain Switching Transients Using Impedance Response
Method in the Power Network
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Chapter 4

Simplified Analysis of Switching Transients

4.0 Introduction

It can be seen from the results in chapter 3 that only some frequencies are dominant in
the frequency spectrum. There is, therefore, the possibility to conduct approximate
calculation by considering the dominant component only. Selective study can
drastically reduce the cost and improve efficiency, as it will be possible to eliminate
large portions of the frequency spectrum of the network by just looking at the rough
estimate.

One of the main reasons of transient analysis is to be able to extract information that
will have a practical use. For example, ranking of the buses in terms of the transient
peak from highest to the lowest will provide the tools for the engineers to look for
mitigation method. Similarly, buses can also be categorized in terms of transient
energy. To develop this type of analytical tools, concept of key frequency plays an
important role. In this and next chapter, key frequency concept and the buses rankings
with regard to peak and the energy of the transient will be explored.

The simplified analysis of switching transients will use similar procedures as used in
chapter three but the difference lies in the fact that it only uses key frequencies for
further study or for determination of the impact of transients in the network. The key
frequencies can be obtained by simply setting the threshold voltage. The
mathematical basis for this method is that the bus-voltage is computed by taking the
product of switch current and the transfer impedance of the corresponding bus in the

network. Key frequencies picked will cover both voltage and current that have higher
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magnitudes. This will also ensure that even though we have higher current at one
frequency, and the impedance is very small at that same frequency, the product of the
two will still be considerably high that it can be taken into account. As mentioned
earlier, as this method is for the purpose of quick analysis of the network, and as there
is very small chance that few dominant frequencies can be ignored, the method has

the practical applications in the power industries.

For the purpose of demonstration, same data (of Southern Alberta Power Network)
from the previous chapter is used. In chapter five these key frequencies spectrum is
used to determine the transient indices that will help in determination of the worst
buses in the network. Another advantage of this simplification is that once the key
frequencies for the particular power network are known, only those frequencies could
be monitored for future references. Any type of method can be applied to obtain the
key frequencies of the network. As it should be noted that it is more difficult to obtain

complete spectrum than just few key frequencies.

4.1 Use of Key Frequencies of the Transient Voltage

From the previous chapter, the plots can be obtained for the transient voltages. The
key frequency assumes that not all frequencies are dominant or not all frequency can
cause harm to the network. It is wise to remove the frequencies that do not play any
role in damaging the quality of power and can be termed negligible in terms of the its
existence in the power system. Therefore, the key frequencies can be defined as those
frequencies in the voltage spectrum that show the properties of having enough
magnitudes or oscillation that can or may likely cause disturbance in the power

network affecting the quality of the power supplied to the consumers.

For demonstration, numbers of buses are taken into account from the large case
presented in the previous chapter for frequency spectrum plots after the key

frequencies are picked. As it is a capacitor-switching transient, the characteristic can
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be generalized without losing the significance for the purpose of picking up key
frequencies. Taking into account the factors such as; (a) peaks, (b) number of peaks,
(c) energy of the transients and (d) using the logical judgement (based on the prior
experience with the power system network), the threshold voltage magnitude is taken
as the 10% of the highest peak of the transients. (Fundamental is ignored as always in
these calculations). The key frequency spectrum of the voltage transient at bus 42S-
202 taking into account the threshold margin then becomes as shown in the figure 4.1.
The frequencies now become distinct and countable. The calculation is greatly
simplified. Figure 4.1 gives a some perspectives of using key frequencies. First of all
Figure 4.1 (a) shows the total spectrum of transient voltage at bus 42S-202.

(a) Voitage Magitude of the Transients at Bus 42S-202 of the Network without Fundamental
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Figure 4.1: Transient Voltage Magnitudes at Bus 42S-202. (a) Full spectrum. (b)
Spectrum using key frequencies. (c) Full spectrum plotted on the same scale as (b).
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In figure 4.1 (b), the key frequencies are picked and plotted using only the selected
frequencies and rest of the spectrum is rejected. Figure 4.1 (c) shows the full
spectrum data plotted in the same scale as the plot using only the key frequencies.

Use of key frequencies also allows plotting only the discrete values as shown in the
figure 4.2 that will greatly increase the readability of the plot in terms of dominant

frequency composition and corresponding magnitudes.
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Figure 4.2: Transient Voltage at Bus 42S-202 Using Key Frequency.

4.2 Comparison with Exact Resulit

Key frequencies are picked after the transient voltages have been computed through
the whole spectrum of the frequencies considered to be significant (8000Hz). Key-
frequency technique removes frequencies with small or negligible magnitudes but it
is always guaranteed to pick up major frequencies. Therefore, from the analytical

point of view use of key frequencies is as correct as any actual result. For example,
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we can look at voltage waveform at the buss-551 of the network. The detail transient
waveform can be seen in the figure 4.3. Froom figure 4.3, it can be seen that transient
voltage is significantly higher at some hiigher frequencies while middle range is
almost negligible. When performing analy-sis of the transients in this bus, middle

range is not a factor and would be over lookeed in any case.
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Figure 4.3: Transient Voltage at Bus 551 without Fundamental

Using the key frequency, it will neglect all thhe insignificant frequencies in the middle
range between 2000~5800 Hz while keepimg the significant frequencies as can be
seen in the figure 4.4 (a). Figure 4.4 (b) shows the total spectrum of the same
waveform for comparison. Figure 4.4 (b), whien compared with the figure 4.4 (a), it is
seen that the frequency range of 1500Hz: to 6400Hz was neglected for further

analysis.
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Figure 4.4: Transient Voltage at Bus 551. (a) Using Key Frequencies (b) Whole

spectrum of the Voltage on the same scale.

When using the key frequency concept, the question will arise whether the waveform

can be reconstructed in time domain using the key frequency spectrum. The exact

reconstruction of the time domain waveform cannot be possible from the key

frequency concept due to the theories involved in transformation methods beyond the

scope of this thesis. However, for demonstration purpose, we can use the inverse

transformation on the key frequency spectrum (with zeros at the neglected
frequencies) of the bus-551 of the figure 4.4 to see the output in the time domain. The

figure 4.5 shows the corresponding time domain plot.
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Actual Transient Voltage at Bus 551 in Time Domain
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Figure 4.5: Time Domain Plots of Voltage at Bus 551. Top: Actual Time Domain
Voltage Plot. Bottom: Time Domain Plot Obtained by the Key Frequencies Spectrum.

As seen in the figure, key frequency concept can not be used in the voltage
reconstruction in the time domain (both the magnitude and the shape of the
waveforms are different from the actual waveform). However, selection of the key
frequencies is a concept to reduce the complexity of the problem by simplifying the
data needed for certain aspect of transient analysis. It is therefore not relevant whether
the key frequencies can be used for time domain waveform reconstruction as long as
the selected frequencies reasonably represent the actual transient waveform for

analytical purposes in frequency domain.
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On further note, besides using transient voltage to pick the key frequencies, there are
other possibilities available for the key frequency selection. One of the other
possibilities that stand out the most is the selection of the key frequency from the
impedance response spectrum before multiplying with the switch current to obtain the
transient voltage. If this possibility gives relatively accurate result, one advantage it
will have is that whole spectrum of the switch current need not be calculated but only
the frequencies that are selected from the impedance response of the network can be
used. Example can be used to demonstrate the selection of key frequencies from the
network impedance response data. Selection of key frequencies is performed using
the same criteria as above when key frequencies are picked from the transient voltage
itself. All frequencies with magnitude in the range of 10% of the peak magnitudes are
retained and rests are discarded. With this criteria the impedance response of the Bus

551 becomes as shown in the figure 4.6.
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Figure 4.6: Impedance Response of the Network at Bus551 at Key Frequencies.
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The switch current at the corresponding frequencies are taken from the earlier results
and multiplied to obtain the transient voltage at bus 551 using the key frequencies of
the impedance of the network. The plot of the transient voltage obtained through the
use of key frequencies is shown in the figure 4.7 (a), compared with the actual
transient voltage in figure 4.7 (b).
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Figure 4.7: Transient Voltage at Bus 551. (a) Using key frequencies of the
impedance. (b) Using the full spectrum but on the same scale as (a).

As it is clear that the using the key frequencies of the impedance data to obtain
transient voltage did miss few peaks even though the peak was relatively small in
magnitude. Figure 4.8 compares the transient voltage obtained using key frequencies
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for both cases. (a) When the key frequencies are picked using the transient voltage
spectrum, (b) when the key frequencies are picked using the frequency response of
the network before multiplying with the switch current to obtain the transient voltage.
Figure 4.8 shows that picking key frequencies from the voltage spectrum clearly give
more accurate result than the result obtained by picking key frequencies using the
impedance data. However, the result does not differ on most dominant frequencies.
Therefore, it will be up to the user to choose which method to use depending on how
much accuracy is required. Picking key frequencies from the impedance spectrum
does simplify the technique even more with slight loss of accuracy. However, the
author recommends using the transient voltage spectrum to pick key frequencies for
further analysis.

