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ABSTRACT

HARMONIC ANALYSIS OF A STATIC VAR

COMPENSATED MIXED LOAD SYSTEM

James David Ruckdaschel

May 2009

As power electronic based controllers and loads become more prevalent in power
systems, there is a growing concern about how the harmonics generated by these
controllers and loads affect the power quality of the system. One widely used power
electronic based load is the Variable Frequency Drive (VFDs) used to vary the speed of
an induction motor; whereas a common example of a power electronic based controller
used in power systems is the Static VAR Compensator (SVC) for improving a system’s
power factor. In this thesis, the harmonic content and overall performance of a system
including both a VFD and a SVC will be studied and analyzed. Specifically, the cases of
no compensation, static capacitor compensation, and power electronic based static VAR
compensation are examined.

A small-scale model of a system for study was constructed in lab. Several cases
were then performed and tested to simulate a system which contained both fixed and

power electronic based harmonic generating loads. The performance of each case was

iv



determined by total harmonic current and voltage distortions, true power factor, and RMS

current levels at different points in the system.
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Chapter 1 — Introduction

CHAPTER 1 - INTRODUCTION

1.1 Background

In any industrial application, the primary challenge is how to maximize the output
production while minimizing the input costs. From a power perspective, this means
accomplishing the required output task at the minimum input power and current
requirements. In induction motor applications, the use of power factor correction and
variable frequency drives (VFDs) are two methods to maximize the efficiency of the
system. By providing power factor support to the system the input current is minimized
for the same amount of real power. This can result in fewer line losses and smaller, and
thereby cheaper, circuit breakers. With the advent of power electronics, flexible AC
transmission systems (FACTS) now provide a means to dynamically adjust the power
factor as the load requirements of the system change. Another product of power
electronics, VFDs, allow for the speed of the motor to easily be changed to ensure the
motor is running at the optimal level for the required task.

The downside is VFDs and FACTS are based on switching power electronics and
thereby produce harmonics which can be dangerous in power systems. To protect against
this the Institute of Electrical Engineers (IEEE) has created a standard, IEEE Std 519-
1992, which outlines the recommended practices and requirements for harmonics in a
power system. Specifically, the standard sets the acceptable distortion limits a consumer

can reflect back to the utility.
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1.2 Thesis Scope

This thesis examines the harmonics and overall system effects of applying static
VAR compensation to a node which contains VFD controlled and fixed speed induction
motor loads. In general, it is not practical to apply conventional capacitive power factor
correction to a VFD load. Since a VFD draws current in phase with the voltage, any
power factor correction applied to a VFD should be in the form of a line filter to mitigate
its harmonics and reduce its distortion power factor [1]. However, this project attempts
to look at the more universal situation of providing power factor support at a single node
which supplies many different loads. In this case the specific loads connected to the node
may be unknown, such as a utility, or the number of loads may be enough so that it is not
practical to provide individual power factor correction.

The goal of the thesis will then be to see how the harmonics generated by the
VFD interact with the system when the VFD is connected to a node injected with
capacitive VAR support. Of specific interest will be the case when static VAR
compensation (SVC) is used. Since the SVC contains thyristors, which turn on and off to
chop the input signal, the SVC will also produce harmonics. By comparing the results of
an uncompensated, capacitively compensated, and a static VAR compensated system the
thesis will determine whether harmonic cancellation occurs between the SVC and VFD
or if the two simply add to a point where it is not practical to use a SVC in a system
containing a VFD. As a minimum requirement for all cases, the harmonics reflected to
the source will be compared against the guidelines set forth in the IEEE Std 519-1992.

The cost implications of the harmonics, which include energy loss, equipment aging and
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misoperation, will also be discussed. Additional conclusions will be drawn about the

effectiveness of the compensation methods and efficiency of the system.

1.3 Thesis Organization

Chapter 1 of the report introduces the background for why VFDs and FACTS are
used. An overview of the scope of the thesis is then presented. Justification is made for
why classical VAR power factor correction would be used at a node containing a VFD.
Finally, the basis for comparison between the different cases is discussed.

Chapter 2 begins with a background of what harmonics are and how they are
created. Their effect on power quality is then discussed with special consideration given
to the consequences of harmonics on rotating machines, transformers and capacitors.
Different methods of mitigating harmonics are also presented. True, displacement, and
distortion power factors are also defined and discussed. Time is spent to outline the
difference between distortion power, reactive power and their roles on power factor as a
whole. Once the reader has been given a detailed explanation of power factor, methods
for improving it are offered.

Chapter 3 focuses on power electronic equipment as related to the thesis. An
overview of VFDs is given by discussing their purpose, how they work, and the type of
harmonics they generate. Since thyristors play a significant indirect role in this thesis,
their background and the principles behind their operation are discussed. Next FACTs
are talked about in general. The difference between shunt and series compensation is
outlined and mention is made of popular FACTS such as STATCOM and UPFC. The

static VAR compensator is then discussed in detail. Equations and derivations are given
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for the susceptance, current, and extinction angle of an SVC. Harmonics generated by
the SVC are also discussed. Lastly, the Enerpro thyristor firing board used in this
experiment is detailed.

Chapter 4 gives a complete overview of the lab setup and procedure. Each case is
outlined specifically and justification is made for the loading points at which data was
collected. For both the capacitive and SVC cases, reasoning for the size of the equipment
used is given and supported. An equipment list is supplied listing all equipment used
with their corresponding model number and ratings. The chapter concludes with pictures
of the actual lab setup.

Chapter 5 is the analysis portion of the thesis. It begins with a dialogue on
possible causes of error in the data collection but concludes that these inaccuracies are
minor. The harmonic current data is then presented both in TDDi1% and THDi1% as taken
at the source. TDDi% data is compared against the IEEE Std 519-1992 to see if
harmonic levels meet the basic requirements. The 5" and 7™ individual harmonics are
compared at the source location to see if harmonic cancellation between the VFD and
SVC occur. Intersystem harmonics are then analyzed by looking at the K-Factor for the
secondary of the transformer and current distortion at the motor terminals. Voltage
distortion at the source is also explored by comparing the THDv% against IEEE 519-
1992 requirements. Once the harmonics have been analyzed, the true, displacement, and
distortion power factors are looked at for each case. The analysis ends with a look at the
difference in total RMS current for the source and its impact on power and cost savings.

Chapter 6 attempts to summarize the findings of Chapter 5 and draw conclusions

about them. The differences significant differences for each case are discussed succinctly
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and quantified in terms of their real world implications. A conclusion is reached about
which case is best suited for the test system used. How these conclusions apply to larger
power systems is discussed and scenarios are given for when each compensation method

would be best utilized. Finally, ideas are given for potential follow ups to this study.
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CHAPTER 2 - HARMONICS AND POWER FACTOR

2.1 Harmonics

Harmonics were first defined with respect to music, where it referred to the
vibration of a string or column of air at a multiple of its base frequency [2]. Applied to
electric power systems, harmonics describe the content of a voltage or current signal
whose frequency is an integer multiple of the system frequency. In the United States the
standard power system frequency is 60Hz, meaning that harmonics occur at 120Hz,
180Hz, 240Hz...etc. To illustrate this Figure 2.1 shows a fundamental sine wave of
60Hz and its 3", 5", and 7™ harmonics. The harmonics are shown with typical

amplitudes that are 1/n'™ that of the fundamental, where n is the order of the harmonic [2].

Harmonic Components

e ] St (60HZ)
e=3rd (60Hz)

5th (60Hz)
= 7th (60Hz)

Amplitude

-1.5 -
Time (sec)

Figure 2.1 - Example of Individual Harmonic Components
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When summed together the individual harmonics of Figure 2.1 form a new
waveform which is no longer a pure sinusoid but the compilation of harmonics that are
multiples of the original frequency. This can be seen in Figure 2.2, where the 3, 5™ and

7™ harmonics from Figure 2.1 were added to the fundamental wave.

Summation of 1st, 3rd, 5th, and 7th
Harmonics

1.5

—

Amplitude 0
0.005 0.01 0.015

-1.5
Time (sec)

Figure 2.2 - Example of Harmonic Waveform Summation
Using the Fourier Transform, (f) = fjooox(t)e"jznf dt , a continuous periodic
signal from the time domain can be converted into discrete frequency components in the
frequency domain [2]. The PowerSight analyzer has the ability to display both voltage
and current waveforms in the time and frequency domains. As an example, Figure 2.3
shows the time domain of the current into the VFD at full load and no compensation,

while Figure 2.4 shows the corresponding frequency domain representation.
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File: 100.wfm
Phase 1

True Power: 333.6
True P.F.: 0.74
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Figure 2.3 - PowerSight Full Load VFD Current vs. Time for No Compensation
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Figure 2.4 - PowerSight Full Load VFD Current Frequency Spectrum
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In Figure 2.3, the double peaks are the result of the input current to the VFD being
stopped by the commutation of the diodes at the input bridge rectifier. The inner
workings of the VFD are explained in greater detail in Chapter 3. The frequency
spectrum example of Figure 2.4 shows that the VFD distortion is concentrated at the 5t
and 7™ harmonics.

For a standard three phase power system, the phasors are said to follow the ABC
positive sequence. If the rotation of the positive sequence is observed the A phase would
appear first, followed by phase B, and finally phase C with 120" between each phase.
Conversely, the phasors are said to follow the negative sequence if phase A appears first,
followed by phase C and finally phase B. For the zero sequence, the three phases appear
at the same time as there is zero phase displacement between them [3]. When harmonics
are present in a balanced system, it can be shown that the phase sequence of a current or
voltage is dependent on its harmonic order. For a positive sequence system to voltages as

related to the harmonic order are shown in equations 2.1-2.3.

Vaney = V2Vpsin (hwyt + 65) Q.1)
Voneey = V2Vpsin (hw,t — 2h§ + 6,) (2.2)
Veneey = V2Vysin (hw,t + 2h§ + 6,) (2.3)

From the equations 2.1-2.3 it can be seen that positive sequence components are of the
harmonic order (h=1,4,7,10...), while negative sequence components take the form
(h=2,5,8,11...). The zero-sequence components then correspond to the triplen harmonics

(h=3,6,9,12...) [4].
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The harmonics in a system are usually quantified in terms of the Total Harmonic
Distortion (THD) and the Total Demand Distortion (TDD). These harmonic indices are

defined, for either voltage or current, by the IEEE as [5] [6]:

./Zi‘izvff
THD = — *100% 2.4)
1
¥2, 12h
TDD = T *100% (2.5)
rated

The two indices are identical except THD compares the harmonic content to the

fundamental, where as TDD compares it to the rated value.

2.2 Power Quality

In the ideal balanced power network, voltage and current are supplied at a single
frequency which is constant throughout the system and the three phases follow the
positive sequence. However, in reality these conditions are never perfectly realized even
in the best conditions. While achieving this ideal has been a concern of power engineers
since the conception of alternating current, the rapid increase in non-linear loads over the
last 30 years has drawn increased attention to the field of power quality.

One type of non-linear load is a device which interrupts the flow of current from
the source, often by some switching mechanism, thereby distorting the original current
waveform. Before the advent of the semiconductor, non-linear loads typically took the
form of large arc furnaces and converters common only in industrial and utility
applications [2]. However, with the introduction of power electronics the number of

harmonic sources has grown dramatically to include common household items like

10
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switch-mode power supplies and compact fluorescent lamps, as well as new industrial
devices like FACTS and VFDs. The result is that harmonics now need to be considered
in any major electrical design.

Consequences of harmonics vary depending on the type of equipment and load
they are subjected to. The effects of harmonics on rotating machines, transformers and
power factor correction capacitors will be explained further since this equipment is
predominantly featured in this thesis.

Rotating Machines: In rotating machinery, harmonics can cause increased
heating, power losses, audible noise, and pulsating or reduced torque. Both the rotor and
stator experience additional iron and copper losses due to each harmonic component.
These losses are often greater than those associated with the fundamental frequency
because of eddy currents and the skin effect which are proportional to the square of the
frequency [2]. An eddy current occurs when a conductor is exposed to a changing
magnetic field and results in circulating eddies of current within the conductor that
induce magnetic fields opposing the original field. The skin effect states that electrons
increasingly gather near the surface of a conductor as the frequency of the current grows,
thereby increasing the resistance of the conductor.  Besides lowering the overall
efficiency of the motor these loses produce extra heat which can shorten the overall life
span of the motor. Even normally encountered acceptable harmonic content causes
harmonic heating which can reduce typical performance to 90-95% of what’s expected
when a pure sinusoidal voltage is applied [5]. Of significant concern is the flow of
harmonic current in the rotor. As mentioned in section 2.1, harmonics can have a

positive, negative, or zero sequence orientation. When these harmonics appear in the
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stator they produce a magnetomotive force in the air gap and a corresponding rotor
current. Depending on the harmonic order, the mmf force generated in the air gap will
have either a forward or backward rotation with respect to the rotor. Positive sequence
harmonics will rotate forward while the negative sequence will rotate backwards. The
result of this is that pairs of harmonics in the stator combine to produce a single harmonic
occurring at multiples of 6 of the fundamental frequency [7]. Besides contributing to
heating, these currents can result in torque pulsations leading to shaft fatigue and
increased aging of associated mechanical parts [5].

Transformers: As with rotating machines, one of the main concerns of
harmonics in transformers is increased heating. Current harmonics cause increased
copper and stray flux loss while voltage harmonics contribute to increased iron losses [5].
Since these losses increase with frequency the expected amount of harmonic content sent
through the transformer must be accounted for in the design process. A common design
practice is to size the transformer based on a measurement called K-Factor, which places
additional weight on the frequency of the current. Where K-factor is defined with per-
unit values as:

K-Factor = Y. I?h? (2.6)
Once the K-Factor is found a specifically designed K-Factor transformer may be used to
handle the harmonic content. A K-Factor transformer has been built to account for
additional heating from harmonics by including an oversized neutral and multiple
conductors for the coil. Transformers are made for K sizes ranging from 1-50, with 1, 4,
9, 13, 20, 40, and 50 being the most common. A K-Factor transformer off 1 is used for

linear loads. For most harmonic applications a K-Factor transformer of 13 is sufficient.
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Using the K-Factor, a typical derating curve for oversizing a normal transformer is given
in Figure 2.5 [8]. In addition to heating of the transformer core and windings the
transformer neutral must also account for the harmonics. In a wye connected transformer
harmonics sum in the neutral. As a result systems containing significant harmonic

content must oversize their neutral cable to handle the additional current.
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Figure 2.5 - Typical Transformer Derating Graph

Capacitors: Capacitors placed in networks containing high harmonics are
susceptible to system resonance and current overload. Since the impedance of a capacitor
is inversely related to frequency, a capacitor is a current sink for increasing harmonic

frequencies. Therefore, care must be taken to ensure that all system capacitors are rated
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high enough to withstand the increased current due to harmonics. Capacitors placed in
parallel with harmonic sources should be designed to avoid parallel resonance. The
parallel resonant frequency is created by the combination of all parallel capacitance and
the system’s short-circuit reactance. It is defined to be [4]:

1 1000+Sg,

fr - 2nVLC - fl Qcap

2.7

Where f; and f; are the resonant and fundamental frequencies respectively. Si and Qcap
are the short-circuit apparent power in MVA and the reactive power rating of the
capacitors in kVAR. If the resonant frequency corresponds to a frequency generated by a
harmonic source, resonance will occur causing excessive voltages and currents that are
likely to damage the capacitors and other equipment. In general a small current flowing
into the system from the bus while high harmonic voltages are present indicates

resonance within the system [2].

