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ABSTRACT

Current and voltage asymmetry denigrates the power system performance. The current
asymmetry reduces efficiency, productivity and profits at the generation, transmission and
distribution of electric energy. Voltage asymmetry reduces efficiency, productivity and profits at
the consumption/utilization level.

There are a lot of conference and journal papers on the subject of voltage and current
asymmetry, however, the information is scattered over a large number of journals and
conferences and published over several years. Therefore, the thesis provides a comprehensive
compilation of all possible published information on current and voltage asymmetry in the
electrical power systems.

Published information on sources of asymmetry, its propagation, negative effects upon
transmission and customer equipment and possible remedies are compiled, discussed and
analyzed in this thesis. This is done with respect to the voltage asymmetry and current
asymmetry, as well as their mutual interaction. Some situations related to the voltage and current
asymmetry are modeled in this thesis using the Electrical Transient Analyzer Program (ETAP)
software.

Due to the economics and efficiency of transmission, distribution and load diversity such
as single-phase, two-phase and three-phase utilization, asymmetric current and voltage is an
inherent feature in the distribution system. Therefore it has to be mitigated. The thesis discusses
methods aimed at reducing the current and voltage asymmetry in the distribution system. Some
of the sources of these methods are based on the Current Physical Component (CPC) power

theory.
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INTRODUCTION
1.1 Negative Effects of Asymmetry

The economic benefits of energy providers and its users are strongly dependent on the
supply reliability, security and efficiency of the power system and consequently, on the supply
quality and the loading quality. For instance, negative sequence current increases energy loss at
delivery. The negative sequence voltage causes temperature increase of the induction motors.
Also, there are other negative effects of the voltage and current asymmetries. Since the voltage
and current asymmetry causes various negative effects in power systems, these effects are the
subject of our concern and investigations.

The three categories of asymmetry that contribute to the negative effect of asymmetry on
the power system are: current asymmetry, voltage asymmetry and the simultaneous occurrence
of both current and voltage asymmetry.

Voltage asymmetry reduces efficiency, productivity and profits at the consump-
tion/utilization level. It contributes to a reverse magnetic field, increases the temperature of
windings, reduces output torque and increases the slip of rotating machinery. According to ref.
[17] and [18] the effect of voltage asymmetry on a three-phase induction motor operating at rated
load will cause an increase in losses, increase in the temperature of the windings, reduction of
life expectancy and reduce efficiency. For example, according to ref. [17], 1% voltage
asymmetry increases motor winding temperature from 120°C to 130°C with a I2R loss of 33% of
the total losses and an efficiency reduction of 0.5%. Furthermore the life expectancy of the
windings is reduced from 20 years to 10 years. However as the percent voltage asymmetry
increase so does the temperature of the motor. For instance at 4% voltage asymmetry the
winding temperature increase from 120°C to 160°C with a I?R loss of 40% of the total losses and

the efficiency reduce by 3-4%. At these values the life expectancy is further reduced to 1.25



years. As a consequence of this, motors should be derated (larger power rating) to compensate
for the extra heating. However, this could increase the difficulty of relay coordination and
therefore increase the cost of protection.

Three-phase rectifiers and inverters are also affected by voltage asymmetry - negative
sequence voltage. There are three main negative impacts of voltage asymmetry on rectifiers.
First, the voltage asymmetry produces a supply current asymmetry that increases the temperature
of the rectifier’s diodes and disturbs protective devices. Second, the asymmetric voltage causes
an increase in the magnitude of the zero sequence harmonics ref. [40] and also increase of the
voltage ripples on the dc-bus voltage. This increases the electrical demand of the capacity on the
dc-bus capacitor and or inductor. Third, it increases the ripple torque in the ASD induction
machine thereby increasing mechanical and thermal demand ref. [54] and [55]. According to ref.
[53] it is estimated that in the United States of America between 1-2 billion dollars per year is
attributed to the reduction of life expectation of motors due to the presence of harmonic and
voltage asymmetry.

Current asymmetry means that a negative sequence component occurs in the supply
current. Such a component does not contribute to useful energy transmission, but to transmission
of energy dissipated in power system equipment in the form of heat. As a result, the current
asymmetry reduces efficiency, productivity and profits at generation, transmission and
distribution of electric energy. Consequently, the ampacity of cables, transmission and
distribution lines have to be selected based on the level of negative sequence current it will be
subjected to during operations. Also the capacity of transformers and the efficiency of motors are
reduced. In other words the negative sequence current increases losses in the cables, transmission
and distribution lines, transformers and equipment on the power system ref. [14]. This is shown

in figure 4.6 of the ETAP model where the ampacity of cables, transmission and distribution



lines were overloaded due to negative sequence current flow. Also appendix B shows the data
associated with this model.

The negative sequence current causes voltage asymmetry. For instance, the current
asymmetry caused by very large single-phase loads such as high speed traction systems and AC
arc furnace contribute to dissimilar voltage drops on the balanced three-phases of the supply
system and consequently, it produces voltage asymmetry. For example, in ref. [45] a situation is
described, where a 350MW steam turbine generator supplies two 60MVA electric arc furnaces
(EAF) through a three-mile 230 KV transmission line. The EAF draws asymmetrical current,
which causes voltage asymmetry. As a result, the following sequence of events occurred: the
generator had a cracked shaft near the turbine-end coupling, then there was two failures of the
rotating portion of the brushless exciter and then while operating close to full load the
generator’s exciter—end retaining ring of the rotor failed. This cost the company a significant
amount of money and time to repair the generator.

Other negative effects occur at transient asymmetries, mainly caused by faults in the
power systems. Transient current asymmetry occurs due to single-phase - line-to-ground faults
and line-to-line faults etc. These are extreme levels of current asymmetry that can last for only a
few seconds but can lead to system instability and failure if not eliminated in time. Relays and
circuit breakers remove the fault current before it exceeds the (i")*t characteristic of the devices
and equipment connected. The operation of re-closers can produce transient asymmetry which
can result in nuisance tripping of relays. This is because the negative sequence setting has been
exceeded due to the transient asymmetry. Also Single Phase Switching (SPS) scheme are used
to improve the reliability of transmission systems and by extension also enhance the reliability of
the electrically close generators. However, according to ref. [58] the generators and transformers

could be subjected to negative and zero sequence condition for up 60 cycles or longer with SPS.



Since the system will only be operating on two phases in this time period the generator would be
subjected to heating due to the negative sequence current while the transformer will be subjected
to zero sequence circulating current. However, asymmetry due to faults will not be covered in
details in the thesis.

In some situations both the voltage and the current asymmetry have to be taken into
account. This increases the complexity of the problem and modeling is usually required. Figure
4.10 shown in the ETAP model used to analyze the condition with 90% voltage magnitude of
phase A and lumped7 load in network 6, representing single phase load imbalance. The results
show that transmission and distribution lines and transformers were overloaded. Also most of the
loads were subjected to currents that have exceeded their rated values. The combination of these
two sources of asymmetry created critical operating conditions (appendix B) for the power
system and should be avoided.

1.2 Sources of Asymmetry

Voltage asymmetry and current asymmetry are two different kinds of asymmetries in the
power system. Also there source and nature of occurrence are different. For instance there are
two reasons for the occurrence of voltage asymmetry. The first is due to the structural asymmetry
of parameters of generators, transformers transmission and distribution lines. The second is
caused by the voltage drop on the system impedance by asymmetrical currents. For example, the
generator can contribute to voltage asymmetry if the stator impedances for particular phases are
not mutually equal. This can be attributed to some level of mechanical asymmetry of the stator
and its windings. For instance, the eccentricity of the rotor causes variation of the air gap which
will result in asymmetry of the phase inductances. Another source of voltage asymmetry is the
transformer. Transformers can affect the voltage asymmetry in two ways. The first is through the

transformer geometry. This asymmetry is mainly due to the difference that exists between the



mutual impedances of the transformer phases. Mutual reactance is directly proportional to the
magnetic couplings between ports and the occurrence of stray losses produced in the tank and
frames are associated with the mutual resistances ref. [1]. The second is through the
configuration such as an open delta connected transformer banks on the distribution system.

The primary source of current asymmetry is load imbalance, which is due to single-phase
loads on the distribution system or faults on the load side. Even though load imbalance is usually
time-varying, it can be regarded as contributing to permanent current asymmetry. Permanent
imbalance occurs under normal operating conditions of the system. The single or double phase
loading of the three-phase 3-wire and three-phase 4-wire system and also imbalance three phase
loads are the contributors to permanent imbalance. The magnitude of the current asymmetry with
respect to traction loads is dependent on the path the train travels or route profile, the loading of
the train and on the power supply configuration. AC arc furnace and heavy reactive single phase
loads such as welders are some other examples of permanent imbalance on the power system.
Also the voltage asymmetry causes asymmetry of the supply current. This is particularly visible
in the current of induction motors supplied with asymmetrical voltage, since the motors
impedance for the negative sequence is lower than that of the impedance for the positive
sequence voltage. For example 1% asymmetry in the supply voltage can cause 6% or more of
current asymmetry in induction motors.

1.3 Methods of Asymmetry Mitigation.

There are a few levels and approaches to the reduction of asymmetry in voltages and
currents. Asymmetry can be confined or reduced by:

1. Imposing regulation and standards with respect to:
1. Equipment and transmission line construction.

2. Adopting standards on acceptable levels of current and voltage asymmetry.



2. Structural modifications of single-phase loads — both on utility and customer sides.
3. Single-phase voltage regulators.
4. Balancing compensators

1.1 Imposing regulation and standards with respect to equipment and transmission line
design will provide a systematic and cost effective way of mitigating asymmetry in the power
system. This initial stage of asymmetric reduction ensure that generators, transmission lines,
transformers, switching equipment and three-phase motors are designed and manufactured to be
symmetrical. For example, the impedance in each phase of the generator and motor is equal and
symmetrical with respect to each other. Transmission and distribution lines are spaced and
transposed to mitigate asymmetry.

1.2 NEMA, IEEE and CIGRE/CIRED JWG (C4.103 performed research and analysis to
create standards for current and voltage asymmetry in the power system. When these standards
are selected as the acceptable level of current and voltage asymmetry, fines can be imposed on
the respective entities to reduce asymmetry. For instance, fines can be imposed on utilities and
customers to keep asymmetry within the standard levels. Therefore, utilities are required to
supply reliable power to customers and they are not allowed to have an asymmetric level beyond
the level stipulated by the standards. Similarly, customers are not allowed to create asymmetry
beyond the stipulated levels.

2. One of the main objectives of asymmetric reduction is to use the most effective method
of reduction in a cost effective way. Structural arrangement is one of those cost effective ways.
For instance, the rearranging or redistributing of all single-phase loads equally among all the
three phases can mitigate asymmetry. This refers to the distribution of the supply of individual

homes or alternating connections in row of houses in residential subdivisions, per floor supply in



commercial buildings or street lights. Also by arranging the connection phases between the

distribution transformers and the primary feeder, the level of asymmetry can be reduced ref. [59].
For traction load, the load scheduling of the trains can improve the balance between the

phases of the three-phase system. For instance, since this is a large single phase load the

scheduling in relation with other traction system can be implemented in such a way that the

loading on the three-phase system is balanced.

2.1. Traction system transformer connections schemes.

e V- connection: The schemes have different efficiency levels in asymmetry reduction.
However, they can be selected based on the investment, operation and maintenance cost
ref. [58]. According to ref. [58] the single-phase connection and the V-connection
schemes are the most economical mitigation technique. But the V-connection scheme is
more efficient when compared with the single-phase scheme.

e Single — phase connection: In this arrangement the single transformer is fed with two
phases. One of the output phases is connected to the catenary that supplies the train
while the other is connected to the rails as the return current path. Therefore with this
arrangement each of the different phases of the three-phase system can be balance by
systematically distributing the phase connection base on the loading.

e The Scott transformer: Is two single phase transformers consisting of special winding
ratios, which is connected to the three phase system. The connection is such that the
output, which is a two-phase orthogonal voltage system, will provide connection of two
single-phase systems [13].

e Leblanc transformer.

Steinmetz — transformer: According to ref. [14] the Steinmetz transformer is a three-

phase transformer that is designed with a power balancing load feature. This consists of a



capacitor and an inductor that is rated in such a way that proportionality to the traction

load will produce a balanced system. However, ref. [14] further states that the following

condition must be realized if effective balancing is to be achieved: The three-phase rated

power of the transformer must be equal to the active power of the single-phase load.

When structural modifications are not sufficient for reduction of asymmetry to a level
imposed by standards, some equipment which enables reducing of asymmetry can be used. This
includes:

3. Single-phase voltage regulators: Single-phase regulators are used to increase or decrease
the voltage in each phase of a three-phase system, in such a way that symmetry is achieved.
However, they should be used carefully, to ensure that asymmetry is not elevated.

4. Balancing compensators: This can be built as reactance devices or as switching
compensators. There are some situations in which shunt switching compensators and reactance
devices are the best mitigation technique to use. For example, if the current asymmetry is caused
by an arc furnace then a shunt switching compensator can be used. Shunt switching compensator
not only mitigate asymmetry but it also mitigate reactance current, harmonics and any other
quantities that degrade supply and loading quality. Also if the current asymmetry is caused in an
industrial environment where large single-phase fixed parameter loads cannot be reconfigured to
obtain balance then a reactance balancing compensator can be used [chapter 16 — Dr. Czarnecki
unpublished data].

1.4 Objective of the Thesis

The thesis objective is to create a database of a variety of aspects of voltage and current
asymmetry in the power system for future use. This database will include published information
on

e The sources of voltage and current asymmetry.



e The propagation of voltage and current asymmetry.
e The negative effects voltage and current asymmetry has on electrical equipment.
e The level of voltage and current asymmetry that can be expected in various situations.
e Voltage and current asymmetry contribution to harmonic generation.
e Compensation techniques used to mitigate the negative sequence current and voltage that
is generated in the power system.
1.5 Approach of the Thesis

The thesis objective will be achieved by compilation, arrangement and discussion of all
the possible published information on the current and voltage asymmetry, their sources,
propagation, negative effects on transmission and customer equipment and on possible remedies
aimed at their reduction in the power system.

Some situations related to the voltage and current asymmetry are analyzed and modeled
using ETAP software.

The negative impact of current and voltage asymmetry on the electrical devices and
equipment in the power system will be discussed in Chapter 2. Sources and level of current and
voltage asymmetry will be discussed in Chapter 3. Propagation of voltage asymmetry in the
power system will be analyzed in Chapter 4. Design of reactance compensators for reducing

current asymmetry, based on the CPC power theory, will be presented in Chapter 5.



CHAPTER 2

NEGATIVE IMPACT OF CURRENT AND VOLTAGE ASYMMETRY
ON SELECTED EQUIPMENT

The economic benefits of energy providers and its users are strongly dependent on the
supply reliability, security and efficiency of the power system equipment and consequently, on
the supply quality and loading quality. For instance, negative sequence current increases loss
throughout the process of energy delivery. The negative sequence voltage increases temperature
of induction motors. There are also other negative effects of the voltage and current asymmetries.

The performance of some power equipment is affected by current asymmetry, some by
the voltage asymmetry, and some by both. Specifically, current asymmetry affects mainly
generating and transmission equipment, and the voltage asymmetry primarily affects customer’s
loads. This is why they are analyzed and discussed separately below.

2.1 Effects of Voltage Asymmetry

2.1.1 Induction Machine

When asymmetrical voltage is applied to a three-phase induction (asynchronous) motor,
its performance will deteriorate and the life expectancy will be reduced refs.[11], [14], [16], [17],
[60-65] and [18]. This voltage asymmetry causes current asymmetry. For example, according to
NEMA MG-1, 1% voltage asymmetry in an induction motor can contribute to 6-10% increase in
current asymmetry. The current asymmetry causes increase losses and by extension increase
temperature which leads to reduced life-expectation and reduced efficiency of the induction
motor. Furthermore it causes torque pulsation, increased vibration and mechanical stresses. In
most of the industry and manufacturing plants, more than 90 % of all motors used for production
are induction motors, therefore, voltage asymmetry decreases ref.[17] [53] the profit of these

plants. The voltage asymmetry can be more harmful ref. [11] when the motor is operated at full
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mechanical load. In other words the degree of impact of the voltage asymmetry varies with the
motor loading at the time.

The asymmetry of the supply voltage negatively affects, not only the motor, but also the
environment in which the motor is installed. This can be seen by the example given in ref. [11]
where a motor with a locked rotor current that is 6 times the normal operating current would
increase to 30% asymmetry in the motor line current if the voltage asymmetry is 5%.

The major effects of asymmetry on induction motors are compiled and discussed in more
details below.
2.1.1.1 Motor Temperature

According to ref. [17] and [65] the temperature rise, losses, efficiency and life expectancy
of a typical three-phase induction motor are dependent on the voltage asymmetry. Furthermore,
ref. [17] describes an induction motor at rated load, when supplied with a symmetrical voltage,
has winding temperature of 120°C, I’R losses of 30% of total losses and life expectancy of
approximately 20 years. For such a motor, a voltage asymmetry increase of 1%, increases the
temperature to 130°C, I’R losses increases to 33%, efficiency is reduced by 0.5% and life
expectancy is reduced to 10 years. For the same motor at voltage asymmetry of 5%, the
temperature increases to 180°C, IR losses increases to 45%, efficiency is reduced by approx. 5%
or more and life expectancy is reduced to 1 year.

The variation of these major effects with the level of voltage asymmetry is shown in
figure 2.2 ref. [17] and [11]. According to ref. [59], the power loss increases with increase of the
voltage asymmetry, as shown in Fig. 2.1, but the winding temperature increases faster than the
power loss. Some increase in power loss is related to increase in the winding resistance R with its
temperature increase. This is known as the creeping phenomenon and it accounts for the spread

between the heating and loss curves in figure 2.1 and 2.2 ref.[17] and [6].
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Figure 2.1: Relationship between motor loss and temperature due to % voltage
asymmetry increase

A very detailed study on the effect of the voltage asymmetry on induction motors is
presented in [60]. It stipulates that when considering the degree of temperature increase you
should consider the eight (8) different voltage asymmetry cases. For instance, single phase under
voltage asymmetry, two phases under-voltage asymmetry, single phase over-voltage asymmetry
etc. all affect the degree of temperature increase. According to ref. [60] the under-voltage
asymmetry case causes the worst temperature increase for the same voltage asymmetry factor.
2.1.1.2 Life-time Expectation

According to refs. [17] and [6], the temperature of the motor winding increase with the

supply voltage asymmetry can be approximated by the formula:
Temp increase in (°C) = 2 * (%voltage asymmetry)?,

According to ref. [17], 10°C increase in temperature reduces the insulation life of the windings

by a half. It further states that a 3% voltage asymmetry can reduce the life of the motor winding
to approximately Y its life expectancy. Another important observation stated in ref. [17] [61] is
that a 5% voltage asymmetry could reduce the life of the motor winding to less than the typical

warranty for a new motor.
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2.1.1.3 The Speed of Rotation

The slip s is defined as

ng—n,

s = * 100

Ns
The positive sequence slip s, is small when compared with the negative sequence slip sy,.
The impedance of induction motors is dependent on the slip. At high slip, such as at motor start
or under locked rotor condition, the impedance is low. At low slip the impedance is high.
Furthermore, the ratio of the positive sequence impedance to the negative sequence impedance is
[11] approximately equal to the ratio of the starting current of the motor to the running current of

the motor:

~ Istart

Nl"dN

n Irunning
Where, ns denote synchronous speed, 7, denotes rotor speed. The slip for positive sequence is:

Ng—ny

Ng

Effect of voltage asymmetry on
induction motor performance .
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Figure 2.2 Negative effect of voltage asymmetry on induction motor performance based
on data taken from ref. [17]
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Figure 2.3 Average expected life-hrs. vs total winding temp for different classes of
motors taken from ref. [11]

And the slip for negative sequence is:

—Ng—N,
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..n L
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n |
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Figure 2.4: Positive and negative sequence equivalent circuit diagram for a three-phase
induction motor.

Since the frequencies are different:
wP = 5,21
w" = 5,271
Therefore their reactances are also different.
The negative sequence voltage creates a reverse rotating field with the slip s,, refs. [16], [11], [6]

and [62]. This reduces the speed of the rotor ref. [61] and [62]. For example, a 3% voltage
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asymmetry would double the slip and reduce the speed of a 4-pole pump motor with a
synchronous speed of 1800 rpm that operates at 1764 rpm under normal operating balance
voltage, to 1728 rpm [17].
2.1.1.4. Torque

In a response to supply voltage asymmetry i.e the presence of the positive and negative
sequence components, the induction motor draws a current which contains positive and negative
sequence components. These components depend on the slip. At voltage asymmetry the negative
sequence current produces a magnetic field that rotates in the opposite direction to the field
created by the positive sequence current as show in figure 2.5. In effect, the rotating field is
elliptical rather than circular. This results in a net torque reduction. As a result the motor will
operate at a higher slip which intern increases the rotor losses and heat dissipation ref. [14], [6]
and [61]. According to ref. [6], a 6.35% (NEMA equation) voltage asymmetry can cause a torque
reduction of 23%. Furthermore, the torque pulsation (at double system frequency) on the three-
phase induction motor can create mechanical stress ref. [17] on the mechanical component such
as the gearbox which will cause noise and vibration that will eventually lead ref. [6] to failure of
the motor. A typical torque — speed characteristics is shown in figure 2.6 below. The upper curve
is due to the positive sequence torque while the lower curve is due to the negative sequence
torque. Therefore, the net torque is less than that produce by a balanced system. Reduction in the
peak torque will mitigate the ability of the motor to ride through voltage dips and sags which can
affect the stability of the system [16] [62]. The stator and rotor will heat excessively with the

flow of this negative sequence current.

15



WINDING

Figure 2.5 Induction motor showing reverse rotation due to voltage asymmetry
Positive sequence curve
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Figure 2.6 Torque-speed characteristic under voltage asymmetry

Starting torque: The motor will take a longer time to ramp up to speed or stall if it is supplied
with voltage asymmetry ref. [62] and [63]. A detailed analysis performed on a three-phase
squirrel-cage 25hp, 240V induction motor is compiled in ref. [63]. The torque-speed
characteristic was analyzed under a 6% voltage asymmetry. The motor operate at a slip of 3.54%
at rated torque. According to this analysis, the starting torque variation can exceed 60% of the
full-load torque of the motor when supplied with asymmetrical voltage. It further states that if the
load of the motor demands a starting torque at a very low speed, such as with compressors,
conveyor belt system in the bauxite industry and cranes, then this reduction in starting torque

could lead to stalling at the starting of the motor.
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2.1.1.5 Efficiency

Voltage asymmetry reduces efficiency refs. [17], [60], [62], [63] and [64]. With the slip
as stated above, the efficiency will reduce by about 2% [17]. However, according to ref. [60]
[62] and [63] the effects of voltage asymmetry on a three-phase induction motor must not only
be assessed based on the negative sequence alone but also on the positive sequence. For instance
with the same voltage asymmetry factor, a higher positive sequence voltage leads to a higher
motor efficiency and a lower power factor.
2.1.1.6 Costs Associated with Motor Failures and Performance Deterioration

Replacement or repair for premature motor failure, unscheduled downtime, loss of
production and wasted energy are the financial impact of voltage asymmetry. According to ref.
[53] it is estimated that in the United States of America between 1-2 billion dollars per year is
attributed to motor loss of life expectancy due to the presence of harmonic and voltage
asymmetry. For instance, according to ref. [17] the cost of downtime ($/hour) for a pulp and
paper industry is approximately $15,000.00, for a Petro-chemical industry is approximately
$150,000.00 and for a Computer manufacturing industry is approximately $4 million per
incident. Furthermore ref. [17] stipulates that the cost to the United States industries could be
approximately $28 billion a year due to voltage asymmetry. About 98% of the industry uses
motor for their critical operation and an unscheduled down time — loss of production (due to
current and voltage asymmetry) could cost more than expected ref. [43] and [44]. According to
ref. [60] the electricity charge per year due to different voltage asymmetry such as under-voltage
and over-voltage cases with 4% voltage asymmetric factor, for 1-5HP induction motor is shown
in the bar graph below.
Where:

e 1-phase-uv is single-phase under-voltage asymmetry.
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e 2-phase-uv is two-phase under-voltage asymmetry.

e 3-phase-uv is three-phase under-voltage asymmetry.

e 1-phase-ov is single-phase over-voltage asymmetry.

e 2-phase-ov is two-phase over -voltage asymmetry.

e 3-phase-ov is three-phase over -voltage asymmetry.

e 1-phase-a is unequal single-phase angle displacement.

e 2-phase-a is unequal two-phase angle displacement
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Figure 2.7 Effect of 4% voltage asymmetry on electricity cost — [60]
2.1.2 AC Adjustable Speed Drive (ASD) System
Although adjustable speed drives are used to improve motor operational efficiency, the
presence of voltage asymmetry will negatively affect the ASD. Details can be found in refs. [18]
and [40]. The structure of a typical ASD is shown in figure 2.7 below. The rectifier and the
capacitor (sometimes also an inductor is used) should provide a dc voltage with the lowest
ripples possible for the PWM inverter. The power and the motor speed of rotation are controlled

by the PWM inverter output voltage magnitude and frequency.
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The voltage asymmetry can affect the following areas of the ASD: the rectifier, DC link

and the PWM inverter and eventually the motor is affected.