Transient Voltage at Bus 551 Using Key Frequencies
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It is seen that only one peak is missed when the key frequency is picked from the
impedance of the network. It is also possible to accommodate that peak by lowering
the cut off threshold. One should however be wary of lowering threshold too much as
the whole purpose of this simplification will be lost if after picking the key

frequencies, waveform still have too many frequencies to deal with.

4.3 Summary and Conclusion

Simplified technique is explained to facilitate quick methods for engineers so that
they would be able to create a perspective of the networks and the problems they
might face and there would be relatively smaller amount of data for further analysis.
It provides more manageable numbers and disregards insignificant part of the
transient which will become more obvious in chapter 5 when we explore the idea of

worst bus determination.

Two methods of picking key frequency are described in this chapter. (a) Key
frequency from transient voltage spectrum. (b) Key frequencies from impedance
response spectrum. The comparison of the waveform obtained from both methods
showed that the method (a) is slightly accurate than the method (b) with the fact that
method (b) would require even less computation than the method (a). We have seen,
key frequency spectrum can not be used for the time domain reconstruction of the
waveform. It is a form of convenience in the analytical process in frequency domain.
It is therefore an individual preference to which method shall be used depending on
the level of accuracy desired from the result obtained through the use of key
frequency spectrum.

Key frequency technique would provide a foundation for next chapter in determining
the worst buses in the network and we will use method (a) for key frequency

selections.
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Determination of Worst Buses

5.0 Introduction

An ideal power network will have all the buses at the voltage level of Ipu'. In reality,
it would be impossible to achieve all this. However, the magnitude and frequency
contents of the bus voltages at all times must be within the limit for normal operation.
During the transient condition, the voltage and current spectrum greatly changes from
the normal operation. The transients usually die out in short time. However, even in
that short duration the abnormal voltage or current waveform may likely cause

disruption in the normal operation.

Transients due to switching or the faults at the distribution network served by the
distribution substation propagate to every part of the network [10]. A study using
mathematical models and actual measurements shows that different parts of the
network have different responses. Also dispersed through out the network are many
energy storage devices such as inductance and capacitors. Therefore the transient

responses at different locations of a network are different for a given switching event.

Therefore, it is necessary to determine the transient level of each bus to ascertain if
any bus is operating in abnormal condition. However, voltage levels only give the
partial information to accurately predict the effects of the transients. It is important to
quantitatively determine the buses that would be affected by the transients the most.

Determination of buses that have the worst effect will help to understand

! p.u.: Per Unit system, the numerical per unit value of any quantity is its ratio to a chosen base
quantity of the same dimension.
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characteristics of distribution network as well as to indicate what cautionary action to
take. This type of study in determining the worst buses are performed in the power
system planning, operétional planning, and operation control to maintain the normal
operating conditions in terms of stability and the efficiency of the power transmission
and distribution. The following are some of the reason justifying the need to

determine bus experiencing highest transients:

® Determination of worst buses would give prior knowledge of which bus would
likely have problem voltages.

® There may exist some branches that have excessive losses or heat dissipation.

* Prior knowledge of such issues would permit to take cautionary actions to prevent

any system failures.

5.1 Basic Idea of Worst Bus Determination

Worst bus determination is the ranking of the buses in the power network by certain
indices that will provide the qualitative properties of the buses. When analyzing the
effects of the switching transients, the following two indices are considered to be the
most significant and are expected to provide the most information. They are:
(a) Frequency Domain Transient Peak

It correlates with actual transient peaks computed from time domain waveforms.

(b) Energy of the Transient.

1t also correlates with energy of the transients in the time domain.

As we know during transient, voltage peak can reach very high values and that very
high voltage level can be devastating to power system components. This is the most
common effect of transients and almost everyone involved in the power system study
is aware of the Peak Index. However, less common but can be equally harmful effect

of a transient is its energy dissipation in the system networks or components. The
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energy contents of the transients can determine how much energy is being dissipated

in the bus. This becomes the second index of the transient.

Worst bus depends on the ranking of all the buses in the network according to the
specific index. Of all the buses, the buses that have the highest transient peak will be

categorized as the worst bus according to the peak index. Transient peak in time

domain can be computed by taking the maximum of the waveforms and subtracting

the steady-state peak value from it. For example:

Vi = max| (V) -V |

V™ = max| (V) -V, |.

(.1

Where,
Vi s V™ = Transient peak voltages at buses k...m in time domain.
Vier s Vim = Total voltage waveforms at buses k...m in time domain.
Vi sV = Steady-state voltages at buses k...m in time domain.

Figure 5.1 shows the example of steady state peak value and the total peak value of

the voltage waveform as used in the equation 5.1.
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Figure 5.1: Graphical Picture of Transient Peak in Time Domain
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To get a better picture of transient peak and understand the equation 5.1, we can plot
the absolute value of the transient component of the figure 5.1 in time domain by
removing the 60Hz component from the waveform. Figure 5.2 shows the absolute
value of transient component of the waveform of figure 5.1 where the peak can be
clearly seen. The peak shown in the figure 5.2 is the peak calculated by the equation
5.1. The peak value is taken from the steady state waveform considering the
switching could be done at the peak of the waveform. Then the ranking is performed
according to the highest transient peak voltages. The worst bus in the network is the
one with the highest value.
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Figure 5.2: Absolute Values of Transient Component of the Waveform of Figure 5.1

The main focus of this thesis is the computation and analysis of transients in
frequency domain. Time domain methods are used only for correlation and
demonstration purposes. Therefore, in frequency domain, the worst bus ranking by
the peak index is performed with the following method.

Let Vi bethe voltage magnitudes at frequencies “i”’ of the bus “£”. It should be noted
that fundamental is excluded from all the calculation unless otherwise

specified. Then, we have,

e | (52)
Vit = > Ve
i=0



Chapter 5: Determination of Worst Buses

Where
Vf;“" = Transient peak voltage Magnitude at bus kin F requency Domain
Vy = Transient Component Voltage Magnitude at F requency 7 at Bus &.
n = Maximum Frequency Range.

And i is the frequency step. In this thesis, frequency step of 20Hz is used for all the

examples.

Similarly, transient energy in time domain is defined by assuming the voltage applied
to the fictitious I—ohm resistor [12]. Then if the transient component of the voltage
as a function of time is represented as V/(£), then the average energy of the transient is

given by

E =%6[(V’)2dt (>-3)

Where T is the transient duration computed by taking the time it takes for the
transient to drop from the peak to the 5% of the steady state peak voltage. The

equation 5.6 can be solved numerically using the trapezoidal method.

Using the Parseval’s theorem [12] for the aperiodic, real Vi(H) with finite energy
content, the time domain definition of energy of equation can be converted to

frequency domain as:

E= lfﬂ V(w)|* do G4
7Ty

From equation 5.3 and 5.4, it is possible to obtain energy of the transients in time
domain and in frequency domain of the individual buses. The upper-limit (infinity) of
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the integral in the equation 5.4 will be approximated to the maximum expected
frequency in the waveform. The worst affected bus will be the one with the highest
average energy. The calculation to determine the worst bus is performed by removing

fundamental from the transient voltage.

5.2 Application to Real Case

The Southern Alberta Power Network is taken for the study of the worst bus
determination. Altogether 15 buses are monitored for the transient voltages. Out of
the 15 buses, some buses are adjacent to the switching bus while some are some
distant away from the switching bus. In this example the buses will be ranked
according to the two indices—first by peak index and second by the energy content
index. The bus with the highest index will be ranked as the worst bus in the network.

The frequency domain indices are then correlated with the time domain indices.

5.2.1 Determination of Worst Buses by Peak Index

The transient voltages at the different buses are computed using the method described
in the chapter 3. The plots of the voltages at different frequencies are shown in the
figure 5.3 for fifteen sampled buses of the network. The fundamental is omitted from
the plot because it is the transient component of the voltages that we need. However,
Jjust by looking at the plot, it can not be determined which bus has the highest peak.
As we know some frequencies may cancel out due to phase angle differences. As
mentioned earlier, by the use of equation 5.2, the square root of the sum of the square
of the magnitudes of the dominant frequencies can be taken to correlate the peak of
the transient voltages in frequency domain. It is compared with the time domain result
to check if the consistent ranking is obtained.
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Figure 5.3: Transient Voltages at Different Buses in Frequency Domain
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transients. The plot of the ranking of the buses can be seen in the figure 5.4.
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The rankimg by the time domain method is taken as a reference and it is also shown in
the figure :5.4. It is shown that the frequency domain method indeed is able to rank the
buses in correct order for the purpose of worst bus determination. Time domain
solution has the worst bus as bus 551 with the highest peak and the same bus was
pointed by~ the frequency domain solution as the worst bus. It is the case with the least
affected bus, by both method of computation, it is found to be the bus 183.