2.3 Solutions

Harmonics can be mitigated through a combination of shunt and series filters.
Selected components may be protected from harmonics by series inductance and
capacitance tuned to appear as a high impedance path to a specific harmonic order. In
the case of VFD’s, series line reactors are often specified by the manufacturer to reduce
the harmonics created by the drive [9]. However, since non-linear loads require certain
harmonic components, series filtering is usually not the preferred method of reducing
source harmonics. Instead the source is usually protected by a combination of shunt

filters and isolation transformers. A shunt filter attempts to provide a low impedance
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path to ground for the harmonics to redirect them away from the source [2]. Parallel
resonant L-C branches are often tuned to appear as a short to specific frequencies,
thereby giving them a path to ground and filtering that harmonic out of the system.
Delta-wye isolation transformers are an effective method to prevent triplen harmonics
from appearing at the source, since in a balanced system zero sequence components
circulate in a delta connection but cannot enter the line side. Alternatively, when
multiple harmonic sources are in parallel, some may be connected to the common bus

through phase changing transformers to increase the likelihood of harmonic cancellation

[4].

2.4 True, Displacement, and Distortion Power Factors

True power factor, often simply referred to as power factor, is the ratio of usable,

real average power to apparent power. Mathematically this relationship is expressed as:

P
rf=5=5 (2.8)

Where P is the average power in watts, S is the apparent power in voltamperes, and E and
I are rms voltages and currents respectively. The power factor is an important ratio
because it expresses how much of the voltage and current go toward usable power which
produces a tangible result. For example, for the same amount of output power and input
voltage a 0.5 power factor will require twice the RMS current as a unity power factor

would. This difference in RMS current will result in higher power losses and larger
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more expensive cabling and equipment. Due to the costs of larger equipment utilities
often charge industrial and commercial customers a fee or higher rate [4].

A non-unity power factor occurs as the result of the voltage and current being out
of phase with each other or when the voltage and current are distorted so they no longer
have the same waveform [10]. The displacement power factor is a measure of the

difference between the voltage and current phase angles and defined as:

pfdisp = cos(0, — 6;) (2.9)

The displacement power factor is a result of the energy stored in inductive and capacitive
components. Unlike a resistor, which simply dissipates energy, inductors and capacitors
transfer energy between the source and their magnetic fields. For ideal inductors and
capacitors, the energy transferred has a time averaged value of zero so that no real power
is consumed by the components. While no power is used, these magnetic components
reduce the amount of available real power by displacing the current by 90" with respect to
the voltage. As a result, reactive power is defined as the component of the apparent
power which is due to 90" out of phase current components. In equation form reactive

power, Q, is given in voltamperes reactive (VARs) as:

Q = Vims Lims sin(6y — 6y) (2.10)

Capacitors result in the current leading the voltage by 90", while inductors cause it to lag

by 90°. Therefore, the power factor is said to be lagging for inductive loads and leading
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for capacitive loads. It is easily seen in equation 2.10 that when the current lags the
voltage Q will be negative and for a leading current Q will be positive. As a result,
inductors are often thought of as absorbing reactive power, while capacitors are
considered to supply it.

The other component of power factor, is the distortion factor, which is a result of
current distortion caused by non-linear loads, such as VFDs and FACTS. The distortion
power factor, is shown in equation 2.11, as the ratio of fundamental current to total RMS

current.

I1 rms
Pfaist = 7 (2.11)

Itotal rms

In a circuit free of harmonics, all of the RMS current will occur at the fundamental
frequency, making the distortion factor equal one. Like displacement factor, distortion
reduces the available real power from a given apparent power. This reduction is
quantified by distortion power and shown in equation 2.12 [11]. While both distortion
and reactive power are measured in VARs, to avoid confusion it is useful to refer to them

as distortion voltamperes and reactive voltamperes respectively.

Distortion Power = D = Vo Yoo I2ns = Vims e — 17 (2.12)

Distortion power is the result of cross frequency voltages and currents. Like reactive
power, it has a time average of zero and therefore increases the apparent power while

making no contribution to the real power. The relationship between the different types of
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power is often represented by the triangle shown in Figure 2.6, where the assumption is
made that the voltage is undistorted.

In-phase

[ A—
P = Real Power = VRMS g I1RI‘\."IS CQS [

() = Reactive Power

= Vams ~ lirms Sin 01
'\‘ﬂ—/
quadrature

D = Distortion Power

=Vrms \ £%n=2 Prrms

Figure 2.6 - Power Factor Triangle [12]

In the power factor triangle, ¢; is the displacement angle between the fundamental
voltage and current. The distortion angle is shown in the triangle as 6 and found as the

inverse cosine of the distortion power factor. From the relationships of the power triangle
we see that the true power factor, defined in equation 2.8 as pf = g can also be found

as:

pf = pfdisp * D faist (2.13)
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Since neither the distortion or displacement power factor can be greater than one, the true
power factor must also be at most one. Therefore, to achieve a unity true power factor,
where the apparent power equals the real power, the displacement and distortion power
factors must both be equal to one. In such a case all the RMS current is contained in the

fundamental frequency and there is no phase difference between the voltage and current.

2.5 Power Factor Correction

A completely resistive linear system, one which naturally has a unity power
factor, is not common in real world applications. As a result, nearly every power system
needs some form of power factor correction to run most efficiently. To increase the true
power factor, equation 2.13 showed that the displacement or the distortion power factor
must be improved. Since the methods of correcting displacement and distortion are
different, and sometimes conflicting, it is important to identify which type of correction
will provide the greatest benefit to the system.

The most common method of displacement power factor correction is to place a
parallel compensation branch at the point of the source. Since the large majority of loads
are inductive, motors and transformers for example, most power systems will operate at a
lagging power factor. To correct for a lagging power factor, capacitors are sized to
provide VARs equal to the amount drawn by the system. The reactive power provided by

a capacitor is shown in equation 2.14.

2
Q=1m—y2 «juC (2.14)
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When parallel compensation is used in a non-linear system containing harmonics only the
VARs resulting from phase lag may be compensated for by the parallel capacitance. It is
important to remember that most power meters display the total VARs as the sum of both
the reactive and distortion voltamperes. Despite this, only the reactive voltamperes can
be compensated for by capacitance. This means that in the presence of harmonics, even
if the system has been compensated so that the current and voltage are perfectly in phase,
the source will still provide VARSs to the system. The number of VARs which can’t be
corrected for by parallel compensation is equal to the distortion power given in equation
2.12.

Distortion power factor is improved by increasing the amount of fundamental
current with respect to the total RMS current. This can be done by any method used to
mitigate harmonics as discussed in section 2.4. Common solutions include line filters,

resonant circuits, harmonic injection, and transformer cancellation.
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CHAPTER 3 - POWER ELECTRONIC DEVICES

3.1 Overview of VFDs

Studies have shown that induction motors constitute half of the total electrical
loads for most power systems [13]. Induction motors, specifically the squirrel cage rotor,
are widely used thanks to their low maintenance, low cost and high power to weight
ratios. However, these benefits come at the expense of speed flexibility. For an
induction motor the speed is determined by the number of poles and the frequency of the

voltage applied, as shown in equation 3.1.
h
synchronous speed (rpm) = 120 * % 3.1)

Since the poles are a fixed physical parameter of the motor the most feasible way to
adjust a motor’s speed is to change the frequency of the applied voltage.

The variable frequency drive (VFD), is a power electronic device which is able to
provide motor speed control by quickly and efficiently adjusting the frequency of the line
voltage at the motors terminals. To change the frequency of the input voltage a VFD

consists of three different stages, shown in Figure 3.1.
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L1

Y
Al

In a three phase VFD, the first stage typically uses a six diode full bridge rectifier
to convert the AC input voltage to a DC voltage. The DC voltage is then sent to the
second stage, the DC bus, which uses a combination of inductors and capacitors to filter
the rectified voltage into a smooth DC voltage. In the final stage, Insulated Gate Bi-Polar
Transistors (IGBTs) are switched on and off to produce a pulse width modulated (PWM)
AC output voltage. By regulating how long the IGBTs are allowed to conduct the
frequency and voltage of the output can be adjusted [14].

As shown in Figure 2.3, the input current to a VFD is not continuous due to the
commutation of diodes during the rectification of AC line voltage to DC voltage. The
resulting AC line current is therefore non-sinusoidal and can be described as the
summation of currents of differing frequencies. Since the input current now contains

multiple harmonics, the VFD is said to be a harmonic generator or source. The
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harmonics created on the line side of the VFD are of the order k=np+1, with p being the
pulse number of the converter and n being an integer [15]. The pulse number is defined
as the number of diodes or thyristors that conduct during one full cycle of the system
voltage. The Baldor 15J VFD used in this thesis is a 6 pulse converter. As a result it
should produce harmonics of the order k=6n+1. Three phase VFDs can be pulse
converters of any multiple of 6, although it is rare to see anything larger than 24 pulse
VEDs. Higher pulse VFDs are more expensive but have fewer lower order harmonics.
In addition the harmonics produced by high pulse VFDs have smaller magnitudes since
theoretically the amplitude of the nth harmonic current is given in terms of the
fundamental current, I;, to be I;/n [15]. For the majority of applications it is most cost
effective to purchase a low pulse VFD and use line reactors to filter the harmonics as
necessary.

Depending on the type of load driven by the motor, the VFD can provide
different benefits and cost savings. Most loads can be classified as either a constant
torque or a variable torque load. An example of a constant torque load is a conveyor,
which must be able to provide its full load torque over a range of different speeds. To
maintain a constant torque at changing speeds the air gap flux must also stay constant
[15]. A VFD is able to achieve this by adjusting both the output frequency and voltage to
keep a constant volts to hertz ratio as the speed changes. A variable torque load is one
whose torque requirements change with the speed of the motor. Common variable torque
loads are centrifugal pumps, fans and compressors. These loads follow a profile where
their torque increases proportionally to the square of their speed. Fluid flow in centrifugal

equipment is governed by the Affinity laws which state that flow is proportional to speed,
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pressure is proportional to the square of the speed and power is proportional to the cube
of the speed [16]. Traditionally, the output of pumps has been controlled with a
discharge valve which limits the flow and pressure output. When a valve is used to
regulate flow the motor driving the pump is operated at full power regardless of the
output requirements. This inefficient method is analogous to placing a brick on the
accelerator of a car and then controlling its speed solely with the brake [17]. A VFD
offers the ability to directly control the speed to match the desired output. The cost
savings is substantial since power is proportional to the cube of the speed or flow. Thus a
50% reduction in flow would translate to a 50% reduction in speed and require only
12.5% of the full load power. Since 60-65% of induction motor loads are centrifugal
equipment [18] the VFD in this thesis was operated under a load profile where the torque
is proportional to the speed squared.

In addition to energy savings, VFDs provide several other benefits. Since the
motor is isolated from the source power by the DC bus, the VFD draws the current and
voltage nearly in phase with each other so the displacement power factor into the VFD is
nearly unity. Induction motors also require large inrush currents, typically 6-7 times their
rated value, at start up. However, a high inrush current is avoided when a VFD is used
because the motor can be started at a low frequency and voltage while still applying its

rated torque.

3.2 Thyristors

Although no longer used in VFDs, the thyristor is one of the most important and

widely used power electronic semiconductors. Also known as a silicon controlled

24



Chapter 3 — Power Electronic Devices

rectifier (SCR), the thyristor has remained popular since its conception in 1957 due to its
high power ratings [6].
Anode Anode

P
B
n- J1

Sy 3

Cathode Cathode

Figure 3.2 - Thyristor Symbol and Basic Structure [12]

As seen in Figure 3.2, the classical triode thyristor is a p-n-p-n sandwich with external
connections applied to both p sections and the last n section. When the cathode voltage is
more positive than the anode, junctions 1 and 3 are reversed biased and the device is
blocked. If the anode is more positive than the cathode, junctions 1 and 3 are forward
biased but junction 2 is reversed biased so the device still does not conduct. However, if
a current greater than junction 2’s breakdown level is applied to the gate, junction 2 will
forward bias and the device will conduct so long as the anode is more positive than the
cathode [12]. This gating scheme makes the thyristor a semi-controllable device in that
its turn on is directly controlled but its turn off isn’t.

When two thyristors are placed back-to-back, so that the cathode of one is tied to
the anode of the other, they are said to be anti-parallel and form a semi-controllable
bidirectional switch. If a sinusoidal voltage is applied across them, one thyristor will

conduct during the positive half cycle and the other during the negative half cycle. When
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the voltage sinusoid crosses zero the polarity of the cathode and anode will flip, turning
off whichever thyristor was conducting. With this method the thyristors are said to be
naturally commutated. The thyristors are turned on by signals sent to their respective
gates 180" apart. This ensures that they will each be on for the same amount of time and
not overlap conduction periods. A delay angle alpha can then be introduced so that the
thyristors conduct for only a portion of the full sine wave. When used in series or
parallel, with an impedance, this becomes an effective method of controlling the current

or voltage seen by a device.

3.3 FACTS

In addition to the VFD, power electronics have taken a key role in controlling
power flow in large scale electric networks. Flexible AC Transmission Systems
(FACTYS) is the general name given to the group of emerging technologies which use
power electronic switches to control power flow in a transmission network. In the past
traditional series and shunt impedances have been used to maintain steady state voltages
and improve power transmission capacity. While these methods are effective they leave
all dynamic control of the system to changes made at the generators or transformers.
FACTS, however, are controller based allowing the series and shunt compensation to
adjust to the real time demands of the system.

In series compensation, a series voltage is introduced in the transmission line in
the form of a series inductive or capacitive impedance to regulate the flow of real power.
Controlling this impedance lets the power transmitted from the sending end to the

receiving end be adjusted. Adding a series capacitance decreases the overall series
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transmission impedance allowing for an increase in line current and transmittable power.
In contrast placing a series reactance on a transmission line increases its impedance and
serves to limit the amount of power on the line. Two common series compensators are
the Thyristor-Switched Series Capacitor (TSSC) and the Thyristor-Controlled Series
Capacitor (TCSC). The TSSC consists of a number of capacitors in series with the
transmission line that are shunted by parallel back-to-back thyristors allowing them to be
individually switched into or out of the line. Similar to the TSSC, the TCSC is a series
capacitor controlled by anti-parallel thyristors in series with a reactance. The thyristors
are fired at a delay angle a with respect to the crest of the capacitor voltage. This allows
the current through the reactor and therefore the effective impedance of the LC circuit to
be controlled [6].

In shunt compensation, a current is injected into the system as a means of
supplying or consuming reactive power. The Thyristor-controlled Reactor (TCR) is a
shunt reactor that is controlled by series back-to-back thyristors. Similarly, the Thyristor-
Switched Capacitor (TSC) is a fixed shunt capacitance controlled by series thyristors.
When TCRs and TSCs are placed in parallel with each other and have the firing angles of
their thyristors adjusted by a controller, the device is referred to as a Static VAR
Compensator (SVC). If properly designed the SVC can adjust its effective impedance to
either absorb or supply reactive power.

Aside from the SVC, which will be the focus of this paper, the STATCOM and
Unified Power Flow Controller (UPFC) are also popular and powerful FACTS. The
STATCOM is a shunt compensator which uses a voltage-sourced converter to produce a

voltage which is coupled through a reactance to the transmission line. By controlling the
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angle of the voltage produced, the STATCOM can cause current to flow to or from the
system through a reactance, thereby providing or absorbing reactive power. The UPFC
is the most complete controller. With two voltage-sourced converters the UPFC can

control both reactive and real power through series and shunt compensation [6].

3.4 The Static VAR Compensator

A Static VAR Compensator can refer to any of several different combinations of
controlled shunt capacitors and reactors. This paper will focus on the configuration used

in this thesis, the fixed capacitor thyristor-controlled reactor shown in Figure 3.3.