3-phase supply

R

-
\ CONTROL CIRCUITS \

Figure 2.8 Circuit of a typical adjustable speed drive system

According to ref. [40], the positive sequence voltage component specifies the magnitude of the
output voltage, while the negative sequence component contributes to ripples in the output
voltage. Furthermore the supply current harmonics are influenced by the voltage asymmetry.
For the 6-pulse rectifier the output voltage is built of six pulses of 60 deg' duration.
According to ref. [18], when supplied with symmetrical voltage, the rectifier has a current of the
waveform as shown in figure 2.8. This current contains harmonics of the order Sth,7th, 110 ,in

general n = 6k *+1, referred to as characteristic harmonics.

Figure 2.9 Rectifier current waveform under symmetrical voltage supply [18].

However, the voltage asymmetry changes the waveform. The waveform change depends on the
degree of voltage asymmetry. Figure 2.9 shows the input current waveform for the ASD system

analyzed in ref. [18] with 0.3% and 3.75% voltage asymmetry.
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b. 3.75%

Figure 2.10 Input current waveform under a. 0.3% and b. 3.75% voltage asymmetry [18].

At asymmetry at the level of 3.75%, the current waveform changes, according to ref. [18], to a
single pulse waveform, as shown in Fig. 2.9(b).

There are three main negative impacts of voltage asymmetry on ASD performance,
discussed in refs. [54], [11] and [67]. First, voltage asymmetry results in the supply current
asymmetry. It is stated in ref. [67] that a voltage asymmetry increase from 0.6% to 2.4% causes
the current asymmetry increase from 13% to 52%. The increase in the voltage asymmetry causes
the double pulse waveform of the input current to change into a single-pulse waveform as shown
in figure 29. The increase in current asymmetry can cause an increase in the temperature of the
rectifier diodes in some phases and this can also affect protective devices. For instance, it causes
the tripping of the ASD drive system due to excessive ac input current on some phases and under

or over voltage on the dc link.
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Second, asymmetrical current harmonics of the 3" and 9" order will increase with an
increase of voltage asymmetry ref. [18], [40], [69], and [70]. The voltage ripples on the dc-bus
voltage will also increase ref. [55]. This increases the electrical demand of the capacity of the dc-
bus capacitor and or inductor. There is also an increase in the core losses on the dc-bus inductor.
This increases the potential of magnetic saturation in the core. Ref. [54] further state that a
typical voltage asymmetry can contribute to approximately 30% increase in core loss in a
powder-core inductor when compared with a system supplied with symmetrical voltage.

Third, it increases the ripple torque in the ASD induction machine. Reference [55] further
states that this cause unwanted low frequency harmonic current to flow in the machine. As a
result the pulsating torque can cause acoustic noise and mechanical vibration. Also the increase
in the bus ripple current increases the temperature of the electrolytic bus capacitors and thereby
reduces the life of the capacitor. According to ref. [54], a 2.5% voltage asymmetry can reduce
the life of the capacitor to approximately 50% when compared to the symmetrical case.
Furthermore the conduction time of the transistors will be longer and the pulse will be longer in
the PWM. This condition can lead to more power loss in the devices.

2.1.3 Transmission and Distribution Lines

The primary function of the transmission/distribution lines is to efficiently transmit
energy to various destinations to be used by customers. The negative sequence voltage
component contributes, along with other reasons, to the asymmetry of the line currents, meaning
a negative sequence component occurs in the current. This current practically does not convey
energy, because it is orthogonal to the positive sequence voltage. But it contributes to energy loss
at the line resistance and this increases temperature of conductors. Therefore, the negative

sequence current reduces the capacity of the transmission/distribution line.
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2.1.4 Power System Restoration

If the transmission line quantities are not shifted by one-third of the period with respect to
each other, or the RMS values of phase quantities are not mutually equal or both phase and RMS
asymmetry occurring at the same time, then a power system restoration is not possible. This is
because, when trying to synchronize a generator to an asymmetrical system, the phases will not
match and therefore, will not be able to be synchronized. The extent of this condition depends on
the characteristic of the line, such as the length of the line and the loading of the line at the time.
In the case of a long, extra high voltage (EHV) transmission line, that is not transposed, the
resulting voltage asymmetry is due to the flow of current (symmetrical in this case) through the
different impedance of individual conductors. This voltage asymmetry also causes current
asymmetry.
According to ref. [72], during system restoration, the voltage asymmetry;

e Impedes the synchronization of incoming generation. For example, a generator, in a
mid-western utility, could not be synchronized to an energized 345KV incoming line
because of the presence of 11% negative sequence voltage.

e Causes sequential tripping of generators that lead to section block out. For example,
during a light-load period a utility in Australia experienced sequential tripping of
their generators due to the excessive negative sequence voltage present on the 500
KV systems. This particular even caused a total blackout.

e Impedes remote starting of thermal units. According to ref. [72], a utility try to
provide remote starting energy to a steam electric station via a 500 KV line but
because of voltage asymmetry, the process had to be aborted, due to the damage it

would cause to the equipment at that station such as rotating machinery.
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According to the paper, one of the main reasons for the sequential tripping of the generators and
the interference with the remote energization (cranking) operation is due to the imbalance in the
line’s capacitance. More details can be found in ref. [72].
2.2 Effects of Current Asymmetry

Current asymmetry reduces efficiency, productivity and profits at generation,
transmission and distribution of electric energy. This is because the negative sequence
component does not contribute to useful energy transmission, but to transmission of energy
dissipated in power system equipment in the form of heat. As a consequence of this the ampacity
of cables, transmission and distribution lines have to be selected based on the anticipated level of
negative sequence current it will be subjected to during operations. Also the capacity of
transformers and the efficiency of motors are reduced. In other words the negative sequence
current increases losses in the cables, transmission and distribution lines, transformers and
equipment on the power system ref. [14]. Furthermore, the negative sequence current cause
voltage asymmetry. For instance, the current asymmetry caused by very large single-phase loads
such as high speed traction systems and AC arc furnace contribute to different voltage drops on
the symmetrical three-phases of the supply system and consequently, it produces voltage
asymmetry. Some of the major impact of current asymmetry are compiled and discussed in more
details below:

2.2.1 Generator

Synchronous generators essentially produce only positive sequence voltages, while the
negative sequence voltage is negligible. Negative sequence current component can occur in the
generator mainly due to imbalance loading conditions or faults.

The symmetrical voltage produced by a synchronous generator and its asymmetrical

current can be expressed as three-phase vectors as shown below:
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The scalar product in equation 2.4 is zero because the positive and negative sequence
components, as components of different sequences, are mutually orthogonal. Thus, the energy
from the generator is delivered to the power system only by the positive sequence component of
the generator voltage (") and current (i”). However, the negative sequence current i" contributes
to the active power loss in the generator. This power loss in the generator stator resistance R due
to the negative sequence current is AP = R; [|i"||*. There is also an additional loss in the
generator due to the flow of eddy current which contributes to generator heating.
The negative sequence current component has three other main negative effects on the
generator:

1. It creates a rotating magnetic field in the air gap that rotates at angular speed of 2w, with
respect to the rotor. This induces voltage e(f) = 2w N®sin2w ¢ in the rotor. The rotor current
which occurs due to this voltage contributes to an increase in the active power loss on the rotor
resistance. As a result, the temperature of the rotor, and consequently, also the generator,
increases. This phenomenon, according to ref. [71], is enhanced by an increase in the rotor
resistance due to the skin effect. This is much more visible for the negative sequence component

because of the frequency of the voltage induced in the rotor.
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2. The reverse field contributes to torque pulsation and mechanical vibration. The torque
pulsates at twice the supply frequency and is proportional to the negative sequence current in the
stator.

3. It causes terminal voltage asymmetry.

These effects of the current asymmetry on synchronous generators are discussed in many
papers, in particular, in refs. [68], [71], [73] and [74]. According to these references, the degree
of impact of the negative sequence current is dependent on the type of generator. For instance,
the IEEE standard C37.102-1995 in ref. [71] shows the continuous negative sequence
capabilities and short time current asymmetry limits for different generators. This data confirms
that the cylindrical rotor generator is affected more by the negative sequence component than the
salient pole generator. According to ref. [71], there are two types of rotor failure in the
cylindrical rotor generator, which are caused by current asymmetry:

1. Overheating of the slot wedges. This causes hardening of material in the slot. Also there is a
shear failure against the force of material in the slots, reported also in ref. [74].

i1. Failure of the retaining ring. The heat created by the negative sequence component can
cause the shrink fitted retaining ring to become free of the rotor body. As a result the
retaining ring is not realigned after it cools and this lead to vibration. Ref. [73] presents a
method for analyzing the rotor current and loss distribution under the negative sequence
conditions in the generator. In ref. [74], a detailed experiment was conducted to illustrate
the effect on rotor surface heating.

Because of all these negative effects of the current asymmetry, generators are very
sensitive to unbalanced loads connected in the vicinity of the generator. For instance, high power
electric arc furnace (EAF) or a traction system operated in a close vicinity to a generator will

cause current asymmetry to affect the generator. In refs. [45] and [46] it is concluded that, due to
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the randomness of the EAF load (scrap metal size and type of metal) and the high current which
is required for melting, the EAF generates a combination of harmonics and current asymmetry
which cause reduced generator performance that could lead to failure of the generator, resulting
in instability on the power system and also reduction in the life of the generator. In ref. [45] a
situation is described, in which a 350MW steam turbine generator supplies two 60MVA electric
arc furnaces (EAF) through a three-mile 230 KV transmission line. The EAF draws
asymmetrical current, which causes voltage asymmetry. As a result, the following sequence of
events occurred: the generator had a cracked shaft near the turbine-end coupling, then there was
two failures of the rotating portion of the brushless exciter and then while operating close to full
load the generator’s exciter—end retaining ring of the rotor failed. This cost the company a
significant amount of money and time to repair the generator. Therefore the nature of the load,
the size of the load, the characteristic of the load (resistive, inductive, capacitive or a
combination) help to determine the extent of the current asymmetry and hence the level of
impact on the generator. Similar effects are studied in ref. [15].

3. The terminal voltage asymmetry is due to the presence of the negative sequence current i".
This current causes a voltage drop across the negative sequence impedance Zg" of the generator.
Therefore when combined with the voltage drop across the positive sequence impedance Zg” of
the generator, which is due to the positive sequence current i’, the resulting terminal voltage of
the generator is asymmetrical. This will lead to the propagation of voltage asymmetry in the

power system. The negative effects of voltage asymmetry are already discussed and therefore

will not be repeated here. Figure 2.10 illustrate the voltage drops discussed above.

26



Figure 2.11 Typical generator feeding an unbalance load

Induction generators are affected in a similar way as the induction motors. A detailed
experiment is conducted on a wind turbine generator in ref. [15].
2.2.2 Transformers

The transformer is affected based on the configuration, with regard to the connection of a
neutral wire on the primary and or secondary shown by the data in appendix B. For example, if
the connection is delta / wye-grounded, then the zero sequence current is converted into a
circulating current in the delta side as shown in figure 2.11 and also in the ETAP model in figure
4.6. This circulating current cause energy loss and the windings heat as a result. The magnetic
flux produced by this current is in phase with each other and as a result they do not cancel each
other. This magnetic flux passes through the parts of the transformer causing eddy currents and
energy losses. For instance, when case 1 and 2 in appendix B, is compared, the results show that
when T2 in figure 4.6 is changed from delta/wye-grounded to wye-ground/wye-ground there are
more losses in the system. This is because more transformers are subjected to the zero sequence
components. This is shown in the branch loss summary report in appendix B. It shows an overall
increase in losses from 82.5kw, 3301.0 kvar (casel) to 1661.6kw, 38359.6kvar (case 2). Another

negative effect, however not validated by the ETAP model, is an increase in the acoustic noise of
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the transformer. The positive and negative sequence components behave in the same way in the

transformer, regardless of the configuration ref. [14] and [68].

Figure 2.12 Circulating zero sequence current in delta winding

2.2.3 Micro-Grid

One of the objectives of the Micro-Grid is to provide local power using ‘green energy’
sources. Green sources included: wind, solar, hydro, fuel cells, biomass, diesels powered from
synthetic fuels and methane from landfills which supply gas turbines or diesels. Because the load
and the generating source (Range from 1KW to about 10KW) is electrically close, the impact of
asymmetry can be very expensive and destructive. For example, these small units such as
photovoltaic installations are connected to the grid at low voltage via single—phase power
electronic inverter units. The impact on electronic converters/inverters has already been
discussed and will not be repeated here. However base on that analysis the Micro-Grid will be
susceptible to failure because of negative sequence current component. Also since a majority of
loads could be single phase this will increase the possibility of negative sequence current flow to
the three-phase loads on the system such as induction motors. Since there is no inertia in the
Micro-Grid system, any instability or sudden change on the system could lead to the shutdown of
the system.
2.2.6 Power Factor Reduction

According to CPC power theory ref. [49] and [75], asymmetry causes power factor

reduction and as a result increases apparent power. A three-phase load is connected in delta
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configuration as shown in figure 2.11, however any load topology could be used to illustrate how

asymmetry mitigates the power factor of a system ref. [49].

Ig
I
It

el®t = \[2Re(Ie/®t)

IR
i= [iS] =+/2Re
iy

i = V2Re{[(G, + jB,)U + AU*]e/®t}

Figure 2.13 Equivalent circuit of a three-phase load

Ur Ur
Where: U=|Us|, U*=|U;
Ur Us

Equivalent admittance:
Ge+JjBe =Yps +Ysr + Y =Y,
Unbalance admittance:
Ae’V = A= —Ygs+a¥sr + a'Ypg)

Active current:

i, = V2Re(G,Ue/®t)
This current is associated with permanent energy flow from the supply to the load.
Reactive current:

i, = V2Re(jB,Uel®?)
This current is associated with phase-shift between the supply voltage and current.

Unbalance current:
i, = V2Re(AU*eJ®t)
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This current is associated with the supply asymmetry, caused by the load imbalance. The power
equation is:
§*=P*+Q*+ D]
Apparent power:
S=1Elull
Active power:
P = lig|lull
Reactive power:
Q = xl[i[[[lull
and unbalanced power:
Dy = [l &yl 1wl
Now the power factor is:

P P _ I i ||
JPZ+Q24DZ  [ligIZ+11ir 12+ |1 iy |12

This shows that as the asymmetric current increase the power factor decreases.
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CHAPTER 3
SOURCE AND LEVEL OF CURRENT AND VOLTAGE ASYMMETRY

3.1 Meaning of Asymmetry and Unbalance

There are three possible manifestations of asymmetry of three-phase quantities — currents
and voltages. The first is phase asymmetry — phase quantities are not shifted by one-third of the
period with respect to each other. Second: RMS asymmetry — RMS values of phase quantities are
not mutually equal and the third: - both phase and RMS asymmetry occur at the same time.

The imbalance/unbalance term is used in association with the load. Therefore, the loads
that have mutually different impedances of individual phases are referred to as imbalanced
loads.

3.2 Supply Quality

The symmetry of voltage, constant frequency, sinusoidal voltage, very low internal
impedance — infinitely strong source, lack of transients, no harmonics and RMS variations are
some of the quantities that represent an ideal supply quality. If any of these quantities deviate
from the ideal case then the supply quality is regarded as a source with degraded supply quality.
Therefore the characteristic of these quantities stipulate whether you have a good supply quality
or not.

In this thesis the use of supply and loading quality deterioration will be in reference to
asymmetry in the power system.
3.3 Loading Quality

If the load is balanced, resistive, linear, time-invariant, is not a source of high frequency

noise and is not a source of transients then this constitutes an ideal loading quality. If any of

these characteristics is not satisfied then the load is regarded as a load with a degraded loading
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quality. For instance if the load is not balanced then it will cause negative sequence current to
flow and as a result this will reduce the efficacy of energy use.
3.4 Definition and Quantification of the Voltage and Current Asymmetry.

Since asymmetry is inherent in the power system, standards were developed for
evaluation of acceptable level of current and voltage asymmetry for generation, transmission and
distribution equipment and also for customer’s load. Therefore, it is imperative that the level of
current and voltage asymmetry be calculated in an efficient and effective manner.

The level of asymmetry that is used in this thesis is specified as the ratio of the rms value
of the negative sequence component to the rms value of the positive sequence component. This is
not in-line with a variety of different approaches and standards. Some of these different
approaches are due to the measurement technology that exists at the time and some are
application oriented as discussed below.

Differences in definitions of asymmetry reflect differences in measurement technology
and changes in its capabilities. Originally, only analog meters were available for asymmetry
measurements, now sampling technology and digital signal processing can be used for that
purpose. For example, in the twenties when this phenomenon was first investigated ref. [56],
there was not much harmonics in the power system. Also the technology at that time did not
support Fast Fourier Transform (FFT) that can be used to find complex quantities of current and
voltages. Therefore, the measuring instrumentation was not capable of taking samples to
generate complex quantities of currents and voltages.

Some definitions can be application oriented. For example, asymmetric definition from
the point of view of synchronous generator operation can be different from that for three-phase
rectifiers or ASD. For instance the continuous unbalance (asymmetric) capabilities (equation 3b)

and the short time asymmetric current of the generator are calculated based on the negative
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sequence current component. While for motors, it is important to have both phase angle and
RMS magnitudes in its calculation of the VAF. Therefore equation (3a) would be the best to use
in this case, because equation (1) and (2) both exclude phase angle asymmetry from there
calculation of the voltage asymmetric factor (VAF), sometimes called “voltage unbalanced
factor.” and as a result will not be as accurate. The VAF is used rather than the IAF because
motors are affected by the level of voltage asymmetry as stated in chapter 2.

Several papers, such as references [18], [41], [16] and [10] compared some definitions
based on whether they use the phase angle or not in their calculation of the VAF. For example
NEMA, IEEE, IEC and CIGRE all provide different ways to calculate the VAF. The concern
regarding their respective definition of the level of asymmetric current and voltage is whether the
calculation without the use of the phase angle will produce an accurate result of the asymmetric
current and voltage level. NEMA uses line to line voltage while IEEE uses phase voltage in its
calculation and as a result both exclude phase angle asymmetry from there calculation ref. [18],
[41], [16] and [10]. However, IEC uses both phase angle and RMS magnitudes in its calculation.
The respective differences are illustrated by the equations shown below.

NEMA:
Line voltage unbalance rate - LVUR
Vimaxdey = Maximum voltage deviation from the average line voltage magnitude
= [Var = Veawl IVoe = Viavl IVea = Viawl]
Viaw = [(Vap + Voc+Vea) /31

LVUR (%) = "';%d* 100 (1)

L

IEEE:
Phase voltage unbalance rate — PVUR

%

pmaxdev = Maximum voltage deviation from the average phase voltage magnitude
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= [lVa - Vioavl» |Vy — Vpav'r |V — V;oavl]

i [(Va + Vp+V0)]
pav — 3

PVUR (%) = 22440 4 100 ... v e of2)

pav

IEC:

Voltage unbalance factor — VUF
VP= positive sequence voltage
V™= negative sequence voltage

. Vab + aVbC + aZVca
B 3

1744

Vab + (XZVbC + aVca

v =
3

.27
Where: « = 1 *xe’=

n

14
VAF (%) = 375 100 .. ... (3)

In the case of equation 3, the system is assumed to be sinusoidal and in such a case do not
contain any harmonics. However in all practical system there is always a level of harmonics
present and as a result will increase the current and voltage RMS values. This is why equation 3a

and 3b was derived to incorporate the impact of harmonics in the system.

vt
VAF (%) = — = 100..............(3a)
4
Current asymmetric factor:
I
IAF (%) = I3 *100..............(3b)
1

CIGRE:

Voltage unbalance factor — VUF

34



g = |Vabl *+ Vol + IVea|
(Va| + [Viel + VD2

According to ref. [41] and [11], [EC is the most accurate, because it uses the ratio of
negative sequence to positive sequence voltage. According to ref. [41] different voltage
asymmetric conditions such as under-voltage asymmetry, over-voltage asymmetry etc. was
undertaken to illustrate this finding. The under-voltage case produces a higher value of the
voltage asymmetry factor (VAF) when compared to the over-voltage case due to the increase in
the negative sequence voltage, while the positive sequence voltage decreases ref. [41] and [42].
Also because the change of the phase angle does not affect the magnitude of the phases but affect
the sequence components it is evident that IEC would give a more accurate result. Therefore,
equation 3 and 4 produces the same results and are the best formulas to use when calculating the
voltage asymmetry factor. If the line-to-neutral voltages are used in the formulas, the zero
sequence components can give erroneous results. Zero sequence current does not flow in a three
wire system. Therefore, the calculation of a zero sequence voltage asymmetry factor is irrelevant
however, for a four wire system it would be relevant. This would be the ratio of the zero
sequence voltage to the positive sequence voltage but this will not be discussed in details here.

3.5 Standards for Voltage Asymmetry

There was a study conducted by the Edison electrical Institute, about twenty years ago, to
investigate the trade-off between the cost of reducing system voltage asymmetry and the cost of
designing motors to tolerate imbalance. The result of this study revealed that utility cost for
asymmetry reduction below 2.5% increases exponentially whereas the manufacturer cost of a

motor capable of operating at asymmetry higher than 3.25% also increases exponentially.
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Therefore, by combining the two, the overall cost was minimized at an asymmetry of 3%. This is
the basis on which the ANSI standard C84.1 was written. More details can be found in ref. [18].
ANSI C84.1-1995 recommends that the electrical supply systems should be design to
accommodate a maximum voltage asymmetry limit of 3% when measured at the power utility
meter under no load conditions ref. [18]. However, for motors the NEMA MG1-1993 standard
(corresponds with the VAF formula) recommends that if the voltage asymmetry is greater than
1% then the motor should be derated according to the required factor which appears in figure 3.1
ref. [32], [33] and [18]. According to ref. [18], the above study, provides the rationalization for
the apparent contradiction between NEMA MG1-1993 standard and ANSI C84.1-1995 standard.
The IEC — International Electrotechnical Commission recommends that the maximum voltage
asymmetric limit be 2% [18]. According to the information provided in ref. [14], the
international standards EN-50160 and IEC 1000-3-x series state that for low voltage and medium
voltage systems, the voltage asymmetric factor should be less than 2% and less than 1% for high

voltage systems. These limits are based on a ten minute interval, with maximum instantaneous

value 0of 4% VAF.
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Figure 3.1 NEMA motor derating curve
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3.6 Standards for Current Asymmetry

The standards set for the voltage asymmetry automatically set the standards for current
asymmetry in some cases. For example, knowing that 1% voltage asymmetry corresponds to
approximately 6% current asymmetry in induction motor, the standard can be set for the voltage
asymmetry. However in some cases, such as with the generator, this is different. For example,
according to refs. [46] and [71], the continuous negative sequence capabilities for the cylindrical
rotor generator (indirectly cooled) is 10% and 5% (without connected amortisseur windings) for
the salient-pole. More details on the different continuous negative sequence capabilities
(permissible ||i" || in percent) and the short time asymmetry current limits (permissible (i")’t can
be found in ref. [71].
3.7 Sources of Voltage Asymmetry
3.7.1 Structural Asymmetry
The voltage asymmetry of the structural nature is caused by a physical asymmetry of generating

and transmission equipment, such as:

e (Generators

e Transformers

e Transmission lines

¢ Distribution lines
It means that some level of the voltage asymmetry is built in the system. This is a permanent
source of asymmetry that can become worst if the system is loaded with unbalanced load. This
can be seen by the data in case 4 in appendix B.
3.7.1.1 Generators
The generator can contribute to voltage asymmetry if the stator impedances for particular phases

are not mutually equal. This can be attributed to some level of mechanical asymmetry of the
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stator and its windings. For example, the eccentricity of the rotor causes variation of the air gap
which will result in asymmetry of the phase inductances. Also asymmetry between leakage
inductances can occur from asymmetry of winding heads and due to possible differences in the
distribution of the coil conductors of different slots. However these are generally designed to be
symmetrical.

3.7.1.2 Transformers.

Transformers can contribute to the voltage asymmetry in two ways. The first is through the
transformer geometry. That is, the impedance can be asymmetrical. The second is through the
configuration. However in this section the focus will be on the asymmetry caused by the
structural features of the transformer. Figure shows the typical structure of a three limb

transformer with magnetic flux.

Figure 3.2 Typical three-phase three limb transformer structure

The induced voltage is:

dd dA
e = _—
dt dt
Due to the structural asymmetry:
— N &% — N8 = N %%
eq=N = #egp =N ” +ec=N =

Asymmetry will always exist in distribution transformers with cores of standard

geometry ref. [1]. The transformer core, tank and frame geometric orientation contributes to
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asymmetric conditions. This asymmetry is mainly due to the difference that exists between the
mutual impedances of the transformer phases. Mutual reactance is directly proportional to the
magnetic couplings between ports and the occurrence of stray losses produced in the tank and
frames are associated with the mutual resistances. Figure 3.2 illustrate this. Therefore, even
though there is some asymmetry due to stray losses, the main asymmetry is due to the
electromagnetic couplings between the phases. If the magnetic path length associated with the
central phase of a three-phase three-limbed core type transformer is shorter than that of either of
the outer phases, then the magnetizing current and core loss value will be asymmetric, to the
degree stipulated by the path length ratio. If the central path length is one-half that of either
outer, then its magnetizing current is likely to be about 30% less, and this is independent on the

peak flux density level.