5.21.1 Estimation of Transient Peak in Frequency Domain

First of alll, the method to estimate the transient peak in frequency domain that is
described iin this section has been arrived purely by trail and error. Further research is
required to- determine the theoretical basis for the method. Also, it is possible that the

method described here may not work as desired for the different case (network).

It is seen frrom the previous section that the network buses can be ranked in frequency
domain according to the transient peak voltages from worst to least affected buses. In
time domaiin, actual peak can be determined with computation of the waveforms, so
the questiom arises whether the actual peak can be estimated in the frequency domain.
There are mumber of logical starting point in the process to predict the transient peak
in the frequuency domain. It is best to start with picking key frequencies that are likely
to contribuate to the transient peak. Key frequencies are picked by the method
explained im chapter 4. The maximum value of the magnitude spectrum is taken as a
reference amd 10% of the maximum is taken as the base value. The frequencies with
the magnitwides greater than the base value are considered the key frequencies and
picked for the computation. Then the algorithm for computing the transient peak
from the frequency spectrum data is as follows:

1: Find maximum of the magnitudes of the given spectrum.

2: Takee ten percent of the maximum value as the base or threshold values for the

peak computation.
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3: Add all the magnitudes that have values more than base value. This will be the

total sum.

4: Take root mean square of the all values that are greater than the base value.
This will be the correction factor.
5: Subtract the correction factor from the total sum to get the peak of the
transient.
In symbolic form, it can be written as:
If Vi is the voltage magnitudes at “#”” frequencies of the bus “£”, then
Vi =max(V).
Then the base value is:
ase P
Ve =0.10*7;.
The set of voltage magnitude data that are greater than the base value is:
Vg ={Va}>Ve=.
The sum of the voltage magnitudes at key frequency ; is:
sum =
Vam = ZVﬂ.
J min

The correction factor is:



Chapter 5: Determination of Worst Buses

Finally the estimated transient peak in the frequency domain is given by:

eak sum corr

Using the equation 5.5, the transient peak voltage for all 15 buses are plotted along
with the transient peak voltage obtained through time domain computation using the
equation 5.1. The figure 5.5 shows the remarkable similarity and accuracy with in

acceptable range.
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Figure 5.5: Peak of the Transient Voltages at Different Buses

The above algorithm works for all the buses. After extensive testing, it is found that
there is one case where the algorithm fails to accurately predict the correct result. The
exception occurs if there is a sustained oscillation in the bus. Such oscillation is
caused by the numerical characteristics of the simulation program and it is not a real

phenomenon.
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5.2.2 Determination of Worst Buses by Transient Energy Index

As with the peak determination, energy index can be used to rank the buses in the
power network in frequency domain. The energy index concept exploits the fact that
other than the 60Hz (fundamental) waveform, any other waveforms have no
usefulness. Equations 5.3 and 5.4 are used to determine the energy of the transient
for the individual buses. Equation 5.3 is solved numerically to determine the energy
from the time-domain transient-voltage waveform and equation 5.4 is solved to
determine the energy from the frequency domain transient-voltage spectrum for 15
different buses in the network. According to the energy magnitudes, buses are ranked
to determine the worst bus. Figure 5.6 shows the correlation of the buses starting from
the worst bus to the least affected bus by average energy index obtained by both time

domain and the frequency domain method.
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Figure 5.6: Worst Bus Ranking by Average Energy index

The time domain solution of the transients for the determination of the worst buses is
the accepted solution. From the figure 5.6, it can be seen that the energy index in

frequency domain is almost exactly the same as the time domain solution. In both
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cases, the units of the average energy is same—(volt)*/ohm and therefore the identical
result should be no surprise. The slightly higher values obtained by time domain
method, therefore, is due to the numerical computation and approximation used in the

Process.

5.3 Summary

The ranking of the network buses by the peak index and the energy contents of the
transients are valuable to analyze the switching transients. It will help identify the
culprit buses so that the method can easily be devised to reduce the transient effects.
As we have seen that not all the buses in the network are equally affected by the
switching transients, isolating only the worst affected bus is a very powerful tool for
engineers. The two indices show the nature of transients present in the power network
comparatively. This chapter tries to put an emphasis on organization and presentation
of results in proper way so that they will provide maximum information. Emphasis is
given in the ranking than the actual values of the indices. The reason is that the
transient will be present in the power network, whenever the capacitor switching
occurs. The option is to find ways to reduce such transient effect in the network since
there is no possible solution to remove the transients from the entire network
altogether. Therefore, it is only logical to find the buses that are most likely to have
higher transients so that the efforts can be made in those buses to reduce the

transients.

Furthermore, the estimation of the actual peak in frequency domain is purely
speculative work and is not the main objective of this thesis. It is mentioned in the
thesis on a secondary note. The method seems to work very well for the case
described. Only logical explanation that can be given for the accuracy of the result is
that when the sum of the magnitudes of the harmonicas is taken to determine the peak
of the transients, we know the peak will be higher than the actual peak. In real case,
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some of the magnitudes will cancel out due to difference in phase angle. In this
scenario, all the magnitude that cancels out due to difference in phase angle happen to
be equal to the root mean square of the sum of the harmonics. In the end it may be a
coincidence or that there may exist a correlation between the root mean square sum of
the harmonics and the magnitudes that cancels out due to difference in phase angle in
the transient spectrum. Whatever the case, further study is required before the method
can be used for general purposes in determination of transient peak in frequency

domain.

There is no such issue for the energy index because in both time domain method and
in frequency domain method, actual average energy of the transient is computed for
the bus ranking. One further observation to be noted is that the worst bus out of the
sampled buses was found to be bus-551 by b;)th peak and energy index ranking in the
case example presented in the previous section. Also the least affected bus was found
to be bus-183 by both indices. It does not necessarily mean that worst bus determined
by peak index always have to be same as the worst bus determined by energy index,

even though as the example shows such possibilities exist.
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Conclusions and Recommendations

The goal of this work is to present a method of computation and analysis of capacitor
switching transients in a way that can be best utilized by the Utility Companies for
improvement of power system network. The goal was achieved through series of
steps with details of computation methods to the development of network buses
ranking technique using transient characteristic indices. First a detail method to obtain
transients in frequency domain was explained. This method computes transients in
frequency domain through use of network impedance and the switching current.
Capacitor switching current was obtained by superposition method while the network
impedance response was obtained by creating the network admittance matrix as a
function of frequency. These methods are used for the computation of transients in
frequency domain because the certain aspects of transients are best described in
frequency domain such as (a) frequency content, (b) dominant frequency, and (c)
elimination of unnecessary conversion procedures from time domain. Existing
analytical method and time domain simulation method of computation of transients
were also presented in the thesis to demonstrate their disadvantages over the proposed
frequency domain method to achieve our final goal. Our goal that the results needs to
be presented in a manner that will provide comparative and complete information

about the power network with regards to the transient.

The second step was the introduction of the key frequency concept. This concept is
based on the fact that the frequency spectrum of the transients contains number of
frequencies that can be effectively neglected without losing the accuracy of the
desired result. The key frequency concept leads to less computation and more

manageable numbers. As an intermediate result, with the key frequency selection, one
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can quantify the switching transients in terms of dominant frequency. The main use of
the key frequency concepts is seen in the determination of the worst buses of the
power network with regards to transient. It was, however, demonstrated that the
transients characterized by the key frequency spectrum could not be used to construct
time domain representation of the transients. The key frequency spectrum is useful

only in the frequency domain analysis.

The third step was the determination of worst buses. Switching transients in the
power network is not limited to switching bus; it is transmitted to entire network.
However, the transient behavior is different at the different buses. The characteristics
of transients can be defined by its indices. Two transient indices, peak index and the
energy index were explained in this thesis to characterize the behavior of transients.
The method was presented to rank the buses in the power network according to these
indices. The bus in the network with highest peak and the highest energy were the
worst bus in the network. The findings of these bus or buses are expected to greatly
facilitate the utility companies to apply appropriate mitigation method to reduce the

transient effect.

Time domain comparison was done wherever possible through out the thesis to show
that the proposed method was consistent with the existing time domain results.
Matlab and EMTP programs were used as a tool for computation and comparisons of
the result. The result obtained through the proposed method is found to be accurate as

compared with the time domain solution.

It is to be noted however that the proposed method can be used for specific purposes
only that is computing switching transients of the power network. On the other hand,
the program such as EMTP can perform wide varieties of tasks related to power
systems. While EMTP can solve non-linear time variant system, the proposed method

can only work on linear time invariant system. Therefore, the proposed method
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should not be taken as a substitute for existing method such as EMTP but rather as an

addition to such programs to increase efficiency and practicability.

