Improving Control, Protection and Operation with
Standing Wave Analysis

Knowing all the Angles! By Tom R. Janca CET Sr, KD7GSB

Introduction

The 2-state machine stability problem with origins in the 1930's revealed two
important items when considering operational stability of rotational machines,
specifically the synchronous generator and electrical motor load. System stability and
maximum power transfer are affected by the phase angle application of power to load
as given in the elementary power angle diagram well known to the practicing electrical
power engineer. Phase angle implying the generator power had to be delivered at the
proper time for both efficiency and stability. A layer deeper than phase angle is the
manner in which mechanical rotational energy is converted to oscillating electrical
energy and the time or phase relationship between voltage and current in that power
delivery. Fortunately, mechanical and electrical oscillations share many analogies while
being different perceptible realties which assisted development and advancement of a
stable electrical grid. Unfortunately, the original large source of hydro power created
quite a distance between the synchronous generator and the industrial motor and
developing electrical loads which required long electrical transmission lines to bring
power to market. Transmission lines soon grew to switched electrical networks that
spanned large territories and grew more complex while our two-state machine stability
laid at the foundation of electrical engineering practices. This paper is written to

complement the two-machine model by examining how those long distance



transmission lines impact the stability and efficiency between generation and electrical

distribution through standing wave analysis.

The original problem was determining circuit layouts that would remain stable
under various load, switching and protective actions. The assumptions based upon two
identical synchronous machines connected by an "infinite bus™ gave us the stability
criteria for the complex grid of today. The layouts have been shown over time to have
severe limitations as revealed by cascading outages and the problems of rapid voltage
collapse. Transmission lines face many challenges impaired by that "infinite bus"
connected to a synchronous generator supporting a diverse load impedance. Standing
wave analysis examines that "infinite bus" model with the aim of improving the
"standard of service" delivered by transmission providers and assist with improving

control, protection and operation of transmission line assets by knowing all the angles.

"Infinite Bus"

Model Assumption

e Traveling Wave Mode of Operation
e Stable voltage across electrical line length

Three generic classifications of bus exist in today's electrical system;

1. Generator Bus
2. Reference or Slack Bus
3. Load Bus
A bus in a mechanical sense is a common connection point for source and load lines
within a station with a very important electrical role. Transmission and distribution lines

provide the electrical connection between station buses. The "infinite bus" comprises

these buses and the transmission lines between generation and load. An "infinite bus"



assumption removes the electrical bus and transmission lines from the interaction
between the generator and load by modeling the bus and line impedances as matched to
the generator and load. A matched transmission line of equal impedance to the
generator and load creates an electrical traveling wave mode of operation. A traveling
wave mode of operation assumes all energy produced by the generator is transported
with only resistance and reactive losses in the line to the connected load. The "infinite
bus" isn't achievable in the real world. The finite bus of reality has reflections produced
by the different impedances from the generator connection to the load termination that
reflect power back toward the generator that interfere constructively and destructively
with delivered power. The result are standing waves on the line with voltage and current
minimums and maximums distributed along the line distances that change position with
changes in source and load impedances. The affect on stability criteria is the finite
buses influence on the generator and load during fault isolation, switching actions and

load changes.

Standing wave

A standing wave is produced by forward generator power that is reflected by an
impedance discontinuity and produces a return power wave. Electrical opens and shorts
comprise two of the largest reflection events creating a full reflection of incident energy
with a capacitive(Xc) or inductive(X.) phase angle dependent on line length and
operational frequency. The return power is 180° or & radians out of phase and moves
against the forward wave constructively and destructively creating the standing wave.

The pattern of interference is determined by the ratio of transmission line length to the



operating wavelength established by the velocity of propagation of the line typically
within 90-100% of the speed of light for open-wire transmission lines.

In protective operations, the short is quickly removed by opening the faulted zone.
However, the open is reflecting all generating power back toward the generating
source(s) whose forward voltage and current add and subtract to create maximums and
minimums. Calculation the standing wave energy is the missing element from the
intuitive knowing the "power has to go somewhere". It is the magnitude of the
summation of forward and reverse current maximums that can lead to cascading
outages by exceeding current safety margins. The affect of forward and reverse voltage
minimums or nodes being established at the length location of the PT/VT sensor leads to
the measurement of voltage collapse which can lead to other load switching activities.
Determining the impact of the impedance open at the switch location consist of looking at
the pu power level at the open, calculating the standing wave form along the length of
the line and plot the current and voltages minimums and maximums for a given circuit
created by the protective or switching action. Solving the problems on vulnerable high

value lines involves creating solutions based on the powers wave nature.

High risk lines

High risk lines can be identified based on the lines velocity of propagation and circuit
wavelength with the individual response of current and voltage means that certain lines
will have a higher probability of cascading outages or voltage collapse to an open. A
quick check with transmission line Geographical Information Systems line lengths
against these critical distances will reveal where a utility might begin investigating

methods of improving or addressing the vulnerability to cascading outages and voltage



collapse. As a baseline considering the protective or switching impedance affects of the

"open" at quarter wavelengths A/4 and A/2 length distances where risk are high.