-
. Y,
[l =
. YT,
L1 —

o N

Figure 3.3 Simplified circuit of a transformer showing mutual inductance between phases.
The equation below shows the derivation of the relation between the current asymmetry and
voltage asymmetry. This equation can be modified to illustrate a similar situation with

transmission lines.

Ugp jwL  jwlgs jwLgr][ig
Us| = |jwlsg  jwL ijST][iS]

Ur jwLrg  jwLrs  joL 1lir
Lrs = Lsg = Lg
Lrr = Lrg = Ls
Lsr = Lrg = Lt
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uR L LR LS iR
uT LS LT L iT

1 1 1 1 a a? .
S=|1 a? , S_1=§1 a? al,a=e/1?°
1 a a? 1 1 1
up L Lgp Lg iP
uO LS LT L io

For three-phase 3 wire systems u°and i° = 0

[uP 11 a a?|[L Lg LsJ[0 0 O]
u" :fw§ 1 a® alllr L Lr||1 a* alli®
| 0 0 O ollLs Ly Lll1 a a?llo

'u:] _ jwl[ 2LR + aL4+ a’Ly Ls+aLy + a’L ] [l:p]
u 3la’Lg + a*L + a®Ly alg+ a3Ly + a?L1Li"

To evaluate the level of impedance asymmetry that could be attributed to a transformer or
the generator, modeling of its magnetic field is needed. The following is a list of possible
programs that can be used to evaluate the specific level of asymmetry due to structural
imbalance:

e Maxwells 3D program
e 2D finite element method using the AC/DC module of COMSOL Multiphysics
Transformer Bank.

Three-phase transformer windings can be configured in delta or wye. It can be done on a
common magnetic core or using separate single-phase transformers arranged in either
configuration (transformer banks). On the distribution system there is a need to supply both
single-phase and three-phase loads. To achieve this in the distribution system single phase
transformers are arranged in transformer banks. Therefore by using a 4-wire system comprising

of transformers with secondary windings connected in delta or open delta with a center tap
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ground on one leg of the delta, these loads can be supplied. Also in the 4-wire grounded wye
system, the secondary winding neutral point is grounded. The focus below will be on transformer
banks connected in floating wye — delta and open wye — open delta configuration.

Delta — Delta and Floating Wye — Delta Banks: In this configuration the voltage
asymmetry is caused by the dissimilarities between the single-phase transformers that make up
the bank. The transformer to which the single-phase load is connected is referred to as the
“lighting leg” (L) and the other transformer are referred to as “the power leg” (P). As a result the

impedance is noted as Z; and Z, respectively. Figure 3.3 illustrates this.

Figure 3.4 Delta-delta transformer bank configuration with balance 3-phase load
Even if both transformers have the same impedance (Z;=Z,), the maximum negative sequence
voltage can be above 1%.

Open Wye-Open Delta or Open Delta-Open Delta: Voltage asymmetry is caused by
the asymmetry of the transformer bank configured in open wye-open delta or open delta-open
delta supplying a three-phase load. Figure 3.4 illustrates this kind of transformer bank
configuration. The voltage asymmetry with the open delta bank can be significantly higher than
that with a closed delta bank supplying the same load ref. [23]. However, according to ref. [23],
due to the use of only two transformers (3% impedance) in the bank arrangement, the voltage
asymmetry at nominal load is approximately 1.73%. This is achieved when the primary supply
system is symmetrical. However, if an untransposed line produces a 1 to 2 % range of
asymmetry in the primary system, then the load would experience an asymmetry in the range of

2.7 t0 3.7%.
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Figure 3.5 Open wye-open delta transformer bank
3.7.1.3 Transmission and Distribution Lines

The geometric positioning of transmission and distribution lines in space and to ground
(earth) makes it impossible for the lines to be spaced equilaterally as shown in figure 3.6. Other
similar structure and measurements can be found in ref. [76]. When the right-of-way consist of
only one circuit it is easier to mitigate the voltage asymmetry. However, it is more difficult to do
so when multi-circuit power lines exist in the right-of-way, especially when there are many load
taps on the same circuit.

One Circuit — The distance each line is placed from each other and ground will never
achieve equilibrium and this will influence the impedance of the lines. In other words the flux
linkages and inductance of each phase are never the same and this will produce voltage
asymmetry in the system. Also the capacitances of each phase to neutral is unequal and since it is
a shunt between conductors then charging current flows in the transmission line. With this flow
of charging current and the unbalance inductance there will be voltage drop along the line which
will lead to voltage asymmetry in the system. One of the only effective methods to reduce the
source of voltage asymmetry in the overhead lines in transmission and distribution system is
phase transposition. In other words the geometric orientation of the phases should be placed in
such a way that the average current induced (especially at maximum loading of the line/s) is

reduce to an acceptable level ref. [2]. Figure 3.5 is an example of phase transposition.
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Figure 3.6 Cycle of a transposed line
Multi-Circuit — When the right-of-way has more than one circuit with load-taps, the
voltage due to induction between the circuits will be asymmetrical. The situation gets worst
when the magnitude of the induction in one or more circuits is higher than the others due to more
loading of that circuit. A typical multi-circuit description and layout is shown in ref. [3].
In this situation we have to look at both phase transposition within each circuit as well as the
transposition of the circuits in the right-of-way in order to mitigate voltage asymmetry. Another
factor to consider will be the type of circuits that share the right-of-way. For instance if one
circuit is a 345kv system and the other is a 138kv system, then the geographic spacing will be
different than if the circuits were the same ref. [3]. A detailed description and analysis of multi-
circuit is found in ref. [26-29].
Some other causes of voltage asymmetry are:
e Incorrect use or faulty capacitor banks - malfunction of power factor correction devices
e Voltage regulation of single phase system. For example, one section of the single phase
may require the regulator to increase the voltage while another may require that the

regulator reduce the voltage.

43



Figure 3.7 400kv transmission structure showing geometric spacing of conductors and ground
3.8 Sources of Current Asymmetry

The primary source of current asymmetry is load imbalance due to the single-phase
arrangement of loads and/or large single-phase load on the distribution system or faults on the
load side. Load imbalance, though, usually time-varying, can be regarded as permanent
asymmetry. Faults are rather transient.

The supply system sees the entire user as a time-varying load, for example, the arc
furnace load demand changes due to the kind and amount of scrap that it has to melt. In this case
the supply system may see an unbalance load that is either: nonlinear, linear, resistive,
capacitive, inductive and/or a combination. Therefore, the characteristic of the load will
characterize the nature of the current asymmetry drawn due to the imbalance loading.

3.8.1 Permanent Imbalance

Permanent imbalance occurs under normal operating conditions of the system. The single
or double phase loading of the three-phase 3-wire and three-phase 4-wire system and also
unbalance three phase loads are the contributors to permanent imbalance. Single-phase loads

such as traction systems and welders are examples of permanent imbalance on the power system.
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Another load that contributes significantly to negative sequence current is the arc furnace. The
nature of this load is nonlinear, random and also introduce harmonic into the system. These loads
causes permanent imbalance in the system and they will be further discussed in details below.
3.8.1.1 Residential and Commercial Single-Phase Loading

The problem of unbalance loading in three-wire and four-wire systems is difficult to
predict because the utility has no controls on the end user random use of the energy produced.
For instance low voltage, single-phase loads such as PC’s, commercial lighting, washing
machines, domestic air condition units etc., is difficult to balance between phases of the three
phase system. Furthermore, even if the system is designed balanced by distributing the load
equally between phase per floor or houses, there will still be imbalance due to the fact that the
energy demand in each phase by individual users will be different from each other ref. [39] and
[14].
3.8.1.2 Traction Systems

Traction systems are electrically large single phase loads that can create current
asymmetry. The loading characteristics or profile (when the train is in motion) of the AC traction
system is nonlinear and time varying and produces imbalance loading. In other words as the
position of the vehicle changes so does its geometry in relation to the power system to which it is
connected ref. [34]. The large imbalanced traction loads (20MW for instance) may cause system
current asymmetry and therefore overheat rotating machines, increase system losses, interfere
with neighboring communication systems, and cause protection relays and measuring
instruments to malfunction ref. [12]. As shown in ref. [13] the various transformer configurations

are able to reduce the negative sequence current but not eliminate it.
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3.8.1.3 Arc Furnaces

The central process of mini-mills, which produce steel from scrap, is the electric arc
furnace (EAF). The nature of the scrap being melted creates the random and nonlinear load
which causes current asymmetry in the power system. The evidence of this was shown in ref.
[19] where the utility compared the asymmetric current period with a metal company’s melting
records and the findings were a match. The arc can change from zero to full load several times
per hour as arcs are made and broken in the furnace. The current asymmetry that is produced can
cause damage to generators that are electrically close to these metal plants. The arc providing the
heat energy to melt the scrap is governed by the raising or lowering of the electrodes which
depends on the voltage. The voltage is directly proportional to the arc length inside the furnace.
This is also proportional to the current produced to provide the melting ref. [36]. Furthermore,
some arc furnace electrodes have a triangular geographical orientation and the uneven distance
between the electrodes and different position along the furnace wall result in an asymmetrical
thermal load which in turn draws unequal current from the phases. Also the electromagnetic
forces from the arc are deflected outwards from the center which is characterized as an
imbalanced thermal load on the furnace walls — resistance and reactance in each phase is not the
same ref. [37], [38]. This variation causes current asymmetry to flow in the system. This kind of
characteristics of the arc furnace also causes harmonics which can also influence current and
voltage asymmetry.
3.8.2 Transient Imbalance

Transient imbalances are unbalanced loading due mainly to faults on the power system.
Single phase switching is also considered as transient imbalance. This condition last for

approximately 60 cycles or more ref. [57]. During this time period the system experiences
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current asymmetry. This negative sequence current can be very destructive to the surrounding
equipment especially the generators.
3.8.2.1 Faults

The analysis of asymmetry due to faults is beyond the scope of the thesis. However, some
basic information will be discussed. The following are possible cases of faults that produces
critical asymmetric conditions on the power system:

e Single line to ground faults — these are the most likely fault on the power system.

e Line to line faults.

e Misoperation of one or more poles of a breaker.

e Blown fuse/s or loss of a phase.

e A blown fuse on a 3 phase bank of power factor improvement capacitors.

e Open phase on the primary of a 3 phase transformer on the distribution system.

e Faults in the power transformer.

e Large unbalanced industrial loads (such as multi-megawatts induction motors used in
cement and mining industry) under single phase or two phase fault conditions.
Approximately 80% of the failure on the power system is single phase faults and only

about 3% are three-phase faults. At the point of the phase to ground fault (or abnormal loading of
one phase) the current increases while the voltage decrease. Therefore, while the current in one
phase of the three phase system is abnormal the other two phases is significantly lower,
producing a current asymmetry in the system. According to ref. [32] the grounded or ungrounded
system exhibits different magnitude of current asymmetry due to phase to ground, phase to phase
and phase to phase to ground faults. This is due to the different impedance values involved. For
example the line-to-line fault generates the highest negative sequence current. The vector
diagrams in ref. [32] clearly illustrate the variation of phase and magnitude of the current
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asymmetry. This stipulates that the impedance of the system grounding connection, the location
of the fault and the type of fault influence the nature of the current asymmetry that will result
from the fault. The detail of all the fault conditions that can occur on the power system will not
be covered in the thesis. However, the point being illustrated here is that a fault on the power
system produces current asymmetry.
3.9 Interaction between Unbalanced Load and Supply Asymmetry

In some situations both the voltage and the current asymmetry have to be taken into
account. This increases the complexity of the problem and modeling is usually required. This is
done in figure 4.10 with the respective data in case 4 in appendix B. This is why it is important to
clearly define loading quality and supply quality in sections 3.2 and 3.3. The interaction of both
occurring as a source of asymmetry, occurs due to the structural asymmetry of the source and
single-phase load unbalance. This could be a combination of any of the sources discussed above.
3.10 Voltage Response to Current Asymmetry

In some situation the supply is symmetric but the load is imbalance and as a result you
have both current and voltage asymmetry resulting from the current asymmetry. For example, if
there is a load connected to one-phase of a three-phase system in such a way that it causes an rms
current to flow which is greater than the other phases, then this will cause a voltage drop to occur
which will lower the voltage in that phase. This causes both current and voltage asymmetry to
flow in the system. This is shown in figure 4.9 and the corresponding data in case 3 in appendix
B. The voltage asymmetry depends on the impedance of the system and the magnitude of the
current asymmetry which depend on the characteristic and nature of the load causing the
imbalance. In this case the characteristic of the unbalance load is shown in figure 4.8. Figure 4.9

shows the respective asymmetric voltage drop on the cables and buses. Even though voltage
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asymmetry will impact the power system negatively, current asymmetry contributes more to
power losses on the power system.
3.11 Current Response to Voltage Asymmetry

The voltage asymmetry can originate in generation and transmission system as discussed
above. However, even though the load is balanced, asymmetric current will flow due to the
asymmetry in the supply. This voltage asymmetry can also amplify the current asymmetry. This
is clearly visible in induction motors where 1% of voltage asymmetry causes a 6 to 10 % current
asymmetry. This is because the negative sequence impedance is much lower than that of the

positive sequence impedance. This is illustrated in figure 2.4 in chapter 2.
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CHAPTER 4
PROPAGATION OF CURRENT AND VOLTAGE ASYMMETRY

Chapter 3 categorizes and classifies the possible source of current and voltage asymmetry
which occurs in the process of generation, transmission, distribution and utilization of energy in
the power system. This chapter will look at how asymmetric current and voltage propagate
throughout the power system. In particular, does the transformer, equipment, transmission and
distribution line attenuate, amplify and/or influence the current and voltage asymmetry in the
power system? To answer this question we have to analyze the type of system (three-phase, 3-
wire or three-phase, 4-wire), the source of the asymmetry and the characteristics of the devices in
the power system.

Transformers, transmission and distribution lines does not attenuate or amplify current
and voltage asymmetry. However, the way in which asymmetry propagates from upstream (HV)
to downstream (LV) in the power system will depend on the type of system. That is, whether the
system is a three-phase 4-wire system or a three-phase 3-wire system. The type of the system is
dictated by the transformer configuration. The main difference of the two systems is that zero
sequence current component flows in the 4-wire system, but does not flow in the 3-wire system.

The positive and negative sequence components affect the transformer in the same way.
The impedances of both of these sequence components are the same in the case of the
transmission lines and the transformers. However, the zero sequence impedance of the
transmission lines depends on whether it is a cable or overhead line and also on the return path of
the current. Furthermore the zero sequence impedance for the transformer depends on the rating
and connection of the transformer ref. [10]. A simplified one line diagram of a power system is
shown in figure 4.1. Figures 4.2 through 4.4, provides a basic illustration of the different

sequence component in terms of an equivalent circuit.
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Figure 4.1 Simplified power system one line diagram.

Figure 4.2 Equivalent circuit for the positive sequence

Figure 4.3 Equivalent circuit for the negative sequence

Figure 4.4 Equivalent circuit for the zero sequence
The negative effects of voltage asymmetry discussed in details in Chapter 2 accentuate
the importance of understanding how the voltage asymmetry propagates in the power system. In
assessing how asymmetry propagates in the system, the type of system has to be identified as
stated about. Then the source of the asymmetry needs to be identified followed by the location of
the asymmetry such as, HV MV or LV. The ETAP model in figure 4.5 will be used to illustrate

the propagation of asymmetry in the power system. The ETAP unbalance load flow analysis uses
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both three-phase 4-wire and three-phase 3-wire system. The details of the ETAP system model
can be found in appendix A. Also a full description and detail of the calculation method used and
the system parameters can be found in chapter 20 of the ETAP help 7.5.

4.1 Influence of Transformer Configuration on Asymmetry Propagation

Two cases will be analyzed base on the transformer configuration of the system. T2 will
be the only transformer changed. The degree of source asymmetry is exaggerated for the purpose
of this study.

Casel: The A phase of the supply is 80% of Va magnitude while B and C phase is 100%
magnitude — without harmonics in the source. Transformer configuration T2- D/yn shown in
figure 4.6. Figure 4.6 shows the unbalance load flow of the system.

Case 2: The A phase of the supply is 80% of Va magnitude while B and C phase is 100%
magnitude — without harmonics in the source. Transformer configuration - (T2) YN/yn as shown
in figure 4.7.

When the critical report data in appendix B was analyzed it is observed that the
transformer configuration impedes or allow the flow of zero sequence components in the power
system. For instance, for case 1 only bus 1, 2 and 3 had a critical zero sequence component alarm
(VUF = 7.1% ) as shown in the critical report in appendix B. However, for case 2, the zero
sequence components propagate throughout the system wherever there is a YN/Yn configuration.
Furthermore there are more losses associated with case 2 because of the flow of the zero
sequence components in the system. This circulating current in the delta winding is converted to
heat. This is shown in the branch losses summary report in appendix B.

The equipment and lines in red, in figure 4.7, is an indication that the rated current is exceeded as

shown in the branch loading summary report in appendix B
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4.2 Influence of Different Sources of Asymmetry
The influence of different sources will be investigated using the following cases:

e In case 3, lump7 load, in network 6, has a single-phase unbalance parameter simulated as

shown in figure 4.8.
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Figure 4.8 Parameters of lump7 load in network 6
e In case 4, there is a simulation of two sources of asymmetry. The sources are; the percent
magnitude of phase A of the source is 90% and the condition of case 3.
Case 3: The only source of unbalance is due to the single-phase unbalance in lump7 load
in network 6. Where phase A is heavily loaded in comparison to the other phases. Figure 4.9
shows the propagation of the sequence components from downstream LV to upstream HV.
According to the Newton-Raphson current injection method use by ETAP, the negative sequence
current propagates through the system resulting in a source current asymmetry of phase-A =
57A, phase-B = 83.6A and phase-C = 98.8A. The negative sequence component spread in the
system in proportion to the respective system characteristic as shown in figure 4.9 and in more
details by the data in the critical and unbalance load flow report in appendix B.
Case 4: According to the ETAP calculation the negative sequence component of the
different sources are added vectorially at the point of common connection. This is evident by the
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data in the critical report in appendix B which shows that when case 3 and 4 was compared, there
is an increase in the respective sequence components. For example for case 3 the following
values were obtained: max VUF2=7.5% and min VUF2 =2% and max IUF2=73% while min
IUF2 = 5.6%. Now for case 4, max VUF2 increase to 7.8% and min VUF2 increase to 2.7%
while max IUF2 increase to 74% and min [UF2 increase to 3.7%. The other increases are shown
in the critical report in appendix B. Therefore, according to the current injection method used by
the ETAP simulation there is a vectorial addition of the source’s (grid) asymmetry and the
asymmetry caused by the lump7 load in network 6. Figure 4.10 and the critical and unbalance
load flow report in appendix B provides more individual and system details of the systematic
propagation of the sequence component due to different source of asymmetry in the power

system.

58



Power Grid 57
10003 MvAsc ﬁu. &

Busl 58.8 0
28,5 f25.5 a2t ”ue._
41.8 4.8 4328 g
49,4 48,4 28
s $0.5 kv vd
14_.5
2.5 )
Basd _|MﬂPMMJIGJ i o
[}
1.6 132 Y16 432 ? m_.z
4.4 8.4 3328 Ly
54.2 §4.2 32
(]
A A
n 2
'35 Mva AN 35w
A Y
]
| a) _ s
g 1 ._.“awuﬂ._ 2.1 0= ; ,““afﬁ.,.“._
1.% ﬂﬁo.. 3.5 9 Wi Bus 5
Busd &9 r .68
1. [ L 4.8
¥5.6 w128 Y1656 ¥472.3 #72.3 65.6 w13.4 ¥as.e
98.3 218.8 in B1.5 81.5 n 219.8 98.3
95.8 190.8 152.8 £72.1 472.1 12,8 169.3 95.8
L cablell
Al Cabled 4 Cables- M ® o~
bS] 3-1/c 1000
WAL STS m Cabilel 31/ 8/0 2 3-1/c 1000 / .m Cable2-
N
3-1/c 4/0 %. 3-1/c 4/0 A
) (o) 0.001 K¥jVgy 0.001 k¥ v A "
5 ¥ ~001 kv vd
Busé H“_%, ‘HWH . b 0.00 kv vd | gg Lsuwa
o ¥0.001 [kv vd i A AL 8 MVA wile
¥5595.6 |¥5631.4 G0 Ao 8 Ao, T4 Ay TR ooeny (J0.001 kv vd i P_ﬁ” we)
5905.5 | 5728.2 “‘ﬂw we L0 -,.% Bust | = Sggn W
5805.8 | 5775.8  Bus?| T Ll | W ‘
w65 ¥ 1 Ly 1 = Busg (1.9 ME ¥5695.6  |¥5631.4
#2129 = = = . L1 659 5905.5 | 5728.2
218.8 4 #213.5 5805.8 | 5775.9
190.8 _V pas _u 219.8
B 189.3
. i
Q Vv () vewwa Betworké ) owwva
LumpS  Load3 MEr2 _mmw_ Mtrd
2MVA 1 MVA 5000 #p boad | 5000 HP Lumpd  Load2
2MA 1M

Figure 4.9 Propagation of sequence component from LV to HV

59



Power Grid 3.1
10003 MvAsc 82.3

Busl 498
5 Wit
6.5 6.5 w97 )
6.2 6.2 1328 g
4.5 9.5 328
0.512 kv vd
0.512 ¥¥ vd
8
3
Bus2 -In»b|ﬁ..|¢|._$¢_ ”“_z Busd .
4 wis
1 1 e G
18.9 1.9 1325 g
A A
11 o B
A 35w MM 35w
AN Ta'an gl
u. e : _ “ s
= a,wﬁp 149_ 1.0 i 4.»@— 1494
dund 4.5“ ke 2.9 4."5 ¥ Byy 5
1.87 3 4.4 ¥
*ap.5 187.8 +150.6 ¥477.9 1.9 50,6 ¥185.6 30,5
84,7 245.2 187.7 82.3 82.3 187.7 248.2 84,7
9.5 214.5 170.7 480.5 480,5 170,1 214.4 8.5
A Cablell nn.E.n.._
. g Gliled Cablade Mu-:n 4/0 0
3 3-1/c 1000 -
WAL o'e ey o Cablel S3-1/c4/0  93-1/c 1000 / $ Cabled
EB AR o
43-1/¢ 410 43-1/¢ 40 A
8 0.001 K¥{ vy 0.001 k¥ vi
i oot Py % A A Phot 1 w4 W it
Susk L o5 W 0.004 v v4 % 305w
i o_ﬂw W 001 [u va 5 o WA WM T e
o ! g NN BN ey VR v TR e (30.001 kv vd ,m. 0,08 ol
¥5643.2 |¥5518.3 ) wi o Aven ) = 0.2 Xio)
5§527.5 | S357.8 “.. -ae_n. ) e .a“.: Bus® 065 w
5887.2 5851.9 BusT| '
ot ¥ ] = s | ,J.. Busg [7.4 é“i ¥5643.2  |¥5510.2
nen.s = = = z 5 @b §527.5 | 5357.8
245.2 ! LEER 5887.2 | 5651.8
214.5 0 ) ) 248.2
| 2] | 214 4
ﬁm_”_._ ;
@. Vv ﬂl_ e Networké SRLA
LumpS  Toad3 Mtz _umﬂ Merd @ MN
ZMA 1MW 5000 8P et | 5000 #R Lumpd  Load?2
2MA  1MA

Figure 4.10 Source asymmetry and load unbalance simulation

60



CHAPTER 5
REDUCTION OF CURRENT AND VOLTAGE ASYMMETRY
There are a few approaches to the reduction of asymmetry in voltages and currents. These
approaches are categorized in levels based on the source of the asymmetry and the most efficient
and cost effective way of reduction.
Asymmetry can be confined or reduced by the following approaches:
1. Imposing regulation and standards with respect to:
1.1 Equipment and transmission line construction.
1.2 Adopting standards on acceptable levels of current and voltage asymmetry.
2. Structural modifications of single-phase loads — on both utility and customer sides.
3. Single-phase voltage regulators.
4. Balancing compensators.
5.1 Imposing Regulation and Standards
5.1.1 Equipment and Transmission Line Construction
Imposing regulation and standards with respect to equipment and transmission line
design will provide a systematic and cost effective way of mitigating asymmetry in the power
system. This initial stage of asymmetry reduction ensure that generators, transmission lines,
transformers, switching equipment and three-phase motors are designed and manufactured to be
symmetrical. For example, the impedance in each phase of the generator and motor is equal and
symmetrical with respect to each other. Transmission and distribution lines are spaced and
transposed to mitigate asymmetry. A detailed analysis and mitigation approach for reducing
current asymmetry due to induction in heavily loaded multi-circuit power lines is presented in

ref. [3].
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5.1.2 Adopting Standards on Acceptable Levels of Current and Voltage Asymmetry

NEMA, IEEE and CIGRE/CIRED JWG C4.103 perform research and analysis to create
standards for current and voltage asymmetry in the power system. When these standards are
selected as the acceptable level of current and voltage asymmetry, fines can be impose on the
respective entities to reduce asymmetry. For instance, fines can be imposed on utility and
customers to keep asymmetry within the standard levels. Therefore, utilities are required to
supply reliable power to customers and they are not allowed to have an asymmetric level beyond
the level stipulated by the standards. Similarly, customers are not allowed to create asymmetry
beyond the stipulated levels.
5.2 Structural Modifications of Single-Phase Loads

One of the main objectives of asymmetry mitigation is to use the most effective method
of reduction in a cost effective way. Structural arrangement is one of those cost effective ways.
For instance, the rearranging or redistributing of all single-phase loads equally among all the
three phases can mitigate asymmetry. This refers to the distribution of the supply to individual
homes or alternating connections in row of houses in residential subdivisions, per floor supply in
commercial buildings or street lights. Also by arranging the connection phases between the
distribution transformers and the primary feeder, the level of asymmetry can be reduced ref. [59].
For traction loads, the load scheduling of the trains in addition to the use of special transformers
can improve the balance between the phases of the three-phase system. For instance, since the
traction system is a large single phase load the scheduling in relation with other traction system
is implemented in such a way that the loading on the three-phase system is balanced.
5.2.1 Traction System Transformer Connections Schemes.