Future work may be done to write a standalone program for this method, with the
input being the admittance matrix of the network and the output of values such as
ranking plots, dominant frequencies, etc. Author believes that such a program
(software) would be very useful in the power industry.
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Appendix B

Matlab Scripts

Following Matlab scripts are used to calculate and generate data in the thesis.

1. Matlab Scripts 1

Following scripts are used in chapter 2 to plot the analytical solution.

clf;

£=60; % Frequency

W=2*3.14*f; % Frequency in radian per second
t=0:.000125:.05; % Time step

t=t"';

angle=0.35; % angle

phi=angle*3.14/180;
phil=86.7*3.14/180;

% Capacitor voltage waveform
Vt=49410*sin (W*t-phi)+5352%exp (-95*t) . *cos (3445*t+phil) ;

% Source voltage waveform
Vtl=48790*sin (W*t) ;

% Capacitor transient voltage component
V=5352*exp (-95*t) . *cos (3445*t+phil) ;-

% Plot commands

subplot (1,2,1);

plot(t,Vt/1000,t,Vt1/1000);

title('Response of the Circuit Figure 2.1")
xlabel ('Time (sec) ')

ylabel('kV');

subplot (1,2,2);

plot(t,V/1000) ; % Plot voltage waveform
title('Transient Component of the Capacitor Voltage')
xlabel ('Time (sec) ')

ylabel (*kV');

% de e Je de e de e de de de ke de ke ke d K de de ok ek e de vk ok ke ke ke ke e e ke e de e ke ke ke o e ke ke ek ok R
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2. Matlab Scripts 2

Following scripts are used in chapter 3.

2.1 Basic Concept Calculation

%Example program to demonstrate the basic concept
%0f the frequency domain calculation.

%*********************************‘k*******************

££f =60; % Fundamental frequency
W=2*pi*ff;

£=0:.0002:.05; % Time step

t=t"';

% Input voltage waveform
Vt=48790*sin (W*t) ;

figure(1l);

subplot (2,2,1);

plot (t,Vt/1000); % Plot voltage waveform
title('Input voltage in Time Domain')
xlabel ('Time (sec) ')

ylabel (*kV');

% dehkdkhkdkhkhhkhkhkhkdkhkhhkhkhkhhhhhkhhkhhhhhhdhkhkhkhkdkhkhkdkhdhdrdkhhk

% FFT the input voltage

N=length (t); % Number of points to be considered for the fft.
Vs=£fft(Vt, N); % FET (!!Actually it is DFT)

f=(0:N-1)*20; % Symmetry since three cycle of waveform is taken.
f=f*;

Vm=((2) /N) *abs (Vs); % The Amplitude at different frequencies
Subplot (2,2,2);

% Selectively plot just the first 20 harmonics of the waveform.
stem(£(1:20),Vm(1:20)/1000);

title('Input voltage in Frequency Domain')

xlabel (' frequency (Hz)')

ylabel ('kV');

% Fddhkddkhkhkhkkhhkddhkdhdhdkddhkddkddkdhddhkhkdkhkhkdhkhkddhkhhk ok kkk ok k ok okdk ok ok

% Circuit Transfer Function

s=—j*2*pi*f; % Define 's'
% Circuit parameters
L=0.0021;

C=40.1le-6;

R=0.4;

$ Transfer function
y=(L*C*s) .*s;
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y1=R*C*s;
Gs=1./(y+yl+1l);
Gsm=abs (Gs) ;
angl=angle (Gs) ;

% Frequency response plots

figure (2);

Subplot (2,2,1);

plot (£(1:200),Gsm(1:200));
ylabel (* Magnitude G(s)"'):
xlabel (' Frequency (Hz)')

Subplot (2,2,2);

plot (£(1:200),angl(1:200));
ylabel (' Angle in degrees G(s)');
xlabel ('Frequency (Hz)')

%***********-k**********"r****************************

% Capacitor voltage computation

Vecs=Gs.*Vs;

% The capacitor voltage amplitude at different frequencies
Vem=( (2) /N) *abs (Vcs) ;

% Plot commands

figure (3);

Subplot (21 2/ 1) ;

stem(£(1:100),Vem(1:100) ) ;

title(*Capacitor voltage in Frequency Domain')
xlabel ('frequency (Hz)')

ylabel ("Volts');

Veml={Vem(1:3);0;Vcm(5:100)];

Subplot (2,2,2);

stem(£(1:100),Vcml) ;

title('Frequency Content of the Capacitor Voltage without
Fundamental')

xlabel (' frequency (Hz)')

ylabel ('Volts"');

2.2 Case 1 and Superposition Method Calculations

%*****************************************************

$clear
clf
$Error Curve

% Load impedance response data from three cycles of input
% computed by another program

load caselimp.txt
%************************

$Impedance Response
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f=caselimp(:,2); % Frequency

% Extract magnitude and angles of the response
Zs=caselimp(:,3);

angl=caselimp(:,4);

figure(1):

$Plot commands

subplot(2,2,1);

plot (£, 2s);

title('Impedance Response (Magnitude) of the Figure 3.14 ')
ylabel (' Magnitude 2 (s)"'):

xlabel ('Frequency (Hz)')

subplot (2,2,2);

plot (£, angle);

title ('Impedance Response (Angle) of the Figure 3.14 ')
ylabel (' Angle in degrees'):;

xlabel ('Frequency (Hz)')

%**********'k************************************-k*

% Switch Voltage

££=60;

W=2*pi*ff;
t=0:.0004:.054167;
t=t"';

Vt=48790*sin (W*t); %$Voltage waveform
N=length(t);

% Voltage is such that the switch is closed at the peak
Vtsw=[zeros(size(Vt(1:10)));Vt(11:N)];

figure(2);

% Plot command

subplot(2,2,1);

plot (t,-Vtsw/1000); & Plot voltage waveform
title('A:Switch Voltage in Time Domain')
xlabel ('Time (sec) ')

ylabel (*kV'");

% Change switch voltage into frequency domain
Nl=length(Vtsw(10:N)) ;

Vtsw=—-Vtsw;

Vts=fft (Vtsw(10:N),N1);

Vtsm=(2/N1) *abs (Vts);

subplot(2,2,2);

stem(£(1:20),Vtsm(1:20)/1000); % Plot voltage waveform
title('A:Switch Voltage in Frequency Domain')

xlabel ('Time (sec) ')

ylabel ("kV');

%*******************************************************
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% Switching current computation

Zsr=Zs.*cos(angl*3.1415/180);
Zsi=j*Zs.*sin(angl*3.1415/180) ;
Zst=Zsr+Zsi;

=—j*2*3_1415*f;

C=40.1le-6;

Cs=1./((s+10e-6)*C);
len=length(Zst):;
Zstt=Zst+Cs(l:1len);
Is=(Vts)./Zstt;

% Switching current magnitude
Ism=(2/N1) *abs (Is):;

% Switching current magnitude without fundamental
Isml={Ism(1:3);0;Ism(5:151)];

% Plot commands

figure(3);

subplot(2,2,1);

stem (£(1:75),Ism(1:75));

xlabel ('Frequency (Hz)');

ylabel ('Magnitude (Amp)'}):;
title('Switching Current I(s)'):;

subplot(2,2,2);

stem(£(1:75),Isml(1:75));

xlabel ('Frequency (Hz)'):;

ylabel ('Magnitude (Amp)');

title('Switching Current I(s) without 60Hz Component');

%***-k********************k*********************

$Capacitor voltage computation

Ves=2Zst.*Is;

% Magnitude
Vesm=(2/N1) *abs (Vcs) ;

$Plot commands

figure(4);

plot (£(1:75), (Vesm(1l:75));
title('Capacitor Voltage')
ylabel {'Voltage Magnitude (V) ')
xlabel ('Frequency (Hz)')

2.3 Large Case and Superposition Method Calculations

$clear
clf

% Steady state voltage at the switch node prior to the switch
closure
load vswitchl. txt

%************************
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t=vswitchl (:,2);

N=length(t):

Vswith=sqrt (2) *vswitchl(:,3); %Peak

% Assume switch closes at the first peak of the waveform
Vswith=-[zeros (size(Vswith{(1:9))) ;Vswith(10:N)];

$plot command

figure(l);

subplot(2,2,1);

plot(t,Vswith/1000);

xlabel ('Time (sec)'):

ylabel ('Volts (kV) "),

title('A: Switch Voltage of the Large Case');

$Convert to frequency domain taking the data window of three cycles
Nl=length(Vswith(9:N)) ;

Vts=fft (Vswith(9:N),N1) ;

f=(0:N1-1)*20; %symmetry (taking three cycles as a period)
Vtsm=(2/N1) *abs (Vts);

subplot(2,2,2):

stem(£(1:20),Vtsm(1:20) /1000) ; % Plot voltage waveform
title('B: Switch Voltage in Frequency Domain')

xlabel ('Frequency (Hz)')

ylabel ('kV');