Figure 3.3 - Fixed Capacitor Thyristor-controlled Reactor

With this particular SVC configuration the shunt impedance seen by the system is a
combination of a parallel fixed capacitor and a TCR. By changing the thyristor’s firing
angle, o, the current to the inductor can be varied anywhere from zero, when the switches
are open, to the maximum, which occurs when the switches are open. For the TCR, a is

measured with respect to the crest of the supply voltage, Vy,, meaning that when o = 0
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the switches are open and when o = 90° the switches are fully closed. With a defined in

this manner the current through the inductor can be derived as follows [6]:

Supply voltage is given as:

v(t) =V, cos wt (3.1
Instantaneous current through an inductor is defined as:

iL(®) = 2 [ v(t)dt 3.2)
Substituting 3.1 into 3.2 gives:

i,(t) = % (sinwt — sina) (3.3)
Finding the RMS of 3.3 gives:

(@) = —(1—-Za——sin(2a) (3.4)

The inductor susceptance as a function of a is:

1
jowL

B,(a) = ﬁ = 11— %a - %sin(Za)] (3.5)

When combined with the fixed capacitor the SVC susceptance is:

Bsyc(@) = B (a) + B, = ](%L[l — %a — %sin(Za)] + jwC (3.6)

Equation 3.5 shows the effective susceptance of the inductor for a given firing
angle o, while the total SVC susceptance is shown in equation 3.6. The firing angle is
limited to be between 0° and 90" with respect to the crest of the supply voltage to ensure
that both thyristors are never gated at the same time. Since current can’t change
instantaneously through an inductor, a thyristor in series with a current carrying inductor

will continue to conduct current even after the thyristor’s voltage polarity has switched.
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If thyristor one is still conducting when thyristor two is sent its gate signal, thyristor two
won’t be able to turn on. As a result only one thyristor will conduct for that period
causing asymmetric output currents and voltages. The angle at which the current falls to
zero and the thyristor is turned off is known as B, the extinction angle [6].

The extinction angle is given by the transcendental equation:

Ba-p

sin(f — 0) = sin(a — 0)e” (3.7)

In equation 3.7, 0 is the load angle and R and L are the series resistance and inductance.
By limiting the firing angle to between 0" and 90" after the voltage crest, there is a 90’
buffer after the voltage crosses zero for the thyristor to stop conducting before the next
gate signal is sent.

Since the impedance of an SVC is regulated by switching thyristors the input
current is distorted and harmonics are generated. However, because the thyristors are
fired symmetrically during both positive and negative cycles, only odd harmonics are
generated. Typical current harmonics for a theoretical TCR as a percentage of the
fundamental are shown in Figure 3.4 with respect to the firing angle. While the TCR
also generates triplen harmonics, these aren’t shown in Figure 3.4 since the delta

connected primary of our transformer should prevent them from appearing at the source.
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Figure 3.4 - Typical Current Harmonics in a TCR [19]

From Figure 3.4 it is seen that the SVC generates significant harmonics but they vary

greatly depending on the firing angle.

3.5 The Enerpro Firing Board

In a true SVC, a programmed controller reads in transmission line parameters and
determines the necessary firing angle to provide the thryistors in order to meet a
predefined objective. This however, is very expensive and not practical for lab use. As a
result, the thyristors used in this thesis will receive their gate signals from the Enerpro
FCOG6100 Rev. K firing board where the firing angles can be manually adjusted. The
FCOG6100 is a 3 phase multipurpose firing board that produces six 60" spaced sets of
SCR gate signals. The board has the ability to power itself from 3 phase line voltages of

240V or 480V or single phase 120VAC. For this experiment, the board was powered by
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single phase 120VAC for simplicity. = The FCOG6100 is capable of producing gate
signals spaced by 120°, 30", or 60" that are made to be either in reference to the main
phase voltage or lagging it by 30°. Since in our application the thyristors needed to
operate as an in-line AC voltage controller, the board was configured for 120" gate
signals and the reference signals were in phase with the main voltage. The firing angle is
controlled by the voltage that appears on the board at position 10 of plug J3. This dc
voltage can range between OV and 5V. To supply the board the control voltage, a voltage
divider was created using a potentiometer and the 5V dc output from the board. A switch
was also connected to the voltage divider. Depending on how the switch was positioned
the voltage divider provided a control signal between OV-3.3V or 3.6V-5V to the Enerpro
board. To maintain a firing angle below 90" the switch was positioned to provide a
maximum of 3.3V. Beyond this voltage the system became unstable because the
thyristor conduction periods overlapped due to their inability to stop the flow of current

in the inductors.
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The Enerpro firing board used is displayed in Figure 3.5. The output thyristor
gate controls are labeled POS and NEG in the bottom right of the picture. The knob in
the bottom left of the picture is a potentiometer which controls the firing angle output by
the board. To the left of the knob is the switch which determined the range of voltage
sent to the board. Additionally, the 120VAC board power input can be seen in the upper

left of the picture.

Figure 3.5 - Enerpro Firing Board Picture
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The schematic of Figure 3.6 shows how the Enerpro firing board connected to the
system. Not shown in the figure are the capacitors that were in parallel with the thyristor
inductor series combinations. The delay command represents the voltage divider signal
which controlled the firing angle. Instantaneous inhibit shown on pins 4 and 6 is a safety
feature which serves to stop the gate signals if the board losses main power. Since our
setup didn’t require this provision, the inhibit was given a direct connection to 12V dc to
insure it remained closed. The soft inhibit feature was not utilized in our system but it
allows the firing board to ramp up or down the firing angle on start up and shut down.
The J5 connection taps directly to the line voltages of each phase to provide the correct

phase delay reference angles.
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Figure 3.6 - Enerpro Firing Board Block Schematic [20]
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CHAPTER 4 - LABORATORY SETUP AND DESIGN

4.1 Lab Procedure and Setup

For the purpose of this thesis, two Baldor 1HP induction motors were fed by a
240 Vi1 3® 60Hz source through a 2:1 Delta-Wye grounded transformer. The A-Y
connection was used based on the recommended grounding system by the VFD maker
Baldor [9]. Additionally, the configuration is popular in distribution and commercial
systems. The A-Y connection offers the benefits of a grounded secondary, a 30" phase
shift to help keep voltages balanced, and a delta primary to protect the source against
harmonics [21] [4]. After accounting for the connection and turns ratio, the transformer
supplied the motors with their rated 208 V. voltage. In this system the delta or source
side represented the utility infinite bus. One of the motors was controlled by a Baldor
Series 15J VFD, while the other’s speed was left unchanged. This type of configuration
was used to model a scenario where different types of loads are connected to the same
bus. In this setup both a distortion and a displacement power factor less than unity will
be present when no compensation is applied. If only VFD controlled motors were used
the displacement power factor would be unity regardless of the loading conditions
making capacitive or static var compensation completely unnecessary. Both motors were
coupled to separate dynamometers so that their loads could be varied. Dynamometers are
machines which can apply an adjustable torque to a motor shaft while displaying the
motor’s speed and torque. The base system schematic without any compensation is

displayed in Figure 4.1.
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M2
240V
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A-Y
= VFD =
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Figure 4.1 - Case 1 Base System Schematic

To best match the experiment to the real world, the VFD motor had its load and
speed stepped to match a variable torque load. A variable torque load is one whose
torque demand increases with its speed, usually proportionally to the speed squared [1].
This load characteristic is common to variable flow applications which can include fans,
centrifugal pumps or blowers, propeller pumps, turbine pumps, agitators, and axial
compressors. Since the torque increases proportional to the square of the speed, VFDs
provide the greatest cost savings for this type of load [16]. This made the variable torque
load profile the best choice for the experiment.

To determine the load points of the VFD motor, M1, the motor’s rated torque was
set equal to its rated speed squared and the proportionality constant K was solved for.

This is shown in equation 4.1.
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T 36.54 lb*in Lbxi
K = —fated — =123e-05 =2 “.1)
1725 2rpm rpm

n72‘ated
Finding this K value allowed the desired motor speed to be calculated for torque values
between 0% and 100% of rated torque. These values along with the experimental

frequency that came closest to providing the desired speed are summarized in the Table

4.1.

Table 4.1 - Motor 1 Torque Speed Values

% Full Load Torque (Ib*in) Speed (rpm) Frequency (Hz)
100 36.54 1725 60
90 32.88 1636 56
80 29.23 1543 53
70 25.57 1443 49
60 21.92 1336 45
50 18.27 1220 41
40 14.61 1091 37
30 10.96 945 32
20 7.31 771 26
10 3.65 546 18

0 0 0 0

Using the values in Table 4.1 Motor 1 was stepped from 0%-100% of full load
torque in 10% increments. Meanwhile, Motor 2 was held constant at rated speed for
cases of 25%, 50%, 75% or 100% of its full load torque. This loading scenario was
repeated for three different situations. The first case was the base case shown in Figure
4.1 where no compensation was applied. For the second case a capacitor was placed
between each of the secondary transformer phases and ground. This configuration was
done to simulate the traditional method of power factor correction. For the final case, a

static VAR compensator was placed between each secondary phase and ground. In both
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cases, compensation was placed on the secondary of the transformer so that triplen
harmonics introduced by the compensation would not reach the source. Schematics of

cases 2 and 3 are shown in Figures 4.2 and 4.3 respectively.

|
1
240V T
|
3,
SOHs ! @P M2
A L B
T
| D
|
!
1
1
|
A-Y

2:1 1HP

VFD

Figure 4.2 - Case 2 Capacitive Compensation Schematic
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240V \ \ ;
30, L
60Hz
L /lHP
.Y

T 1HP 1HP

2:1
c | VFD M1

Figure 4.3 - Case 3 Static VAR Compensation Schematic

>

For each of the loading scenarios and cases described, data were taken on the
delta and wye sides of the transformer, as well as on each of the motor branches. These
points are labeled A, B, C and D in Figure 4.1. Data at each point was collected using
two PowerSight PS3000 power quality analyzers. When measuring at points B, C, and
D, the analyzers’ current probes were moved between the respective branches while the
voltage probes remained fixed at the secondary side of the transformer, since this node
was common to all three points. Additionally, a 3® Yokogawa WT130 Wattmeter was
connected between the source and the primary of the transformer. This provided a
convenient method to monitor the input conditions. When the SVC was used in case 3,
its firing angle was adjusted until the Yokogawa displayed the minimum achievable value
of VARSs being sent from the source. While the Yokogawa was used as a reference, all

data presented in this report was obtained from one of the two PowerSight analyzers.
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Unless mentioned otherwise all measurements will assume a balanced system so that the
measurements of phases a, b and ¢ are of the same magnitude. All harmonic data is from

phase A unless otherwise stated.

4.2 Capacitor Sizing

For case 2 the capacitors were chosen to deliver a 0.95 power factor under the
worse case VAR usage. A 0.95 power factor was selected instead of unity so that the
capacitors wouldn’t be over compensating when the motors were consuming less VAR.
From the base case the most VARs sourced was 1332 VAR, which occurred when both
motors were running at full load and corresponded to 2062.4W of real power. Listed

below are the step-by-step design equations for determining the correct capacitance.

Maximum Apparent Power @ 0.95 PF:

P 20624W

S= =5 = 2170.9VA 4.2)
Reactive Power @ 0.95 PF
Qaesirea = V2170.9 VA2 — 2062.4 W2 = 677.7 VAR (4.3)

Hence, the required Reactive Power from the Capacitors:
Qcap = Qactuat — Qdesirea = 1332 VAR —677.7 VAR = 6543 VAR (4.4

This yields the total system capacitance need:

C= v _ _ O543Var _ q54,p (4.5)

2+ f*V2_y  2xmx60hzx118V2

Cc
Cperp = 5 = 41uF (4.6)
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Since the capacitors were Y connected the total capacitance need was found in equation
4.5 and then divided by 3 to give the capacitance per phase in equation 4.6. Due to
availability constraints, SOuF capacitors were used instead. This difference results in the
capacitors supplying 787 VAR as opposed to the calculated 654 VAR. The increase in
reactive power from the capacitors means that under the worst case scenario the system
should be corrected to a 0.97 pf as opposed to a 0.95 pf. Since 890VARs is the lowest
amount of reactive power supplied by the source the extra capacitance will not cause the

system to become overcompensated.

4.3 SVC Design

For the design of the static var compensator in case 3, it was important to ensure
that the SVC could achieve a unity displacement power factor at every data point. Since
the high point of a SVC’s capacitance range occurs when there is no current through the
inductor, the capacitor can be sized just like it was for case 2 with the exception that it is

now for a power factor of 1 instead of 0.95.

Maximum Reactive Power to be supplied by capacitor:
Qcap = Qmax = 1332 VAR 4.7)

This yields a total capacitance of:

Ctot — Qcap — 1332 Var _ 254[,[F (48)

247k f V2 2xT%60hz*1182
L-N

Cpero = 7 = 85uF (4.9)
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The per phase capacitance value found in equation 4.9 is the minimum capacitance
required by the SVC to compensate the system to a unity displacement factor. Since the
SVC can lower the effective capacitance seen by the circuit, any value above 85uF can
be used so long as the SVC can still meet the minimum VAR requirements. For
simplicity a 100uF capacitor was selected and formed by placing two SOuF capacitors in
parallel.

To size the inductor, it was necessary to determine the inductance which, when
placed in parallel with the capacitor, will cancel enough capacitance to provide the
minimum VARs for the system. If the inductance was too small the system would be
over compensated at this point and draw a leading power factor. From the data collected
the minimum VARs from the source was 890VAR and occurred when M2 was run at

25% and M1 was not running.

Minimum VARs to be supplied by the SVC:
Qsvc = Qmin = 890 VAR (4.10)

This yields a total effective capacitance of:

_ Qcap _ 890 Var _
¢= Z*H*f*VLZ_N T 24m+60hz+1182 170MF (411)
C
Cnin pero = 3= S7uF 4.12)

The inductance could have been sized so that the SVC’s inductive maximum, or
capacitive minimum, was 57uF. This would have allowed the capacitance to be finely
tuned over a range of 57uF to 100uF. However, it would have required a

disproportionally large inductor and limited the overall flexibility of the system. Since
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the main draw of the SVC is its ability to quickly compensate a system over a large range
of positive and negative VAR requirements, a more practical way to size the inductance
is so that the minimum system VARSs occurs at a firing angle greater than 0 degrees. To
replicate a more real world scenario, were the SVC might also be asked to compensate
for a leading power factor, we chose 45 degrees as the angle to provide our system’s
minimum VAR requirements. As outlined in Chapter 3, the susceptance of the inductor

as a function of the firing angle a is given in equation 4.13 [6].

Susceptance of the SVC inductor as a function of the firing angle:

Bi(a) =B, (45°=%) = —[1-2a - Zsin(2a)| = 0.182 (4.13)

T jeL joL

Susceptance of the SVC Capacitor:

B, = joC =2 *mx60Hz * 100uF = 0.038 S (4.14)
Bgwc(45") is found from the desired effective capacitance in eq. 4.12:

Bsyc(45°) = jw * Cinpere = Jj * 2 *m * 60Hz * 57uF = 0.021S (4.15)
Total Desired Susceptance of the SVC @ o, =45":

By (45°) = B (45°) + B, (4.16)
Substituting equations 4.12, 4.13 and 4.14 into 4.15 yields the inductance:

L = Bpy (45°) _ 0.182S
"~ (C—Cminpera)*®@?  (100uF—57uF)(2+m+60Hz)?

= 30mH (4.17)

From equation 4.17, a per phase inductance of 30mH, with a firing angle of 45°, in
parallel with a 100uF per phase capacitor will provide the minimum VARSs our system
requires. Since a 30mH inductor was not readily available, 40mH inductors were used

instead. The slightly larger inductance means that our capacitive minimum will be
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achieved at a smaller firing angle of roughly 40" as opposed to 45°. This change is minor
and for our purposes has no tangible effect on the system. Using a 40mH inductor and
100uF capacitor, Figures 4.4 and 4.5 show how the SVC susceptance and its effective
capacitance vary as a function of firing angle. It can be seen in Figure 4.4, that when the
firing angle is less than 20" the SVC appears as an inductive load to the system, where as
it is capacitive for firing angles above 20°. To achieve the minimum and maximum VAR
requirements of the system, 890VAR at 57uF and 1332Var at 85uF, Figure 4.5 shows

that the firing angle will need to be varied between 40-60 degrees.