1. V- connection

2. Single-phase connection
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3. Scott transformers

4. Leblanc transformers

5. Steinmetz-transformer

Each scheme is discussed below and a simplified connection diagram showing the application

for some of these schemes.

1.

The schemes have different efficiency levels in asymmetry reduction. However, they can
be selected based on the investment, operation and maintenance cost ref. [58]. For
example, even though the V-connection is a source of asymmetry, according to ref. [58]
the single-phase connection and the V-connection schemes are the most economical
mitigation technique. This is because the V-connection has a high capacity utilization
ratio and a simple structure. Also the V-connection scheme is more efficient when
compared with the single-phase scheme. Reference [79] and [83] have compiled various
comparison of transformers used in the electrified traction system.

Single—phase connection. In this arrangement the single transformer is feed with two
phases. One of the output phases is connected to the catenary that supplies the train while
the other is connected to the rails as the return current path as shown in figure 5.1.
Therefore with this arrangement each of the different phases of the three-phase system

can be balance by systematically distributing the phase connection base on the loading.
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Figure 5.1 Single phase transformer connection of the traction load
3. The Scott transformer is two single phase transformers consisting of special winding
ratios, which is connected to the three phase system as shown in figure 5.2. The
connection is such that the output, which is a two-phase orthogonal voltage system, will
provide connection of two single-phase systems. This configuration will mitigate the
asymmetry in the system and with the addition of equal loading of the transformers can

further reduce the asymmetry to approximately zero.

g

Figure 5.2 Scott transformer connection for traction load

64



4. Leblanc transformer

Figure 5.3 Leblanc transformer connection for traction load
5. According to ref. [14] the Steinmetz transformer is a three-phase transformer that is
designed with a power balancing load feature. This consists of a capacitor and an
inductor that is rated in such a way that the proportionality to the traction load will
produce a balanced system.

For example:

mag. P

When Q; + Q. = s The three-phase supply sees a balanced load.

Where, Q. is the reactive power of the inductor, Q¢ is the reactive power of the capacitor

and P is the active power of the load.

However, ref. [14] further states that the following condition must be realized if effective

balancing is to be achieved: The three-phase rated power of the transformer must be

equal to the active power of the single-phase load.

When structural modifications are not sufficient for reduction of asymmetry to a level
impose by standards, some equipment which enables reducing of this asymmetry can be used.

These include:
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e Single-phase voltage regulators.
e Balancing compensators.

5.3 Single-Phase Voltage Regulators

Single-phase regulators are used to increase or decrease the voltage in each phase of a
three-phase system, in such a way that symmetry is achieved. However, care must be exercised
to ensure that they are controlled carefully not to increase asymmetry.
5.4 Balancing Compensators

This can be built as reactance devices or as switching compensators. There are some
situations in which shunt switching compensators and reactance devices are the best mitigation
techniques to use. For example, if the current asymmetry is caused by an arc furnace then a shunt
switching compensator can be used. Shunt switching compensator not only mitigate current
asymmetry but it also mitigate reactance current, harmonics and any other quantities that degrade
supply and loading quality. Also if the current asymmetry is caused in an industrial environment
where large single-phase fixed parameter loads cannot be reconfigured to obtain balance then a
reactance balancing compensator can be used. However if the voltage asymmetry is caused by
the source then a series compensator could be used to mitigate the voltage asymmetry. If it is
from both then a hybrid (series and shunt compensator) can be used to mitigate the asymmetry.

The mitigation technique used must be selected meticulously. The first thing that needs to
be done when considering the mitigation technique for use is to choose the correct power theory
that correctly represents the phenomenon been mitigated. Therefore, the CPC power theory will
be used to analyze the compensation technique used to reduce the current and voltage
asymmetric effect on the power system [49]. The second thing is to ensure that the source/s of
the asymmetry is clearly identified in the particular system. For example in some case by

reducing current asymmetry you also reduce voltage asymmetry. While in other cases such as the
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occurrence of both the supply voltage asymmetry caused by structural imbalance and the current
asymmetry caused by load imbalance, this is not the case [56]. Third, it is imperative that the
type of load (fixed or varying) causing the permanent asymmetry be identified. Finally the
compensation method is chosen base on the three cases mentioned above.
5.4.1 Reactance Balancing Compensator

According to the CPC power theory, the current is one of the primary components of
power which can be decomposed into three mutually orthogonal currents, i, — active current, i, —
reactive current and 7, — unbalance current. As a result there exist three powers, active power (P)
reactive power (Q) and unbalance power (D). Therefore S? = P2 + Q2 + D? and the objective of
the compensator is to eliminate or mitigate D (i,) and Q (i;).
According to ref. [49]:
irc = V2Re[j{B, + (Tsy + Trr + Trs)}U]e/®t ............. 5.1.1a
is reduced to zero when
Be+ (Tsy +Trp +Trs) =0 i 5.1.1b
also at the same time
iye = V2Re[[A — j(Tsr + aTrg + a*Trs)|U*le/®t ... 5.1.1c
is reduced to zero when
A—j(Tsr +aTrp + a@*Trs) =0 oo 5.1.1d

As a result the solution for calculating the admittances between the relevant phases is as follows:

Trs = (WV3ReA —ImA —B,) /3. 5.1.1e
Tor = (2IMA = Bp) /3o 5.1.1f
Trr = (—V3ReA —ImA —B,)/3 ..o, 5.1.1g

The following is a numerical example illustrating how current asymmetry can be compensated

using reactance elements in a sinusoidal system:
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Figure 5.4 Symmetrical and sinusoidal supply feeding an imbalance load

|lil] = V3202 + 3502 + 2202 = 522.784

[ul=V3 * 220 = 381V

Yoo = —————— =0.94 — j0.24 S = 0.97¢ /1432
RS = 137025 0.94 — j0.24 S = 0.97e S

A= —a'Yps = 0.97e/4568 g
|lig]| = Ge * |Jull
=0.94 * 381
=358.14 A
|liul] = A*|lull
=0.97 * 381
=369.57 A
[lirl] = Be * |ul|
=0.24 * 381
=91.44 A

S =381*522.78
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= 199.18KVA
P = 358.14*381
= 136.45KW
Q=381*91.44
— 34.84KVAR
D, = 381 * 369.57

= 140.81KVA

_ (V3Re(4) - Im(A) — B,)

RS 3

=0.24S

(2 xIm(A) — B,)
3
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Figure 5.5 Compensation topology for imbalance load

lligl = 358.14 A
liul[=0 A
liz][=0A
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li]] = 358.14 A

S =136.45KW
However in the real power system there is harmonics present and therefore the following
modification has to be adopted. The method of network synthesis has to be implemented as
shown in the example below. The network topology which is created can have many different

arrangement and values. A full detail description of the process of calculating this topology is

provided in appendix C.
20V l95.51 A ‘ = Pl o =

REY__ g | e v T
|

SENV !95:1A ‘ _ . EI:
|

T 20V | 0A ‘ oA

> | B

| 1:1 )
' 40

Symmedtrical fhree - phase
valtage but nonsmuscidal

Figure 5.6 Symmetrical and non-sinusoidal supply feeding an imbalance load
u, = 220V

us = 6% *xuy, = 13.2V

[ul[=V3 * 2202 + 3 * 13.22 = 381.74V

) 1
Yo =Ge+ jB, = Ygs = Z

1
Yps = —=025S
RS =

A= —a'Yps = 0.25e/%° S
|lial] = Ge * [lull

=0.25 * 381.74
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=95.43 A
lil] = A [ull
=0.25 *381.74

=95.43 A

|li|[=V95.432 + 95.43% = 134.96 A
S =381.74*134.96 = 51.52 KVA

P =95.43*381.74 = 36.43 KW

?\—P—O71
=5=0

2% (0.2165) -0
TST1=( ( 3 ) )= 0.1443 S

TRSS = —0.1443 S

—(—=1 *+v/3Re(A) — Im(A) — B
Trri = ( (?? “) e): —0.1443 S

TTRS = 01443 S

V()= 482 +7)

=As + 1
S*Ax 22

=sC+ L
B sL

(1) + z2
j1

(j5)? + 22
j5

—j0.1443 = A *

j0.1443 = A *

_|—0.722 - 3.608 0.408
z= 6 = 0.
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A = —(0.1443 — 0.408%) = 0.022
C=A=0.022F

L 273.059H

Axz2

L =

The individual compensation for each harmonic is not achievable and therefore the

minimization of the unbalanced and reactive current is obtained using the following technique:
. . . d
Assuming that the frequency is normalize to w; = 1 % and the resonant frequency of the LC

branch is w, = 2.5w;. Then the parameters of the minimized compensator are:

2
w1“| Tsry
Csropt = I1 "ol o = 120.96mF
Lo = = 1.323H
ST wgCSTopt
1
LTRopt = —m = 6941‘[

5.4.2 Shunt Switching Compensator

Shunt switching compensators shape the current via the sequential switching of the
transistors. Figure 5.7 below represents a shunt switching compensator. Let’s say the supply is
balanced but supplying an imbalance load such as a traction system or arc furnace, for example.
The data acquisition system (DA) will take samples of the load voltage and current. This
information is fed into a DSP (Digital Signal Processing) system which will perform FFT which
will produce a current reference signal base on the CPC power theory. This signal is fed into the
inverter switching control (ISC). The instruction of the ISC will cause the IGBT to switch in
sequence which will shape the current in such a way that it will compensate the current
asymmetry. The details are explained in appendix D. However, in general this system is a current
control device because the current is control directly by switching and the voltage is indirectly

affected in achieving compensation.
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Figure 5.7 Structure of a three-phase system with shunt switching compensator.

The following formulas illustrate this principle mathematically:

Ur Ug
U= US s U# = UT
Ur Us

A= _(YS'T + aYTR + a*YRs) = Ae]lPS
J1u = —V2Re(AU*/**) A
Using Clarke Transform:

Where Ug = V2Ug cos(wqt + ag)V, Ug = V2Ug cos(wt + ag + 2?”)V

3
B Jiua (t) _ Vwr®1 =0 cos(wit +ag + )
Jiu(®) = 1uﬁ(t)] _C[Iiui(t) = —V2Uy \E N [cos(wlt + ag +1/J+2?”) A
V2

J$,(®) = — V3AUg[cos(wyit + ag + ) — jsin(w,t + ag + )] = —V3AURze T@A
= —UCAe A
As a result of this the following voltage drop on the inductor occur:

d . —j
AUL,(0) = L J1u(®) = —jo;L]T,e 7'V
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Therefore, VE(t) = UCe/®t F AUCe/®t V, because of the rotation of vectors U¢and AU in the
opposite direction in certain instance of time.

Since the DSP system does not function on continuous voltage U(t) and reference current J(t),
then the DA provide there discrete values at time instance t, = kT, where T is the sampling
period of the DA system.

Uk) = U(kTy)

JK) = J(kTy)
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CHAPTER 6
SUMMARY AND CONCLUSION
6.1 Summary
Generators: If the source of asymmetry is due to structural imbalance, then the terminal
voltage of the generator will be asymmetric. This can be reduced by designing the generator as
symmetric as financially possible. However if the source of asymmetry is due to imbalance
loading, then a negative sequence current creates a rotating magnetic field in the air gap that
rotates at angular speed of 2a; with respect to the rotor frequency. This will cause the following:
e An induces voltage e(f) = 2w N®nsin2w ¢ in the rotor. This causes a rotor current which
contribute to an increase in active power losses on the rotor resistance. This increases the
temperature on the rotor and consequently the generator temperature increases.
e It contributes to a torque that pulsates at twice the supply frequency and causes
mechanical vibration.
e [t causes terminal voltage asymmetry.
This can be rectified by balancing the single phase loading and/or use shunt switching
compensators.
Motors: The negative effects on motors are similar to that on generators. However the main
source of asymmetry is voltage asymmetry. The following is a list of the negative effect of
voltage asymmetry on the motor:
e According to NEMA a 1% voltage asymmetry causes a 6-10% increase in the current
asymmetry. This is because the negative sequence impedance of an induction motor is

smaller than the positive sequence impedance.
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e The negative sequence voltage causes a negative sequence current that creates a reverse
rotating magnetic field in the air gap. The current sequence components are a function of
the voltage asymmetry, the motor parameters and the slip.

e It increases losses and by extension increase temperature which leads to reduced life-
expectation.

The sequence of events is as follows:

e [t causes torque pulsation and reduction, increased vibration and mechanical stresses.

e [t reduces motor efficiency and increases cost of production in the industry.
When the source of the asymmetry is clearly identified, if it cannot be reduce by imposing
regulation and standards or ensuring that the system is structurally symmetric, then the impact
can be reduced by derating the motor according to NEMA derating curve or use series switching
compensation. A similar process can be adopted for the ASD system.
Adjustable Speed Drive: The supply voltage asymmetry impedes the performance of the ASD.
The voltage asymmetry affects three main areas of the ASD: the rectifier, DC link and the PWM
inverter.

e The supply voltage asymmetry causes asymmetrical current harmonics of the 3™ and 9™

order. This increases the temperature of the rectifier diodes.

e There is an increase in voltage ripples on the DC-bus.
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e [t generates harmonics on the induction motor terminal.
e [t causes ripple torque in the induction motor via the pulse width modulator inverter

(PWM).
Transmission and Distribution Lines: The capacity of the lines is reduced if they are exposed
to voltage and current asymmetry. However by transposing the phases the asymmetry can be
reduced.
Transformers: Positive and negative sequence components affects the transformer in the same
way. However, the zero sequence components affect the transformer in a different way. For
instance, if the configuration is a delta/yn then the zero sequence current circulate in it and
produce heat and losses.
6.2 Conclusion

The economic benefits of energy providers and users is strongly dependent on the supply
reliability, security and efficiency of the power system and consequently, on the supply and
loading quality. Current and voltage asymmetry is an inherent phenomenon in the power system
that causes loading and supply quality degradation. However, it is not economically practical to
totally eliminate asymmetry. However it can be mitigated to an economically justified level by
making informed trade-offs. The data base provided in this thesis can be used for this purpose.
This is why it is important to be aware of the negative impacts, the source of the negative impact
and how it propagates in the system. Then, finally the most economical solution can be
implemented.

There are several technical solutions available for reducing asymmetry. However, when
using compensators, the correct power theory must be used in designing the mitigation

techniques and therefore the CPC power theory should be used.
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Tranwmisson Line Lengrt: Yeu Tnibivachmal
Cable Lenath: Nao
Apply Tndtividunl,
Temperaiirs Correetion Adjusamente Crlatal Dejtree O
Tranamiasion Line Resismuce: Yeu Tndvfund
Cable Rexstance: Yes Tadovydiuial
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Bus lupuwt Data

87

Bus Inltial Valinge Generation Lond Muar Limin
m Coun Type KV Suban Fh %M Anp MW Myvar MW M Max, Min,
Husl iphose. Swing 230,000 ] A &0 0.0 51 137 o ]
B foan 1200 2224 2418 0 0
c 100:0 1200 s 2601 0 i
Hu Iphase  Load 230,000 1 A 0% 0.1 o 0 0 (1
8 we 00 0 0 o 0
c 959 198 0 0 0 0
By 3phse Lond 230,000 1A we 01 L] 0 0 0
B 999 1200 [ (] 0 0
c 699 1i9e [ 0 o a
Hud Iphae  Losd 11800 1 A 2 153 [ ] 0 9
] 689 MRS o 0 o o
c L1 w0 [ o 0 0
Bin § Iphese Lond 13800 | A 52 3831 0 0 0 0
B 889 Ll4B9 o 0 0 i
c 974 =41 0 o 0 0
B Ipliee Load 0120 ] A 932 671 o 0 0748 1263
B 819 1756 o o 0729 [FE
c 919 564 o 0 0,835 043
Bus? I phave  Lood 13800 1 A 892 353 0 o 1034 0169
B €28 e L o o 1.807 [ Tz0)
c 975 #8Ro o 0 1602 1106
Bus§ 3phose. Lond o120 1 A W34 871 0 0 0,761 0240
B 23 1757 [ 0 0753 0189
C 931 584 0 0 07 020
Bind Iphste  Load 13800 ] A 892 351 o o 0098 0244
B Bs 1450 o ] 184 0357
c 915 1] 0 o 1.5 1151
Bu10 3 phwse  Load 13800 1 A .2 353 0 0 0 0
B B 1489 o 0 0 0
C 78 B850 o 0 o 0
Busil Iphase  Load 4160 1 A aig B84 [ o o ]
B 853 1759 0 0 0 0
c 0 83 o [ 0 0
Buosl? 3phate Loud 4180 1 A 830 664 0 0 0 o
B 853 1752 o ] o 0
£ s 53 0 ] a U]
Bust} Sphme  Losd 4160 i A 93,0 B6.4 o o 0934 0649
B 853 1759 a ) 1032 oz
3 018 Bt o [ 1,406 0698
Busld Splase Lond 4160 | A 93.0 664 o 0 09354 0649
B 853 1759 0 0 1031 0iTz
c 925 583 0 0 1406 0698
Busls Iglie  Lond 13800 1 A 892 353 (1 ) 0 0
B Bs -HED o o a 0
S 975 ERO [} 0 0 0
Bus 1nitial Voltage Generation l.oad Myar Limity
D Comn. Tyye KV S P S Mas Ang uw Mya MW M Mt Min.
Bul6 Sphme Load 13000 1 A 893 353 ] 0 0 )
] B l4BY 0 0 o 0
¢ 975 8o 0 0 ] i
Bunl? Iphase Load D450 i & 45 453 ] 0 0 0
8 89 1774 0 0 o o
© LT R we 0 0 [ [
‘Buils Splene  Load 0,480 ) A 945 453 0 0 [ [
B 259 1774 0 0 0 i
c [T @ 0 0 0 0
Bin1d 3 jhate  Load o480 1 A 942 £53 0 0 0167 Gt
B g5 1773 0 0 0478 0028
€. 937 00 o o o7 oS
Bui20 Jplisse  Load 0450 1 A 84 853 0 [ 0587 b1y
3 (353 1773 0 0 0LTE bers
c 937 e 0 0 0247 0,118
B2t Iphave  Load 13800 1 A w2 353 1 0 o o
B B9 1489 0 0 [ i
c 978 ) 0 0 0 i
Total Numibir of Biives 21 20876 4972 438 368



Cable
Length Qs 1000 1t per Condictor
Cotin Library Sise  Adj (B wTol  #Pe T R x ¥
Cabik) 3 phurse 15NEUSY 40 500 o 1 s 0064000 0 0466040
Calbrle2. 3 e 1ANCUSS 40 00 0o 1 8 0.064000 0.045600
Caldlex 3 phuive 15NCUS: 40 500 00 1 1 0.084000 0046500
Cables 3 phuss SOMEUSI 750 150 a0 1 5 0.022300 0.036400
Cablés, 3 phme 5. 0MCUS3 750 150 e 1 15 022300 03640
Cable? 3 phase 1ENCUSE 40 00 ao | 7 0064000 0946600
Cables. 3 plimie OEREUNT 1000 300 oo 1 s 0.015000 0.037000
Cableo 3 plas 0EMCLS] 1 100 0o ] ] 010940 0 hE0Nos
Cable1o 3 phusse 0.6MCUST 10 100 00 1 e 0109430 0060000
Cablell 3 phnse 0 ENCUNL 1600 300 00 1 % 0.013000 0037000
Cable renstances are histed ot ihe specified fempermiures
Impedauce’Line luput Data
Leslgth ...
D Type Concion Ady (0 % Tol. Tewp *C
Tane | (= 3 phase SIRRT 00 75
Larie > Line 3 phase 20987 00 e
Lin are liuted ot the specified temy
Sepfes lmprdaneeShunt Admitiance
Matrices {Phase a
- R (olims) X (ohins) Y (mlcro-slemens)
Length ) {
Litie ID Line ID fles A 8 [ A B o A B c
Line | Litie § 9998 L1613 091109 0BII0R (3ETM3 543107 S40Y i 6489 5489
091108 318120 GO110S S4800%  13ai08 S48107 L T 4459
091108 08I0 316129 SARI0Y SAB107 3 E7S08 EEET 6480 44083
Line Line 2 2508 6129 091108 0IHI0D 13103 S4B107 S4E107 44183 #5459 £459
091109 316129 091169 S4E107 1387003 548107 6480 4083 £.489
091108 081109 316120 S4f107  S4E107 1387403 4419 S48 Ham
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2 Winding Transformer Input Daty

Tratslormer Ratlng Z YVaviation  *u Tap Setting Adjusted Phase Shift
o MVA  PrimEV  SeckV MZL %20 XURI XORO MTol -5 S Pam Sec WEZL  WZo Type Anple
T 35000 230000 13800 1000 1o 2730 arso o o [ o a 100000 100000 Sid Pov Seq <30.000
b5 35000 230000 15600 1000 1000 2730 2130 0 0 0 0 0 100000 100000 StdPos Seq 30000
13 1S00 13600 oz 4T 75 1141 Al ] 0 o ] 0 57500 57500 SwlPos Seq 30000
T4 3500 13000 ae ST EH N4 1nal ] L] 0 0 0 STH0 57500 SuiPosSeq 30000
TS BOO0 13600 4160 650 650 1423 WM 0 0 0 o 0 635000 65000 SidPos Seq 30000
T6 BOO0 13500 4160 650 &% 23 20 0 o 0 0 0 65000 65000 SwPos Seq 30000
T 00 13800 0480 675 675 1385 13SS 0 ] 1 o 0 67500 67500 SidPos Seq 3000
1 7000 15000 0480 675 673 1335 1153 0 0 0 0 0 67300 67500 SuiPos Seq 30000
Branch Conpections
CRT Brauch Connected Bus 1D O Lmpedance, Pos, Seq., 100 MVAD
3] Cosm Type From Bus ToBui R X z v
Cablel Iphose  Cable Bud Bin? 37 012 L]}
Cable2- Iphwe  Cible Hin ¥ Bng (%) 012 e
Cables dphue  Cuble Busd Bulo (3% (35 031
Cables 3phnse  Cable Bl Bunts 019 032 037
Cables- Fphme  Cable Bwil Busj4 o 031 037
Cable? Spluse  Cable B S Buyis (144 012 02
‘Cables. Iplue  Cable Bust Buie 001 006 0.068
Cabled 3phnie  Cobile Bust? Busts 4730 %04 AT
Cablelt Iphn=  Cuble Bl Bu20 5750 1604 17
Cablelt Fpluse  Cable Bus S Busll LT 004 006
T Ipinse W XEMR B2 Bt 105 s 2857
: » Fphuse  TWXFMR Busi Bus ¥ 104 WA usy
bE] iphme  TWXFMR Bud Buse [LES 163,66 16429
T4 Sphose YW XFMR His s Buss {TE 16366 16429
T5 Iphme MW XFMR Bl Busll £70 a1as 8125
EL Iphne  IW XFMR Bini5 Busi2 297 o120 513§
il 3phns  IWXFMR Busls BunlT 710 %617 9643
e Sphme  TWXFMR Bus?l Burlg 710 %617 9643
cBS Iphme  Tie Comuit i Bu 000 008 000
caio Spbase  Tie Compun Bus 5 Busd 0,00 00 0.00
CHIY Splaee  Tie Cocunt Bisld Bl i o0 0o )
R 3phnse  Tir Coraay Basid sl 0,00 0.00 .00
cHas 3pluse  Tie Covus Baml) Tl oo 0.00 0.a
coaz 3phase  Tie Cympuy Bty B0 0,00 0,00 0.00
Equipment Cable Input Data
Ol oy 1000 1t per Co 'L Heater
i Cable 3 ) Lengtts Krmstamce
® liv] Canit. Type Labrury Soe Ad (M) WTal Wph o Toy R x ¥ Ad () % Tel
Cable1? M2 Bphae  Dnd Motor  15MOUIST an 00 00 1 75 LEINDO 1 SINDOLSINDOO 0.00
Coble23 Mird Sple  Lud Motor  ISMCUSL 20 T I 75 LEINDD | HINDO) SINDGO 000
Cabip12 Mivd Spbase  Ind Motor 50MCUSS 8 60 00 1 TE 1#INDO 1 €INDOY SINDOO 090
Cublels Mirt Iphre  Ind Motor SOMCLUST 5040 on oo 1 % 1EINDO. 1EINDM-FENDOO han
Calile19 Mt Iphme  lnd Mator $OMCUSS 3 a0 o0 1 75 LNINDD 1 MINDOL STINDOO a0
Cablet M1 3plisse  Ind Moter S.OMCLSE 500 00 00 1t 75 LHINDO 1 #INDOLKINDOO 0.00
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APPENDIX B - ETAP RESULTS