%****\l—****************************k************************

% Load impedance response computed by another program

load fscan.txt %load data file for the impedance response of the
network

load fscanone.txt %load impedance response of the bus 184
Zs=fscan(:,3);

angl=fscan(:,4):;

Zsl=fscanone(:, 3);

angll=fscanone(:,4);

%$Network impedance response from bus 202
Zsr=Zs.*cos (angl*3.1415/180):
Zsi=j*Zs.*sin(angl*3.1415/180);
Zst=Zsr+Zsi;

$¥Impedance response of bus 184 from bus 202
Zsrl=Zsl.*cos (angll*3.1415/180);
Zsil=j*Zsl.*sin(angll1*3.1415/180);
Zstl=Zsrl+Zsil;

$Plot commands
figure(2);

subplot (2,2,1);

plot (£, Zs) ;

title('Impedance Response of the Large System ')
ylabel (' Magnitude of Z(s)'):
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xlabel ('Frequency (Hz)')

subplot (2,2,2):;

plot(£f,angl);

title('Impedance Response of the Large System ')
ylabel (' Angle in degrees of Z(s)'):;

xlabel ('Frequency (Hz)')

subplot (2,2,3);

plot(£f,2Zsl);

title('Impedance Response of the Large System bus-184 ‘)
ylabel (' Magnitude of Z(s)'):;

Xlabel ('Frequency (Hz) ')

subplot(2,2,4);

plot (f,angll);

title('Impedance Response of the Large System bus-184"')
ylabel (' Angle in degrees of Z(s)'):

xlabel ('Frequency (Hz) ')

%******i—*******************************************************

%Compute switching current

=-j*2*3.1415*f;
C=7.52e-6;
Cs=1./(s*C+1le-6);
Zstt=Zst+Cs;
Is=(Vts)./Zstt;

Ism=(2/N) *abs (Is); %$The Amplitude at different frequencies
Isml=[Ism(1:3);0;Ism(5:401)])]; % Remove fundamental

% Plot commands

figure (3);

subplot(2,2,1);

plot(f, Ism);

xlabel ('Frequency (Hz) ");

ylabel ('Magnitude (Amp)'):

title(' Switching Current I(s) of the Large Case');

subplot (2,2, 2);

plot (£, Isml};

xlabel ('Frequency (Hz)'):;

ylabel ('Magnitude (Bmp) '):

title(' Switching Current I(s) of the Large Case without
Fundamental') ;

%******‘k***********:‘:***************************************

$Compute transient voltages

% At switching bus (bus 202)
Vts=2Zst.*Is;
Vst=(2/N) *abs (Vts) ; $The Amplitude at different frequencies
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% At bus 184
Vtsl=Zstl.*Is;
Vstl=(2/N) *abs (Vtsl); $The Amplitude at different frequencies

$ Plot commands

figure(4);

subplot(2,2,1);

stem(£(1:300), Vst(1l:300));

xlabel ('Frequency (Hz)'):;

ylabel ('Magnitude (V)');

title('Transient Voltage V(s) of the large case at 42S-202');

subplot(2,2,2);

stem(£(1:300), Vstl(1:300));

xlabel ('Frequency (Hz)'):

ylabel ('Magnitude (V) *');

title('Transient Voltage V(s) of the large case at 184');

$end

3. Matlab Scripts 3

Following scripts are used in chapter 4.

3.1 Selection of Key Frequencies from Voltage Spectrum

$clear
clf

$Load voltage data computed earlier in chapter 3
load chfive.txt:

V551=chfive(:,5);
f=chfive(:,2);

%*******************************************

$Compute magnitudes at key frequencies

% Bus 551

PeakH=max (V551); %Find the maximum values among the magnitudes
Min_reqd=0.10*PeakH; % Calculate the ten percent of the peak of all
the magnitudes

n=length(V551); 3%find the total number of points

fnew=0;
Ismnew=0;
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j=1:
for i=l:1:n

if (V551 (i)>=Min reqd)
V551lnew (j)=V551 (i) ;
fnew(j)= £(i):

end

Jj=i+1;
end

V551lnew=V55lnew’';
fnew=fnew';

% Plot commands

figure(1l):;

subplot(2,1,1);

plot (£(1:350),V551inew(1:350));

xlabel ('Frequency (Hz)');

ylabel ('Voltage Magnitude (V)'):

title(' Transient Voltage at Bus 551 Using Key Frequencies'):;

subplot(2,1,2):;

plot (£(1:350),V551fm(1:350));

title('Actual Voltage Magitude at Bus 551 of the Network')
ylabel ('Voltage Magnitude (V) ');

xlabel ('Frequency (Hz)')

3.2 Selection of Key Frequencies from Transfer Impedance

$clear
clf

%$Load impedance response Data

load fscanl.txt;

load Iswitch.txt;

% Extract Column values from the data table
2551 fm=fscanl (:,3);

angl551=fscanl (:,4);

f=fscanl(:,2):

Is=Iswitch(:, 3);

$Determination of key frequencies

%Find the Peak of the transient component
PeakH=max (Z551fm);

% Calculate the threshold wvalues

Min reqd=0.10*PeakH;

n=length(Z551fm); %find the total number of points
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fnew=0;
j=1:
Z551new=0;

for i=l:1:n

if (2551fm(i)>=Min_reqd)
Z551new(j)=z551fm(i) ;
fnew(j)= f(i);

end

j=i+1;
end

Z551new=zZ551lnew"’;
fnew=fnew';

figure(1l);

subplot(2,2,1);

plot (£(1:350),2Z2551lnew(1:350));

xlabel ('Frequency (Hz)')};

ylabel (' Impedance Magnitude');

title(' Transfer Impedance at Bus 551 at Key Frequencies');

$Compute voltage by key frequencies
V551 fma=Z551lnew.*Is;

subplot(2,2,2);

plot (£(1:350),V551fma(1:350));

xlabel ('Frequency (Hz)');

ylabel ('Voltage Magnitude (V) ');

title(' Transient Voltage at Bus 551 Using Key Frequencies of

Impedance') ;
%*******************************************************************

4. Matlab Scripts 4

Following scripts are used to generate figures found in chapter 5.

41 Time Domain Calculations to Determine Peak of the

Transient:

$clear
clft
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load chfive.txt; $Load Data
load chfivea.txt; $Load Data
% ——— ——— — — i o —_— ———— o — . e o

V202=chfive(:,3);
V444=chfive(:,4);
V551=chfive(:,5);
V552=chfive(:,6);
V564=chfive(:,7);
V58l=chfive(:,8);
V586=chfive(:,9);

V1i84=chfivea(:,3);
V183=chfivea(:,4);
V170=chfivea(:,5);
V585=chfivea(:, 6);
V554=chfivea(:,7);
V582=chfivea(:, 8);
V556=chfivea(:,9);
V557=chfivea(:,10);

%******************************************

$Find Steady State Peak Value

V202s=max( (V202 (50:200))
V444s=max((V444(50:200))
V551s=max( (V551 (50:200))
V552s=max ( (V552 (50:200))
V564s=max( (V564 (50:200))
V581s=max( (V581 (50:200))
V586s=max ( (V586 (50:200))

e e e e e e
NEONe N Ne Se Ny

V1i84s=max( (V184 (50:200)
V183s=max( (V183 (50:200)
V170s=max ((V170(50:200)
V585s=max ( (V585 (50:200)
V554s=max ( (V554 (50:200)
V582s=max ( (V582 (50:200)
V556s=max ( (V556 (50:200)
V557s=max ( (V557 (50:200)

N et et e e e e e
Nt et e et M et e e

%*****************************************

%¥Find total peak Value

V202t=max (abs (V202));
V444t=max (abs (V444));
V551lt=max (abs(V551));
V552t=max (abs (V552));
V564t=max (abs(V564));
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V581lt=max (abs (V581)
V586t=max (abs (V586)

V184t=max (abs (V184)
V183t=max (abs (V183)
V170t=max (abs (V170)
V585t=max (abs (V585)
V554t=max (abs (V554)
V582t=max (abs (V582)
V556t=max (abs (V556)
V557t=max (abs (V557)

)
)

)
)
)
)
)
)
)
)

r
r

AT TONE PR )

Ne o weoN

.