SVC Susceptance vs. Firing Angle

0.05

Capacitive Region
—>

0.03 /
0.02

0.04

z .
S 001
8
% O T T T T T T T 1
b
a 0.01 ( } 20 30 40 50 60 70 80 90
-0.02
Inductive
-0.03 Region
-0.04

Firing Angle (deg)

Figure 4.4 - SVC Per Phase Susceptance vs. Firing Angle
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Effective Capacitance vs. Firing Angle
100

. e
i /
N

O T T T T T T 1
20 30 40 50 60 70 80 90

Capacitance (uF)

Firing Angle (deg)

Figure 4.5 - Effective Capacitance Per Phase vs Firing Angle

4.4 Equipment List and Specifications

The following is a list of the equipment used for this lab setup, with the quantity

in parenthesis.

e (1) Baldor Series 15J Inverter Control — AC Variable Frequency Drive

Model No. IN0676C00

Motor Rating | 1hp/750W

Input 30, 60Hz/50Hz, 180-264VAC
Output 3C, 0-150Hz, 0-230VAC
Continuous Amps 4.2A
60 Sec Ovld Amps 6.3A
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(2) Baldor — Induction Motors

Model No.

M3116T

Motor Ratings

1hp, 30, 60Hz
208-230V

FLA: 3.38A-3.12A
RPM 1725

PF =0.73
Efficiency 82.5%

(2) Magtrol — Dynamomter

Model No.

HD-705-6

Max Torque

50 1b-in

(1) Enerpro — 6-SCR Firing Board

Model No. FCOG6100-K
Input 3®, 60Hz/50Hz, 120-480VAC
Output 0" Phase Reference

120" bursts of 128 pulses
6 - 176" delay angle range
Peak Gate OCV = 15V
Peak Gate SCC =2A

(6) International Rectifier — Thyristors

Model No. IRK -26

Ratings I, =27A
Vim =400 -1600 V
I.m =15A
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e (6) Electrolytic Capacitors - SOuF
e (3) Power Inductors — 40mH
e (2) PowerSight — PS3000 Power Analyzers

e (1) Yokogawa — WT130 3® Wattmeter

4.5 Lab Setup and Equipment Pictures

The actual lab setup is shown in Figure 4.6. The inductors, firing board, and
thyristors are in the front of the picture but are not connected. Directly behind them are
the S0uF capacitors. The PowerSight Analyzer can be seen in the bottom left and the
Yokogawa WT130 is in the upper left. The red letters on the picture correspond to the

measurement points outlined in Figure 4.1.

Figure 4.6 - Lab Bench Picture
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Motor 1 can be seen in Figure 4.7 connected to the Magtrol dynamometer on the
left. The torque of the motor is adjust be the small dial on the box next to the display.
The VFD is shown to the right of the motor. Current probes attached can be seen
measuring the input to the VFD. From the PowerSight analyzer the current and voltage

data can be recorded to the laptop.

Figure 4.7 - Motor 1 and VFD Picture
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The thyristors used for the SVC are shown in Figure 4.8. The connectors labeled
A, B, and C at the top are directly connected to the respective phases on the secondary
side of the transformer. The red and yellow connectors labeled G1 and G2 synch with
the Enerpro firing board to provide the gate controls to the thyristors. The bottom
connectors were jumped red to black for each phase, to configure the thyristors anti-

parallel, and then connected in series to the inductor.

Figure 4.8 - Thyristor Board Picture
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CHAPTER 5 -MEASUREMENTS AND ANALYSIS

5.1 Potential Sources of Error

Before the data collected are presented and analyzed, the possible causes for
inconsistency and error will be discussed.

The most likely source for error in the data comes from the way in which they
were collected. There were four different points of data collection, three from the
secondary voltage node and one from the primary, but only two PowerSight Analyzers.
Hence, all the data for one loading scenario could not be collected at the same time. In
practice, Motor 2 would be held constant while Motor 1 was stepped from 0-100% and
data was collected at points C and D. The system would then be de-energized, the probes
repositioned, and the previous scenario would be repeated for points A and B. While
every effort was made to make the settings identical in both steps, the reality is that the
loading of the system could not be exactly the same as when the previous data were
collected.

An additional complication came from the dynamometer’s inability to keep a
completely constant torque over a period of time. As a result, the motors had to be
carefully monitored as any major delay in data collection would result in a drop of torque
by as much a 1-2 Ib*in. This became significant because the PowerSight Monitor (PSM)
software, which saved the data to the computer, was buggy and would often require
multiple attempts before it would save correctly. The dynamometers also required

greater attention when the SVC was used, as the change in power factor and the time
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required to manually adjust the SVC, would result in a different torque than was
originally applied. Overall, though, it is safe to assume that all data were recorded within
0.251b*in of the desired value.

As a reference, the voltage waveforms from the secondary side of the transformer
for Motor 1 at full load with no VFD or other system loading are shown in Figure 5.1.
Although not shown on the graph, PowerSight calculates the voltage and current
imbalance as 1.968% and 3.3% respectively. The THDv% and THDi% are given in

PowerSight as 2.02% and 3.78%.

File: 1M Full Load No VFD.wfm

o vz O w23 o w3 Total
RMS Value: 2068 208.2 201.4 True Power: 889.7
Crest Factor 14 1.4 14 True P.F.:  0.86

500.0

Yoltage {volts)

L] 50 10.0 15.0 200 250 30.0 35.0 40.0 45.0 50.0
Time (msecs) 12:16:48 01/22/09

Figure 5.1 - System Reference Waveform

Assuming the motor to be a linear, balanced load we can see that the quality of the power
source is good but not perfect. The system is not completely balanced with a maximum
RMS line voltage of 208.2V and a minimum of 201.4V. The THD levels also show a

very low level of harmonic distortion. Overall, these readings suggest that we should
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expect under best case scenarios a slight imbalance and very small harmonics in the
system.

Aside from the means of data collection and the power quality of the source, it
should be noted that induction motors exhibit slightly different operating characteristics
as their temperature increases. Therefore, data collected when the motors were first
started and cold may vary slightly from data collected after the motors have warmed up.
It is also important to remember that the impedance of capacitors and inductors are
dependent on the frequency of the current through or voltage across them. As a result
the effective impedance seen from these elements by the system will change as the
harmonics in the system change. Additionally, while the inductors and capacitors where
selected to be the same values for each phase, they likely had a slight variation between
each other. This could contribute to voltage and current imbalance in the system.
Finally, the design equations used to size the capacitors and inductors used the reactive
power from the base case as their reference. Since the harmonics, and therefore the
reactive power, will be different in the system for the other cases the design power factors
will vary with the measured.

Overall, the possible causes of error are minor and do not invalidate the data as a
whole. However, they are real and should be considered as whole when viewing the data.
As a result, this analysis will focus on trends that can be seen across that data set as a
whole as opposed to single instances which might be best explained by one of the above

discrepancies.
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5.2 Organization of Analysis Section

The analysis presented in this chapter will focus on three broad topics; harmonics,
power factor and efficiency. Within each of these topics results of the three different
methods of compensation will be compared. In each case, the analysis will attempt to
translate the numerical findings in terms of their impact on equipment lifetime,
performance and overall costs. The harmonics section will consume the bulk of the
chapter and focus predominantly on current and voltage distortion. Additionally,
individual harmonic components and the K-Factor at the transformer will be examined.
True power factor will also be looked at in terms of its displacement and distortion
components, as well as its impact on overall RMS current. Finally, the effects of the
results on the overall efficiency of a power system will be discussed.

To avoid redundancy it will be assumed that the reader has familiarized

themselves with the basic definitions and principles outlined in chapters 2 and 3.

5.3 Analysis of Harmonic Current Distortion

Before comparing the effects of the harmonics generated by each compensation
method it is necessary to see if the methods tested fall beneath the maximum allowable
levels of distortion. Generally, the most accepted way to measure the overall amount of
harmonic content in a system is by the Total Harmonic Distortion (THD) index [4]. This
method, described in chapter 2, provides an easy way to quickly compare the harmonic
content of two waves. However, a waveform may have a very high THD level but be

very small in terms of the overall load current of the system, thus having little impact on
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the current injected to the utility at the point of common coupling (PCC). As a result the

IEEE has set the maximum current distortion level, found in IEEE STD 519-1992, in

terms of the Total Demand Distortion as seen in Table 5.1 [5].

Table 5.1 - IEEE 519-1992 Std Current Distortion Guidelines

Maximum Harmenic Current Distortion in Percent of It

Individual Harmonic Order (Odd Harmonics)

I /Iy <11 11<h<17 17<h<23 23<h<35 35<h TDD
<20%* 4.0 20 L5 0.6 0.3 50
2030 7.0 35 25 1.0 05 8.0
50<100 10.0 4.5 4.0 1.5 0.7 12.0
100<1000 1z.0 55 5.0 2.0 10 150
=1000 15.0 7.0 6.0 25 14 2000

Even harmonies are limited te 25% of the odd harmonie limits above.

Current distortions that result in a de offset, e.g., half-wave converters, are not allowed.

* All power generation equipment 1s limited to these values of current distortion.
reg;‘lrdle‘;g‘ Df :{Cﬂll‘l IS‘J'IL

where
I, = maximum short-circuit current at PCC.
I = maximum demand load current (fundamental frequency compenent) at PCC.

To properly use the IEEE guidelines, the system’s short circuit current to load

current ratio must be calculated. For the experimental system the ratio is calculated

below [22] [23].

The transformer’s rated current is found as:

Lo = kVAtransformer _  9kVA 25A
rated = V3*V I Secondary V3%208V
The transformer’s short circuit current is:
100 100

L = rated X

=25A X — =1000A
2.5

transformer impedance (%)

The maximum experimental RMS load current @ PCC:
I, =59 A
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Short circuit to load current ratio:

Isc _ 10004

I, 594

=170 (5.4)

From the result of equation 5.4 and Table 5.1, it is seen that to comply with IEEE STD
519-1992 the TDD;% at the source must be less than 15%. Since the PowerSight

analyzers provide THDi% but not TDDi%, TDDi% was calculated as:

TDD,% = T”IL/ x [ (5.5)

L

Where 1 in equation 5.5 is the magnitude of the fundamental current and I is the
maximum load current. The IEEE Std 519-1992 defines ;. to be “the average current of
the maximum demand for the preceding 12 months” [5]. For our purposes I;, will be the
RMS current when both motors are running at full load. For the base case the current is
5.9A as used in equation 5.4. However, for the capacitive and SVC cases I is 5.3A.
This difference is noticeable in the TDD; calculations but since the IL./I; ratio is still

between 100 and 1000, the maximum allowable TDD;% is still 15%.

Table 5.2 - TDDi% Values at the Source (Point A)

TDD; for M2 100% TDD; for M2 75% TDD; for M2 50% TDD; for M2 25%

M1 % FLT Base Cap SVC Base Cap SvC Base Cap SvC Base Cap SVC

100 3491 37.98 39.40 34.52 37.51 39.41 32.86 38.73 39.55 32.54 38.30 38.90
90 29.56 3291 34.48 29.80 33.06 34.04 29.31 32.99 34.16 28.96 34.08 33.63
80 26.47 29.60 29.85 26.24 29.32 29.75 25.63 28.24 29.78 25.09 30.14 29.28
70 23.20 25.57 25.56 22.38 24.80 25.71 22.34 25.44 25.51 21.75 26.11 25.45
60 19.02 21.48 21.50 19.12 21.60 21.93 19.27 21.18 22.14 18.41 22.13 21.49
50 16.64 18.14 18.74 15.75 17.96 18.33 16.24 17.65 18.06 15.33 18.06 17.77
40 13.61 14.99 16.34 12.97 14.37 16.08 12.96 13.90 15.38 12.48 14.56 15.15
30 10.10 11.53 13.44 10.41 11.38 13.25 10.39 11.23 13.44 9.94 11.86 12.83
20 8.59 8.55 11.69 8.24 8.81 11.78 | 8.16 8.53 11.94 7.89 9.00 11.73
10 7.19 7.29 11.37 6.64 7.16 10.68 6.89 7.36 11.21 6.68 7.25 10.52
0 2.46 434 10.77 2.59 4.01 10.23 2.73 4.08 10.62 2.80 4.44 10.75
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From Table 5.2 it is clear that at full load all three cases are well above the 15% limits
defined by the IEEE at the point of common coupling. All three cases begin to drop
under the maximum allowable limits when the VFD motor M1 is loaded less than 40%.
While the base case has smaller TDDi% for most instances, the differences between all
three are small enough that no significant conclusions can be made about which
compensation is best to use. However, if the size of our maximum load current were to
increase, or the rating of our system decrease, these numbers would have to be
reevaluated. In such a case it is possible that the small variations might be enough to be
the difference in whether the IEEE guidelines are exceeded or not, making TDDi% pose
a larger factor in choosing which compensation to use. It shouldn’t be a surprise,
however, that the TDD;% exceeds the IEEE guidelines since there are only two loads in
the system and one of them is a harmonic generator. Since the transformer is rated for
25A the average demand current could be significantly increased from 5.9A if more loads
were added. If these loads were linear and harmonic free the TDD;% levels would likely
fall to acceptable levels, as the harmonic content would be a smaller portion of the
demand current. However, if the load profile of the transformer remains the same it
would be advised to add line reactors to the VFD to reduce the harmonic content seen at
the PCC.

TDDi% is a measure of the harmonics with respect to the total maximum load
current of the system, it is therefore useful to instead use THDi1% for a more complete
picture of how large the harmonics are with respect to the actual RMS current. The
THDi1% measured at the source point A, for the different loading scenarios, are shown in

Figures 5.2-5.5.
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Source Current Distortion for M2 @100%
Load

2
THDi % =4 Base
=i— Capacitor
==SVC
0 T T T T T 1
0% 20% 40% 60% 80% 100%
M1 % Load

Figure 5.2 - Source THDi% vs. M1% Load for M2 @ 100% Load

Source Current Distortion for M2 @75% Load
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Figure 5.3 - Source THDi% vs. M1% Load for M2 @ 75% Load
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THDi%

Source Current Distortion for M2 @50% Load
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Figure 5.4 - Source THDi% vs. M1% Load for M2 @ 50% Load
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Source Current Distortion for M2 @25% Load
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Figure 5.5 - Source THDi% vs. M1% Load for M2 @ 25% Load
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From Figures 5.2-5.5 the most obvious trend is that as the VFD loading increases
the THDi% for all cases also increases linearly. Assuming the input to the VFD is a
standard full bridge diode rectifier the harmonics it generates will be the same, just
proportionally larger, as the drives load increases [15]. Since THD;% is a measure of the
harmonics with respect to the RMS current the THD1% should linearly increase as the
current through it increases. This is clearly seen in the base and capacitor cases. All
cases also show greater harmonic levels for lower loading of the non VFD motor, M2.
This too is intuitive, since for higher M2 loading the source current increases making the
harmonics generated by the VFD a smaller percentage of the overall current. Compared
to the other cases, the SVC shows significantly higher THD1% levels when the VFD is
operating at low loads. Since the VFD draws less current at low loads, the SVC’s
harmonic content is a much larger percentage of the overall harmonic content at low
loads. As the VFD loading increases, the THDi% for the SVC case remains almost
constant up to 30% M1 loading. For M1 loading above 30% the SVC grows at a similar
yet slightly slower rate compared to the other two cases. With respect to the capacitive
case the SVC exhibits higher harmonics at VFD loading less than 50% but above 50%
the SVC has equal or lesser harmonics than the capacitive case.

The most surprising aspect of Figures 5.2-5.5 is the great increase in THDi1%
between the base case and capacitive compensation. Since the SVC introduces a new
source of harmonics through its switching thyristors, it was expected that its THDi1%
levels would be greater than the base case. However, the capacitive scenario features no

new switching elements which would produce harmonics in addition to the VFD. Closer
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inspection reveals that capacitors can behave as a source of harmonics themselves [4].

One measure gives the order of a capacitors harmonic current to be of:

h= |
XSC

(5.6)

In equation 5.6, X_ is the capacitor impedance, X, is the system short circuit impedance,

and h is the order of the harmonic current. Further analysis shows that a harmonic

voltage applied across a capacitor results in a disproportionally larger harmonic current

[10].

