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Preface

The Public Interest Energy Research (PIER) Program supports public interest energy research
and development that will help improve the quality of life in California by bringing
environmentally safe, affordable, and reliable energy services and products to the marketplace.

The PIER Program, managed by the California Energy Commission (Commission), annually
awards up to $62 million through the Year 2001 to conduct the most promising public interest
energy research by partnering with Research, Development, and Demonstration (RD&D)
organizations, including individuals, businesses, utilities, and public or private research
institutions.

PIER funding efforts are focused on the following six RD&D program areas:

•  Buildings End-Use Energy Efficiency

•  Industrial/Agricultural/Water End-Use Energy Efficiency

•  Renewable Energy

•  Environmentally-Preferred Advanced Generation

•  Energy-Related Environmental Research

•  Strategic Energy Research.

In 1998, the Commission awarded approximately $17 million to 39 separate transition RD&D
projects covering the five PIER subject areas. These projects were selected to preserve the
benefits of the most promising ongoing public interest RD&D efforts conducted by investor-
owned utilities prior to the onset of electricity restructuring.

What follows is the final report for the Flexible AC Transmission Systems project, one of six
projects conducted by San Diego Gas & Electric. This project contributes to the Strategic Energy
Research program.

For more information on the PIER Program, please visit the Commission's Web site at:
http://www.energy.ca.gov/research/index.html or contact the Commission's Publications
Unit at 916-654-5200.
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Executive Summary

Environmental and regulatory concerns restrict expansion of electric power transmission
facilities. San Diego Gas & Electric (SDG&E) has long studied methods to fully use its existing
import transmission capacity and thereby delay expanding the transmission system. Presently,
SDG&E relies on off system purchases to meet system requirements.

Import capability is constrained by facility overloads and reactive power deficiencies, not by
transient or dynamic stability. By mitigating both problems, Flexible AC Transmission Systems
(FACTS) are possible means of increasing the usable capacity of existing transmission systems.
The FACTS technology offers the following advantages:

•  Increase the amount of power that can be imported over existing transmission lines.

•  Provide dynamic reactive power support and voltage control.

•  Reduce the need for construction of new transmission lines, capacitors, reactors, etc
which

– Mitigate environmental and regulatory concerns.

– Improve aesthetics by reducing the need for construction of new facilities such as
transmission lines.

•  Improve system stability.

•  Control real and reactive power flow.

•  Mitigate potential Sub-Synchronous Resonance problems.

SDG&E technically assessed existing and new FACTS devices as possible means of increasing its
import capability.

The FACTS devices studied included:

•  Thyristor Controlled Series Capacitor (TCSC)

•  Thyristor Controlled Phase Angle regulator (TCPAR)

•  Static Condenser (STATCON)

•  Unified Power Flow Controller (UPFC)

Results indicated that among the FACTS devices evaluated, the UPFC was the most viable
option of increasing SDG&E’s import capability.

American Electric Power installed the first UPFC unit in June 1998 at their Inez Substation in
eastern Kentucky. This FACTS unit was a 160 Million Volt Ampere (MVA) UPFC that had
operated successfully for about a year.

Representatives from SDG&E Transmission Planning and Substation Engineering sections
visited the Inez Substation and were encouraged at the results achieved by the installation of
the UPFC unit.
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Objectives

The objectives of this project were to

•  To investigate various FACTS devices to determine which would be most appropriate
for use in the SDG&E system.

•  Determine by how much a FACTS device can increase the usable capacity of the South-
of-San Onofre Nuclear Generating Station (SONGS) transmission system.

The South-of-SONGS path offers the largest increase in imports and connects SDG&E to the rest
of the Western System Coordinating Council (WSCC) to the north.

The General Electric Power Flow Program was used to model the UPFC in this study. This
report summarizes the study assumptions, methodology, criteria, and results. Detailed real and
reactive load flow studies were conducted to determine the benefits of installing FACTS devices
in order to increase SDG&E’s import capability.