%************************************-k*****

$Find the Transient Peak

V202tt=v202t-vV202s;
V444tt=V444t~-vVddds;
V551tt=v551t-V551ls;
V552tt=V552t-V552s;
V564tt=V564t-V564s;
V581tt=vV581t-Vv581ls;
V586tt=V586t-V586s;

V184tt=v184t-V184s;
V183tt=v1i83t-V183s;
V1i70tt=v170t-V170s;
vV585tt=vV585t-Vv585s;
V554tt=V554t-V554s;
V582tt=v582t-V582s;
V556tt=V556t-V556s;
V557tt=V557t-V557s;

$Time Domain Transient

VT=[V202tt,V444tt,V551tt, v552tt,V564tt,V581tt, Vv586tt,V1i84tt, V183tt,V
170tt,V585tt, v554tt, V582tt,v556tt,V557tt] ';

%****************************************

%

%
4.2
Peak of the Transient:
$clear
clf
% __________________
load chf.txt;
load chfa.txt;
N=chf(:,1);

£={

Frequency Domain Calculations to Determine Estimated

0:N-1)*20";

Peaks:

$Load Data
$Load Data
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%~ _
% Load voltage magnitudes computed from
% program used in chapter 3.
V202fm=chf (:, 3);

V444 fm=chf(:,4);

V551fm=chf(:,5);

vV552fm=chf(:,6);

V564 fm=chf(:,7);

V581 fm=chf(:,8);

V586fm=chf(:, 9);

V184 fm=chfa(:,3);
V183fm=chfa(:,4);
V170fm=chfa(:,5);
V585fm=chfa(:, 6);
V554 fm=chfa(:,7);
v582fm=chfa(:,8);
V556fm=chfa(:, 9);
V557fm=chfa(:,10);

%******************************************

3Find the Peak of the transient component

PeakHl=max (V202£fm) ;

% Calculate the ten percent of the peak of all the magnitudes
Min reqdl=0.10*PeakHl1;

nil=length(V202fm); $find the total number of points
fnewl=0;

j=1:
for i=1:1:nl

if (V202fm(i)>=Min_reqdl)
V202new (j}=V202£fm (i) ;
fnewl (j)= £(i);
end

V202new=vV202new"';
fnewl=fnewl';

Peak202=sum(V202new) -sqrt (sum(V202new. *V202new) } ;

%*******************************************************************

$Find the Peak of the transient component

PeakH2=max(V444fm) ;

% Calculate the ten percent of the peak of all the magnitudes
Min_ reqd2=0.10*PeakH2;

n2=length(V444fm); %find the total number of points
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ccunt=0;

for x=i:1i:n2

frnew2=0;

if count>=50

Min regd2=Min reqd2+200;
end
Jj=%;
for i=i:i:n2

if (Vé4ifm (i) >=Min reqd2)
Véddnew(j)=V44dfm (i) ;
fnew2(j)= £(i);
end

j=i+1;
end
if (length{V444new)>1i00)
Min reqd2=Min_reqd2+150;

end

ij=L;
for i=1:1:n2

if (V444fm(i)>Min_reqd2)
V4ddnewa (j)=V444£fm(i);
fnew2a(j)= £(i);
end
j=i+1;

end

V444new=Vdd4dnewa;
fnew2=fnew2a;

Vd44new=V444new';
fnew2=fnew2';

Peak444=sum(V444new)—sqrt(sum(V444new.*V444new));

%*****************************&**********ir*ir***i—**************w*****

PeakH3=max (V551fm);
Min_ reqd3=0.10*PeakH3;
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n3=length (V551fm); %find the total number of points
fnew3=0;

j=1:
for i=1:1:n3

if (V551fm(i)>=Min_reqd3)
V551lnew(j)=V551fm(i);
fnew3(j)= £(i);
end
j=i+1;

end

V551lnew=V55lnew’';
fnew3=fnew3"*;

Peak551=sum(V551lnew) -sqgrt (sum(V55lnew. *V551new) ) ;

%********************************************** F ke dede e ko d ke dede deode ok ke ok deode Kk K

PeakH4=max{V552fm) ;

Min_reqd4=0.10*PeakH4;

nd=length(V552fm); %find the total number of points
fnew4d=0;

j=1:
for i=1:1:n4

if (V552fm (i) >=Min_reqdl)
V552new(j}=vV552fm(i);
fnewd (j)= £(i):
end
Jj=i+1;

end

V552new=V552new’ ;
fnewd=fnewd *;

Peak552=sum(V552new) -sqrt (sum(V552new. *V552new) ) ;

%*******************************************************************

PeakHS5=max (V564 £fm) ;
Min reqd5=0.10*PeakH5;

n5=length(V564fm); %find the total number of points

fnew5=0;
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j=1;
for i=1:1:n5

if (V564 fm (i) >=Min_reqdl)
V564new(j)=vV564fm (i) ;
fnew5 (j)= £(i):;
end
Jj=i+1;

end

V564new=V564new’ ;
fnewbS=fnew5"';

Peak564=sum (V564new) -sqrt (sum(V564new. *V564new) ) ;

%**************************************i—**************‘k*************

PeakH6=max (V581fm);
Min reqd6=0.10*PeakH6;

n6=length(v581fm); %$find the total number of points

fnew6=0;

j=1;

for i=1:1:n6

if (V581fm(i)>=Min_reqd6)
V58lnew (j)=V581fm(i);

fnew6(j)= £(i);
end

J=i+1;
end

V581lnew=V58lilnew’';
fnewb=fnewt"';

Peak581=sum(V581lnew) -sqrt (sum(V58lnew. *V581lnew) ) ;

%*******************************************************************

PeakH7=max (V586fm) ;
Min reqd7=0.10*PeakH7;

n7=length(V586£fm); %find the total number of points

fnew7=0;

j=1:
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for i=1:1:n7
if (V586£fm(i)>=Min_reqd7)
V586new (j)=VvV586fm(i);
fnew7 (j)= £(i);
end
Jj=i+1;

end

V586new=V586new’;
fnew7=fnew7"';

Peak586=sum (V586new) -sart (sum (V586new. *V586new) } ;

%*******************************************************************

PeakH9=max (V184 £fm) ;
Min reqd9=0.10*PeakH9;

n9=length(V184fm); %find the total number of points

fnew9=0;

j=1;
for i=1:1:n9

if (ViB84£fm (i)>=Min_reqd9)
V1i84new (j)=V184fm(i);
fnew9(j)= £(i);
end
J=i+1;

end

V184new=V184new';
fnew9=fnew9"';

Peakl84=sum(V184new)-sqrt (sum(Vli84new.*V1i84new));

%*******************************************************************

PeakH10=max(V183fm) ;
Min reqdl0=0.10*PeakH10;

nl0=length(V183fm); %find the total number of points

fnewl0=0;
i=1;
for i=1:1:nl0

if (V183£fm (i) >=Min_reqdl0)
V183new(j)=V183fm(i);
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frewlO(j)= £(i):;
end

J=i+1;
end

V1i83new=V183new';
fnewlO=fnewlO';

Peakl83=sum(V183new)~sqgrt (sum(Vi83new. *V183new));

%*******************************************************************

PeakHll=max (V170fm) ;
Min reqdll=0.10*PeakH1l;
nll=length(V170£fm); %$find the total number of points

fnewll=0;

j=1;

for i=1:1:nl1l

if (Vl70fm(i)>=Min_reqdll)
V170new (j)=V1i70£fm (i) ;

fnewll (j)= £(1i);
end

Jj=i+1;
end

V170new=V170new’';
fnewll=fnewll’';

Peakl70=sum(V170new)-sqrt (sum(V1i70new.*V170new));

%*******************************************************************

PeakH1l2=max (V585fm) ;
Min reqdl2=0.10*PeakH12;
nl2=length(V585fm); %find the total number of points

fnewl2=0;

j=1;:
for i=1:1:nl12

if (V585fm (i) >=Min reqdl2)
V585new (j)=V585£fm (i) ;
fnewl2 (j)= £(i);
end
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Jj=i+1;
end

V585new=vV585new"’;
fnewl2=fnewl2’';

Peak585=sum(V585new)-sqrt (sum (V585new. *V585new) ) ;

%******-k************************************************************

PeakH13=max (V554£fm) ;
Min_reqdl3=0.10*PeakH13;

nl3=length(V554fm); %find the total number of points
fnewl3=0;

j=1;
for i=1:1:nl13

if (V554fm (i) >=Min_reqgdl3)
V554new (j)=V554fm(i) ;
fnewl3(j)= £(i);
end
Jj=i+1;

end

V554new=V554new’;
fnewl3=fnewl3"';

Peak554=sum(V554new) -sqgrt (sum (V554new. *V554new) ) ;

%*******************************************************************

PeakHl4=max (V582fm) ;
Min_reqdl4=0.10*PeakH14;
nld=length(V582fm); $%$find the total number of points

fnewld=0;

j=1:
for i=1:1:n14

if (V582fm(i)>=Min_ reqdl4+200)
V582new (j)=V582fm (i) ;
fnewld (j)= £(i);
end

Jj=i+1;

end
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V582new=vV582new’;
fnewld=fnewld"';

Peak582=sum(V582new) —-sqgrt (sum(V582new. *V582new) ) ;

%***************-k*-k*-k***'k*******************************************

PeakH15=max (V556£fm) ;
Min reqdi5=0.10*PeakH15;

nl5=length(V556fm) ; $find the total number of points
fnewl5=0;

j=1;
for i=1:1:nl5

if (V556fm(i})>=Min_reqdl5)
V556new(j)=vV556£fm (i) ;
fnewl6(j)= £(i):
end
J=i+1;

end

V556new=V556new’ ;
fnewlS5=fnewl5"';