CASE 1

! & S
%6 Alert Seftings
Critiea Muarginal

Loading

Bus 100.0 850

Cablz 100.0 #5.0

Feoctor 100.0 850

Line 1000 95.0

Tramsformer 100.0 5.0

Pagel 1000 oS0

Protective Device 100.0 us0

Giénoralor 1000 o500
Bus Voltage

OverVoltage 105.0 102.0

UnderVoltage 950 5.0
Generntor Excitation

OyvesExcited (Q Maot) 100.0 950

UnderExcited (G Min,) 100.0

e Ady s Summiney Repoit

Y Alert Sertings

Critical A al

Bus Voltage
Line Voltaze Unbalanced Bate (LVIR) 1000 1000
Valtage Unbalanced Factor (VL) Neg. Seq 54 20
Vaoltage Untalanced Factor (OVUF) Zero Seq. 74 20
Buanch Curtent
Line Cwrent Unbolateed Rate (LIUR) 1000 100G
Cyrent Uphalanced Factor (IUF: Neg. Seq ii0 76

s
<

Curent Unbintanced Factor (ILF) Zeto Seq 20
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Luitical Report

91

Dewlee 11 Trpe Conditiun Ratiuglimit  Unlt  Opeating A Opeisting B Operating €C  %4Op A %Op.B  %60p, €
Busl Bus Ustidler Voltnge 230,060 kv 106232 132791 132791 820 1000 1000
Bust B VUEF 2 (Neg, Seq) 214,667 13 1533 0000 0.000 i 00 00
Bus) Bui VUF ) (Zero Seq) 125438 v 8953 0.000 0.000 7 00 0.0
Bus2 Hus Under Voltage. 230000 1Y 106.151 132611 132682 e "9 w9
Bus2 Hin VUF2 Neg Seq) a4z v 1520 0000 0000 L0 00 0.0
Buyl Bin VUF 1 {Zero S4q.) 123795 W £556 0,000 0,000 12 00 00
Biis$ Bus Unider Voltage 230,000 N 106151 132611 132632 799 %o 99
‘Busd B VUE 2 (Neg Seq) 24474 W 15337 0000 0,000 11 0o ne
Biiss Bin VUF ) (Zero Saq) 123708 w ‘6 0000 0.000 12 00 0o
Busd Bis Uinder Voltoge 13800 14 7105 7080 77 po2 889 9.5
Husd Bm VUF I (Nez Seq) L2664 i\ 07197 0 000 o000 &3 L] (L]
Bus § B Undet Valtage 13500 W 7105 7080 717 2 e 75
Bus § Hu VUE 2 Neg Seq) 12454 w 0797 0.050 0,000 (E] 00 on
Busé B Utler Voltige' 0120 W 0.065 0.059 0.065 913 845 932
Busé Bin VUE 2 (Neg Seq) oS 153 0007 0000 0,004 E] 00 60
Bus? B Utder Voltge 131100 W 7.105 7079 2970 Ba2 e 975
Bus? B VUF? ez S0q) 12462 W (i 0,000 0,000 (=] 00 00
Bss Bine Unider Voltage 0120 kv 0.06% 0.059 0,065 91 348 912
Buig B VUE 2 (Neg. S0q) 010 w 0.007 0.000 0,000 @ 00 00
‘B Buk Unitler Voliage 13 200 v TGS 7079 710 15 888 95
Buss B VUF 2 (Neg Soq) 12062 130 0797 0000 0,000 3 00 0o
Bust0 Bt Utiller Voltnge 13500 v T.A05 709 TR 692 889 L2
Bl By VUF 2 (hNeg. Seq) £2 662 kv 0797 0.000 0.000 L&} 06 oo
Bull Bin Unidér Vollage 4180 v %338 2048 2y 931 853 918
‘Bustl B VAT 2 (Neg: Seq) 3753 v 0,106 00 0.000 55 o0 (1]
Bl Hin Under Voltage 4160 £V 223 2048 bJe.cs ] g1 853 925
Busi2 By VUF I (Meg Sy ) 3783 iV 0,106 000 0000 55 o0 0o
Bl Buis Undes Voltage 1.160 kv 123§ 2048 b s ] 931 853 924
Buld B VUF 1 (Neg Seq) 3755 kv 0208 0,000 0.000 55 00 0o
Busk4 B Usiller Voltage 4160 kv 2238 2048 10 931 853 95
Husld B VUF 2 (eg. Seg) ER kv 0.206 0,000 0,000 55 a0 0o
Busts s Lltiddes Voltage 130 1Y 70 1019 7790 2 £E o
Bl Bus VATF 2 (Neg: Seg) 12,662 kv (B 0.000 0,000 63 a0 00
Buslé B Ulndder Viltagpe 13 500 K 108 700 Eh /] 92 s10 973
Bl B VUE 2 (Neg Seq) 12663 kv 0797 0,000 D000, 63 na 7o
Busi? Hm Cnder Voltrpe (R 0267 u2ig 6281 246 w3 a4
Bust? B VUE ? (Mg Seq) 049 iV 0027 0000 0.000, 61 ne 0o
SwlE Bin Under Voltrge 080 KV 0282 023E 0261 946 555 243
Bwils B VUF 2 (Nep: Seq) 09 v w07 0.000 0.000 61 0o (1
Buats Bin Under Voltrge 0,450 KV 0261 o 0350 B4z 55 937
Busl? Bin VIF 2 {Neg. Seq) 04ET kv [liaeg @000 oon 61 oo no
20 Boy Linder Voltage 0,450 iV 0,261 6217 0260 542 85 937



92

‘Device I Tape Coudition ating Timit Uit Opersting A~ Operating B Operating € %0p. A %Op B %eOp.
Bus20 B VUF 2 (Nep Seg) o433 3 0027 0000 0000 L3 oo o0
Bus2l B Unider Voltnge 13,60 kv 7105 7080 7N B2 89 975
Busll B VLF 1 (Nep. Seg) 12853 I3 oy 0000 0000 [ o0 o0
Cible2- Cabile TUF = (Neg Seq ) 21608 Amp TIER TRER2 TaEE2 B 37 37
Cables Cable Overlood 100,604 Amp 408,710 S10.663 00 405 28 el 1008
Cabileg- “Cable Overond 700,604 A 08710 510,663 706,505 726 729 1008
Cables Calile Crverliad 1000 000 Anip eI T80 585 s s 167 761 1054
Cubleld Cable Overlond 1000,000 Amp. 66,974 760895 1054215 767 761 1054
Cable23 Calile Overload BIRO Amp Hi9sy 266076 263770 £ 1138 1685
Coldes Cable TUF 1 (Ne. Seq ) nems Amp 72832 7832 832 EE Ry 337 337
Cables Cabile Overlind S48 602 Anp w920 403,354 51008 ny i ] (CIE]
Coble2t Calile Overlond 546,602 Amp. 388.920 403355 $54.575 m 734 1014

Marginal Report

Besiee 1Y Tepe Canilition 2 Lt Uikt Operating A Operating B OperatingC %00p A *Op. B %op.C©
Linet Line IUF 1 (Neg Seq) 26539 Amp 7428 7428 7426 w0 260 260
Lite 2 Line IUF 1 Neg Seq) 28538 Amp 7426 7428 1426 50 260 260
Calle! Cabile IUF ) (Neg Seq) 216147 Anp Y54 e B5627 £ £ 3 £
Cable3 Colile IUF 1 Neg Seg) 170858 Amp AT 42,540 42 548 %50 50 259
Cables Cable IUF 2 (Nez Seq) 568479 A 1119 LY 141139 =0 240 49
Cableé- Cabile ILFF 2 (Neir Seng ) 565579 A 14112 H12e 140129 30 25.0 as0
Cuble? Cillsls IUF 2 (Neg Seq) 170463 A 42551 42551 42551 no 250 250
Calbiles- Cable IUF 2 (Mep Seq) 20438 Amp 7231 7231 7231 M6 Mne M5
Colled Crble IUF 2 Obeg Seq) 846352 Amp 207882 207882 207 832 M6 B 45
Cable1o Coble WF2 tNeg Seqy “BAE3S2 Aamp 20T HEY o7 E8Y 207 887 M8 a6 a8
Callel § Cibile IUE 2 (Neg Seq) 29438 Amp 7331 751 7231 M6 46 M5
Tt IW XFMR TUF 2 (Neg Seq) 30,494 Amp. 87 7426 1426 244 244 244
T IW XFME TUF 2 (Neg Seq) 0404 Amp 7436 746 7426 Ha M4 24t
TS W NEMR IUF ] (Meg Seq) 170453 Amp 42548 248 42048 b1 2800 250
T8 W XFMR IUF 3 (Neg Seq) 170463 A 42551 22551 2550 %0 50 250
b W XFMR IUF 1 QNez Seq) 20438 A 731 1331 720 ne 26 45
T8 TWNFMR IUF 2 (MNep Seq) 2438 Amp 733 1251 7231 16 s £ EY
Cablel? Cibile IUF 2 (Nez Seq) 216147 Amp 66627 66627 5617 5 308 £33
Cablel2 Cable TUF 1 Q¥eg Seg) 126350 Aamp 27,045 2,045 45 na 204 214
Cabled Calle ILF 2 (Nep Seq) 40409 Amp 114161 114 161 114,161 59 256 259
Cablel9 Cable TUF2 (Neg S6q) 126550 A 27,048 7048 s 214 24 214
Cable21 Calle IUF  (Neg Seq 40509 Amp 114161 114161 11416t »9 259 259



i Sy v rt
Vi

CKT / Branch From-To Bus Flow To-From Bus Flow Lawses %o Busy Voltage Drop
o Phae MW Myar MW Sy KW ke From To Vg

Line | A 2902 D064 2900 0,520 17 834 §0.0 ™% 006
B (%] IBET] 4550 21044 -168 ELE 1000 900 014

= 1908 187 2597 219 n3 156 1000 w00 012

Line 2 A 2902 0064 2900 0420 19 Sg3d 0.0 199 0.06
8 43m 1186 4489 2088 -168 T 1000 9 014

c 2908 137 2 28 FIE] 87156 1000 909 012

Cabilel A 1033 bk -Lo32 0268 01 o1 g9 0.1 0ol
B 1 808 0.376 1909 0376 02 02 584 383 001

I 1608 1108 1603 1008 02 ol 95 o3 001

Cablen- A e 63 T 0242 ol 00 52 2 oot
B 1850 biss 1430 D356 02 02 889 588 0oy

S 1600 1153 -1,600 R 0z 02 L E] 915 oot

Cabled A D948 0326 T 0326 01 00 592 392 001
8 1328 0490 -1318 305 o1 ot 59 san a0l

(= 1254, o579 REH 059 o1 0t 974 w3 0o

Culales A ¥933 0650 0FI3 A 699 L] L2 31 93 o0
B Lo82 017 BT 2171 (3] 0t (251 853 0ol

© 1407 067 4407 0697 02 03 925 925 002

Cubilés- A o33 0650 0833 04549 01 01 931 931 001
a L03z 047 o 0171 ol 1 852 353 0.0t

c Lo 067 BE 0897 02 03 (X ns 0oz

Cabile7 A 0837 0354 0837 0354 [ 0o 892 892 0ol
B 1511 RS <1311 443 01 ‘ol BhY BEE L0

c 1204 080 1204 D4 o1 01 974 914 uoL

Cabyles- A 0148 0,054 0148 0,054 00 00 5932 2 000
B 0220 0.063 D339 Doss 09 0o sa0 859 000

C naw 0.146 026 0146 o0 o0 975 915 0.00

[ FY 0A6T [I89%1 0167 o111 06 04 sud %42 034
] [ ooy 01478 0,028 06 03 853 855 032

c 0248 0119 w0247 0118 12 a7 {5 97 047

Catile10 A 0187 ol ner £in (7] 04 044 942 034
B [Be.] 0.0292 AT D016 06 03 855 B85 032

[~ 0248 o119 a7 a1 12 07 (H 937 047

Cabiler A [N o064 0145 0054 0o oo #: w2 066
B 229 0.063 09 L0068 00 o 889 89 0.00

S 0218 0146 0216 D146 00 00 a3 3 0.00

b1l A 1900 0520 2908 0846 3010 3163 1] 892 034
B 4339 2088 3593 L2 5961 10139 w3 889 1101

c 1887 2192 3766 2433 HE1E 2412 w39 s 234

» A 1900 w520 2898 0846 1020 3143 99 w2 84
B 1459 2085 3903 4042 3261 10139 w4 559 1101

S 1887 2102 2768 243 8818 2412 99 (313 134
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il

CIT / Brapel From-To Bus Flow To-From Bus Flow Loases By Bus Valtuge * Dip
m Plisie MW Mvar MW Mvar W ke Frotm To in Vg
] A 0.50e [T 0875 o1 11 BYE) 892 CEE 43
B 0617 0881 £.562 0,150 550 a3 a9 648 408
fc 0.7 0257 0698 0203 333 a9 915 831 437
k] A 0594 09 0878 g3t 811 -4 ga2 ais 1
] 0617 0,891 RLE 0150 550 413 sBa A 108
C 07310 0257 698 0203 333 39 915 432 a3
= A 0848 0326 054 0634 £55 <3081 g2 93 359
B8 1325 0599 SLoas FNLTS =060.0 2454 858 (L8] 1%
[~ 113 059 -1418 DET 1842 056 98 ns 501
% A nE? 0554 0422 0665 H55 3112 g2 934 182
B L1311 G443 BYL gE 0y 2550 BSE B33 3%
c 1.204 6520 REL LHin 1908 1993 975 915 0
- A 0,148 0054 D167 @ 183 566 692 e 538
B ne 00ad Ly o w2 ETY ] g5y a8t 11
c 0.21% 0,146 a24E 0119 305 o 975 942 333
B A 0148 nosy 0167 Q111 <193 568 892 e 538
B 0239 LTS e Dom o u§ 889 553 301
c 0E 0,148 04s 0119 -30.5 270 73 942 333
g2e 33000
CASE 2
Aleyt-Baste Summary Beport
% Alert Seltings
Critical Marginal
Loading
Buy 1000 950
Cable 1000 950
Reactop 1000 950
Line 100.0 950
Transfonner 100.0 950
Pmel 100.0 95.0
Protective Device 1000 P50
Greneraton 100.0 950
Bus Voltage
OverVollage 1050 1010
UnderVoltage 250 280
Generator Excitation
CrverBxcired (Q Max.) 100,60 95,0
UnderEscited (Q Min ) 100.0
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Alert-Advanced S v Repo

%o Adevt Settings
Critieal  Marginal

Bus Voltage

Litie Voltage Unbalanced Rate (LVLIR) 106.0 100.0

Voltage Unbalmized Factar (VUF) Neg. Seq ] 54

Voltage Unbalanced Factay (VUF) Zero Seq. | 36

Branch Corrent

Line Curent Upbaluneed Rate (LITR) 100 100.0

Current Unbialanced Facton (TUF) Neg. Seq, 3l 69

Current Unbalanced Factor (TUF) Zeso Seq. 200 1ns

tical rt

Device I Type Conitfun RatngLimit  Unlt  Opeisting A Operating Il Opesating SOp A %Op B %0 C
Bus 1 Undes Voltage 230,000 kv 106.232 132791 132791 5] 100.0 T
Bust B VUTF? (N Seq) 114,067 kv 15353 0000 aooo 71 an an
Busl B VUF 0 (Zeto Soq) 123938 &V 5553 000 om0 1} oo an
B B Undes Yoltage 230,000 w 106 (68 132000 131837 93 @4 994
Bus2 s VUF 2 (Neg. Seq) i kv 15177 0,000 0,000 1 0o an
B3 B Utidder Vialtnge 230800 v 106 068 132400 131937 93 94 94
Busd B VU (Neg Seq) ne2 kv 1517 00100 0,000 b 0o on
Buist B Liades Voltage 13,700 kv 641s 7208 T4 BOs s04 yia
Bus § B Ulnder Valtnge 13,200 kv 6418 7208 7473 BOS 004 938
Buss B Undet Valtage 0120 kv 0,060 G057 o6 872 821 9Ly
Bu? B Under Voltage BEo kY 6414 7304 7472 fos 904 938
Bl Bon Unidet Volage 0120 kv 0.060 0.057 0063 f2 M 821 913
Busd B Unides Valtage 13800 kv 6414 7304 1472 Bs B4 938
Bwio B Uinider Valiage 13500 KV Ed41% 1104 74N 805 and 938
- B Unides Voltage 4.160 kv 1081 Le77 2178 X1 823 906
Bunl2 B Under Voltage 4160 kv 2091 1977 2178 Bl g3 906
Buald Bus Urider Voliage 4160 kv 2091 1977 2175 &7 823 P06
Buald B Unides Vollage 4160 kv 20 107 217 L3 23 w06
Busls B Unides Yoltge 13500 kv dans 1204 7472 805 904 [a3
Busi6 ) Linddes Volinge 15,800 kv 6415 7205 7413 305 904 938
Bisl? Bus Lnider Volinge 0,480 kv 0,243 0.2350 056 B3 $3.1 w25
Busi Hus tUndes Voltge 0,480 kv 0243 0230 0156 683 #1 828
Buto B nder Voltage 0,480 kv 0244 03229 0258 879 827 5240
Bus20 B Ulneder Valtage 0480 1Y 0244 020 0243 L 1) ©o1 920
Bus2i B e Voltps 13400 kv H41% T0% 1473 805 w4 93E
Cablet Cable Ouerload 282500 Amp 177,046 284761 21618 &7 1009 506
Caible2- Cable Overboad 282500 Ang 173,649 240 510 831 63 1323 %07
Cahle2. Cahle ILE 2 (Neg S6q) 24902 Augp 70123 0,123 70,423 312 nz 2
Cables Catde Overboad 700404 Amp 476,500 05068 110,276 650 B0 4 1014
Cables- Cabie Orerload 700 464 Aup 476,500 068 710278 650 584 1014
Cabl=s Cale Overload 1000000 Amp 717703 900,353 1061249 713 90.0 106.1
Cabite10 Calile Overkoal] 1000.600 Anip 17703 900 153 1061 249 18 000 1041
Ti W XFMR Ovethoad 16 000 MVA 21,065 18935 25114 1755 1578 2093
7] W XEMR Overkod 16,500 MVA 25877 27.851 31268 2161 Bl 2605
Cable3 Cable Crveroan) 233810 Amp 1687 200 468 22838 M3 143 o4
Calibe23 Cable TUF 1 Neg S09) 234900 Ammip 70123 70423 700123 312 a2 M2
Cables Cable Oyeriosd 546,482 Amp 61385 Fer 454574 6t 76 1014
Cable2t Cible Overkoad 546,602 Asitp 364,355 ArE6 554375 666 56 1014
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Marginal Report,

Device 1D Type Cundition Rating Linlt siit Operuiing A~ Operating B Operating € %0p A %0p. B =e0p.C

B B VUF D (Zero Soq ) 123335 g LR 4000 0.000 6% (1] 0.0
Bued B VUF 0 Zem Seq ) 23335 kv B.503 0000 0000 L1 an 0.0
Busd Bin VUF 2 (Neg Seq) 121n kv 0.767 0000 0.000 63 oo 0.0
Busd B VUF© (Zemo Seq ) 7017 kv 0,258 0000 0.000 i6 [T 00
Biis 5 B VUF I (Neg Seq) 1zin iy 067 000 0000 63 of (it}
Bus 5 Bin VUF O (Zero Seq) T kv 0,255 0006 0,000 36 0o ot
Busé Hun VUF 1 (Neg Saq) 013 W 0008 1000 0,000 62 oo a0
Buy7 B VUF 2 (Neg Soq) 215 kv 0.767 0,000 0000 63 ae 0o
Bin? B VUF 0 (Zero Seq) 7.006 KW 0255 0,000 0.000 £ 00 0.0
Bus§ Hin VUF 2 (Nog. Seq) 0134 kv 0.006 0000 0000 62 [ 00
B Bin VUF 1 (Neg Seq) 1218 v 0767 L] 0000 LE] ol bo
B9 Bin NUF 0 Zero Seq) 102 kv 0.253 0000 0.000 36 a0 o
Bl Bus VUF I (Neg Seq) 21 kv o767 0600 0000 63 00 oo
Busl0 Bus VUF O (Zewo Seq) 7,016 v 0,255 0,000 0.000 36 00 0o
Busil B VUF 1 (Nep. Se4) aen v 0198 oo 0.000 58 a0 (]
Busl? Bin VUE 2 (Neg Seq) pex 019 0,000 0000 85 0o ae
Busld Buy VUF 2 (Neg Seq) 160 14 019 0000 0000 85 0o oo
Busia B VUF i (Neg Seq) 3.601 kv 019 0,000 0,000 5% o0 o
Bus1d By VUF 2 (Neg Seq) 121m kv 0567 0000 0,000 63 (1] 0o
Bugls Bun VUF D (Zem Seq ) 7016 kv 0.255 L] 0.000 i o 0o
Bulé i VUF 2 (Neg S6q) 12an W 0.767 0000 0.000 63 0o 0o
Buyl6 B VUF 0 (Zem Seq) 1017 kv 0.255 0.000 0.000, i 00 00
Busl? B VUF 2 (Neg S&q) Q422 W 0028 000a 0,000 61 a0 a0
Bkl Bus VUF 2 (Nog Seq) 042 kv 0.026 0.000 0.000 61 oo 00

Bl B VUF 2 (Nep. Sq) oA 130 0026 0.000 0000 61 oo oo
Bus20 B VUE 2 (Nog Seq) 0430 kv 0026 0,000, 0000 6l on on
Busl Bis VUF 2 (Neg Seq) 120 kv are7 6000 600 6 0o 0o
Busdl Bw VUF 0 (Zoro Seq) 700 kv 0255 0000 0000 6 on 00

Line 1 Lu TUF 2 (Nez $2q) 874 Amp 10748 10,788 10,788 160 160 180

Line 1 Linie IUE O (Zerw Soq) 67,57 Amp 14,086 14,066 14.066 8 108 08

Line 2 Lune IUF 2 (Neg, Seq) 67 477 Amp 10788 1071 10788 160 160 160

Line 2 Line TIUF 0 (Zeto Seq ) 67,597 Amp 14,066 14,066 14,066 06 wny 208

Cablel Cable IUF 2 (Nep Seq)) 23018 Amp 61148 [EREH 6108 ms 35 43

Cabled Cable TUF 2 (Neg: Seq)) 177700 Amtp 0965 40.963 A0 565 50 ma i 8

Cables Cable TUF 2 (Neg 59 8942 Amp 138570 135,679 135879 231 21 31

Cablet- ‘Cable IUF 2 (Negi- Seq') S89.424 Amp 132679 138,679 135679 23 231 23y
Catile? Cable IUF 2 (Neg Seq) a2 Amp 40968 40,965 40965 230 281 it

Caliles- Cable: TUF 2 (Neg. Seq) 30,655 Amp 6962 6062 B962 27 »7 ny

Caliles Cabile TUF 2 (Neg 549 251,88 A 200148 200 142 200,198 227 7 27

Ciblelt \Cable TUF 2 (Nog: Seq) 58167 Amp 200,148 200,148 200,148 b 27 227

Cubler} Calbila IUF 2 (Neg. Seq) 1065 Amp 5962 6462 6962 7 n3 nI

T IW XFMR TUE 2 (Neg Seq ) 3055790 Amp 181156 151 156 2851 158 93 92 [ 5]
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Marginal Report,