The impedance of a capacitor at frequency no is given as:

1

- nwcC

Cc

Then the instantaneous capacitor voltage and current is :
ety = V2 ¥ E,sin (nwt + a,,)
ic(t) = V2 X" E,nwC * sin (nwt + a,, + g)

From 5.8 and 5.9 the RMS current and voltages are found to be:
E? = Y1E; = Ef + E + -+ E;

12 = YYEnwC)? = (EywC)? + (E;2wC)? + -+ + (E,nwC)?

Then the ratio of total RMS to fundamental RMS voltage and current are:

=1+ Z5GH?

KEy 2
Ey

GH2=1+ Tk
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From Equations 5.12 and 5.13 we see that an increase in the harmonic voltage across a
capacitor, where k represents the harmonic order, causes a significant increase in the
harmonic current through it. For example, if the 5™ harmonic voltage was increased from
0% to 25% of the fundamental voltage it would cause the total current to fundamental
current ratio to increase by 60%, while the total voltage to fundamental voltage ratio
would only increase by 3%. Of course this is an extreme example, as this setup never
measured the 5™ harmonic voltage across the capacitors to be more than 2% of the
fundamental voltage. Nonetheless, it illustrates that capacitors can make significant
contributions to the harmonic current distortion of a system if the voltage across them is
non-sinusoidal.

Recapping, Figures 5.2-5.5 give the THDi% at the source, for both the capacitive
and SVC cases, to have significantly more harmonics than the uncompensated base case.
If selecting between the two compensation methods strictly by THDi1%, the capacitive
method is a better choice if the VFD loads are anticipated to operate at less than 50% for
significant periods of time. The SVC is a good choice if the VFD loads are expected to
be operating above 50% of rated load most of the time.

In addition to the harmonics at the source which effect the utility, a potentially
more important aspect to the owner are the harmonic levels within the system.
Harmonics, as detailed in chapter 2, led to increased power losses and temperatures in the
stator and rotor of the induction motor. Temperatures above the rated value of the motor
will cause it to have a decreased life span. The THD1% for each compensation case at the

non VFD motor, M2, are shown in Figures 5.6-5.8.
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M2 Current Distortion for M2 @ 100% Load
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Figure 5.6 - M2 THDi% vs. M1 % Load for M2 @ 100% Load
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Figure 5.7 - M2 THDi % vs. M1 % Load for M2 @ 75% Load
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M2 Current Distortion for M2 @ 50% Load
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Figure 5.9 - M2 THDi % vs. M1 % Load for M2 @ 25% Load
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The current drawn by M2 has the least harmonics during the base case. While the
SVC has greater harmonics than the base case in most of the load scenarios, the two
scenarios remain within roughly 0.5% throughout. This difference is small enough that
the two methods can be said to result in roughly equal harmonic distortion at the motor
input. Capacitive compensation compares well with the other two cases when M2 is at
full load but becomes significantly worse as the load of M2 drops. When M2 is running
at 75% or less, the capacitive case results in an increase of between 2 and 4 THDi1% over
the other two cases. In some loading situations this is double the amount of harmonic
current distortion seen by the motor compared to the other cases.

Aside from the general trends, the graphs of Figures 5.6-5.9 increase and decrease
sporadically as the M1 load is changed, this is especially evident in the capacitive case.
These point to point oscillations in the data are difficult to explain. Since the
measurements were all taken from phase A of the motor, it is possible that this is the
result of a slight imbalance in the system. The slight perturbations in the data may also
be the due to changing resonant conditions in the system or the load of M2 drifting over
time. Since the variations are not consistent amongst the figures they are likely not
significant. However, the overall trends of the data should not be discredited as they can

be seen throughout the Figures.

5.4 Individual Harmonic Cancellation

At the onset of this thesis, one of the primary questions was how the harmonics
generated by the SVC would interact with those created by the VFD. In section 5.3 we

established that the addition of the SVC resulted in a significant increase in harmonic
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current content at the source point. Now we will look at which specific harmonics are
responsible for the differences in THDi%. Both the VFD and SCR are six pulse systems
which produce odd harmonics of decreasing magnitude [15]. However, the triplen
harmonics, or harmonics that are odd multiples of the 3" harmonic, should not appear on
the line side of a delta transformer. Triplen harmonics are zero sequence components
which, according due to Kirchhoff's current law, can circulate within a delta
configuration but can’t leave the delta to appear as line currents [3]. Therefore the only
harmonic currents of significance that should appear at the source are of the order 6p + 1,
where p is any integer number starting at 1. Since the harmonics decrease in magnitude
as the order of the harmonic increases, we will only look at the 51 and 7™ harmonics, as
they should be most consequential. ~For six pulse rectification the ac current is given

from Fourier analysis to be [2]:

S %Idc[cos(wt) — %cos(Swt) + %cos(7wt) .t %cos(hwt)] (5.14)

In equation 5.14 it can be seen that the magnitude of the harmonic decreases
proportionately to the size of the harmonic order. The RMS magnitude of the 5

harmonic at the source can be seen in Figures 5.10-5.13.
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Source 5th Harmonic Current for M2 @ 100%

2
1.8
1.6
1.4
1.2

RMS 1
Current (A) ¢—Base

0.8
0.6
0.4
0.2 4

0 - T T . . !
0 20 40 60 80 100

== Capacitor

==fe=SVC

M1 % Load

Figure 5.10 - 5™ Harmonic Current vs. M1 % Load for M2 @ 100% Load
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Figure 5.11 - 5™ Harmonic Current vs. M1 % Load for M2 @ 75% Load
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Source 5th Harmonic Current for M2 @ 50%
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Figure 5.12 - 5™ Harmonic Current vs. M1 % Load for M2 @ 50% Load
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Figure 5.13 - 5™ Harmonic Current vs. M1 % Load for M2 @ 25% Load
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From the preceding figures it is seen that the SVC clearly has the largest 5t
harmonic component. Even so all three cases have similar magnitudes at this harmonic
order. The difference between the 5™ harmonic for the base and SVC cases is at most
0.3A. The 0.3A increase for the SVC is a 20% increase over the base case’s 1.5A
magnitude. While this is significant, it also suggests that the majority of the content is
coming from the VFD and not the SVC. This could imply that there is some small
amount of cancellation between the SVC and the VFD or that the SVC just doesn’t create
as much 5™ harmonic current as the VED. The 7" harmonic RMS current at the source is

shown in Figures 5.14-5.17.
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Figure 5.14 - 7" Harmonic Current vs. M1 % Load for M2 @ 100% Load
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Source 7th Harmonic Current for M2 @ 75%
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Figure 5.15 - 7" Harmonic Current vs. M1 % Load for M2 @ 75% Load
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Figure 5.16 - 7" Harmonic Current vs. M1 % Load for M2 @ 50% Load
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Source 7th Harmonic Current for M2 @ 25%
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Figure 5.17 - 7" Harmonic Current vs. M1 % Load for M2 @ 25% Load

Unlike the 5™ harmonic, the 7™ harmonic shows the opposite results with the SVC
having the lowest content and the base case the highest. For the 5™ harmonic all three
cases had the same magnitude when M1 was at 0% load. However, with the 7™ harmonic
the SVC begins at 0.5A while the other two cases start at close to OA. Since the impact
of the VFD on the system is very small when M1 is at 0%, all of the harmonic content at
this point is likely a result of the SVC. Once the VFD begins drawing current, the
magnitude of the 7™ harmonic decreases for the SVC until M1 reaches 40%. Given that
the harmonic was greater before the VFD began operating, it is likely that there is some
cancellation occurring between the SVC and the VFD. Once M1’s load increases beyond
40%, the harmonic magnitude starts to increase at the same rate as the base case, while
continuing to be less than it. In addition to any cancellation that occurs between the SVC

and VFD, the 7™ harmonic is also less for the capacitive case. This suggests that at the
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7™ harmonic the frequency is high enough that the capacitor begins to sink a more
noticeable amount of the harmonic current. While this could also be occurring for the
SVC, the fact that the SVC still has a significantly smaller magnitude than the capacitive
case suggests that some cancellation is occurring with the VFD’s 7" harmonic.

It is also interesting to look back to Figure 3.4, which showed the expected
harmonics of a TCR for different firing angles. In section 4 we showed that the SVC,
which is composed of a TCR, should operate with a firing angle between 40" and 60,
with the angle increasing as the load increased. From Figure 3.4 we see that the 5™
harmonic is at its lowest point at a firing angle of 40" and then increases to a relative
maximum at 60°. Meanwhile, the 7™ harmonic is at a relative maximum at 40° before
decreasing to a minimum at 50" and then increasing through 60°. Both these trends are
shown in the data collected and displayed in Figures 5.10-5.17 if we remember that the
firing angle will increase with M1 loading. These figures illustrate, as predicted by
Figure 3.4, that the 5™ harmonic increases when alpha goes from 40° to 60°, while the 70
initially decreases before increasing. Additionally, Figure 3.4 showed that the 70
harmonic actually has a higher magnitude than the 5™ harmonic at a firing angle of 40,
This is also confirmed in our data, where the 5™ harmonic has an initial magnitude of
0.1A compared to the 7™ harmonics magnitude of 0.5A. Also, supported by both our data
and Figure 3.4 is that the 5™ harmonic has a higher amplitude than the 7" harmonic when
ais 60°, 1.8A compared to 0.9A.

Looking solely at the 5™ and 7™ harmonics one would expect all three cases to
have similar THDi1% levels. The difference must than come from the summation of

many small magnitudes at higher harmonic levels. It would, however, be too exhaustive
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to explore the minute variations in current for multiple harmonic orders, nor would it be

beneficial as the largest harmonic magnitudes still occur at the 5™ and 7™ levels.

5.5 K-Factor

The primary concern for transformers supplying non-linear loads is the additional
heat generated by the harmonic currents. Harmonic currents increase the copper losses in
a transformer through additional eddy current and skin effect losses. These losses are
proportional to the frequency squared and therefore higher level harmonics pose a greater
threat to transformers [4] [24] [7]. K-Factor is a commonly used index which gives
weight to the frequency as well as the magnitude of the harmonic currents. Special K
rated transformers are made which have been designed to handle harmonics up to their
corresponding K-Factor. When a transformer is exposed to a number of harmonic loads,
it is often more cost effective to purchase a K-Rated transformer as opposed to over
sizing a regular transformer.

The PowerSight analyzer records K-Factor values, defining it to be [25]:

Iph)? 1
KFactor = 2;30:1% = (12 + (21)* + BL)? + -+ (hlp)?] (5.15)

Figures 5.18 -5.21 show the K-Factor as recorded on the secondary side of the

transformer. When looking at the K-Factor it is important to look at the load side of the

transformer before any harmonics are cancelled by the A-Y phase shift.
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WYE K-Factor for M2 @ 100% Load
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Figure 5.18 - K-Factor at Secondary Side for M2 @ 100% Load
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Figure 5.19 - K-Factor at Secondary Side for M2 @ 75% Load
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WYE K-Factor for M2 @ 50%
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Figure 5.20 - K-Factor at Secondary Side for M2 @ 50% Load
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Figure 5.21 - K-Factor at Secondary Side for M2 @ 25% Load
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The general trend from Figures 5.18-5.21 is that the SVC has the highest K-Factor rating
while the capacitor compensation case has the lowest, with the discrepancy increasing as
M?2’s load decreases. When examined closer it is logical that the capacitive case would
generally have the smallest K-factor of the three cases. Since capacitors have low
impedance for high frequencies much of the higher harmonic current will be trapped by
the capacitors and not reflected back to the transformer [5]. While the SVC also contains
capacitors, the additional harmonics current it generates is greater than whatever is
trapped by its capacitors. As concluded in section 5.4, the SVC must generate small but
noticeable currents at high harmonic frequencies in order to have a THDi1% significantly
greater than the base case. Given the additional weighting placed by the K-Factor
calculation on frequency it follows that the SVC would have a higher K-Factor. The base
case benefits from having only one harmonic source, the VFD, but since there is no
additional capacitance its K-factor is better than the SVC but worse than the capacitive
case. As we have seen with THDi%, the K-factor becomes worse for all cases when M2
decreases since the total RMS current is less while the harmonics from M1 remain
unchanged.

Since K-Factor transformers are only manufactured for standard K values of 4, 9,
13, and 20, differences between the three cases only become significant when they
require a higher rated transformer. For example, if M2 was planned to be continually
operated at full load, Figure 5.10 shows that even though the SVC has the highest K-
Factor, all three cases would require a transformer with a K rating of 9. However, if M2
was known to operate at loads as low as 25% then the SVC would require a K rated

transformer of 20, while the other two methods would require one of 13. If the
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transformer was chosen to be oversized, as opposed to K-rated, the derating chart shown
in Figure 2.1, shows that the SVC method would likely result in a transformer 10% larger
than the other methods. Under either scenario the SVC increases the K-Factor enough to
warrant a larger, and thus more expensive, transformer.

It 1s also worth noting that while the capacitors help protect the transformer
against higher harmonics, this is not an entirely good thing. As discussed in chapter two,
by sinking higher frequency currents a capacitor’s heating and dielectric stresses increase
shortening its life span [5]. This combined with the possibility of resonance, means that
capacitors used in conjunction with non-linear loads should be sized carefully and in

accordance with IEEE Std 18-1992.

5.6 Analysis of Voltage Distortion

In addition to limits on the current distortion that a customer can reflect back to
the utility, IEEE Std 519-1992 also defines the acceptable voltage distortion levels at the

PCC.

Table 5.3 - IEEE 519-1992 Voltage Distortion Limits

Individual Veoltage Total Voltage
Bus Voltage at PCC Distortion { %) Distortion THD (%)
&9 kW and below 30 540
69.001 kV through 161 KV 1.5 25
161.001 kV and abowe 1.0 1.5
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For low and medium voltage systems under 69kV, such as this experimental setup, the

maximum THDv% that can appear at the PCC is 5%. This guideline assumes the

THDv% is present for at least an hour and not just the result of a transient or start-up

condition in which case the limit may be exceeded by 50% [5]. Figures 5.22-5.25 display

the THDv% levels at the PCC of our system, the source point A.
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Figure 5.22 - Source THDv% vs. M1 % Load for M2 @ 100% Load
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Source Voltage Distortion for M2 @ 75%

2

1.75
THDv% 1.5 =@=Base
/_,/0’0—0 —8— Capacitor

1.25 N =SV C

1 T T T T 1

0% 20% 40% 60% 80% 100%
M1 % Load

Figure 5.23 - Source THDv% vs. M1 % Load for M2 @ 75% Load
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Figure 5.24 - Source THDv% vs. M1 % Load for M2 @ 50% Load
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Source Voltage Distortion for M2 @ 25%

2

2L A
: LN

L a—a—a<a Pt

THowe 15 W D
1.4

=i— Capacitor
1.3
SsvC
1.2
11
1 T T T T 1
0% 20% 40% 60% 80% 100%

M1 % Load

Figure 5.25 - Source THDv% vs. M1 % Load for M2 @ 25% Load

For all cases the THDv% was kept well below the 5% IEEE guidelents. Generally
speaking the THDv% stays constant regardless of the changes in loading to M1 or M2.
When the load increases the voltage ideally stays unchanged while the current increases.
Since a change in load shouldn’t significantly change the voltage, it is reasonable to see
little variation in the THDv% levels. The main trend to in the preceding figures is that
the base case THDv% is typically 0.1% to 0.4% lower than either the capacitive or SVC
methods. While this number is small, its appearance in all of the data suggests that
capacitive and static var compensation both increase the source THDv% by a small
amount. Since our system is well beneath the IEEE guidelines this small increase in

THDv% 1is not too important. However, for a system which is already close to its
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THDv% limits the addition of one of these compensation methods could push it past the

recommended guidelines.