Peak556=sum(V556new) -sgrt (sum(V556new. *V556new) ) ;

%*****************‘k*********-k***************************************

PeakHl6=max (V557fm) ;
Min reqdlé=0.10*PeakH16;

nlé=length(vV557fm) ; $find the total number of points
fnewl6=0;

j=1;
for i=1:1:nlé6

if (VS57£fm(i)>=Min_reqdl6)
V55Tnew (j)=V557fm (i)
fnewl7(j)= £(1);
end
J=i+1;

end

V557new=V557new’';
fnewl6=fnewl6"';

Peak557=sum(V557new) ~sqrt (sum(V557new.*V557new) ) ;
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%*******************************************************************

%¥Correlated peak
Peak202r=sqrt (sum (V202new. *V202new) ) ;
Peak444r=sqrt (sum(V444new.*V444new));
Peak551lr=sqrt (sum(V551lnew. *V551new) ) ;
Peak552r=sqrt (sum(V552new. *V552new) ) ;

Peak564r=sqgrt (sum(V564new. *V564new) ) ;
Peak58lr=sqgrt(sum(V581lnew. *V581lnew) ) ;

Peak586r=sqrt (sum(V586new. *V586new) ) ;
Peakl84r=sqrt(sum(V1i84new.*V184new)) ;
Peakl83r=sqgrt(sum(V183new. *V183new) ) ;

Peakl70r=sqrt (sum(V170new.*V170new) ) ;
Peak585r=sqrt(sum(V585new. *V585new) ) ;
Peak554r=sqgrt(sum(V554new. *V554new) ) ;

Peak582r=sqrt (sum(V582new. *V582new)} ) ;
Peak556r=sqgrt(sum(V556new. *V556new) ) ;

Peak557r=sqrt (sum(V557new. *V557new) ) ;
%******************************************

diary on;

$Estimated peak
ers=[Peak202,Peak444,PeakSSl,Peak552,Peak564,PeakSBl,Peak586,Peakl8
4,Peakl83,Peakl70,Peak585,Peak554,Peak582,Peak556,Peak557]'
$Correlated peak
Vfcr=[Peak202r,Peak444r,PeakSSlr,Peak552r,Peak564r,Peak581r,Peak586r
,Peak184r,Peak183r,Peakl70r,Peak585r,Peak554r,Peak582r,PeakSSGr,Peak
557r]"

diary off;

4.3 Time domain calculations to Determine Energy of the

Transients:

%clear
clf
Yo————————

load chfive.txt; %Load voltage Data
load chfivea.txt; %Load voltage Data
load current.txt;

t=chfive(:,2); %Time column

%‘...."."‘.‘....“....‘..“. CHISBEEEEETIEOEES

%Load voltages for 15 given buses

V202=chfive(:,3);
Vd444=chfive(: 4);
V551=chfive(:,5);
V552=chfive(.,6);
V564=chfive(:,7);
V581=chfive(:,8);
V586=chfive(:,9);

V184=chfivea(:,3);
V183=chfivea(:,4);
V170=chfivea(:,5);
V585=chfivea(:,6);
V554=chfivea(;,7);
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V582=chfivea(:,8);
V556=chfivea(:,9);
V557=chfivea(:,10),

VoS OSSR ISI00ISE42085508835000PCEISIESRESS

% Functions to extract 60Hz component. Data files is such that the first cycle of the waveform contains the steady state 60Hz component.

delta_t=625¢-4;
Ffreq=60;
Ni=(inv(Ffreq)/delta_t);
Nf=round(Nf);

V60A=V202(1:Nf);
ti=t(1:Nf);

V60B=V444(1:Nf);
V60C=V551(1:Nf);
V60D=V552(1:Nf);
V60E=V564(1:Nf);
V60F=V581(1:Nf);
V60G=V586(1:Nf);
V60I=V184(1:Nf);
V60J=V183(1:Nf);
V60K=V170(1:Nf);
V60L=V585(1:Nf);
VE60M=V554(1:Nf);
VE0N=V582(1:Nf);
V600=V556(1:Nf);
V60P=V557(1:Nf);

%Time Step

%Fundamental Frequency in Hz

%Number of points for one cycle of the waveform.
%Convert to interger

%Extract data for one cycle of waveform from bus 202
%Extract time column from the data file.

%Extract data for one cycle of waveform from bus 444
%Extract data for one cycle of waveform from bus 551
%Extract data for one cycle of waveform from bus 552
%Extract data for one cycle of waveform from bus 564
%Extract data for one cycle of waveform from bus 581
%Extract data for one cycle of waveform from bus 586
%Extract data for one cycle of waveform from bus 184
%Extract data for one cycle of waveform from bus 183
%Extract data for one cycle of waveform from bus 170
%Extract data for one cycle of waveform from bus 585
“Extract data for one cycle of waveform from bus 554
%Extract data for one cycle of waveform from bus 582
%Extract data for ane cycle of waveform from bus 556
%Extract data for one cycle of waveform from bus 557

%...“........"..l......‘..‘...‘...C........‘..“..‘.“‘l.........
% Functions to substract 60Hz component from the total waveform (Cycle by Cycle)

% to get the transient component.

VHI=V202(1:Nf):
VHI=VHI-V60A;
VH2=V202(Nf+1:2*Nf);
VH2=VH2-V60A;
=V202(2*NF+1:3*Nf);
VH3=VH3-V60A;
VHA=[VHI;VH2;VH3};

VHI=V444(1:Nf);
VH1=VH1-V60B;
VH2=V444(Nf+1:2*Nf);
=VH2-V60B;
VH3=V444(2*Nf+1:3°Nf);
VH3=VH3-V60B;
VHB=[VHI;VH2; VH3];

VHI=V551(1:Nf);
VHI=VH1-V60C;
VH2=VS551(Nf+1:2*Nf);
VH2=VH2-V60C;
VH3=V551(2°*Nf+1:3*Nf);
VH3=VH3-V60C;
VHC=[VHI;VH2;VH3];

VHI=V552(1:Nf);
VHI=VHI-V60D;
VH2=VS552(Nf+1:2*Nf);
=VH2-V60D,
VH3=V552(2*Nf+1:3*Nf);
VH3=VH3-V60D;
VHD=[VHI;VH2;VH3};

VHI=V564(1:Nf),
VH1=VHI-V60E;
=V564(Nf+1:2*Nf);
VH2=VH2-V60E;
VH3=V3564(2*Nf+1:3*Nf);
VH3=VH3-V60E;
VHE={VHI;VH2;VH3];

VHI=V581(1:Nf);
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VHI=VHI1-V60F;
VH2=V581(Nf+1:2*Nf);
VH2=VH2-V60F;
VH3=V581(2*Nf+1:3*Nf);
VH3=VH3-V60F;
VHF={VHI1;VH2;VH3];

VH1=V586(1:Nf);,
VHI=VHI-V60G;
VH2=V586(Nf+1:2*Nf);
VH2=VH2-V60G;
VH3=V586(2*Nf+1:3*Nf);
VH3=VH3-V60G;
VHG={VHI1;VH2,VH3];

VHI=V184(1:Nf);
VHI=VHI-V60I;
VH2=V184(Nf+1:2*Nf);
=VH2-V60I;
VH3=V184(2*Nf+1:3*Nf);
VH3=VH3-V60I;
VHI=[VH1;VHZ;VH3];

VHI=VI83(1:Nf);
VHI=VHI-V60J;
VH2=V183(Nf+1:2*Nf);
VH2=VH2-V60J;
VH3=V183(2°Nf+1:3*Nf);
VH3=VH3-V60J;
VHJ=[VHI;VH2;VH3};

VHI=V170(1:Nf);
VHI=VHI1-V60K;
VH2=V170(Nf+1:2*Nf);
VH2=VH2-V60K;
=V170(2*Nf+1:3*Nf);
VH3=VH3-V60K;
VHK={VHI;VH2;VH3],

VHI=V585(1:Nf);
VHI=VHI-V60L;
VH2=VS585(Nf+1:2*Nf),
VH2=VH2-V60L;
VH3=V585(2*Nf+1:3*Nf);
VH3=VH3-V60L;
VHL=[VHI;VH2;VH3};

VHI=V554(1:N6);
VHI=VHI-V60M;
VH2=V554(Nf+1:2*Nf);
VH2=VH2-V60M;
VH3=V554(2*Nf+1:3*Nf);
VH3=VH3-V60M:
VHM=[VHI;VH2:VH3];

VHI=V582(1:Nf);
VHI=VHI-V60N;
=V582(Nf+1:2*Nf),
VH2=VH2-V60N;
VH3=V582(2*Nf+1:3*Nf);
VH3=VH3-V60N;
VHN=[VHI;VH2;VH3];

VHI=V556(1:Nf);
VHI=VHI-V600;
VH2=V556(Nf+1:2°Nf);
VH2=VH2-V600;
VH3=V556(2*Nf+1:3*Nf);
VH3=VH3-V600;
VHO=[VHI;VH2;VH3];

VHI=V557(1:Nf);
VHI=VH1-V60P;
VH2=V557T(Nf+1:2*Nf),
VH2=VH2-V60P,
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VH3=V557(2*Nf+1:3*Nf);
VH3=VH3-V60P;
VHP={VHI;VH2;VH3};

%.‘l..‘t.“‘..“‘.....‘.".‘.“‘.‘.‘...........‘.