Outcomes

As a result of this study, the following were determined:

•  The most beneficial FACTS technology for increasing import capacity into SDG&E’s
service area is the UPFC unit

•  The UPFC installed anywhere on the South-of-SONGS path can redistribute the power
flow and increase import capability into SDG&E

•  Of the five locations examined in the South-of-SONGS, the installation of a UPFC on the
San Onofre - Talega 230 kilovolt (kV) lines at Talega Substation is the preferred
alternative to increase SDG&E’s import capacity.

•  The installation of a FACTS device would increase the import capacity by  300 MW (i.e.
by 12%) and delay the construction of additional transmission lines or generating
capacity.

Conclusions

•  This technology alone probably could not replace the future transmission and
generation projects needed to meet load growth. The FACTS technology must be
compared with that at conventional facilities on a case by case basis to determine if it
would be a viable alternative.

•  While this study demonstrated the potential benefits of FACTS technology, the results
are still preliminary. Subsequent studies may provide different results.
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Recommendations

•  Conduct additional research to assess the impact of the UPFC on the SDG&E import
capability taking into account recent changes in the South-of-SONGS transmission
system, made to accommodate the rapid load growth within the SDG&E’s system.

– Install a UPFC in the location recommended by the new study as a demonstration
and research project.

– Demonstrate the ability of a UPFC unit to be shared by two parallel lines to re-direct
flow in order to prevent line overloading.

– Seek co-funding of this project from various entities such as the California Energy
Commission, the Department of Energy (DOE), the Electric Power Research Institute
(EPRI), UPFC manufacturers, various electric utilities, etc.
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Abstract

This project investigated the benefits of installing Flexible AC Transmission Systems (FACTS)
devices in the San Diego Gas & Electric (SDG&E) transmission network. This study focused on
the technical assessment of existing and new FACTS devices to improve SDG&E’s import
capability. SDG&E investigated the benefits of a number of FACTS devices, including Static
Synchronous Series Compensators (SSSC), Thyristor-Controlled Phase Angle Regulator (TCPAR),
Static Condensers (STATCON), and Unified Power Flow Controllers (UPFC). Study results
indicate that among the FACTS devices evaluated, the UPFC was the most viable option for
SDG&E to explore the potential to increase its import capability. The impact of a UPFC on
SDG&E’s transmission system was studied on 230 kilovolt (kV) lines at five different locations
on the south of San Onofre Nuclear Generating Station path. An economic evaluation was
performed to provide a comparison between five UPFC alternative sites. The preferred site was
on the San Onofre - Talega 230 kV lines at the Talega Substation. The UPFC could also provide
dynamic reactive power support.

In parallel with this research effort, the SDG&E transmission Capital Budget Project studies
identified cost effective transmission projects to increase SDG&E’s import capability to respond
to the rapid load growth in the system. Several capital budget projects were recently approved
that will change the South-of-SONGS transmission system configuration. In addition, voltage
support projects were installed to meet significantly higher loads forecasted for the summers of
1999 and 2000 by increasing import capability into SDG&E. These changes will alter the
findings of this study on the impact of FACTS devices on the SDG&E transmission system.
Additional studies are necessary to accurately determine the impact of a UPFC on the SDG&E
system.
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1.0 Introduction
Because of a variety of environmental and regulatory concerns, the expansion of electric power
transmission facilities in the United States in general, and in San Diego County in particular, is
restricted. San Diego Gas & Electric (SDG&E) would benefit if it could increase its import power
capability while being able to delay the construction of new transmission lines.

SDG&E has three major points of interconnection: the San Onofre Nuclear Generating Station
(SONGS), the Miguel substation, and the Imperial Valley substation. To meet system
requirements SDG&E uses off-system purchases which are delivered to the interconnection
points.

Additional import capability, beyond the present 2,450 megawatt (MW) limit, will be needed in
the near future both to meet system requirements and to provide adequate margin. Since no
new internal generation addition is planned, reliance on remote power resources requires
improvement in SDG&E’s import capability.

Import capability is constrained by facility overloads and reactive power deficiencies, not by
transient or dynamic stability. Flexible AC Transmission Systems (FACTS) can be used to
mitigate both problems.