5.7 Power Factor

The main purpose of the static var compensator is to supply or absorb VARs to
meet the demands of the system and thereby improve the displacement power factor of a
system. Its switch based design gives it the flexibility to compensate over a wide range
of leading and lagging power factors, as opposed to traditional power factor correction
which provides the same amount of reactive power regardless of the systems needs. As
the previous sections have shown this comes at the cost of increased harmonic levels in
the system. This section will look at how the SVC is able to affect the power factor of
the system in comparison to the other two cases.

When viewing the power factor results there are a couple of items that should be
remembered. First, the main advantage of the SVC is its ability to compensate a system
through a large range of VAR requirements, both for a lagging and leading power factor.
Since the system under test could only produce a lagging power factor, the SVC’s ability
to correct for a leading power factor goes unnoticed in this analysis. Were the system to
feature a leading power factor, capacitive compensation would worsen the overall power
factor while the SVC would improve it. Additionally, the range of VAR requirements for
this setup is small, 890-1332VAR, meaning that classical capacitive power factor
correction will be able to compensate the system very well. From the capacitor sizing
discussion of chapter 4, it was shown that under the maximum VAR requirements the

capacitors would be able to bring the system to a displacement power factor of 0.97 and
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under the minimum requirements the system would have almost unity displacement
power factor. If the system VAR requirements were for a wider range, such as 200-
2000VAR, the SVC would be able to compensate for all cases equally, while capacitive
compensation would either drastically over compensate the low end of the spectrum or be
unable to supply enough VARSs to compensate at the high end of the range. Finally, both
capacitive compensation and SVC can only correct the displacement power factor. Due
to harmonics from the VFD and SVC, neither compensation method will be able to
achieve a unity true power factor. Any additional power factor correction would have to
account for the distortion power factor through line reactors and filters.

With this in mind, any differences between the displacement power factor for the

capacitive and SVC cases will be relatively small. These differences can be seen in

Figure 5.18.
Source Displacement PF for M2 @ 100% Load
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Figure 5.26 - Source Displacement PF for SVC vs. Capacitive Compensation
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Here the SVC has a unity displacement power factor at the source for all loading
conditions and the capacitive case has a displacement power factor between 0.986 and
0.998. This range corresponds to the current lagging the voltage by 4 to 10 degrees under
capacitive compensation, while the currents and voltages are completely in phase for the
SVC case.

When comparing the two methods of compensation, the small advantage of the
SVC in displacement power factor is negated by the equally small advantage of the
capacitors in distortion power factor. The distortion power factors for the three cases are

shown in Figures 5.27-5.30.

Distortion PF for M2 @ 100% Load

1.00
0.99 -
0.98 ; :

=

AN
0.97
0.96 \
PF 0.95 \ —4—Base

0.94 \ \\’ == Capacitor

0.93 _—
S
0.92
0-91 T T T T 1
0% 20% 40% 60% 80% 100%

M1 % Load

Figure 5.27 - Distortion PF vs. M1 % Load for M2 @ 100% Load
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Figure 5.28 - Distortion PF vs. M1 % Load for M2 @ 75% Load
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Figure 5.29 - Distortion PF vs. M1 % Load for M2 @ 50% Load
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Distortion PF for M2 @ 25% Load
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Figure 5.30 - Distortion PF vs. M1 % Load for M2 @ 25% Load

Since distortion power factor is a result of harmonics, the graphs in Figures 5.27-
5.30 are a reflection of the THDi% graphs from Figures 5.2-5.5. As with THDi%, the
distortion power factor is noticeably better for the base case since only one true harmonic
source is present. The capacitive case is better than the SVC when M1 has a light load,
since the SVC current and harmonics make up a larger percentage of the overall system
current and harmonics. This difference is made up when M1 is loaded above 50%. For
most of these data points the SVC actually has a higher distortion PF than the capacitive
case. However, as the graphs show the difference between the two in distortion PF is
much greater at low M1 loading than at high M1 loading. As a result the true power
factor will be several points higher for the capacitive case at low M1 loading and the

SVC will be just slightly higher for higher M1 loading. The true power factor for all
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loading scenarios is listed in Table 5.4. The general trend of the true power factor for the

three cases, as M1 loading increases, can be seen in Figure 5.23 for M2 at 100% load.

Table 5.4 - True Power Factor at the Source (Point A)

Motor 2 @ 100% Motor 2 @ 75% Motor 2 @ 50% Motor 2 @ 25%

M1 % FLT Base Cap SvVC Base Cap SvC Base Cap SvVC Base Cap SVC
100 0.84 0.92 0.92 0.8 0.9 0.9 0.77 0.87 0.87 0.76 0.83 0.84
90 0.83 0.92 0.93 0.79 0.9 0.91 0.75 0.88 0.88 0.74 0.83 0.85
80 0.83 0.93 0.93 0.78 0.91 0.92 0.74 0.89 0.89 0.72 0.83 0.85
70 0.82 0.93 0.94 0.77 0.92 0.93 0.73 0.89 0.9 0.69 0.84 0.86
60 0.81 0.94 0.95 0.76 0.93 0.94 0.71 0.9 0.91 0.66 0.85 0.87
50 0.8 0.95 0.96 0.74 0.94 0.95 0.69 0.91 0.92 0.62 0.86 0.89
40 0.79 0.96 0.97 0.73 0.95 0.96 0.66 0.93 0.94 0.58 0.88 0.9

30 0.78 0.97 0.98 0.71 0.96 0.97 0.64 0.94 0.94 0.54 0.9 0.91
20 0.77 0.98 0.98 0.7 0.97 0.97 0.62 0.96 0.95 0.5 0.92 0.91
10 0.76 0.98 0.98 0.68 0.98 0.97 0.6 0.97 0.95 0.48 0.94 0.91
0 0.74 0.99 0.98 0.66 0.99 0.97 0.56 0.98 0.94 0.4 0.96 0.88

True Power Factor for M2 @ 100%
' — =
0.95 \
———"
0.9
PE 0.85 —o—Base
0.8 —i— Capacitor
SVC
0.75 e
0-7 T T T T 1
0% 20% 40% 60% 80% 100%
M1 % Load

Figure 5.31 - True Power Factor vs. M1 % Load for M2 @ 100% Load
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As expected Figure 5.31 shows that the capacitive and SVC compensation methods
perform very similarly, with the SVC working better for higher M1 loading and the
capacitive case has the edge at low M1 loading. The base case increases its power factor
as M1 loading increases. Since the VFD draws current in phase with the voltage the
source displacement power factor improves as M1 draws more current. While a higher
M1 load will increase the harmonics and lower the distortion power factor, the increase in
harmonics is smaller in comparison to raised levels of zero displacement current drawn
from the source for the base case. However, the other two cases exhibit the opposite
characteristic where there true power factor decreases as M1 increases. Since both cases
provide enough compensation that the current and voltage are nearly in phase, the
increase in M1 in phase current has no real effect on the true power factor. Instead the
true power factor declines as M1 loading increases since the harmonics increase while the
displacement power factor is left unchanged. To best see the small differences in the

cases, consult Table 5.4 for the true power factor for different M2 loadings.

5.8 Efficiency

Often the primary reason for a facility to implement power factor correction is to
reduce power factor surcharges from the utility. While this is often provides the largest
cost savings, power factor correction also reduces power systems losses and increases the
load carrying capability of existing transmission lines [4]. Both of these benefits arise
from a reduction in RMS current that results from power factor correction. Copper losses
in transmission lines, motors, and transformers are proportional to the square of the RMS

current meaning that substantial savings occur when the RMS current is reduced. Figure
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5.32-5.35 shows how the RMS current is reduced at the source as a result of power factor

correction.
Source RMS Current for M2 @ 100%
7
RMS
Current (A) —o—Base
== Capacitor
2 SvC
1
0 T T T T 1
0 20 40 60 80 100
M1 % Load

Figure 5.32 - Source RMS Current vs. M1% Load for M2 @ 100% Load
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Source RMS Current for M2 @ 75%

6
5 A
4
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Current (A) ¢—Base
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Figure 5.33 - Source RMS Current vs. M1 % Load for M2 @ 75% Load

Source RMS Current for M2 @ 50%
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Figure 5.34 - Source RMS Current vs. M1 % Load for M2 @ 50% Load
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Source RMS Current for M2 @ 25%
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Figure 5.35 - Source RMS Current vs. M1 % Load for M2 @ 25% Load

The RMS current graphs shown in Figures 5.32-5.35 follow the same trends that
the true power factor graph showed. Overall, the capacitive and SVC result in about the
same reduction in RMS current, which is expected since both methods produced similar
true power factors at the source. The two compensation methods result in a RMS source
current that is 0.5-1.5A smaller than the base case. This is an impressive 10%-60% drop
in current from the base case depending on the load. To illustrate the potential cost
savings of RMS current reduction, let’s assume that the test system is a low voltage
distribution point within an industrial plant. If we assume that a typical I0AWG copper
wire, with an ampacity of 15A, has an AC resistance of 1.2 ohms per 1000ft, as given in
Table 9 of the NEC 2008 Code, and the transformer is 1000ft from its source the total

copper loss in the distribution line can be calculated as [26]:

89



Chapter 5 — Measurements and Analysis

Pross = Dms * 7% ft + @ (5.16)

Using equation 5.16, where @ is the number of phases , Figure 5.36 shows the expected

power savings in a 1000ft distribution line, for the SVC verse the base case.

SVC Power Savings

30

Power (W) ——M2 100%
~B—-M2 75%
M2 50%
5 —<M2 @ 25%
0 . : : : .
0 20 40 60 80 100

M1% Load

Figure 5.36 - SVC Power Saved Compared to Base Case vs. M1% Load

Since the SVC and capacitive compensation methods provided nearly the same
RMS current, the reduction in losses shown in Figure 5.36 would roughly be the same for
the capacitive case. The results of Figure 5.36 show that the reduction in RMS current
could result in a 10-25W savings per phase. This savings represents close to 2% of the
load demand power. Considering the load of our system is small, about 1.5kW, the

actual cost savings over a year at $0.13/kWhr would be small, about $29 [27]. However,
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it is easy to see that the 2% savings as a result of power factor correction could save
significant money if applied to large industrial systems that have yearly electric costs
exceeding $100,000. These savings also do not account for reduced utility surcharges
due to poor power factor or from the increased power carrying capacity of the distribution

lines.
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CHAPTER 6 - RECOMMENDATIONS AND CONCLUSIONS

6.1 Conclusions

Based on the analysis of the data presented in this thesis, several conclusions may
be drawn about the overall effectiveness of the different cases and the harmonics
generated by the power electronic devices used in the system.

In section 5.3 we showed that all three compensation cases exceeded the IEEE
limits for total current harmonic distortion at the source, when M1 was loaded above
40%. As a result, it was suggested that to meet IEEE guidelines the transformer should
either supply additional linear loads or line reactors should be used to filter the VFD
harmonics. Later in section 5.6 it was seen that the total voltage harmonic distortion at
the PCC was beneath IEEE guidelines for each case. Since all three cases performed
similar compared to IEEE Std 519-1992, the selection of which compensation method
best fits our system can be decided solely by intersystem harmonics, power factor
improvement, and overall costs.

When examining intersystem harmonics the SVC had a higher K-Factor at full
load than either of the other cases. However, since K-Factor transformers come in
standard sizes all three cases would still require the same K-9 transformer. The affects of
the higher K-rating would still be seen though in the form of increased losses in the
transformer. When the harmonics at Motor 2 were discussed it was seen that capacitive

compensation produced more current distortion than either the SVC or base cases. This
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increased harmonic current will result in lower efficiency and could shorten the life span
of the motor.

For power factor improvement both the capacitive and SVC cases significantly
outperformed the base case. The differences between the capacitive and SVC cases were
minor as they both typically resulted in high power factors. If the system were to be run
for significant periods of time with low VFD loading the additional harmonics generated
by the SVC would become more apparent. In that case capacitive compensation would
be more practical than static var compensation.

Since both SVC and capacitive compensation improved power factor comparably,
they also both resulted in a similar reduction in RMS current compared with the base
case. By reducing the RMS current the power losses throughout the system would be
reduced. Equipment such as circuit breakers and cables could also be sized smaller [6].

These benefits could result in significant cost reduction.

6.2 Recommendations

For the case studied in this thesis, capacitive compensation would have been the
best solution. Capacitive compensation provided the same benefits as the SVC but with
slightly less overall harmonic content. Additionally, the capacitive case required only 3
capacitors, while the SVC need 6 capacitors, 3 inductors, 6 thyristors and an externally
powered firing board. This additional equipment and costs make the SVC a less practical
choice for our given setup.

However, our data showed that the differences between harmonic content is small

enough that a SVC could be used instead of typical power factor correction. Given a
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system with a wider range of VAR requirements, or one whose power factor varied
between leading and lagging, the SVC would be the best option.

In some instances, where displacement factor is high and distortion factor is low,
line reactors can provide the most effective means of correcting power factor while
mitigating harmonics. Since our base case typically had distortion power factors above
0.95 while the displacement power factor was between 0.7-0.8 line reactors would not
have significantly changed the power factor. However because the system did not met
the IEEE guidelines for TDD current generated at the source line reactors would be
recommended.

In the end it is difficult to draw general conclusions from a two motor, 2KVA
system which remain applicable to large systems operating at multiple MVAs. Each
system must be analyzed individually to determine what type of power factor correction
or harmonic mitigation techniques will give it the best combination of performance, cost
and safety. What this experiment did show was that all methods of compensation should
be considered equally. Just because the SVC generates harmonics doesn’t prohibit it
from being used in a system already containing harmonics. In fact our study showed that
while the SVC does increase most harmonic measurements this increase is not
significantly greater than the effect of adding shunt capacitors. Similarly, the SVC
should not be selected simply because it can adjust its compensation to always maintain a
unity displacement power factor. For small ranges of VAR requirements properly
designed static capacitors banks will compensate a system just as well as an SVC and for

a fraction of the cost.
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Like many things, designing power systems involves choosing between various
tradeoffs. Once we accept that our system will be imperfect and contain some voltages
and currents that are unbalanced, out of phase, and distorted we can seek a solution that

minimizes costs while maximizing safety and reliability.

6.3 Additional Suggested Research

The findings of this thesis provide a good initial look at the harmonics of a static
var compensated mixed load system. However, there are several aspects of the thesis
which could be improved or studied further.

First, no attempt was made in this thesis to filter or mitigate harmonics. An
additional study should be performed following the same setup but adding VFD line
reactors. Besides the VFD filtering, shunt filters could also be tuned to help eliminate
harmonics from the SVC. With these filters, it would be interesting to see whether the
system meets IEEE limits for TDD current at the source. Furthermore, tuning shunt
filters to the SVC could help establish how much harmonic cancellation really occurs
between the VFD and the SVC.

Aside from filtering, conducting this study for a load which could provide a
leading and lagging power factor would show the true benefits of a SVC. With this
setup, classical capacitive compensation would worsen the leading power factor case but
likely have fewer harmonics than the SVC case. The pros and cons of this could be
compared against the SVC’s ability to compensate the leading case but at the expense of
additional harmonics. Besides providing leading and lagging power factor, the system

load could require a larger range of VAR requirements to better show the benefits of a
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SVC. An increased disparity in VAR demand would also require the SVC to operate
over a greater firing angle range. This would allow the differences in SVC harmonics to
be compared for different firing angles.