Device ID Type Cundition Ratiig/Limit it of 2 A B m g€ %Op.A WOp B %Op ©
Tl IW XITMR TUF 0 {Zety Say ) 3059740 Anmp ASEETE 46887 465578 153 153 153
5 2W XPMR TUF 2 (Neg Soq) s0.110 Amp 6717 6777 6777 T s 73
T4 W XFMR IUF 2 (Neg. Seq) s0.110 Amp 6717 6377 6777 73 75 75
s IW XFMR. TUF 2 MNwg: Seq) 177700 Aap 40065 0,965 40965 2] 3 11
T6 IW XFMR TUF 2 (Neg. Seq) mn Amp 4568 40965 40,565 31 11 kX
n IW ONEMR TUF 2 (Neg Seq) 30 84S Amp £952 6542 6082 n; 27 o7
= W OXIMR TUF2 (Neg: Seq) 30,665 Ammp L 500 G062 6962 ] 3T i )
Culile3? Cable TUF 2 (Nep. Seq) 28006 Amp €4 148 64148 64,148 4 s s
Cabile12 Cabile TUF 2 (Ney. Seq) 13184 Assyp 26039 26,039 26039 197 197 197
Chbles Cilble IUF 2 (Neg. Seq) 435,326 Amp 104914 109.014 109914 29 229 239
Cable1s Cable IUF 2 (Neg: Soq) 131544 Amp 26039 26039 26039 197 107 197
Cibile21 Cable TUF 2 (Neg. Seq) 4580146 A 109914 109914 109.914 239 B39 239
Branch Losses Summary Report

CKT/ Branch Fram-To Bus Flow To-From Bus Flow Losses e Bus Valtage ‘I::!P

m Phose NW Myar MW My w lovar Froen To m Visag

Litue | A 1008 3896 3010 4.A4TH 24 STT4 fol] w9 012

B EESH] 9681 3804 -10 482 141 S 1000 94 b

o] 3414 9679 4389 10481 254 B9 1000 994 064

Line 2 A 1000 EF 1010 247 24 -5it4 890 9 012

B i61% 661 3604 10482 141 -8210 1000 994 060

(S 2414 0.7 4389 10481 154 -89 100.6 994 084

Cablel A L130 010 1130 L0110 01 o1 805 RS 001

a 1957 0415 95T 0,615 a3 02 904 w4 001

- 1356 LO2E D& 1028 02 o 9y g 0.01

Calyled- A Lz 0474 -1 H074 ol ol 85 s 001

B 2001 0616 2,001 0616 [E] 2 904 904 0.01

c L33y 1082 st 1042 02 01 913 03y ool

Calrled A 1596 a7 B L7 al og 805 805 ool

E:} I 438 0.561 BEE 0560 01 ol 204 90.4 001

© Lois 037 1078 0837 0 a1 38 935 001

Coble® A 2574 0477 D574 0477 G 0t a1 a0 001

B LI70 0:250 2170 0250 01 02 523 823 001

'c 1375 790 SEL 4790 (5] 03 04 906 ooz

Calijes- A 054 0477 OETE 0477 01 01 571 70 001
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B L 0250 e 0250 01 02 (A1 (53] lnoy
o 1328 079G 321 0790 02 03 90.6 906 002

Cublle? A (313 0247 888 0247 01 00 805 803 0.01
B 1418 0608 BRI 0,608 01 o1 904 904 001

o 1046 0473 146 0873 ot o1 g g 001

Cuble- A 0185 0035 0185 R 00 00 g0t 03 000
B 250 0050 0150 0,080 6.0 00 504 904 000

c o180 0.140 2150 0,190 00 0o a8 238 080

Cabled A 0156 0.081 0155 40,081 06 03 883 79 032
B 0203 o052 L300 042 Lt 0% 8.1 Q2 039

c 0235, 0135 0135 0135 2 07 925 920 048

Cubll0 A [R5 0.081 a158 0081 06 03 863 89 032
B 0203 o4z D20z 0042 o9 a5 a1 2T 03

c 023 013 0135 0135 12 o1 s 920 048

Cablat i A 0155 0,035 0155 6035 00 00 505 05 000
B 0250 0.090 0250 0.090 0.0 0.0 904 904 000

c 0190 0.140 D150 4140 00 00 95 24 a.00

m A BULTS 6034 19.968 20m 3320 9671 799 803 064
B 513 7970 18539 1914 16742 9883 6 994 w04 B97

C 22834 11.085 14753 4243 19195 68428 994 938 5.56

n A 155 1012 26230 sgt0 3263 88619 199 808 0ée
B 770 12993 27422 ARTO 2076 81247 %94 903 597

c aent {310 1083 -0380 86 98172 994 938 556

CKT  Branch From-To Bus Flow To-Fram Bus Flow Losses ®a Hus Voltage ::'P
1] Bliase MW Miar MW My kw ke From To  Vinag

I ] A 0513 0187 L4589 L8 -4 -39 03 872 667
B 0635 0183 0540 D14 957 3 904 821 §31

c 0661 0262 0678 0306 128 89 918 o1e k2]

T A 0513 0157 0589 20181 164 39 805 E72 667
B 0635 niss 0540 0144 957 u3 04 21 831

c 0661 0262 8T 0206 126 559 938 o1 232

=5 A 0.5% on? o582 2463 1355 2454 05 571 634
B 1438 0560 BEL 0230 2635 3303 904 823 810

(s 1075 0837 BER 0768 2662 61 538 906 33

K] A DBEE 0047 0567 0492 nr 2448 205 571 654
B 1A% 0608 1166 0269 2523 3390 904 523 509

c 104 0472 BEITY o3 2683 0.1 938 904 an

¥t A 0158 0035 It Dogt 03 4535 s 883 774
B 0,260 0090 0203 0z asd 16 904 LER 730

c 0,190 140 0236 LTS 457 43 958 915 131

B A 0135 0035 0156 0081 o3 455 205 883 774
] 0,250 co80 4203 o0 a64 §78 w4 B3 730

c 0190 w140 0236 0135 A7 a3 938 928 131

16616 33is
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CASE 3

s Alert Settings
Critical Marginal

Leading

Bis 100.0 250

Cable 100.0 5.0

Reavtin 100,40 95.0

Line 100.0 050

Trnnsformer 1000 as.0

Pagel 100.0 950

Protective Device 100.0 950

Creneratoy 1000 950
Bus Vollage

OverVoltages 103.0 1020

UnderValiage 950 w50
Generator Excitatiou

OverExgited (€ Max.) 100.0 o950

UnderExcited (Q Min.) 100.0

dyanced Summary ort
% Alert Setrings
Coitieal  Margiyal

Bus Valtage

Line Voltage Unbalanced Rate (LVUR) 100.0 100.0

Volage Unbitlanced Facror (VIF) Neg. Seq. 5 20

Volage Unbalaced Factor (VUF) Zero Sax a0 20
Biauch Current

Line Crrrent Udbalaced Bare (LIUR) 100.0 100,60

Curment Unbalang2d Factor (TUF) Neg S&y, 40 £4

Current Unbalanced Factor (TUF) Zémo Seq. T 20
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Critical Repart

Device 1D Tipe Condition Rating/Limit  Unit Opriating A Operating B Operiting € WOp. A %Op B %hOp C
Bust Bin Unider Voltage 0120 kv 0.065 0,086 0.067 934 932 96,0
Bins Bis Lnder Voltge 0IN RV 00nt 0066 0,057 536 552 00
Busll B Uieder Voltuge 4160 W 2291 2284 2303 937 a5 959
Busi2 B Undes Volrage A0 kv 2251 228 250 935 Pl 955
Huuld s Utiider Wrltage 460 v EE2Y 0 202 837 451 gs0
Bunld Bin Undet Voltage 3060 (1% 2291 1284 2302 931 851 959
Buyl7 e Linder Viltage 0450 Y 6217 0263 0265 m: s T
Bust? s VUF I (Neg Seq) 0430 kv 0.033 0.000 0.000 76 0o 0.0
Buyl7 Hin VUF 0 (Zero S4q) 0248 kv ons 0000 0,000 60 of 00
Busl8 B Uider Voluge 0450 W a7 0363 0265 2 949 957
Busls B VUF 2 (Neg Seq) 0430 K 0033 0,000 0000 i) 0o 00
Busls B VUF{ (Zero S2q) 0248 kv ons 0,000 0.000 &0 no oo
Busld Bin Utider Voltage 0.450 3% on? 0.263 0263 = M0 957
Buslg B VUF 2 (Neg Seq) 0410 3% 003 0.000 0,000 1 0o 00
Busl9 Bin VUF 0 (Zeto Sy ) 0.248 kv 0015 0.000 0.000 60 0o 0.0
Bun20 B Uader Volmge 0450 kv 07 0263 0265 82 e 957
Bus0 B VUF 1 (Neg Sey) n4an kv oo 0000 0,000 1 60 oo
Bus20 Bw VUF{ (Zero Sea) 0248 W 0015 0,000 0000 60 0o 0.0
CalblisB- Cilsle TUF 2 (Neg S6q) 238 A 130,593 230,693 230,493 739 39 L]
Cablell Cable 1UF 2 (Neg Seq) I3 Amp 30593 250593 230893 7 B 739
T W KFME Overload 7500 MVA 4886 01603 0.607 1939 141 M43
bl W XEMR LIUR (Pos Seq) S92 193 Amp 13384 600 6659 082 6695 520 80 T e
2l W XFMR IUF 2 e Seq) 2980 850 Artip. 38178 6638176 638 176 79 719 L)
T8 IWXFMR Overkosd 1500 MVA 4846 603 o007 1939 M1 243
T W XFMR LIUR (Pos. S ) 2952193 Amp 15384 600 G650 0B 8895 420 1490 S 743
T W XFMR. IUF 2 (Vg Seq) B98O 550 A 38170 6538176 6630 176 739 739 (%]

£l al T

Device ID Type Condition Roting'Limit  Ualt  Operating A Operating B OperatingC %0 A %Op. B %0p. €
Busd Has Umber Volrage 13,600 K 7493 7790 7838 953 978 561
By S B Unider Vol 13800 kv 7593 719 656 45 978 961
BT B Under Violtage 15600 kv 7592 T 7658 954 o178 L]
Bus§ Bus Usider Volthge 13800 K 7.592 769 745 053 978 6.1
Busit B Under Volmge 13 800 3 74592 7189 7659 953 L] 61
it Bus Utliber Voleage 12000 3 7592 1789 7859 23 978 081
Busle Bus Uniber Voltage 13600 KV 7593 T8 7659 #53 w.E 461
i1 Bus Utiiber Voltage 12800 33 7593 7790 7459 283 978 o8
Lune 1 Line TUF 2 (Neg Saq ) IR595 A 12087 12.007 12:087 310 30 3o
Line 2 Line 1UF 2 (Neg. Saq) Baes Amp 12097 12007 12087 0 0 3o
Caldel Calle IUF2 (Neg, Soq) 20719 Amp 16771 16771 16771 Bl 21 81
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Marginal

Tevice ID Tape Coniitioi RatingTimit Uit igA O ¢B  OperatingC  WOpA  %Op. B %0p.C
Catife2- Cable TUF 2 (Neg. $eq) wran Amp. 18333 18333 18335 as 85 88
Cabled Cable IUF 2 (Neg Seq) 162971 Anp 10110 10710 JUSIT 65 66 66
Caliles Calile IUF2 (Neg Seq) 0,565 Anp 35524 35524 35,524 a5 56 66
Cables- Catile IUF 2 (Neg. Seq) 540 468 Amp 3552 34524 35524 a5 5 46
Cabl? Cable TUE 2 Qe Sy 162082 Amp 10,711 Rt 10711 &5 66 46
T IW XFMR IUF 2 (Neg Seq) 4507 Amp 12094 12098 12094 k. 1 W0 %0
T2 2W XPME IUF 2 (Nep Seq) 437 Amp 12 094 12094 12004 380 0 wo
T IW XFME TUF2 (Ve Seq) 506 Amp 35528 35528 15538 05 66 a6
T8 W XFMR IUF 2 (New Seq) 40867 Aup 35430 35430 35530 65 68 a6
T W XPME TUF 0 {Zero Seq.) S6B0SI0  Amp 6147138 ST TIE 6147738 751 751 751
™ 2W XFMR 1UF 0 (Zers S2q) $950 560 Amp 47738 6747 738 6747736 75t 254 LT
Cuble1? Cable TUF X DNeg Seq) 207 104 Awp 16.771 16771 16711 81 21 81
Catile23 Cable TUF 2 (Neg Seq) WA Aup 18333 16333 18333 85 55 a8
Cable12 Calile TUF 2 (Nep. Seq) 12LNE Awp 6,808 6508 6308 72 a6 16
Catiles Cable TUF2 (Neg Seq) A28 Amp 26736 28736 WG 63 68 31
Cable1o Cable IUF 2 (Nez Seq) DLBE Asy 6608 6205 6808 55 56 35
Cabfez1 Cable TUF 2 (Neg. Satf) 2009 Amp 28736 28736 i EET 63 a8 &8
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N W
Bus Voltage Genvration Load Lond Flow XFMR
kv Phawe w Ang MW Myvat MW Nivag Plae MW Mur  Amp %PE ST
*Binl 230,000 A 152791 00 529 sS40 ] 0 B2 A 2650 2701 s 700
a 132991 1200 10535 3518 o o B 5268 179 ALE 040
c 131791 IM0 859 RS9S o 0 S 4T AT ap4 T8
Bins A Igmo 2wl 83 00
E:| 0,000 00 0 0 0 0 B 5268 17589 AL 9
c 0000 on o o o o [S AT AT awe Mg
Bus? 230,000 A 132547 6o 0 [ o o Bul A L2648 L3588 336 S04
B o= -1201 0 ] o o B =526 -2636 444 B
[3 32397 1199 0 © o [} [~ AT68 5366 M2 66
Bt A 1g48 3585 36 504
8 0000 an L] [ o L) B 1253 2830 444 294
o 0000 o0 L] [} a c 4768 5366 M s63
Bl A DOOO 000 no 00
a8 0000 0000 ob 00
IS 0000 0000 oo 00
Bosd 230,000 f 5 132,547 00 o a 0 Bl A S2648 3588 336 494
B 31362 <1301 o o o o B S263 266 M4 94
= 132307 ss o Lt} a a c 4788 3360 42 G664
Bus § A TE4E 3885 338 S
0.000 oo 0 0 0 o B 5253 1636 A4 594
0.006 00 0 0 [ L [ 4758 33660 M2 664
Bus? A 0000 Goo0 00 00
B 0.000 0.Do0 oo oo
[ 000 000 oo oo
Buvd 13800 A EE T 11 a o o 0 Bus? A 150 0492 de s
B L BT ] ] 0 [} o B L§5 0720 2SE . W06
[ 1659 @0 0 o 0 0 [ 135 0540 1908 09
B0 A LIS 0468 1656 w28
B 0.000 00 ] 0 0 o B LW 0617 1710 886
c 0,000 €8 0 0 o [ c 108 04 123 804
Binlé A -026 %80 4723 60
B 035 0380 gty 370
c 1RO 2417 ATy 44
Bus? A NI AR TSAT S84
B 3609 2194 SWE BSS
-] 5789 3701 m9T1 B3
Bui6 A 06H  0IB 956 2
8 eI B 981 WD
c 067 0230 958 950

102



Buy Vollnge Generntion: Loand Load Flow XFAMR

WV Pl w Ang MW Myar MW Mrar Phme MW Muar  Amp NPF WTap
B A D004 00LS 21 33
] Q0 oms 5 M1
c ol o018 18 &4
B 5 13,800 A EE U I T [ o W 0 Buso A 1548 o4m 2108 95
B e o o 0 0 8 1MF 073 298 sa4
c L T 1] (i i o o [} 1347 0%36 ey 929
Busts A LIS1 080T 1886 9L
B 0,000 ta 0 o o o B L5 0T Mo 576
c 0,000 oo (! 0 o o © 1041 05M 1528 890
Bus2i A ©26 50 4mEF 60
B 03¢ 0s90  BLS 3T
[4 1680 2417 471 Ta4
Busd A 178 ATIE TST 554
] SEEW L1194 SBE 850
c ST AT #1843
Bust A 0891 013 @ss 952
' a 0727 0242 983 M9
[ 0687 02 958 940
Hind A a0 D01S 2 243
B L T 35 a1
[ 0014 -D0Ls 15 4
Busti 0420 A ooEs 6 o o 0680 0133 Hud A DEN0 D193 109016 961
B 0086 1766 o [ 670 0203 8 0710 0203 111983 961
c C S ] 0 o 07e a1 c 4TI6 421 UNTE G459
BusT 13 800 A £ SN T 0 1] 1440 0492 Busd A S0 0492 31290 943
B TR 1519 o o 1545 0T B AHE DT NBS 900
c 7658 #0 o 1] 1358 0540 c 3B 00 908 91d
Busg 0120 A D065 B 0 0 0BED 0193 Bus§ A 0680 0193 190LE 963
B 0odE 1766 [ 0 070 0203 B 07100 0203 11985 961
c 0psT %12 o o 0TS 01 4 OTIE 0211 HNTE 959
Bind 13500 A T8 36 ] o 1448 0483 Buss A CLME 0483 36 955
B 1189 1519 o o 1448 o7l B SHE 0T 298 904
[ 1658 w0 0 [ 137 0536 c ALMT 0536 1893 929
Busto 13 500 A TI2 -ik6 ] ] [] o Busg A SLIST 0468 1656 2R
B 1789 1519 0 0 0 o ] <180 0617 1710 886
c 785 IO o o 0 0 € -i058 049 1825 904
Busll A 1167 0488 1856 9%
B 10,000 (] 0 o 0 o B 1180 0617 1700 B36
c 0000 (0] o o 0 o c 1058 0489 125 S04
Busll 4180 A Mg s 0 o 0 0 fusld A Lol 0420 6150 932
B 14 19 0 o [ 0 ] 1700 0331 SM6 918
c 2303 o o o o o c 1004 046 40 50E

Bus Vaoltage Generation Laad Logi Flow XFMR

kY Phase kv Ang MW My MW Myar Phue MW My Amp HFF STup
B0 A 1088 0402 SIS0 9B
8 o000 (1] ] 0 o [ =1 2% 051 sME 92
C 0.000 00 0 0 0 [ c -0l M8 SM0 893
Bini2 A 006 L0018 6 360
B 00 000 96 403
c 0008 0018 B9 450
Busl? 4160 A 1351 el 0 0 [ 0 Busid A 1061 0420 SIS0 932
B 134 17D 0 o i [ ] 1200 031 SME @S
[ 1505 587 0 0 ] o 4 1091 0567 M0 BOS
Binis A 10M oM M1 9
B 0,000 L] 0 o [ o B A% 055 ST w08
C 0,000 0o o [ 0 o c -10B2  GDSES  $340 68D
Busil A 0,007 ooms 86 360
B 0009 0020 96 403
4 0008 0018 B9 459
Bust} 4160 A 138 .adL o [ 1081 0420 Bindl A SloEl 04N M50 032
B 124 17es o o 1200 6353 i L2000 053 SHME 918
= 2302 sa7 o i 1091 0566 [ 4001 0%68  SMo 888
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Busid A 0o 0000 0 o0
B 0,000 an o o o o B G000 0000 0o 6o
€ 000 (1] o ] o o (= G000 0.000 (TR T
Busld 4160 A 13 U (] [ 1081 0420 Busi? A -L08) 0420 s130 932
B 1me 1769 (] 0 1200 0531 B 4200 053 M6 915
c bk B L 6 U] 0 1091 0565 4 1wl 0%s  s340  fRE
Busi3 A 0000 0000 op op
B o it ] a o a B 0000 0000 an oo
c .600 ae o ] o 0 © 0000 0000 00 o
Binls 13800 A T3 18 o o o 0 Bws A LISt 0307 1856 91
B 1789 -E519 (] ] ] ] : 1 1S9 0456 1T 870

c 4% @0 o o [ [ € i 054 128 %90

Busi2 A 1151 0507 1856 918

B 0000 () o 0 o o 8 1155 0656 1710 570

c 0000 (1] o ] o 0 < IML 0S5H 1528 @0

Bunls 13800 A R T (] 0 o 0 Bus A 026 3580 4723 40
B 790 1519 o 0 0 [ B 0235 0590 815 370

c 6% mo o Ll o [] € 200 2416 4721 74

Bist? A 06 35E0 4723 6D

B 0,000 an L] o 0 o B 0235 00 815 370

© 000 ao o 0 ] o € b2 2416 4721 744

Binl? D0 A 027 edé ] [ [ 0 B9 A 0000 0000 [T
B 0260 173 (] 0 o (] 8 0000 0000 LT T

c 0365 S0 ] 0 o [ c 0000 0000 a0 6

B Voltage Load Laad Flow XFMR
m V. Plse v Ang MW Mur MW Mur Phue MW Mar  Amp  %PF %Tep

16 A 2167 4935 2DESR 447

" 0.000 o0 0 0 o 0 B 45 0551 DRl 406

c 0000 oo o 0 0 0 c B3 0588 T

B8 A 2167 4338 2NMeEE a7

B 0248 0851 DI 408

c 023 058 BET 35

Bmls 0480 A 017 686 0 0 4355 670 Bnlo A 0000 0000 00 6o
B 0363 1783 0 o 0480 1103 B 0000 0000 LT

c 0385 570 0 0 0436 1136 (S 0000 0000 a0 0o

B2l A 26T 4338 IN66R 447

B 0000 an o o o o B LM45 0551 IWR] 406

c 0.000 o0 0 0 [ 0 © D13 08 2NBET 350

Bl 7 A CRIGT 4335 IN66E M7

B OMS 055 DI M6

© 0213 0565 2BET 350

Bil9 0450 A 0217 666 ] 1] ] Hinl T A 0 000 on [
3 0283 1783 o ] 0 ] B 000s 0600 0 6o

S oMs 510 o o [ o c 00 0000 00 6o

Bus2l) i 0000 0.000 (T T

B 0000 oo o o o o B 0000 0000 00 o0

[ 0.000 00 o o [ 0 [ 0000 0000 00 oo

Bt 0450 A BT 866 o 0 0 0 Husl A 0000 0.000 noo oo
8 0263 173 o o o o B DOOI  0.000 o0 oo

c 1" S ] o o [ o c 0000 0000 ob o

Bs1d A 0000 0.000 00 00

B 0000 L] o o o o B oo 0o 00 o0

(= 0000 oo o [+ [+] L] [ =] 0000 0000 on oo

BuaZ) 13300 A R SR T 0 o o 0 Bws A 0216 3350 43 80
B i I 2 ) o o o L] B 0,235 0500 {153 o

© 1659 EO o o o [ c 2800 2416 4721 T44

Bl A D26 3580 423 60

B 0000 (1] o o o 0 B [RILIE I T 1

© 0000 (1] o c 2690 1416 4TZ1 Tad

* Indieates & voltape repuliated bus ( voltage controlled or swing rvpe unchine cotinected 1o 1)
# tndicates a by with o Yoad misiiach of iniste thai 0.1 MVA
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Loading
Bus

Cable
Reactor
Ling
Trmtsfoner
Pamel
Provective Device
Genernter

Bus Voltage
OvarVollage
UnderVoltage

‘At Lali

OverEscited (Q Max)
UndetExcited (Q Man.)