1.1 The FACTS Technology
The term FACTS describes a wide range of controllers, many of which incorporate large power
electronic converters, that can increase the flexibility of power systems making them more
controllable. Some of these are already well established while some are still in the research or
development stage.

In general, FACTS devices possess the following technological attributes:

•  Provide dynamic reactive power support and voltage control.

•  Reduce the need for construction of new transmission lines, capacitors, reactors, etc
which

– Mitigate environmental and regulatory concerns.

– Improve aesthetics by reducing the need for construction of new facilities such as
transmission lines.

•  Improve system stability.

•  Control real and reactive power flow.

•  Mitigate potential Sub-Synchronous Resonance problems.

To determine which FACTS device would be the most beneficial, SDG&E examined the
following devices:

•  Thyristor Controlled Series Capacitor (TCSC)

•  Thyristor Controlled Phase Angle regulator (TCPAR)

•  Static Condenser (STATCON)

•  Unified Power Flow Controller (UPFC)
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While TCSC provides dynamic control of the series compensated lines, which could increase
transfer capability, it could not be used to increase SDG&E’s import capability because the
South-of-SONGS path does not have any series capacitors.

A TCPAR, is equivalent to a mechanically phase shifting transformer but unlike a UPFC it does
not provide controlled reactive power generation. The TCPAR could not be used since the
South-of-SONGS lines do not have a phase shifting transformer.

Since a STATCON mainly provides dynamic reactive power to the SDG&E system but as it does
not directly control the flow of real power on a transmission line it was not considered.

A UPFC, by providing a combination of real and reactive power control, appeared to be the
most useful FACTS device for the SDG&E system. It could potentially control power flow on
the South-of-SONGS line, reduce the number of lines that can be overloaded, and potentially
provide dynamic reactive power control during contingencies.

Simulation results show that at an import level of 2,450 MW, the worst contingency limiting the
SDG&E simultaneous import capability is the loss of the Imperial Valley - Miguel 500 kilovolt
(kV) and the subsequent loss of Imperial Valley - La Rosita 230 kV lines. The loss of these lines
causes overloading of the South-of-SONGS lines.

Installation of a UPFC on any one of the South-of-SONGS lines may allow redistribution of the
power flow on the lines, increasing the total South-of-SONGS path flow.

Additional reactive power support is needed for import levels above 2,450 MW. The
STATCON, which is the shunt element of the UPFC, can provide this reactive power in a
dynamic form.

Additional information regarding FACTS devices can be found in the titles and publications
listed in Appendix G.

High-Voltage DC Transmission and Static Var Compensators are examples of power electronic
systems (i.e. FACTS devices) that are already well established. There are other ways to
configure power electronic components to aid AC power transmission. The initial development
techniques for many power electronic devices have been proven in numbers of variable speed
motor drive installations. Presently these techniques are being applied to equipment having
higher power ratings; i.e., capable of being installed within utility transmission and distribution
systems.



9

1.2 Project Objectives
The UPFC can be installed on one or any combination of the South-of-SONGS lines. Simulation
tests were set up to examine and compare the benefits of the UPFC on each of the South-of-
SONGS lines. The studies were conducted for five alternatives.

The objectives of this project were to

•  To investigate various FACTS devices to determine which would be most appropriate
for use in the SDG&E system.

•  Determine by how much a FACTS device could increase the usable capacity of the
South-of-San Onofre Nuclear Generating Station (SONGS) transmission system.

The South-of-SONGS path offers the largest increase in imports and connects SDG&E to the rest
of the Western System Coordinating Council (WSCC) to the north. Currently the existing South-
of-SONGS transmission lines can deliver 1800 MW (with all lines in-service) out of a maximum
capacity of 2978 MW.
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2.0 Project Approach

2.1 General Electric Power Flow Program
The General Electric Power Flow Program was used to model the UPFC in this study. This
report summarizes the study assumptions, methodology, criteria, and results. Detailed load
flow and reactive power flow studies were conducted to determine the benefits of installing
FACTS devices in order to increase SDG&E’s import capability.