% Function to integrate the transient component (Equation 5.3) by trapezoidal method

n=(length(VHA)),

x1=VHA(1:n-1).*VHA(1:n-1);
=VHA(2:n).*VHA(2:n);

y={(xI+x2)2];

AreaA=(1/n)*sum(y);

x1=VHB(l:n-1).*VHB(1:n-1);
x2=VHB(2:n).*VHB(2:n);
y=[(x1+x2)2];
AreaB=(1/n)*sum(y);

x1=VHC(1:n-1).*VHC(1m-1);
x2=VHC(2:n).* VHC(2:n);
y={(x1+x2)72];
AreaC=(1/n)*sum(y);

x1=VHD(1:n-1).*VHD(I:n-1);
x2=VHD(2:n).* VHD(2:n);
y={(x1+x2)2};
AreaD=(1/n)*sum(y);

x1=VHE(1:n-1).*VHE(l:n-1);
x2=VHE(2:n).*VHE(2:n);
y=[(x1+x2)2];
AreaE=(1/n)*sum(y);

xi=VHF(1:0-1).*VHF(1:n-1);
x2=VHF(2:n).* VHF(2:n);
y={(xI+x2)2];
AreaF=(1/n)*sum(y);

x1=VHG(1:n-1).*VHG(1:n-1);
x2=VHG(2:n).*VHG(2:n);
y={(x1+x2)2};
AreaG=(1/n)*sum(y);

x1=VHI(1:n-1).* VHI(1:n-1);
x2=VHI(2:n).* VHI(2:n),
y=[(x1+x2)2];
Arcal=(1/n)*sum(y);

x1=VHI(1:n-1).* VHI(1:n-1);
x2=VHI(2:n).*VHJI(2:n);
y=[(x1+x2)2];
AreaJ=(1/a)*sum(y);

x1=VHK(1:n-1).* VHK(l:n-1);
x2=VHK(2:0).*VHK(2:n);
y={(x1+x2)/2];,
AreaK=(1/n)*sum(y);

x1=VHL(1:2-1).*VHL(1:n-1);
x2=VHL(2:n).*VHL(2:n);
y={(x1+x2)2];
Areal=(1/n)*sum(y);

x1=VHM(1:n-1).* VHM(1:0-1);
x2=VHM(2:n).* VHM(2:n);
y=[(x1+x2}2];
AreaM=(1/n)*sum(y);

x1=VHN(1:n-1).*VHN(l:n-1);
x2=VHN(Q2:n).* VHN(2n);
y=[(x1+x2)2};
AreaN=(1/n)*sum(y);

%ifind the total number of points

Yextract points beginning from second entry to the end and square it.
%extract points from start to one before the end and square it.

%sum of the two sides of the trapezoid

%Sum to find the final result for bus 202

%Bus 444

%Bus 551

% Bus 552

% Bus 564

% Bus 581

% Bus 586

% Bus 184

% Bus 183

% Bus 170

% Bus 585

% Bus 554

% Bus 582
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xI=VHO(1:n-1).*VHO(I:n-1);
x2=VHO(2:n).* VHO(2:n);
y={(x1+x2)2];

AreaO=(1/n)*sum(y); % Bus 556

x1=VHP(1:n-1).*VHP(1:n-1);
=VHP(2:n).*VHP(2:n);

y={(x1+x2)2];

AreaP=(1/n)*sum(y); % Bus 557

energy=[{AreaA, ArcaB, AreaC, AreaD ArcaE, AreaF, AreaG, Areal, Areal, AreaK, Areal, AreaM, AreaN, AreaO, ArcaP}’;

Yeend

4.4 Frequency domain calculations to Determine Energy of the

Transients:

%clear
clf

load chf.txt; $Load Data
load chfa.txt; $Load Data

=chf(:,2);

$Load voltage magnitudes
V202fm=chf(:,3);
V444 fm=chf(:,4);
V551fm=chf(:,5);
V552fm=chf(:,6);
V564fm=chf(:,7);
V581 fm=chf(:,8);
V586fm=chf (:,9):

Vi84fm=chfa(:,3);
V1i83fm=chfa(:,4);
V170fm=chfa(:,5);
V585fm=chfa(:, 6);
V554 fm=chfa(:,7);
V582fm=chfa(:,8);
V556fm=chfa(:,9);
V557 fm=chfa(:, 10} ;

%************************************

$¥Compute energy
$ Function to integrate by trapezoidal method

n={length(V202fm)); %find the total number of points

¥extract points beginning from second entry to the end and square
it.

X1=V202fm(l:n-1).*V202fm(l:n-1);

%extract points from start to one before the end and square it.
X2=V202fm(2:n).*vV202fm(2:n) ;

y=[(x1+x2)/2]; %sum of the two sides of the trapezoid
ArealA=(1l/pi) *sum(y):; %Sum to find the final result for bus 202



Appendix B: Matlab Scripts 128

x1=V444fm(l:n~1).*V444fm(l:n-1);
x2=V444fm(2:n) .*V444fm(2:n);
y={(x1+x2})/2]1:

AreaB=(1/pi) *sum(y); %Bus 444

%x1=V551fm(l:n-1).*V551fm(l:n-1);
X2=V551fm(2:n) .*V551fm(2:n);
y=[(x1+x2)/2];

AreaC=(1/pi) *sum(y); %Bus 551

x1=V552fm(l:n-1).*V552fm(l:n-1);
X2=V552fm(2:n) .*V552fm(2:n) ;
y=[(x1+x2)/2];
AreaD=(1/pi)*sum(y); % Bus 552

X1=V564£fm(l:n-1) .*V564fm(l:n-1);
X2=V564fm(2:n).*V564fm(2:n) ;
y=[(x1+x2)/2};

AreaE=(1/pi) *sum(y); % Bus 564

X1=V581fm(l:n-1).*V581fm(l:n-1);
x2=V581fm(2:n).*V581fm(2:n) ;
y=[(x1+x2)/2];

AreaF=(1/pi) *sum(y); % Bus 581

x1=V586fm(l:n-1) .*V586fm(l:n-1);
x2=V586fm(2:n).*V586fm(2:n) ;
y=[(x1+x2)/2];
AreaG=(1l/pi)*sum(y); % Bus 586

x1=v1i84fm(l:n-1) .*V1i84fm(l:n-1);
x2=V184fm(2:n).*V184fm(2:n) ;
y=[(x1+x2) /2];
Areal=(1/pi)*sum(y); % Bus 184

x1=v183fm(l:n-1) .*V183fm(1l:n-1);
x2=V183fm(2:n).*V183fm(2:n) ;
yv=[(x1+x2)/2]};

Aread=(1l/pi) *sum(y); % Bus 183

x1=V170fm(l:n-1).*V170fm(1l:n-1);
x2=V170fm(2:n) .*V170fm(2:n) ;
y=[(x1+x2)/2]1;
AreaK=(1l/pi)*sum(y); % Bus 170

x1=V585fm(l:n-1) .*V585fm(1l:n-1);
x2=V585fm(2:n) .*V585fm(2:n) ;
y=[{(x1+x2)/2];

Areal=(1/pi) *sum(y); % Bus 585

x1=V554fm(l:n-1) .*V554fm(1l:n-1);
X2=V554fm(2:n) .*V554fm(2:n) ;
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yv=[({x1+x2)/2};
AreaM=(1/pi) *sum(y); % Bus 554

x1=V582fm(1l:n~-1).*V582fm(1l:n-1);
x2=vV582fm(2:n).*v582fm(2:n) ;
yv=[(x1+x2)/2]:

AreaN=(1/pi) *sum(y); % Bus 582

x1=V556fm(l:n~-1).*V556fm(l:n-1);
x2=V556fm(2:n).*vV556fm(2:n) ;
yv=[(x1+x2)/2];
AreaO=(1/pi)*sum(y); % Bus 556

x1=V557fm(l:n~1).*V557fm(1l:n-1);
x2=V557fm(2:n).*V557fm(2:n) ;
v=[(x1+x2)/2];
AreaP=(1/pi)*sum(y); % Bus 557

energy=[AreaA, AreaB, AreaC, AreaD,AreaE, AreaF, AreaG,
AreaJ, AreaK, Areal, AreaM, AreaN, AreaQ, AreaP]';

$end

Areal,
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