CASE 4

% Alert Settings

Crit

100.0
100.0
10
100.0
100.0
100.0
100.0
1000

1050

950

100.0
100.0

ert-Advanced Summary art

Margiunl

95,0
LLu ]
950
a%0
850
950
LLE

250

loze
950

o50

"o Alert Settings
Critical Marginal

Bus Voltage

Line Voltage Unbalauced Rate (LVUR) 1000 1000

WVoltnge Unbalanced Factor (WVLIF) Nez. Seq. 78 =

Voltage Unbalanied Factor (VUF) Zero S=q. [E] 34

Buranch Curvent

Line Crrent Uinbalmnced Rate (LILR) 1500 150.0

Cwrent Unbalatced Factor (TUF) Neg Seq. TAN k&

Current Dnbalanced Factor (TUF) Zare Seq 748 0

Lritical Report,

Deviee D Tipe Coniliting Ratitig/Lituil Vit g A i ¢ B g0 %Op. A NOp B %Op ©
Busl Bus Under Valtigs 230000 1 1nesi B2 132791 w00 1000 190.0
Hup? Bus Ulbiher Velltepe 230,000 15 119292 132538 1237 sy EH] %7
Bind Bus Unndder Valtge: 230,000 w 119292 152,534 13237 s w8 07
Bl Bus Under Voltape 13.600 v 24 T401 T8 0.4 g19 w“e
B s Bus Undder Valtnge 13 500 w 7214 7401 1615 90,4 929 956
Bt Hus Ulnider Voltage 0120 w 0064 0.062 0.065 9tE 91 940
Bu? Under Valtngs 15 500 W 215 7.400 1614 04 929 9.6
Buss Uliider Voltape 010 34 obsg 0.082 0068 9 391 a0
Bug Under Voltnge 13000 kv 213 7400 7614 02 99 956
Hasld Hos Ulniterr Voltagse 13800 139 214 7400 7614 4902 99 956
Hnll Bus Under Viltnge 1160 kv 2102 2142 116 917 52 933
Buxl2 Bus Ulnider Valtage 1160 v 2202 2142 2246 0T 892 935
Buyl ! Bus Under Valtngs 1160 139 2201 1142 2148 917 .2 935
Busld Hos Ultider Voltage 4160 v 2201 2142 15 9 892 938
Husl® B Under Voltnge 13 80 kW 7214 7400 7614 0s £ ] 956
Buvls Bus Under Volige 11800 W 7214 7401 614 03 429 936
Busl? Bus Under Voltage 0.4%0 kv o211 6235 0,260 81 586 237
Bni? Bus VUF 2 (e Seq) 041y kv 0032 0.000 0.000 L] 00 0.0
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Buuls Bie Uneber Violtige [ kv o211 0246 020 w1 3 957
Busis B VUF 2 (Neg Seq) D4Ld v 0,032 0.000 0,000 73 o0 00
Buls B VUF D (Zem Seq) 0358 kv oS 0.000 0000 64 00 0o
B9 B Undér Voltage 0430 1Ay 021 0246 0260 761 386 937
B9 B VUF 2 (Neg Seq) 0413 kv 0052 0000 0006 23 00 0o
Bus1® B VUF 0 (Zero Seq ) 0238 3% 0015 0.000 0000 0t 00 0o
Bus20 B Under Voltge 0450 KV 021 0246 0260 761 586 937
B0 Hin VUF 2 (Neg Seq) 0413 kv LTS Q000 0000 73 00 0o
B2 B VUF § (Zero 841 0238 kv o1s 0000 L &4 on LE]
B2t B Undes Voluge 13.6% 54 T.214 7401 7614 5 529 56
Cubled. Calle IUF 2 kg $9q) 3Hep Amp 133434 134 534 134854 740 740 0
Chblet] Catle TUF2 (Ney. Seq) 36w Amp 354 23453 asM a0 Mo 74D
bel IW XFMR Crverload 7,50 MVA 4750 57E 0568 103 251 e
T7 TW XFME TUF 2 [Ney Seq) 9106521 Amp £T42.859 [3fe8 0t 6742 859 740 740 740
T IWXFMR. TUF 0 (Zero Seq ) 9106521 Amp 66191611 6519611 6819611 749 749 749
TH IW XFMR Crverliad 7500 MVA 4150 057 o508 1913 p=31 ng
T W XFMR TUE 2 eg Seq) 9106321 Amp 6742859 6742859 6742850 740 40 40
™ W XFMR TUF O (Zemo Soq) D106:521 Amp 819611 S5105611 £819.61L 749 748 e
Cablezd Cable Ovetiosd 233810 Amp 185.608 148.215 214 366 94 1062 917
Auginal Report,

Device ID Tpe Condiriiin Rating/Limit Uit Opersting A Operiting B Operating € %0p. A %Op.B  %i0p.C
Busl Bus VUE 2 (N S0q ) AsE S w 1,667 0000 0.000 34 0o 00
Busl By VUF 0 (Zero Seq.) 128364 % 4428 Q000 0.000 54 00 00
Rus2 Hin VITF 2 (Nog. $0q ) 2821 kv 7333 0.000 0.000 34 00 0.0
B B VUF 0 (Zero Seq.) 128 068 kv 4425 Q000 0.000 33 00 00
Busd Bus VUF 2 (Neg Seq) 28 kv 7533 0.000 0,000 34 0.0 00
Busd Bl VIF O (Zevo Seq | 125048 kv 4428 0000 0000 L] 00 00
Busd Bis VUE 2 (Nt $0q ) 1283 v 402 0000 0.000 3 0.0 00
Bus & B VUE 2 (Neg Seq) 1282 kv 0,402 0000 0.000 3 00 00
Bue. Bus VUE 2 (New $0q) 0110 v 10,003 0000 0.000 Ex] 0.0 00
Bui? Bus VU 2 i¥eg S0q) 1280 134 0,402 0.000 0.000 R 00 00
Buss Bus VATF 2 (Nep. Seq ) a0 kv 0003 0000 0000 31 (1] 0o
Bind B VUF 2 (Neg. $eq) 280 kv 0402 0,000 0.000 31 00 00
Bus 10 Bin VLF 2 (Nep Seq) 1280 kv 0402 0.000 0.000 3 00 00
Busll Bus VUE 2 [Neie $0q) 3800 kv 0104 0.000 0.000 o] 00 00
Bupl2 Bin VUF 2 (Neg Seq) EE T 1% 9104 0000 0,000 23 0o 0o
Busid Bus VUF 2 (Nep: Seq) 1803 KV 0104 0.000 0,000 | 0.0 00
Buitd B VUF 2 (Neg Seq ) 1803 kv 0.104 0000 0000 ) [ 0o
Busis B VUE 2 (Neg Seq ) 1280 0402 6,000 0.000 1 [ 0.0
Buulé B VUF 2 (Neg Seq) 2 kv 0402 0000 0000 S 00 0.0
Bus2t B VUF 2 (NeSeq ) 1281 w 0402 B000 0.000 31 L] 00
Tane 1 Line TUF 2 (Neg S2q) 9720 Asmp 13707 15007 13707 345 M5 345
Lite 2 Lisie IUE 2 (Neg. Seq) g s Ay 13.707 13707 13107 Ms 35 35
Cablet Calile TUF 2 (Nez Seq) N445 Amp 3347¢ 13478 13475 157 187 157
Cuble2- Cahle TUF 2 O¥eg. Seq) 24455 Amp 36,702 36702 36,702 m (A8 (5
Calited Cabie IUF 2 (Neg. Seq) 163057 A 240 21441 1144 127 127 17
Cables Calsle TUF 2 (Neg Saq) 60472 Amp 1119 TLI9 b B3 127 127 127
Cbites Cable TUE 2 (Nez- Seq) 560422 Amp 71y GBI 7LU19 nr 127 127
Cable? Cable THE 2 (Nep Skg) 168965 Awmp 21443 21443 A 127 129 127
T W NFMR TUF 2 (Nez $eq) i A 13007 1 13107 e E] i3 33
b p] IW XFMR TUF 2 (Neg. Seq)) 39 A 13,707 1707 13707 313 31 33
T3 W XFMR 1UF 2 (Neg Seq) 93875 Amp 1547 3547 3547 38 18 3t
T IW XFMR TUE 2 Q¥eg Siq) 93478 Ammp 3547 3847 3547 38 15 i
T8 IW XFMR IUF 2 (Neg $eq) 60452 Amp T nizy i 127 127 27
T6 IW XFMR TUF 2 (Neg Skq) 560,419 A LR 71132 71432 12y 129 1y
Cuble1? Calile TUF 2 (Ve Seq) N4485 Amp 33478 33478 15 is7 187 157
Cable23 Cable IUF 2 (Neg S2q) HAAsS Ay 3602 36702 36702 171 RS 11
Cublet2 Calide IUF 2 (Neg Soq) 128558 Amp 13639 13620 13629 109 103 109
Cubled Calile U2 DNep Skq) 436576 Ammp 57520 57529 5759 132 132 132
Cable1s: Cable TUF 2 (New S2q) 125458 Asmp 13620 13.620 13639 103 109 109
Cubdezt Calile TUF 2 (Ve Seq) 436578 A £7.529 57,429 57420 132 132 32
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OW

A Valtage Generation Load Lond Flow XFMR
kv Fhae kv Ang MW Mo MW M Phase MW M Amp WPEF STap

*Bul 230,000 A e e ATIE 423 o 0 By A 21345 2112 285 46

B 13279 N0 11536 4152 ] 0 B 576 2076 2

c 12791 M0 &2 sl o o c 4386 4900 s 687

Busd A 2388 2112 WE 46

B 0000 o ] o (] o B 76 1076 462 41

c 000 €0 o o [ [ ¢ A3pE 4000 WE 66T

Bus? 230,000 A 1922 i » [ 0 0 Busl A 2366 1837 3100 610

B 132534 <1201 (] o (] o B ST M3 M9 BB

(= SEREE TN YU ] 0 0 o c 4310 5763 46 604

Busd A 2366 2837 30 640

-] noos o o [ o B 2T 2043 me B

[ 000G oo L] [ o o c 430 srex ME 604

Busi A 0000 0000 CT T

] 0000 0000 00 00

€ 0000 0000 o0 oo

Busd 240,000 A 1e12 L1 0 o 0 0 Bust A 2386 L2837 3100 640

8 s axd o o 0 0 BT 284 49 B9

c 13239 1189 o o i 0 [ AW -5TE ME 604

Bus§ A 1366 IBST 30 640

0000 (1] 0 o 0 o ] ATH 2943 489 B91

c 000 L] o o 0 o € 43M ST ME 604

Bus! A 0000 G000 LT T

B 0000 0000 0o 0o

C 0000 0000 LT T

Buy 13800 A T4 .33 o o 0 0 Bml A 1312 033 1575 9635

B 7401 1508 0 o 0 o ] LT09 0s11 M53 %41

c THIS  BES 0 o 0 0 € L4z 023 I4s 87

Busio, A 1021 0370 1506 M0

B 0600 €0 0 o [ 0 ] L2376 0S50 1877 9L8

c 0,000 (] 0 o (] C 110 6675 1T B4

Bmls. A 0204 342 4TS 39

] 025 05 823 353

c 2657 1515 4B0S 716

Bus? A 2T AN T34 B2

B 3866 L1949 S8ES B9

c SBET 4260 §R2T 809

Bisss A 062 o201 003 b4

B 0667  ONT BT 9Al

c 0695 028 S 948
Bus Voltage Ceneration Lo Load Flow XFMR
Y Plase (34 Ang MW Mwer MW Mwr Phase MW My Amp  NPF STep

Bus § A 0012 G007 19 54

B 0062 ou2 19 et

C 0018 0028 4 87

Bt 13500 REC TR 0 o 0 0 Bwd A 1300 0318 18560 971

B Tl -1fas (i o 0 0 B 1732 0612 ME2 943

7615 B&9 [ o 0 0 C AI0 0822 244 B4

Busls A 008 04N 1306 928

] 0.000 (1] (1 [ [ U B 1257 09 177 S08

= 0.000 0o 0 o 0 o c 1087 OTIZ AT BRT

Bus21 a 0304 3442 4TS 59

:} 0% asTe  E23 353

C 1657 M5 @03 T

Biss A ATIE 4358 7134 SR

8 3E 1960 eS80

C 5867 260 9521 RBOS

Busd A 062 o201 e0S5 EA1

B 0687 0217 94T 9%

4 oo 0239 865 96
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Bt A oM o 1% w14
B 0002 0022 EL TN X
[ 001 0028 44 w7
Busti 0120 A b6 .2 o [ 0853 0194 Buwd A 0053 0194 yodes 959
B 0062 1764 o 0 6625 0173 B 04625 DI1TE M0S021 964
= ooes ses o o os9§ 0207 [+ 08 0207 YI1ESE 950
Bu? 13800 A EET R 5 0 o 131 DR Bud A M1 03 1878 968
B 7400 1505 0 0 LS 0611 B AT0R GBI 45T 843
c TElE §e9 0 0 1413 0303 c AAZ 0803 2145 81
Bus 0120 A obes e 0 0 0855 0194 Buss A 06883 0194 J0ies  ase
B 0002 1784 o 0 662 017 B 0625 0173 M0A021 964
= obes ses ] o 0ses 0207 (4] 0898 0207 LI1E&E 940
B 12800 A LR R 5 0 0 1300 037 Buss A 301 0317 1856 470
B TANG 1505 0 0 172 06 B TR A 4R N3
c 1614 B9 o 0 LAl o2 c L4l 08X 244 S84
Builo 13 800 A 714 -3 o o o 0 Bust A -0 030 106 940
B 1400 1505 o 0 0 0 8 ALXTS 0550 IETT 4R
c R R 0 o [ o [ A0 062% 1T 654
Bt A 10X 0570 1506 840
B 0,000 oo 0 0 0 0 B 1275 0§50 1877 918
c 0000 00 o 0 0 0 c 110 0678 W7 854
Busll 160 A 222 L6 ] ] o 0 Busld A 0945 0485 007 894
B 24 16 o o L} o 8 L152 0368 SE33 954
c 2346 58 0 o o ] C 1235 0659 W23S 882
Volmge Getieration Lond Load Flow XFMR
W Phae kv Asg MW Mum MW M thae MW Mwm Amp  %IF BT
Bunl0 A 0593 0478 SHB 901
B 0000 oo L} [ [} o B <1188 034 SRR 910
© 0000 oo o 0 [} L] c -L246 L0639 636 290
Buasi2 A o0l 0017 84 W7
B o008 L0010 94 1299
[ 0011 0021 104 460
Bl 4160 2202 6 o 0 [] 0 Bwld A 0985 0495 07 =94
B 2042 1746 0 0 [ ] B L1582 0383 S&3B 854
EEITI o [ 0 0 c 1255 063 64 =g
Busls A DT @512 SN0F 856
a 0600 0o 0 o ] 0 B -1146 o3 sMe 949
S 0,000 0o 0 o 0 o g 32 0680 66 574
Bl A ans  om7 84 sa7
B 0006 0.019 94 98
c ODH 001 104 469
Busid 4160 A 2201 86 0 o 085 0493 Busil A 0885 0493 3007 E94
B Y 1766 0 [ 1152 0383 B SR ET TR
© 45 s 0 0 1255 0649 © 3235 0658 6233 882
Busid A 0000 0000 00 00
B 0.000 o 0 0 o 0 B 0000 0.000 00 00
S 0000 00 [ 0 0 [ c 0000 0000 00 00
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Bustd 4160 A 1300 636 0 0 08Ms 0495 Bml2 A 0885 049% 00T 394
B 22 INE 0 [ 1152 0383 ] SLIS2 D363 MG 954
[ 15 Hs [ 0 1235 0ed 4 435 065 6235 2
Busld A 0000 0000 op 00
B o000 L] 0 o [ ] 8 0000 0,000 00 0o
© 0000 (] o i o [ e 0000 0000 an 00
Busls 13800 A 12140 s L] 0 0 0 B A AL00E 0404 1506 928
B 7400 1505 [ 0 [ 0 B 4256 04 187 WS
= 1614 By (' o o o © ALOET  ATIZ ATRY 837
Busl2 A 1006 0404 1306 9238
B 0.000 o o 4 [ 0 B 1356 03592 1577 o0s
C 0,000 (1] a o o ] c 1O8T 071z M7 837
Bunlt 13,300 A 24 A0 0 0 [ 0 Busd A 0204 3L 4779 59
B 7400 <1505 0 0 0 o ] 0215 0570 823 353
c 7614 8e8 0 0 o o c -2657  L251F 4B05 76
Busl? A VT U Y VY o 1
B 0,000 ] o o 0 n B 0215 0570 823 5
c 000 (1] o i o o c 2457 2415 B8 26
Busl? 0480 A [ ISR & 0 0 0 0 Busly A 0000 0000 oo 00
1 0248 a7E2 [ o 0 o | 0000 0000 00 00
c 0260 64 (' 0 0 0 € 0000 0000 00 00
Bus Voliage Generation Load Lowid Flow XFMR
o W e [ Ang MW Mem MW M Phae MW Mvm Amp WPF Wi
Bl A 2138 413 Dgdss 447
B 0.000 (1] 0 0 o B 0235 0528 20 406
c 0000 (1] 0 o o o c H20 0D Moo 35
Busl A 2138 A8 MBS MY
8 05 052 110 406
4 0210 0360 F0AY 35)
Busis 0480 A LA S ] o L] 4275 8551 Buslp A 0000 0000 CT T
B 0Ms  1m2 o odfe 1086 B 0000 0000 [T T
o0 4 o o 0420 1120 © 0000 BODO oo 00
Bus2) A 2138 4275 26656 T
B 0600 (0] [ (1] [ o B DI psI NSZ0 408
c 0,000 00 o o ] [ ON0 D560 Bole 351
Bsl? A 213 A 286 M7
B 0238 052 2520 406
C 0210 6360 Do3e 351
Bl 0480 A L5 PR % | o L] O Busl? A 0060 0000 0o 00
B 08 172 0 0 [] ] £ 0000 000D 00 00
c 0260 E 2] ] o o o B 0000 (000 0o 00
Bl A 000 mooo 00 00
8 2000 (1] (] o ] o B 0000 0000 00 60
c 0,000 (] 0 0 0 o c 0000 0000 00 00
B0 0450 A 0Im -e3 L] a ] 0 Bumis A o000 0000 00 op
8 M6 1782 o 0 o o B 0000 0000 0o 00
< 0260 S84 (] ] o o c 0000 0000 LT
Busl9 A 0000 0000 [T T
B 0.000 (1] o ] o ] B 0000 0000 00 00
© 0.000 oo o 0 o o 4] 0000 GO0 06 00
Bin21 13800 A 1214 333 o 0 o 0 EmS A 03 34 4TIE 5@
B TADL 1405 o o o 0 B D215 050 B3 383
c 1614 869 0 o o ] [ 2657 2515 4B05 TI6
BuslE A 0264 54l 4778 58
B 0,000 on 0 0 [ ] B 0215 050 823 353
¢ 0.000 oo [ [ o [ [+ 65T 2515 ams T2

* Indicates & voltage megnlit=d o  valiage controlied or swing type machime connected 1o 16)
& Indseates s b with o boad mmsmateh of nxone than 0.1 MVA
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Bus Bus Load
kv Rated Ay Phase MW Mem MVA “FF Ap % Losding
Bt 230.000 A 4736 i3 6345 Mo LEN}
B 11536 4152 12261 94 a3
© a1 2801 13155 647 9.0
Bus? T 000 A 2368 287 LT &40 3o
B 5773 543 6480 ;1 45g
c 4370 5763 1232 o S48
Buid 230 600 A 2368 28 FT] &0 £
B m 143 450 .l 450
C 43700 5763 1232 604 546
Bint 13200 A 254 LEL ] 528 564 98
B 3269 1 9% 4341 0 4865
(4 5835 4280 7265 810 541
Bus s 13:500 A 2842 4345 5264 559 e
B 3m 1940 4352 L] saRl
c 5867 Ay 7367 w07 9543
But o120 A 0.653 01 0681 959 107098
B 062 [ 0648 964 103021
c 0,695 0207 o {21 ] 11issn
Bt 13500 A [ETH R 1354 U8 1575,
B 1708 (L35 1LEIS #42 2451
(= 1423 0303 1634 87 148
Bms 0120 A 0,653 3t 0681 959 107098
B 0.625 0T 0.643 6.4 105021
¢ 069 0207 amy w9 111868
A 13,500 A 1301 0317 1338 9T 1856
B 1733 L1354 18T s 482
c 1410 e 162 364 2044
B0 13100 A Lon 0310 1086 %40 1506
B 127 0240 138 9s ey
[ 1110 0675 1209 854 1707
Hustl 416 A 0993 B49s 1110 s 0y
8 1158 0363 123 954 5665
c L2486 0459 1410 - 6175
Busi? 4163 A 0985 X4 1110 w7 542
B 115 0302 1214 LE] 5666
C 1235 850 1410 476 Qe
Busld 4160 A 0,955 0495 1102 94 5007
B 1452 0363 18 wa 632
© 1253 e 1400 2 6234
Build 4160 A 0.985 0495 (RIS T 500.7
B 118 0363 1308 053 sdig
c 1255 0.6 1.400 2 6235
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Buy Bus Load
m 13 Rated Amgl Phase MW My MVA PR Mg % Loidiig
Busls 13800 A 1.008 a0 Lose A3 1506
El 124 [ 5] 1389 0 W
c 1087 0z 1299 5.1 1707
Binlé 13500 A 0.204 B4l 3a47 1 e
B s 0.5 0605 353 823
(4 2857 2518 3659 24 4508
Busl? 04680 A 2038 138 RN T 236656
k| 0235 0528 0578 406 13520
(- 0210 0,550 0498 £ RElTEES
Bl 0480 A 4175 B.541 4,360 a7 453312
8 R 1056 L35S 40,6 9
c 0420 L1120 1196 51 46078
Binld 0480 A o o a o o
] 0 ] 0 0
e [ ] o [} o
Bus20) 0480 A a 0 0 0 o
B a 0 0 [ o
C o 0 0 0 ]
Binl 13000 A 0.3 LR 344 59 ane
8 215 057 0408 353 n23
C 2657 1515 1659 6 480.5

* Indicates operatiti bosd of 3 Inis exceeds the bar erstiend it € 100,00 5% tines, the contions fmbms)
4 Tndiesten operatinig load of Bk exceeds the bin mnrginsl linnit { 9400 4 tisnes. (hé ecttionorn tafing)
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APPENDIX C. SYNTHESIS DESIGN OF REACTANCE BALANCING
COMPENSATOR

Chapter 4 of Dr. Czarnecki unpublished data

Admittance of Shunt Reactance Compensator. When a reactance one-port is
implemented as a shunt compensator, then such a compensator has to have specified
susceptances for some supply voltage harmonic. When a load is to be compensated for
harmonics of the order n from a set N, then the compensator susceptances Bc(w) for @ = nw,
have to be equal to Bc,. The general form of admittance Yc(s), specified by the number of
POLEs and ZEROs, has to be found for that purpose. To find the number of POLEs and ZEROs,
a constantly increasing susceptance Bc(w), which for specified harmonic orders n assumes values
Bcy, has to be drafted. After that, POLEs and/or ZEROs at zero and infinity have to be added in
such a way that Yc(s) could be a Reactance function. This enables to express the compensator
admittance in the form

As
. with f(s)=4 4 and 4>0.
S

2.2 2.2
(s"+z{)...(s"+z,)

>+ pD) s+ pp)

Ye(s) = f(s)

Illustration 3. Let as assume that a reactance compensator has to compensate a load for
the voltage fundamental harmonic and the third and the fifth order harmonics, which requires
that compensator susceptances are Bcy = 2 S, Bes= 1 S and Bes. = — 0.8 S. A draft of the
compensator susceptance Bc(w) which can have such values is shown in Fig. 4.12.

Be(w) 4

2 Swp 6 ® ®

Figure 4.12. Draft of susceptance with given values of B¢, Bcs
and Bcs

Admittance of such a compensator has to have one ZERO and two POLES with ZEROs at zero
and infinity, meaning it has to have the form

(> +z)

Y, = A4ds—=
O A T i o)

It is specified by four unknown parameters: A, z|, p; and p,. There are, however, only three
equations for their calculation, meaning the B¢, Bcs and Bcs for Thus, one of unknown

parameters has to be chosen at the designer discretion with, of course, some limitations imposed
by the plot of Bc(w), shown in Fig. 4.12. To simplify calculations, the fundamental frequency @,
is usually normalized by assumption that @ = 1 rd/s.
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Let the ZERO z, is selected as a known parameter, for example, z; = 2@, = 2. Thus, three
equations for s = j1, s = j3 and s = j5 have to be solved for parameters 4, p;, p, calculation,
namely

) (-1+2%) .
AGH)——=2 - jB.,,
lpd-1+pd) ¢
. (-9+2%) .
A(.]3) :]B s
9+p)=9+ph) T
. (-25+2%) .
A(j5 = jBrc .
U sembease oy 0o
They can be simplified, with pf0x, p; 0y, to
3
Ano-n >
-5
Moo
5 —21 -0.8.

4 (x—25)(y—25)
This set of equations has a solution: 4 = 2.162, p; = 1.125, p, =3.632. Thus, the admit-tance of

the compensator has the form

(s2 +4)
(s> +1.266)(s>+13.192)

Yo(s) =2.162s

Reactance One-Port Structures. One of main features that differentiate the circuit
synthesis from the circuit analysis is a possibility of existence of equivalent solutions of the same
synthesis problem. In particular, one-ports of different structure with different parame-ters can
have the same admittance or impedance.

There are four basic procedures of developing the reactance one-port structure when its
admittance is known. These are two Foster procedures and two Cauer procedures.

The one-port admittance Y(s) can be developed in elementary fractions as follows

2 2 2 2 m
+ +
V) = f) S ) 1 S
(S +pl)(s +pm) S r=1S +pr

with

ay =lim{sY (s)},
s—0

a, = lim {1y @)y,
s S

24
a, = lim {—=LY(s)}.
P S

r 2
§y—
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The fractions in this decomposition stand for admittances of LC branches connected in parallel,
as shown in Fig. 4.13. Such a procedure is referred to as the Foster First Procedure. In this

o
Y(s) Ly TCx b %L’ ' L
- J._ C‘
T4 TS TCm
Figure 4.13. Reactance one-port with Foster First
trmectire
structure
L=~, Cy=a,, L=-1, ¢=".
o ay by

Illustration 4. The admittance of the compensator found in Illustration 3 can be decom-
posed into elementary fractions as follows

2
+
Yo(s) = 2.1625 (" +4) 1 4 DS

=a,—+a

2 2 0 08T T >
(s°+1.266)(s"+13.192) N s°+1.266 s°+13.192

with

ay = lim{sYo(s)} =0, a,=1lim{1¥.(s)} =0,
5s—0 s—o0 S

- I s? +1.266 (-1.266 +4)
=i e = 2 T e T30y — 493
2
_ s°+13.192 _ (-13.192+4)
a=, im T e =216 e T 566 ~ 067

Thus, the compensator has the structure shown in Fig. 4.14. Observe that inductance Lo =1/ay is
infinite, meaning it is simply an open branch.

w 3 3

(,—Ti—r
Figure 4.14. Compensator Foster First
structure
The remaining parameters are
1 _ -
L=2 0495 =2.02H,
4 _0.495
c =4 =0.391F,
P12 1.266
11
L= Toc7 = 0-60H,
a, 1.667
=—== =0.126F.
2
p; 13.192
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These values are surprisingly high. Observe however, that the compensator admittance
Yc(s) and parameters of the compensator were calculated, for the sake of computation
simplification, under the assumption that the fundamental angular frequency of the supply
voltage is @; = 1 rd/s. Such an assumption is referenced to as the frequency normalization.
Moreover, often the level of admittance is normalized as well. It can be assumed for example,
that B¢y = 1 S. Thus, the parameters of the compensator shown in Fig. 4.14 are parameters of a
normalized compensator.