Finally, a study similar to this could be done for different types of SVCs. The
case studied in this thesis was a fixed capacitance thyristor controlled reactor SVC.
However, fixed reactor thyristor switched capacitor and thyristor switched capacitor
thyristor controlled reactor SVC configurations also exist. A comparison of the
harmonics for these three different SVCs would be interesting. Outside the SVC family,
a comparison of harmonics for different FACTS such as STATCOM and UPFC, would

be useful.
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Appendix A - Data Tables

Table A.1 - THD Data for Base Case M2 @ 100%

THDv for M2 @ 100%

THDi for M2 @ 100%

M1 % Load A B C D A B C D
100% 1.54 2.33 2.35 2411 37.09 42 86.95 | 3.56
90% 1.43 2.11 2.14 2141 33.62| 40.11 92.46 3.5
80% 141 2.16 2.02 2171 31.77 | 37.87 96.72 | 3.44
70% 1.47 2.05 2 1.99] 29.51| 35.55 102.59 | 3.24
60% 1.4 2.01 1.79 1.99] 25.56| 31.84 109.14 | 3.21
50% 1.42 1.85 1.84 1.73 ] 23.36| 28.78 115.1 | 3.46
40% 1.42 1.85 1.72 1.741 20.09| 26.08 12548 | 3.24
30% 1.46 1.68 1.67 1.67 15.53 | 20.87 13336 | 3.31
20% 1.34 1.65 1.65 1.58 13.68 | 17.87 14446 | 3.43
10% 1.35 1.79 1.64 1.63 11.64 | 14.87 167.15 | 3.43
0% 1.47 1.79 1.8 1.85 4.16 4.05 136.8 | 3.57
Table A.2 - THD Data for Base Case M2 @ 75%
THDv for M2 @ 75% THDi for M2 @ 75%
M1 %Lload | A B C D A B C D

100% 1.37 2.37 2.24 2.55 41.5| 52.11 93.92 3.9
90% 1.37 2.04 2.03 2.15] 38.97 | 49.89 97.94 | 3.49
80% 1.35 2.07 2.17 2021 36.44 | 47.36 101.88 | 3.65
70% 1.32 1.88 1.86 1.92 33| 45.37 108.89 | 3.63
60% 1.32 1.88 1.7 1.66 ]| 29.88 | 4232 113.02 | 3.25
50% 1.22 1.76 1.67 1.98] 26.09| 38.04 122.09 | 3.46
40% 1.38 1.53 1.72 1.57 ] 2252 | 33.17 130.84 3.2
30% 1.37 1.61 1.33 1.68 18.78 | 28.94 141.07 | 3.43
20% 1.26 1.48 1.45 1.59 15.35 22.92 153.55 | 3.53
10% 1.36 1.58 1.36 1.68 12.72 | 19.27 168.49 | 3.78
0% 1.7 1.47 1.34 1.86 5.2 4.14 112.32 | 4.03
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Table A.3 - THD Data for Base Case M2 @ 50%

THDv for M2 @ 50%

THDi for M2 @ 50%

M1%Lload | A B C D A B C
100% 16| 2.23 23| 2.89] 45.15| 58.77 94.78 5.18
90% 155 | 2.27 | 2.11| 231] 43.43| 56.94 97.42 4.6
80% 1.52 | 2.02 195| 2.16] 40.68 | 55.03 101.81 4.36
70% 1.59 | 2.01 1.71| 193] 37.81 52.8 107.9 3.87
60% 148 | 1.71 1.62 | 2.03] 3478 | 49.41 113.66 3.93
50% 1.48 | 1.83 1.89 | 2.06] 30.75| 43.95 118.74 4.1
40% 1.55 1.85 1.77 1.79 26.02 39.75 128.82 4.01
30% 15| 1.87 | 1.69 1.81 21.97 34| 139.12 3.99
20% 1.54 | 1.65 1.58 | 186 17.72 | 28.12 150.62 3.88
10% 145 | 167 | 1.84 | 1.75 15.14 | 23.19 170.1 3.97
0% 1.55 1.66 1.78 1.75 6.31 4.71 98.57 4.22
Table A.4 - THD Data for Base Case M2 @ 25%
THDv for M2 @ 25% THDi for M2 @ 25%
M1l%load | A B C D A B C D
100% | 1.67 | 244 | 239 | 2.55] 4986 | 63.85 90.07 | 5.64
90% | 1.57 | 236 | 233 | 2.28| 48.28 | 64.82 9459 | 5.17
80% | 1.55| 2.27| 215| 2.26| 45.05| 6291 98.72 | 5.19
70% | 1.52 | 2.22 2| 2.27]) 4186 | 61.17 103.28 | 4.95
60% 141 1.98 1.94 1.93 37.72 58.55 110.84 | 4.06
50% ] 1.42 | 2.05 1.82| 1.76 33.4 | 54.56 1194 | 4.19
40% | 146 | 1.76 | 1.83 | 1.88 28.7 | 49.79 128.64 | 4.16
30% | 1.47 | 1.78 1.7 1.89] 23.81| 43.99 137.36 | 4.06
20% ]| 144 | 1381 1.77 | 1.78 1946 | 36.66 | 152.64 | 3.98
10% 14| 1.79| 1.64 1.7 16.66 | 28.86 | 164.08 | 3.89
0% ] 1.52 1.73 161 | 1.64 7.28 4.82 11253 | 3.84
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Table A.5 - THD Data for Capacitive Compensation M2 @ 100%

THDv for M2 @ 100%

THDi for M2 @ 100%

M1%Lload | A B C D A B C D

100% | 1.81 | 2.78| 2.65| 2.63] 40.82 | 41.26 83.91| 3.68
90% | 1.75| 2.59| 251 | 2.59] 39.39 38.9 85.98 | 3.79
80% | 1.76 | 2.41| 235 | 232\ 37.77| 37.22 91.5 3.5
70% | 1.7 25| 224 | 2.43| 35.05| 35.62 97.76 | 3.54
60% ] 1.95| 231 2.1 | 2.38 32.1| 33.47| 104.87 | 3.57
50% ] 164 | 2.09| 198 | 2.13] 28.91| 30.01 112.1 | 3.46
40% | 1.64 2| 2.06| 257] 2531 | 26.14| 119.59| 3.64
30%]161| 192| 198 | 1.83 20.6 | 2237 | 1272.8| 3.32
20% ] 165| 195| 192 | 2.15] 16.08| 19.22 | 138.42 | 3.55
10% ] 1.64 | 1.89 21| 186 14.24| 15.67 | 156.04 | 3.27
0%|185| 211 | 207 | 2.16 9.03 4.24 | 100.15| 3.49

Table A.6 - THD Data for Capacitive Compensation M2 @ 75%

THDv for M2 @ 75%

THDi for M2 @ 75%

M1 % Load | A B C D A B C D

100% | 1.76 | 2.71| 2.77 | 2.76 | 46.67 | 46.33 83.79 | 4.42
90% 1.7 | 2.65| 247 | 2.57] 4538 45.3 86.78 | 4.89
80% | 1.78 | 253 | 256 | 2.31] 43.65| 42.69 91.91 | 4.27
70% ] 1.81 23| 228 | 2.33] 40.65 40.7 96.53 | 4.55
60% | 1.71| 217 | 2.27| 2.17] 3832 | 38.44| 103.03 | 4.08
50% ] 176 | 251 | 199 | 247 34.48| 33.26 | 110.51 | 4.66
40% | 1.62 | 2.07| 2.04| 196] 2999 | 29.97| 116.91 | 4.67
30%] 1.61 19| 201 | 194 2548 | 26.96 | 124.84 | 5.72
20%] 161 | 192 | 1.96 1.9 20.9 | 21.15| 131.89 | 4.72
10% ] 164 | 192 | 192 | 232| 17.79| 18.37| 141.41 | 5.68
0%| 1.71 21| 2.08 2 10.8 4.92 90.23 | 3.96
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Table A.7 - THD Data for Capacitive Compensation M2 @ 50 %

THDv for M2 @ 50% THDi for M2 @ 50%

M1%Lload | A B C D A B C D

100% | 1.79 | 2.77 | 257 | 2.73] 55.03| 53.33 82.18 | 6.43

90% | 1.82 | 243 | 242 | 249 52.87| 52.27 85.84 | 6.36

80% | 1.71| 243 | 2.41| 233] 50.42 | 50.82 91.25| 6.33

70% | 1.74 2.4 23| 231] 49.89 | 49.59 98.68 | 5.91

60% | 1.75| 214 | 212 | 2.15 46.2 | 47.23 | 101.72 | 6.45

50%] 165| 2.14 | 2.06 21) 4267 | 4282 | 111.02 | 6.73

40% | 1.72| 199 | 197 | 2.01] 37.06| 3769 | 11859 | 5.71

30% ) 1.75| 2.43 21| 1.96 32.7| 32.63 | 12232 | 5.22

20% ] 166 | 1.93 2| 199| 2713 | 27.22 | 131.76 | 5.68

10% | 1.55| 1.87 | 2.04| 2.02) 24.27 | 21.49 150.8 | 6.25

0%| 1.71| 2.07| 211 | 2.14| 15.21 533 | 115.29 | 4.58

Table A.8 - THD Data for Capacitive Compensation M2 @ 25%

THDv for M2 @ 25% THDi for M2 @ 25%

M1%Lload | A B C D A B C D

100% | 1.85| 2.61| 2.72| 2.51] 6544 | 61.98 84.66 | 7.63

90% | 1.78 | 247 | 244 | 241 65.8 | 60.25 86.04 | 7.19

80% | 1.69| 2.33 23| 231] 65.39| 60.05 92.54 5.6

70% ) 192 | 218 | 237 | 234 64.3 | 58.61 97.25| 7.77

60% ] 168 | 214 | 214 | 2.11] 61.54 | 56.13 104.3 | 5.25

50%)] 164| 206 | 2.14| 2.05] 58.04 | 52.22 | 111.08 | 6.51

40% ]| 1.64| 202 | 198 | 248] 52.25| 47.09 116.7 | 7.21

30%)] 164| 193 | 2.03 19] 48.11| 41.29| 125.02 | 7.79

20% ] 165| 198 | 1.89| 194] 40.81| 33.32| 138.76 | 6.26

10%| 1.65| 2.02| 191| 193] 3576 | 27.12| 141.38 8.4

0%]| 166 | 2.05| 2.04| 2.14| 26.42 5.42 | 107.68 | 4.06
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Table A.9 - THD Data for Static Var Compensation M2 @ 100 %

THDv for M2 @ 100%

THDi for M2 @ 100%

M1%Lload | A B C D A B C D

100% | 1.82 | 2.75 | N/A | 2.68 | 42.74 | 46.37 N/A 3.8
90% | 1.63 | 3.08 | 2.42 2.5 40.38 | 43.84 93.73 3.6
80% | 1.7 244 | 233 | 2.42 | 37.84 41.9 98.58 3.61
70% ] 1.8 2.4 2.35 2.3 34.84 | 38.85 103 3.45
60% | 1.7 237 | 249 | 2.25 | 31.73 | 36.31 | 109.54 | 3.59
50% | 1.7 245 | 2.27 | 2.35 | 29.21 | 32.22 114.8 3.54
40% ] 1.8 2.41 2.3 2.17 | 26.93 | 30.01 121.9 3.71
30% ) 1.77 | 236 | 2.25 | 2.26 | 23.83 | 24.41 | 132.67 | 3.89
20% ) 1.81 | 2.29 | 2.29 | 2.19 | 21.72 | 20.72 | 139.74 | 4.04
10% | 1.83 | 2.21 | 2.33 | 2.22 21.8 17.99 | 150.36 | 4.04
0% | 181 | 243 | 242 | 242 | 21.62 4.5 125.31 | 4.16

Table A.10 - THD Data for Static Var Compensation M2 @ 75%

THDv for M2 @ 75%

THDi for M2 @ 75%

M1%Lload | A B C D A B C D

100% | 1.79 | 2.55| 2.53 2.74| 48.17 | 51.34 92.63 4.2
90% | 1.76 25| 244 2.54 459 | 49.06 96.21 | 3.96
80% | 1.66| 248 | 2.36 2.39| 4342 48.17 97.71 | 3.87
70% | 1.75| 236 | 2.33 23] 40.84 | 44.87 | 102.63 3.8
60% | 1.79| 239 | 232 2.22| 3792 | 41.86 108.1 | 3.77
50%] 168 | 235| 2.29 217 3412 | 3816 | 111.51| 3.62
40% | 1.78 | 231 | 2.32 21) 3208 | 34.19| 11891 | 3.95
30% )] 164 | 232 | 244 2.19| 28.29 | 3043 127.9 | 3.93
206 1.71| 2.25| 2.19 222 26.77 | 25.29 | 140.67 | 4.16
10% | 1.75| 2.28 | 2.25 223 2529 | 21.19| 14955 | 4.35
0%| 1.77| 233 | 243 2.36 26.6 495 | 154.02 | 4.38
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Table A.11 - THD Data for Static Var Compensation M2 @ 50%

THDv for M2 @ 50%

THDi for M2 @ 50%

M1 %Lload | A B C D A B C D
100% | 1.89| 2.74 26| 272 55.37| 58.28 90.52 | 4.86
90% ]| 1.68| 253 | 236| 2.61] 53.06| 56.52 955 | 4.72
80% ] 163 | 241 | 242 | 241 51.02| 55.25 99.54 | 4.34
70% ) 168 | 231 | 231 | 237 48.24| 5258 | 102.94 | 4.47
60% | 1.71 24| 234 | 222) 46.22 | 50.05| 109.62 | 4.02
50% ) 167 | 231 | 224 | 221 41.7 | 46.43 | 11549 | 4.06
40% 1.7 | 2.27| 231 23] 38.85| 41.33| 123.78| 4.11
30% ) 1.75 27| 221 | 217) 3697 | 3641 | 132.83 4.1
20% ) 185 | 234 | 233 | 2.17] 3547 | 31.23 142.6 | 4.62
10% | 1.74| 2.35| 234 | 2.18] 35.02 24.5 1485 | 4.55
0% 179| 252 | 243| 246 37.71 592 | 164.03 | 4.79

Table A.12 - THD Data for Static Var Compensation M2 @ 25%

THDv for M2 @ 25% THDi for M2 @ 25%

M1 %Lload | A B C D A B C D
100% | 1.79 | 2.67 2.7 | 3.13| 63.26 | 67.24 9192 | 6.64
90% | 1.71| 2.61| 239 | 254 62.38| 66.37 9452 | 5.34
80% ] 162 | 297 | 232 | 233| 60.55| 63.96 97.12 5.1
70% ) 168 | 232 | 236| 2.68] 58.63| 64.23 | 102.34 | 5.27
60% ] 1.62| 245 23| 221 56.67| 60.42| 108.06 | 4.79
50%) 172 237 | 228 | 2.16] 53.16 | 57.37 | 113.25| 4.36
40% | 162 | 234 | 2.34 2.2 50.83| 51.75| 123.08 | 4.48
30% ) 172 237 | 2.26| 2.23| 48.34| 4575| 13332 | 4.73
20% ) 185 | 233 | 235| 2.21| 48.88| 38.86 | 143.07 | 4.52
10% | 1.76 | 2.79 23| 226 47.39| 32.39| 154.17 5
0% 184 | 246 | 244 | 234 57.72 598 | 152.59 | 4.71
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Table A.13 - Source Power Factors for the Base Case

M2@100% M2@75% M2@50% M2@25%
M1 % | True | Disp | Dist | True | Disp | Dist True | Disp | Dist True | Disp | Dist
Load P.F. | PF PF P.F. | PF PF P.F. | PF PF P.F. | PF PF
100% | 0.84 | 0.894 | 0.94 0.8 | 0.869 | 0.921 | 0.77 | 0.851 | 0.905 | 0.72 | 0.823 | 0.875
90% | 0.83 | 0.880 | 0.94 | 0.79 | 0.851 | 0.928 | 0.75 | 0.832 | 0.901 | 0.71 | 0.795 | 0.893
80% | 0.83 | 0.869 | 0.96 | 0.78 | 0.836 | 0.933 | 0.74 | 0.809 | 0.914 | 0.68 | 0.759 | 0.896
70% | 0.82 | 0.854 | 0.96 | 0.77 | 0.816 | 0.944 | 0.73 | 0.785 | 0.930 | 0.66 | 0.724 | 0.912
60% | 0.81 | 0.839 | 0.97 | 0.76 | 0.795 | 0.956 | 0.71 | 0.755 | 0.940 | 0.63 | 0.678 | 0.929
50% 0.8 | 0.826 | 0.97 | 0.74 | 0.774 | 0.956 | 0.69 | 0.728 | 0.948 0.6 | 0.630 | 0.953
40% | 0.79 | 0.806 | 0.98 | 0.73 | 0.743 | 0.982 | 0.66 | 0.691 | 0.955 | 0.56 | 0.583 | 0.960
30% | 0.78 | 0.785 | 0.99 | 0.71 | 0.728 | 0.976 | 0.64 | 0.656 | 0.975 | 0.52 | 0.540 | 0.963
20% | 0.77 | 0.777 | 0.99 0.7 | 0.707 | 0.990 | 0.62 | 0.630 | 0.985 | 0.49 | 0.500 | 0.979
10% | 0.76 | 0.770 | 0.99 | 0.68 | 0.687 | 0.990 0.6 | 0.602 | 0.996 | 0.47 | 0.470 | 1.000
0% | 0.74 | 0.743 | 1.00 | 0.66 | 0.656 | 1.000 | 0.56 | 0.560 | 1.000 0.4 | 0.397 | 1.000
Table A.14 - Source Power Factors for Capacitive Compensation
M2@100% M2@75% M2@50% M2@25%
M1% | True | Disp | Dist True | Disp | Dist True | Disp | Dist True | Disp | Dist
Load | P.F. | PF PF P.F. | PF PF P.F. | PF PF P.F. | PF PF