Electrical Distance from Critical Line Reverse Wave
Quantity Open to Gen (vp=c)* Points and Normalized Value
Reverse
U .| ms Pu or normalized
mi Location State

Current \a | 776 4 Maximum +1

Current A2 | 1552 |8 Minimum 0

Voltage M4 | 776 14 Minimum 0

Voltage A2 | 1552 |8 Maximum -1
Impedance | M4 | 776 |4 0 Short 0
Impedance | A2 | 1992 |8 Imaginary Im

Table of Electrical Open responses at A/4 and A/2

It can be recognized then through examining standing waves that a protective
opening can create the appearance of a new fault in the protected zone in the line circuit
distance of 0 to a -A/4 back toward the generator or connected source. Further
examination can be done considering the 120 degree phase difference in time and the

impact of an open reflected impedance on the remaining phases using symmetrical

components for an now unbalanced system.
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The figure shows the normalized value of voltage current and impedance from 0, the
point of protective opening toward the generator for a quarter wavelengths distance or 90

electrical phase degrees. The horizontal distances presented are in line miles.

Stability Criteria Review

The formal definition of stability as given in ABB Transmission and Distribution
Reference Book;

Stability can be formally defined as follows:

Stability when used with reference to a power system, is
that attribute of the system, or part of the system, which
enables it to develop restoring forces between the elements
thereof, equal to or greater than the disturbing forces so as
to restore a state of equilibrium between the elements.*

Arguing that the initial examination excluded the electrical inertia and interaction of a
non-matched line through use of the "infinite bus" model, the standing-wave mode of
operation of a finite bus to include the bus-line interface would create disturbing and
restorative forces not properly accounted for. Impedance differences between different
system elements like the bus and transmission line would create a retarding force to

actions of the between the source or slack generator and the intended load. Electrical



phase length represented by the transmission line length in wavelength ratios also
indicates the phase difference in fractional wavelengths or mS between the "two
machines". The polyphase system standard of service can further advance when
analyzing layouts and protective schemes with symmetrical coordinates by including the
"open” line case analysis and the impact of finite transmission line operation with
standing waves.
Given the transmission line itself reacts with electrical inertia over time to changes in
generator or load impedances, accounting for the impedance presented to the
generator by the line as represented by the lines response in time to the load
impedance would improve the predictability of stability criteria by being considered in
evaluating stable system layouts. The maximum power transfer take out and stability
points are determined by the phase angle between the generator and load which is
influenced actively by the transmission lines response to impedance differences
represented by the reflection coefficient.

The reflection coefficient which is related to the difference in two impedances
determines the ratio of forward to reverse power present at the discontinuity as
represented by;

F_ZL—ZO
7.+ 7,




Based upon typical bus and line impedances the following table of reflection coefficients
was created.

Reflection Coefficient values calculated from IEE643 typical system impedances)

LineZ Bus=10 Bus=20 Bus=30 Bus=40 Bus=50 Bus=60 Bus=70 Bus=80 Bus=90 Bus=100
800 0.975 0.951 0.928 0.905 0.882 0.860 0.839 0.818 0.798 0.778
750 0.974 0.948 0.923 0.899 0.875 0.852 0.829 0.807 0.786 0.765
700 0.972 0.944 0.918 0.892 0.867 0.842 0.818 0.795 0.772 0.750
650 0.970 0.940 0.912 0.884 0.857 0.831 0.806 0.781  0.757 0.733
600 0.967 0.935 0.905 0.875 0.846 0.818 0.791 0.765 0.739 0.714
550 0.964 0.930 0.897 0.864 0.833 0.803 0.774 0.746  0.719 0.692
500 0.961 0.923 0.887 0.852 0.818 0.786 0.754 0.724  0.695 0.667
450 0.957 0.915 0.875 0.837 0.800 0.765 0.731 0.698 0.667 0.636
420 0.953 0.909 0.867 0.826 0.787 0.750 0.714 0.680 0.647 0.615
400 0.951 0.905 0.860 0.818 0.778 0.739 0.702 0.667  0.633 0.600

The table is the first step in analyzing the energy lost to working against discontinuities
in the system. A 400 ohm line given as a common line impedance connected to a 100
ohm bus still provides a 36% reflection of power with a phase angle. The power of such
a reflection works against real and reactive generation. At the load-line interface this
interferes with the phase angle of the motor and is delay by the electrical phase length

which is experienced by the generating source with its impact on armature heat.

Conclusion

. Standing wave analysis is important to stability criteria in determining layout and
protective schemes. It defines the electrical mode of line operations correctly as being
a standing wave line. It accounts for the impact of protective and switching actions
which alter the electrical circuits electrical phase length per wavelength and establish
new current and voltage maximums and minimums along the line. Voltage and current

minimum and maximums assist with predicting those conditions which could trigger



cascading outages or rapid voltage collapse by the Open circuit impedance created by
protective or switching operations.

The essential factors of the "line" in transmission systems stability analysis should also
include:

Line

1. Electrical phase length 6 or 4
2. Sending reflection coefficient
a. generator bus to line
3. Receiving reflection coefficient
a. load bus to line
4. Standing Wave Normal Operation
5. Current and Voltage Maximum and Minimums with protective and
switching operations

The model of a traveling wave mode electrical line supported by an infinite bus is
invalid and causes the wave nature of the line to be obscured. The standing wave
mode with associated reflections and node points is the real distribution of voltage,
current, impedance and phase angle on the line. Mathematically modeling and

accounting for the reverse power on the line advances visibility in to the source and

cause of cascading outages and rapid voltage collapse.

"it became apparent that many of the interruptions to service
were the result of disturbances that caused loss of synchronism
between various machines and that, by modifying
the system design, layout, or operation, it was possible
to provide a better standard of service.

The early analytical work on system stability"
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