The admittance Yp(s) of a de-normalized compensator are related to admittance of the
normalized compensator by the relation

Yy(s) = kY(j) )

Using the Foster decomposition, we can find the LC parameters of a de-normalized com-
pensator as follows

1 T
Yp(s) = kYD) =k(ay—+a, >+» ————)=
it o) =k lara ;(i) +p)
@ @ '
< (koya,)s

1 ka
=(kwa))—+—=a, s + :
S o 55 Hop,)

Thus, de-normalization requires that the circuit parameters are recalculated,

L _ Ly :ka_w: k C . L 1 _L kaya, _ic

_
Do %Yo Dr Dr

N kaoa, kay’ o @ N koa, ko’

“@p) @

Observe that the compensator inductances and capacitances decline with the voltage angular
frequency, @,. For example, for f = 60 Hz, meaning @ = 377 rd/s, and assuming that the
admittance level is preserved, meaning k£ = 1, the parameters of the compensator shown in Fig.
4.14 are

DO

LDl =536 mH, CD1 =(0.846 l’IlF, LDz =1.59 l’l’lH, CD2 =0.334 mF.

Instead of decomposing the admittance into elementary fractions, its inversion, meaning
the impedance can be decomposed in such a fractions, namely

1 1 & +p) P +pn) 1 L b
2(8)= v~ = Mo =by—+b, s+ .,
(R T s Sl LD Dy
with
by = lim {s——},
s—0

b, =lim {21

S—>00 SY(S)}’

The fractions in this decomposition stand for impedances of LC links connected in series, as
shown in Fig. 4.15. Such a procedure is referred to as the Foster Second Procedure.
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In this structure

Ly

Figure 4.15. Reactance one-port with Foster Second

}{l

o

<triictnire
C0=b—10’ Loozbooa Crsz: LrZ%'
r

Illustration 5. The admittance of the compensator found in Illustration 3 can be decomposed
according to the Foster Second Procedure into elementary fractions as follows

_ _ 1 (s +1. 266)(S +13.192) bs
Z b +b, s+—1—,
e = YC() 2.162s 2 +4) §* +4
with
1, _ 1 (1266)013.192) _ .
b=lmisy 5!~ 2162 4 1.93,
2 2 N
b, =lim L1y = fim L (7200063 199), g 46,
sY()"  so= 2.162s (s> +4)
2422 —4+ —4+
= i Jrac i |2 EATL266)-441319) ) o)

foz s Y(s) 2.162 (- 4)

The compensator structure obtained in the Foster Second Procedure is shown in Fig. 4.16.

( n f'-m

c(\}

Figure 4.16. Compensator with Foster Second

structure
Its parameters are equal to
CO—bL—0518F L, =b,=0.462 H,
0
G=L-0345F, 1,=2-0msm
) 22

If the one-port admittance Y(s) has a POLE at infinity, meaning the numerator poly-
nomial is of higher degree than denominator, then division of the numerator by denominator
removes this POLE and consequently, the remainder has ZERO at infinity. Inversion of the
remainder has the POLE at infinity which can be removed again by division of the remainder
numerator by its denominator.

Sequential division of inverted remainders enables presentation of the reactance admit-
tance in a form of the following stairs-like fraction
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n n-2
a,s +a, »S +....
n n—2 =ds+ 1

By, s+ by, 55" 4 dys+ R S

Y(s)=

This decomposition ends up in a finite number of steps with real, positive coefficients.
Such a fraction specifies admittance of an LC one-port with a ladder structure, shown in Fig.
4.17 with parameters,

Ci=di,Ly=dy), C3=d3, Ls=ds, ..

I Ly Lg

& YN Vala'aN YL

¥s) =G =G =G

Figure 4.17. Reactance one-port with Cauer First

structure
When admittance Y(s) does not have a POLE at infinity, then its inversion has such a

POLE. Decomposition of admittance Y(s) into a stars-like fraction begins in such a case from
inversion of Y(s). In effect, this fraction will not have the element dis and the branch with
capacitance Cj.

Such a procedure is referred to as the Cauer First procedure. Observe, that in the case of
the Foster First structure, branches were tuned to specific POLEs frequencies. In the case of the
Foster Second structure, links were tuned to specific ZEROs frequencies. The Cauer procedure
results in a one-port with the ladder structure. There are no branches or links tuned to specific
POLEs or ZEROs frequencies. All circuit LC elements contribute to natural frequencies.

Illustration 6. The admittance of the compensator found in Illustration 3 can be rearranged as
follows,

(s*+4) 216257+ 8.648s

Yo(s) =2.162s = ,
¢ (s? +1.266)(s*+13.192)  s* +14.4585°+16.701

and decomposed according to the Cauer First Procedure into stirs-like fraction

216253 +8.648s 1

s +14.45857+16.701 0.462 s+ ! ’
0.207 s+

Ye(s) =

1
201+ 531

thus, because the coefficient d; = 0, the compensator does not have the first shunt capacitive
branch with the capacitance C;. Its structure is shown in Fig. 4.18. The parameters are:

L,=0.462 H, C5=0.207F,
Ly=201H, Cs=0311F.

117



I Ly

o L NV

Y(s) =q ==

o

Figure 4.18. Compensator with Cauer First

structure
Let us assume that denominator of a reactance function Y(s) is an odd polynomial. The

polynomials can be rearranged in such a way that the power of s increases, namely

(lo+ a2s2+a4s4+....

Y(s) =

bs +b3s3+a5s5+....

It means that the admittance has a POLE at zero. When the odd polynomial is in the numerator
of Y(s), then this polynomial is a denominator of the inversion, 1/Y(s), thus this inversion has a
POLE at zero.

Division of the even polynomial of the numerator by the odd polynomial of denominator
removes the POLE at zero, meaning that the remainder has ZERO at zero. The inversion of the
remainder has the POLE at zero again and this POLE can be removed again.

Continuation of divisions that remove the POLE at zero results in expression the function
in a form of a following stairs-like fraction:

2 4
ag+ays“+ags +... 1 1
Y(S): 0 2 3 4 B :d—+ 1 1 .
bs +bys”+ass+.... 45 Lo, 1
d2S 1 1
7.,,_7
dys 1
d4S

Such decomposition ends up in a finite number of steps with real, positive coefficients d), d, ds,
...dx. Such a stairs-like fraction is the impedance of a reactance one-port with the ladder
structure shown in Fig. 4.19. The parameters of such a one-port are

Li=d, Co=d, L3y=d3, C4=ds,...

Figure 4.19. Reactance one-port with Cauer Second
atrniictiira

When the odd polynomial is in the numerator, then the first term in this frac, the inductor does
not have inductor L,.Such procedure is referred to as Cauer Second procedure. Simi-larly as in
the case of the Cauer First procedure, there are no branches or links tuned to specific POLEs or
ZEROs frequencies. All circuit LC elements contribute to natural frequencies.

Illustration 7. The admittance of the compensator found in Illustration 3 can be rearranged as
follows,

(s> +4) _ 8.6485+2.1625°
(s> +1.266)(s>+13.192)  16.701+ 14.4585% +s*’

Yo(s) = 2.162s
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and decomposed according to the Cauer Second procedure into stirs-like fraction of the form

Y(5) = 8.648s5+2.162s° 1
16,701+ 14.4585% +5° [ 1 ’
0.519s " 1 1
Los' 1 1
0.128s 1

0.757 s

The compensator structure is shown in Fig. 4.20. Its LC parameters are equal to
C,=0.519F, L;=1.19H,
Cs=0.128F, Ls=0.757H,

|
Yds) F Ly Ef,s

[

Figure 4.20. Compensator with Cauer Second
structure

Compensators obtained as a result of these four procedures are, of course, entirely
equivalent as to their admittance Yc(s). They differ, however, as to number of features, such as
the total inductance, capacitance, power rating of compensator components, grounding,
capabilities of tuning and so on. These are, moreover, not the only four structures. In the process
of synthesis procedures can be changed to different ones, which changes the compensator
structure. The more advanced issues are not presented in this Chapter, however. The reader is

provided here with only some basic ideas on the reactive compensator synthesis.
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APPENDIX D. SWITCHING COMPENSATOR DESIGN DETAILS
Chapter 17 of Dr. Czarnecki unpublished data

The unbalanced component of the fundamental harmonic of the compensator current_g,(¢) is
equal to

Ju® =~ &, = V2 Re{AU" ™y,
where A = A4¢’¥ denotes the unbalance admittance of the load. Assuming that
ug = \/EUR cos(@yt+a),
the unbalanced current in line R compensator is
JIR =~ V2 AUR cos(ayt+a+y),
while in phase S

Jius =~ x/EAUR cos(a)1t+a+://+1200) ,

The unbalanced component has the following component in a, f coordinates

.C Jue® Jiur @ 3/2, 0 cos(wyt+a +y)
= =C =—~2 AU =
@ |:j1uﬂ(t):| |:jluS(t):| V2 : L/\/E, \/5} Los(a)lt+a+1//+1200)

3 AU, { cc?s(a)lt+a+1//)} v
—sin(@t+a +y)

The Clarke Vector of the unbalance current is equal to
00 = jrua® +J jrp® = — N3 AUR [cos(@t+a+y) ~jsin@it+a +y)] =

_ \/gA UR e*j(a’lt“"*w —_ AU C efjwlt _ \]1(131 efja)]t

(17.20)

Thus, it rotates on the complex plane in the opposite direction to the Clarke Vector of the supply
voltage. The Clarke Vector of the voltage drop on the inductor is

AUS (1) = L%chu(t) = L%{chu eIy = oL 3C eIt (17.21)

Orientation of all these vectors is shown in Fig. 17.7.

J !.fﬂ(f) i

Ut

*
wyi .
Wyl V()

~_

4 tig (1)
A

S (D)

Figure 17.7. Clarke Vector of the voltage drop at inductor L caused unbalanced current

AUy (0)
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Due to rotation of vectors U%(7) and AU(¢) in the opposite direction, there are instant of time
when the length of the vector V(¢) is the sum of vectors U%(¢) and AU(¢) length and there are
instants of time when it is their difference. Trajectory of the Clark Vector

VE@H=UC e/ —AUC e/t (17.22)

is an ellipse on the complex plane, as shown in Fig. 17.8.

/ ¥

7 i'l'[,I“] i

/
/ / :
/ Hy ()

/

Figure 17.8. Clarke Vector of the inverter voltage at compensation of unbalanced current

L

Inverter switching modes. The PWM inverter enables control of the compensator line
current by controlling the voltage on the inverter output terminals.

Since the sum of the compensator currents has to be equal to zero at each instant of time,
only two compensator line currents, say jr(?) and js(?), have to be controlled. The third current
cannot be other than j1(7) = — [jr(?) + js(¢)]. This is fulfilled independently on whether there is an
inductor in the T line or not, as shown in Fig. 17.13. Although it is commonly used, it is not
needed for normal compensator operation.

To control these two line currents of the compensator, two line-to-line output voltages of
the compensator have to be controlled. These could be voltages, referenced to the same common
point, say voltages vgr and vgr.

The Clarke transform in the form presented by formula (17.10) is specified for phase-to-
zero quantities. Its form for phase-to-phase quantities is therefore needed.

R s T
Upr .i"ﬁl
RS A I8
L< \; g ‘\‘/,ﬁ-f

r Vier Vst "
T Sy
T .y

—:j 7& @

|
cl

Figure 17.13. Switching compensator with only two line inductors
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Since
VRT= VR —Vr = VR = (VR —Vg) = 2+,
(17.32)
Ver =Vs—Vp = Vs~ (VR —Vs) = 25t g
line-to-zero voltages vg and vs can be expressed in terms of line-to-line voltages vgr and vsr,
namely

VR Z% (2vgr—vsr)s

| (17.33)
VS:§(2VST_VRT)9
hence, the voltage @ in Clarke coordinates,
o [Va® :C|:VR:|ZL 3/2, 0 {2VRT—VST}
"o Lﬂ(t)} vs | 3|12, V2 [ 2vsr=vRr |
can be rearranged to the form
¥C (o = |:Va(t):| _ V273, -1nf6 {VRT(t)} . [){VRT(I)}. (17.34)
V() 0, 142 |Lvst® vsT(?)

A Two-Level inverter is built of six power transistor switches, with a diode that provides
a current path for current of the opposite direction that can flow through the transistor. A pair of
such switches with symbols of components is shown in Fig. 17.14.

Figure 17.14. Pair of switches

Control of the inverter requires that there is full control over ON-OFF switching.
Transistors enable such full control, but only for one direction of the current, marked by the
emitter arrow. Diodes, however, are not controlled devices. One might have a doubt whether
switches shown in Fig. 17.14 provide full ON-OFF control of a bidirectional current in the
compensator output lines. Therefore, a detailed analysis of such a switch would be desirable.

Symbols T" and T~ as well as D+ and D™ denote transistors and diodes connected to the
positive (+) and negative (—) dc bars of the inverter. Symbols S and S~ denote switching signals
of transistors, with logical values 1 (transistor in ON state) and 0 (transistor in OFF state).

To avoid a short circuit of the capacitor, the switches have to be controlled such that both
of them cannot be in the ON state at the same time, meaning the logic product of control signals
has to be equal to zero

SIS =0.

122



The change of the value of switching signals, S™ and S”, and the change of direction of
the output current i, creates six different combinations of the switch conditions, thus it operates
in one of six different modes. These combinations are shown in Fig. 17.15.

S—'— j=0 j<10

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

Figure 17.15. Combinations of switching signal values and the sign of output current

Observe that to avoid situations that, due to transients, both switches are in the ON state,
there have to be intervals of time, where both switching signals have zero value, thus Mode 2

and Mode 5 are needed. Operation of the switch in particular modes is shown in Fig. 17.16.
| J
c( L r\J i L
'| e
R
itl_.: Lels, .
+ < - + ° - *
2 un U2 Gz Uz (173
— - N — —~— 07
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Mode 1 Mode 2 Mode 3
| J |
b S ces GF
o b b
ik '_;_" uh [

un I
(= (<) f‘: U=}
'—1 k’/l )—.I. F

i

C

Figure 17.16. Modes of inverter switches operations

The purpose of the switch is connecting, according to the value of the switching signal,
the output line of the inverter to the positive or negative dc bus.

Current paths in Fig. 17.16 show that at positive output current j, the output line is
connected to the negative bus before switching signal S~ is equal to 1, meaning in Mode 2. When
this current is negative, the output line is connected to the positive dc bus before S* is equal to 1,
meaning in Mode 5. Thus, in Modes 2 and 5 the output line is not connected to the dc buses
according to the switching signal values. Therefore, these two modes, necessary for avoiding
switching hazard, should be as short as possible. Sequential switching of the inverter switches
changes the state of the inverter and the voltage at the node u(¢) as shown in Fig. 17.17.
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Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

Figure 17.17. Switch states and the output voltage
The logical state of transistors which connect terminals R, S and T to the positive dc voltage
bus specifies the state of the inverter in a binary or in a decimal number. According to Fig. 17.18
with sequential switching of only one switch, the inverter progresses through the sequence: State
4 >> State 6 >> State 2 >> State 3 >> State 1 >> state 5 >> State 4.....

Veer = U Vgr =10 Var = . Vgr = U Var =0 Ver=Uj;
. Ve Ve Ve
Yoo ST Vigeys ST [ L 5T
_— Rl €] : . . i8] ;
STATE 4 =~ »55 STATE & 1~ >5» STATE 2 [+ 55>
| = -1 1 R i 0r t
0l - | 5 I - -
- . 0
] . - 0 . o :
te e Ue
Il Il Il
Il 1l i
Vier=- 1, Ver =0 Ver=-Ug Wi=-U; Yer=0 Ver =-Ue
Vap |US1 Vit Ysr Vo | VST
STAYE:3 >>>STATE | [+ >>> STATE 5 [*—| | >
0 ; Op = 1 5 ~
| |— X 4 o 0 o
I - - ! - -1 | -1
= T g T ; T
Ue Ue e
Il Il 1
Il

Figure 17.18. Inverter states

il

To produce zero voltage at the inverter output terminals, all switches connected to the
positive dc bus have to be in ON or OFF states, as shown in Fig. 17.19. This creates two
additional states of the inverter. Because the inverter output lines are short-circuited in these two
state, they can be referred to as short-circuit states. One of these states can be reached with only
one transistor switched ON at any instant of the switching sequence.
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Figure 17.19. Short circuit states

The inverter output voltage ® can have only seven values @, where index s denotes the
state decimal number, @y, ®;, ©,, ®3, ¥4, ©s, 6. The voltage in state 7, is equal to that in state 0,
i.e., ®7 = ¥y = 0. The entries of vectors @; in the line-to-line voltage form, meaning values of
voltages vgr and vst, are compiled in Figs. 17.18 and 17.19, respectively.

Clarke Vector of inverter voltage. Since the output voltage of the inverter can have
only seven discrete values, the Clarke Vector of this voltage, denoted generally by V(¢), can
have only seven constant values

VEOKE et = (1= 11D 8T] < {m‘”ﬂ vl a73s)

VST 0, N2 |Lvst

With this general expression, for sequential states of the inverter, we obtain

Vlc = [17 J] \/7’ _1/\/8 _UC:| :\/ZUC eijlzoo s
Lo, W2 |[-U V3

vy =[1, j] V273, <N O}FUC&”O”,
|0, A2 U] V3

V3C :[15 J] \/%, _1/\/6 _UC:|:\/2UC ej1800 H
L0, W2 Lo N3

N N A

V4 _[I’J] - cha
o, W2 |LO

V5C :[1’ ]] \/77 _1/\/g 0 :|:\/ZUC e_j'600 ,
L 0, 1/\/5 | __Uc 3

V6C :[17 J] \/ﬁ’ _1/\/5 UC:| :\/ZUC ejéoo .
| o, 142 U] V3

Thus, Clarke Vectors of the inverter output voltage @ in particular states s have the same
module

VSC 0veo \/%UC = const. ,

with different angle ¢ which is an integer multiple of 60°.
Since the length of the Clarke Vector cannot be lower than the minimum value specified by
formula (17.31), the capacitor voltage cannot be lower than
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UCZ\/nggin=\/%{Uc+a)1L[(Ble+A)UC+Z niS} (17.36)

neN

The remaining two Clarke Vectors V- =V, =0. Clarke Vectors of the inverter possible values

of the output voltage ® are shown in Fig. 17.20. These values change with the angle ¢ sequential
increases from 0 to 360° with only one switch change from the OFF to the ON state between
adjacent sectors.

Jlmi.}

Ref.}

Figure 17.20. Clarke Vectors of the inverter output voltage ».

Clarke Vectors V. of the inverter output voltage in particular states s divide the complex

plane into six polar zones, Z, Z1, Z», Z3, Z4 and Zs, with the same polar angle of 600, as shown in
Fig. 17.21.

flmi.}

3
B A
Z,
% Zo
pit
2 Rei.}
vic
Z3 Zs :
z,
e K

Figure 17.21. Zones of the complex plane of inverter voltage Clarke Vectors.

The zones are confined by Clarke Vectors of inverter states. For example, zone Z, is
confined by vectors V" and V. Zone Z, is confined by vectors V¢ and V<, and so on. The
vector with the lower angle ¢ will be referred to as a right border of the zone and denoted with
index “n”, while the vector with higher ¢ will be referred to as the left border of the zone and
denoted with index “m”. For example, for zone Zs, the borders are: V=V and V.S=V,°.

Instant values of Clark Vector. The compensator control is not continuous, but discrete.
The reference signal is calculated for sequential instants, k7. All calculations are performed on
data sampled at the instant (k—1)75, applied at instant k7, and effect can be observed at instant
(k+1)T;. Taking into account that there is usually several hundred samples per single period 7, let
us neglect here, for simplification, the delay between data acquisition and control effects, i.e., let
us assume that all happens at the same instant of time k7.

The needed Clarke Vector of inverter output voltage at instant k7 is
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VEwR 0 rCwe’ ™ = U -®+L IR, (17.37)
where
N o (k)
UC0 uy0 + rg [1,0]0 = [1,1] D 8160,
jrS(k)

Observe that the symbol i 0 V-1 was used to avoid confusion in the last formulae instead of j,
which also denotes the compensator line current. This vector is located in one of six zones
Zy,...Zs, as illustrated in Fig. 17.22.

IEW T jralk) +1 juplr= 1] FE W = [1,1] C{ma«)} _

= Rel.)

‘ L
Wi Zs K

Figure 17.22. Example of Clarke Vector of inverter voltage at instant k75, located in zone Z;

The zone number has to be identified because the needed voltage can be obtained only as
a linear form of voltages that confines that zone, namely

VEk) = a, VS +a,VE. (17.38)

Coefficients of this form, a,, and a,, are duty factors of switches, meaning the ratio of time 7, in
state m and time 7, in state n to the sampling period, 75, namely

7, =a,T. 7,=a,T, (17.39)

m s> n-so

Since usually 7, + 7, < T, for the remaining part of the sampling period T
70 =1—(7,%7,), (17.40)

the inverter should not contribute to the output voltage, meaning it should be in a short-circuit
state, i.e., in state O or in state 7. The duty factor of the inverter in the short-circuit state is

aOD;—Ozl—(aeran). (17.41)

Since zones Zy, Z,, ...Zs are confined by different vectors, the calculation of duty factors

a,, and a, in these zones would result in a different formula. This could be avoided if the Clarke

Vector of the inverter voltage needed at instant k7, originally located in zone Z, specified by
formula

s (k) = int{ 96%‘) . (17.42)

is rotated to zone Z, confined by vectors
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AOVE, 4 DVE,

shown in Fig. 17.23.

Jmi. |

Figure 17.23. Zone Z, with rotated Clarke Vector B of the needed inverter voltage

After duty factors a,, and a, are calculated for zone Z,, they specify the linear form of the
Clarke Vector in the original zone Z,. The Clark Vector of the inverter voltage rotated to zone Z,
has the value

B Be/? = (k) /[O®Imed60) (17.43)
ie., B0 Vo(k)and ¢ 0 [©(k)] mod(60). These three vectors have to satisfy the relationship
Be'? =a, Ae"600+am 4,
which can be presented in the rectangular form
Bcos¢g + j Bsing=a,Acos 60° + ja,Asin 60° + a,A,

Bcosg + jBsing = anAl+janAg+amA .

From equations for the real and the imaginary part, formulae for duty factor can be found:

a, = %%sinqﬁ, (17.44)
-B _4 _B _ L
a, = Ac0s¢ 3= (cosg \/gsum) . (17.45)

Indeed, let us assume that ¢ = 0, then a, = 0, while a,, = B/4, meaning the inverter required
output voltage is obtained entirely by the inverter in state 4. Now, let us assume that ¢ = 60°,
than a, = B/A, while a, = 0, meaning the inverter output voltage is obtained entirely by the
inverter in state 5. When ¢ = 30° then

1 B
a, =a, =—F/——,
n m \/514

meaning the inverter should be in state 4 and 5 for the same interval of time.

Ilustration 2. The Clarke Vector of the inverter voltage ®(k) at some instant of time should
be equal to VE(k) = 250 ¢2°°€ [V]. Which state of the inverter can provide this voltage and how
long it should stay in these states if the capacitor voltage is Uc = 500 [V] and the switching
frequency f; = 18 [kHz].

The Clarke Vector at this instant of time is in sector
0
®(/§) 2000 =3,
60 60

s(b) =int{—-21} = int{
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confined by vectors V5 and V. States 3 and 1, which provide voltages 3 and @, as well as state
0 are shown in Fig.17.24.

Ver [T Var [4ST
STATE: 3 [* >»>8TATE | | >>> STATE (

0 -
3 0 = 0 -

Ve
- _'S]

| | — - 0 § 0

I - 1 - |
e Uz

"
i i I

Figure 17.24. Inverter states in Illustration 1

Vector VE(k) rotated to sector zero is equal to
B D Bej¢ — Vc(k) ej[@(k)]mod(60) — 250@j200 [V] ,

A:@UC :\/%500:408[V].

Duty factors ay, and a, are equal to

while

2 B 2 250 0
-2 B 2 24,
a, N sing = \/, 0% sin(20”) = 0.

—=sing) = 250 == (cos 20° - 1

—(cos¢ \/_ 208 \/5

Duty factor in the zero state is

——5in20°) =0.45.

ay =1-(a,+a,)=1-(0.45+0.24)=0.31.

Since the sampling period T, = 1/f; = 1/18 x 10’ = 55 [ps], thus the inverter should be in state 3
over time interval

Tm = amls= 0.45 x 55 =24.7 [ps],
in state 1 over the interval

T =anls=0.24x55=13.3 [ps],
and in state 0 over the interval

n=aoTs=0.31x55=17.0[ps].
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