100% | 0.92 | 0.995 | 0.925 0.9 | 0.997 | 0.903 | 0.87 | 0.998 | 0.872 | 0.83 | 0.997 | 0.832
90% | 0.92 | 0.995 | 0.925 0.9 | 0.996 | 0.903 | 0.88 | 0.998 | 0.882 | 0.83 | 0.997 | 0.832
80% | 0.93 | 0.995 | 0.935 | 0.91 | 0.996 | 0.914 | 0.89 | 0.997 | 0.893 | 0.83 | 0.997 | 0.833
70% | 0.93 | 0.995 | 0.935 | 0.92 | 0.995 | 0.925 | 0.89 | 0.997 | 0.893 | 0.84 | 0.997 | 0.843
60% | 0.94 | 0.993 | 0.947 | 0.93 | 0.995 | 0.935 0.9 | 0.997 | 0.903 | 0.85 | 0.996 | 0.853
50% | 0.95 | 0.993 | 0.957 | 0.94 | 0.995 | 0.945 | 0.91 | 0.996 | 0.914 | 0.86 | 0.995 | 0.864
40% | 0.96 | 0.995 | 0.965 | 0.95 | 0.995 | 0.955 | 0.93 | 0.995 | 0.935 | 0.88 | 0.995 | 0.884
30% | 0.97 | 0.991 | 0.979 | 0.96 | 0.994 | 0.966 | 0.94 | 0.995 | 0.945 0.9 | 0.995 | 0.904
20% | 0.98 | 0.995 | 0.985 | 0.97 | 0.997 | 0.973 | 0.96 | 0.995 | 0.965 | 0.92 | 0.992 | 0.928
10% | 0.98 | 0.989 | 0.990 | 0.98 | 0.992 | 0.988 | 0.97 | 0.998 | 0.972 | 0.94 | 0.993 | 0.947
0% | 0.99 | 0.987 | 1.000 | 0.99 | 0.997 | 0.993 | 0.98 | 0.989 | 0.990 | 0.96 | 0.986 | 0.974
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Table A.15 - Source Power Factors for Static Var Compensation

M2@100% M2@75% M2@50% M2@25%
M1% | True | Disp | Dist True | Disp | Dist True | Disp | Dist True | Disp | Dist
Load P.F. | PF PF P.F. | PF PF P.F. | PF PF P.F. | PF PF
100% | 0.92 | 1.000 | 0.920 0.9 | 1.000 | 0.900 | 0.87 | 1.000 | 0.870 | 0.84 | 1.000 | 0.840
90% | 0.93 | 1.000 | 0.930 | 0.91 | 1.000 | 0.910 | 0.88 | 0.998 | 0.882 | 0.85 | 1.000 | 0.850
80% | 0.93 | 1.000 | 0.930 | 0.92 | 1.000 | 0.920 | 0.89 | 1.000 | 0.890 | 0.85 | 1.000 | 0.850
70% | 0.94 | 1.000 | 0.940 | 0.93 | 1.000 | 0.930 0.9 | 1.000 | 0.900 | 0.86 | 1.000 | 0.860
60% | 0.95 | 1.000 | 0.950 | 0.94 | 1.000 | 0.940 | 0.91 | 1.000 | 0.910 | 0.87 | 1.000 | 0.870
50% | 0.96 | 1.000 | 0.960 | 0.95 | 1.000 | 0.950 | 0.92 | 1.000 | 0.920 | 0.89 | 1.000 | 0.890
40% | 0.97 | 1.000 | 0.970 | 0.96 | 1.000 | 0.960 | 0.94 | 1.000 | 0.940 0.9 | 1.000 | 0.900
30% | 0.98 | 1.000 | 0.980 | 0.97 | 1.000 | 0.970 | 0.94 | 1.000 | 0.940 | 0.91 | 1.000 | 0.910
20% | 0.98 | 1.000 | 0.980 | 0.97 | 1.000 | 0.970 | 0.95 | 1.000 | 0.950 | 0.91 | 1.000 | 0.910
10% | 0.98 | 1.000 | 0.980 | 0.97 | 1.000 | 0.970 | 0.95 | 1.000 | 0.950 | 0.91 | 1.000 | 0.910
0% | 0.98 | 1.000 | 0.980 | 0.97 | 1.000 | 0.970 | 0.94 | 1.000 | 0.940 | 0.88 | 0.999 | 0.881
Table A.16 - Source Total RMS Current for All Cases
Irms for M2@100% Irms for M2@75% Irms for M2@50% Irms for M2@25%
M1 %
Load Base | Cap | SVC | Base [ Cap | SVC | Base | Cap | SVC | Base [ Cap | SVC
100% 5.9 5.3 5.3 5.3 4.7 4.8 4.7 4.2 4.3 4.3 3.7 3.9
90% 5.5 4.8 4.9 4.8 4.2 4.3 4.3 3.7 3.9 3.9 3.3 3.4
80% 5.2 4.4 4.5 4.5 3.9 4.0 4.0 3.3 3.5 3.6 2.9 3.0
70% 4.8 4.1 4.1 4.2 3.5 3.6 3.7 3.0 3.1 3.3 2.6 2.7
60% 4.5 3.7 3.8 3.9 3.2 3.3 3.5 2.7 2.8 3.1 2.2 2.3
50% 4.3 3.5 3.5 3.7 2.9 3.0 3.3 2.4 2.5 2.9 1.9 2.0
40% 4.1 3.2 3.3 3.5 2.6 2.8 3.0 2.1 2.2 2.7 1.7 1.8
30% 3.9 3.0 3.1 3.3 2.4 2.6 2.9 1.9 2.1 2.5 1.5 1.6
20% 3.7 2.9 2.9 3.2 2.3 2.4 2.8 1.7 1.9 2.4 1.3 1.4
10% 3.7 2.7 2.8 3.1 2.2 2.3 2.7 1.7 1.8 2.4 1.1 1.3
0% 3.5 2.6 2.7 3.0 2.0 2.1 2.6 1.4 1.6 2.3 0.9 1.1
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Table A.17 - Source Fundamental RMS Current for All Cases

I Fundamental for I Fundamental for | Fundamental for | Fundamental for
M2 @ 100% M2 @ 75% M2 @ 50% M2 @ 25%
M1 %
Load Base | Cap | SVC [ Base | Cap | SVC | Base | Cap | SVC | Base | Cap | SVC
100% | 5.55| 493 | 489 | 491 | 426 | 434 | 429 | 3.73| 3.79 | 3.85| 3.10 | 3.26
90% | 5.19 | 443 | 453 | 451 | 3.86 | 3.93 | 398 | 3.31 | 3.41 | 354 | 2.75 | 2.86
80% | 492 | 415 | 4.18 | 425 | 3.56 | 3.63 | 3.72 | 297 | 3.09 | 3.29 | 2.44 | 2.56
70% | 4.64 | 3.87 | 3.89 | 400 | 3.23 | 3.34 | 349 | 2.70 | 2.80 | 3.07 | 2.15 | 2.30
60% | 439 | 3.55| 359 | 378 | 299 | 3.07 | 3.27 | 243 | 254 | 288 | 191 | 2.01
50% | 420 | 3.33 | 340 | 356 | 2.76 | 2.85 | 3.12 | 219 | 230 | 2.71 | 1.65 | 1.77
40% | 4.00 | 3.14 | 3.22 | 3.40 | 2.54 | 266 | 294 | 1.99 | 2.10 | 2.57 | 1.48 | 1.58
30% | 3.84 | 297 | 299 | 327 | 237 | 248 | 2.79 | 1.82 | 193 | 246 | 131 | 1.41
20% | 3.70 | 2.82 | 2.85 | 3.17 | 223 | 233 | 272 | 167 | 1.78 | 2.39 | 1.17 | 1.27
10% | 3.65| 2.71 | 2.76 | 3.08 | 213 | 224 | 269 | 1.61 | 1.70 | 2.37 | 1.08 | 1.18
0% | 349 | 255 | 2.64 | 294 | 197 | 2.04 | 255 | 1.42 | 1.49 | 2.27 | 0.89 | 0.99
Table A.18 - Source 3" Harmonic RMS Current for All Cases
3" Harmonic Current | 3™ Harmonic Current 3" Harmonic Current | 3" Harmonic Current
for M2@100% for M2@75% for M2@50% for M2@25%
M1 %
Load Base | Cap SvC Base | Cap SvC Base Cap SvC Base | Cap SvC
100% | 0.245 | 0.265 | 0.196 | 0.433 | 0.243 | 0.207 | 0.482 | 0.246 | 0.190 | 0.477 | 0.277 0.18
90% | 0.261 | 0.374 | 0.192 | 0.426 | 0.271 [ 0.190 | 0.457 | 0.254 | 0.173 | 0.469 | 0.287 0.17
80% | 0.245 | 0.349 | 0.212 | 0.413 | 0.268 | 0.182 | 0.444 | 0.269 0.169 | 0.432 | 0.283 0.18
70% | 0.255 | 0.293 | 0.221 | 0.382 | 0.286 | 0.184 | 0.403 | 0.234 0.137 | 0.397 | 0.262 0.15
60% | 0.231 | 0.282 | 0.204 | 0.354 | 0.227 | 0.139 0.38 | 0.226 0.135 | 0.387 | 0.223 0.15
50% | 0.208 | 0.265 | 0.172 | 0.334 | 0.238 | 0.132 | 0.315 | 0.235 | 0.139 0.36 | 0.221 0.14
40% | 0.207 | 0.248 | 0.153 | 0.302 | 0.227 | 0.129 0.32 ] 0.174 | 0.113 | 0.315 | 0.194 0.10
30% | 0.193 | 0.189 | 0.134 | 0.281 | 0.184 | 0.105 | 0.294 | 0.178 0.108 0.3 ] 0.147 0.10
20% 0.17 | 0.151 | 0.099 | 0.244 0.17 | 0.080 0.27 | 0.153 0.093 | 0.267 | 0.118 0.08
10% | 0.169 | 0.146 | 0.086 | 0.225 | 0.155 | 0.080 | 0.228 | 0.104 | 0.071 | 0.228 | 0.105 0.06
0% | 0.066 | 0.068 | 0.038 | 0.076 | 0.068 | 0.036 | 0.077 | 0.067 | 0.033 | 0.081 | 0.063 0.03
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Table A.19 - Source 5™ Harmonic RMS Current for All Cases

th -
5" Harmonic Current

th N
5" Harmonic Current

th N
5" Harmonic Current

th N
5" Harmonic Current

for M2 @ 100% for M2 @ 75% for M2 @ 50% for M2 @ 25%
M1 %

Load Base | Cap SVC Base | Cap SvC Base | Cap SvC Base | Cap SVC
100% | 1.639 1.67 | 1.809 | 1.577 | 1.645 | 1.814 | 1.511 | 1.686 | 1.799 | 1.493 | 1.639 1.78
90% | 1.368 | 1.406 | 1.576 | 1.324 | 1.421 | 1.560 | 1.315 | 1.424 | 1.558 | 1.297 1.44 1.54
80% | 1.208 | 1.248 | 1.374 | 1.148 | 1.244 | 1.355 | 1.127 | 1.198 | 1.354 | 1.107 1.25 1.33
70% | 1.033 | 1.058 | 1.149 | 0.952 | 1.024 | 1.156 | 0.958 | 1.049 | 1.144 | 0.933 | 1.049 1.14
60% | 0.819 | 0.85 | 0.947 | 0.79 | 0.869 | 0.969 | 0.801 | 0.862 | 0.974 | 0.767 | 0.878 0.94
50% | 0.703 | 0.716 | 0.816 0.62 | 0.704 | 0.775 0.66 | 0.692 | 0.757 | 0.605 | 0.699 0.74
40% | 0.557 | 0.573 | 0.670 | 0.494 0.55 | 0.657 | 0.492 | 0.548 | 0.601 | 0.472 | 0.564 0.60
30% | 0.362 | 0.428 | 0.496 | 0.37 | 0.431 | 0.505 | 0.368 | 0.427 | 0.478 | 0.345 | 0.448 0.45
20% | 0.343 | 0.308 | 0.353 | 0.285 | 0.327 | 0.366 | 0.271 | 0.318 | 0.373 | 0.255 | 0.338 0.35
10% | 0.284 | 0.263 | 0.325 | 0.223 | 0.249 | 0.280 | 0.245 | 0.255 | 0.290 | 0.227 | 0.265 0.26
0% | 0.101 | 0.082 | 0.132 0.11 0.09 | 0.109 | 0.126 | 0.099 | 0.095 | 0.132 | 0.108 0.09

Table A.20 - Source 7" Harmonic RMS Current for All Cases
7" Harmonic Current 7€H Harmonic Current 7€H Harmonic Current 7€H Harmonic Current
for M2 @ 100% for M2 @ 75% for M2 @ 50% for M2 @ 25%
M1 %

Load Base | Cap SVC Base | Cap SvVC Base | Cap SvC Base | Cap SVC
100% | 1.178 | 0.993 | 0.861 | 1.152 0.99 | 0.844 1.038 | 0.894 | 1.063 | 1.039 0.86
90% | 1.004 0.84 | 0.744 | 1.002 | 0.867 | 0.712 | 0.969 | 0.865 | 0.720 | 0.952 | 0.907 0.70
80% | 0.907 | 0.744 | 0.576 | 0.872 | 0.762 | 0.585 | 0.842 | 0.729 | 0.585 | 0.822 | 0.783 0.59
70% | 0.799 | 0.643 | 0.458 | 0.742 | 0.628 | 0.469 | 0.735 | 0.666 | 0.480 | 0.716 | 0.674 0.46
60% | 0.665 | 0.519 | 0.344 | 0.632 | 0.538 | 0.353 | 0.625 | 0.522 | 0.365 | 0.588 | 0.548 0.34
50% | 0.572 | 0.397 | 0.268 | 0.505 | 0.424 | 0.284 | 0.527 | 0.405 | 0.269 0.48 | 0.407 0.25
40% 0.46 0.29 | 0.253 0.4 0.29 | 0.248 | 0.391 | 0.295 | 0.237 0.38 | 0.296 0.22
30% 0.35 | 0.212 | 0.262 | 0.302 0.19 | 0.234 | 0.297 | 0.182 | 0.247 | 0.276 | 0.198 0.23
20% | 0.257 | 0.128 | 0.328 | 0.219 | 0.104 | 0.291 | 0.209 | 0.089 | 0.293 | 0.196 | 0.111 0.30
10% | 0.201 | 0.085 | 0.361 | 0.154 | 0.069 | 0.340 | 0.156 | 0.076 | 0.339 | 0.151 | 0.07 0.33
0% | 0.076 | 0.167 | 0.498 0.07 | 0.143 | 0.476 | 0.061 | 0.132 | 0.487 | 0.053 | 0.154 0.48
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