2.2 The 2003 Load Flow Base Case
This project was based on the Western Systems Coordinating Council (WSCC) 03HS2A case
built in 1997. Appendix B lists the load flow data for this case. After resource analysis, SDG&E
chose a 2003 base case because it represents the approximate time, depending on load growth,
when additional import capability will be needed in the SDG&E system.

However, the SDG&E Annual Assessment has determined that additional system changes will
be necessary to allow increased imports. These changes were proposed after this project started
and the base case developed

Several changes were made to update this case based on the most recent information available.
The significant changes made were:

•  The SDG&E distribution system was replaced by a more recent representation. .

•  The loads in the Los Angeles Department of Water and Power (LADWP), Southern
California Edison (SCE), and Arizona Public Service (APS) control areas were adjusted
to 2003 levels based on the most recent load forecasts.

•  The Adelanto-Lugo 500 kV line project was removed.

•  Palo Verde units were assumed to be on-line.

•  SDG&E’s generation was adjusted.

SDG&E’s net imports were increased to their maximum, about 2,450 MW with 0 MW export to
Comision Federal De Electricidad (CFE), Mexico.
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Table 1 illustrates the assumptions used in the 2,003 base case. SDG&E prepared a second base
case by removing one San Onofre unit. This case was used to examine voltage problems.

Table 1. Assumptions in the 2003 base case

2003 Base Case Data
SDG&E Load (MW) 4,204
SDG&E Import (MW) 2,450
SDG&E Generation (MW) 1,754
EOR1(MW) 4,146
COI2(MW) 2,795
PDCI3 (MW) 2,400
IPPDC4 (MW) 1,800
 Notes:

1. East-of-the-River
2. California-Oregon Intertie
3. Pacific Direct Current Intertie
4. Intermountain Power Plant Direct Current

Table 2 shows the existing continuous and emergency ratings for the South-of-SONGS lines
represented in the base case:

Table 2. Continuous and Emergency Ratings

South of SONGS Line Ratings (Amps)
Line Continuous Rating Emergency Rating

San Onofre - Talega 1 230 kV Line 1,145 1,450
San Onofre - Talega 2 230 kV Line 1,145 1,450
San Onofre - Encina 230 kV Line 2,000 2,290
San Onofre - San Luis Rey Tap 230 kV Line 2,000 2,290
San Luis Rey Tap – Mission 230 kV Line 1,145 None
San Onofre - Mission 230 kV Line 1,145 None
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2.3 The South of SONGS Path
SDG&E wholly owns the South-of-SONGS path. This path consists of five 230 kV lines
extending from the San Onofre 230 kV Substation into the SDG&E control area territory (Figure
1). The lines terminate at the following SDG&E substations:

•  Two lines extend to the Talega Substation.

•  One line extends to the Encina Substation.

•  Two lines—one of which is tapped to the San Luis Rey Substation--extend to the Mission
Substation.

SDG&E imports power from the north and the east through two main interconnections, the
South-of-SONGS 230 kV lines and the Southwest Power Link (SWPL) at the Miguel and
Imperial Valley substations. These interconnections constitute two parallel paths between
generation resources and the SDG&E area load. If the SWPL is out-of service, the South-of-
SONGS path can carry 1,900 MW. This rating, only valid when a segment of the SWPL is out of
service, allows SDG&E to meet its future load projections. The current rating of South-of-
SONGS lines is 1,800 MW during normal conditions.
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2.4 Simultaneous Import Limit
The existing SDG&E simultaneous import limit is depicted by a nomogram (Appendix D). The
nomogram defines the simultaneous import capability of the South of SONGS and SWPL paths.

The nomogram approximates the boundary of reliable system import conditions, assuming all
transmission and generation is available. System operation will normally be within the
envelope defined by the nomogram.

The import nomogram can be summarized as follows:

•  The existing SDG&E usable simultaneous import capability is 2,450 MW.

•  Imports from the north (nomogram limits along the upper edge of the nomogram) are
limited by the South-of-SONGS Path Rating.

•  Simultaneous imports, shown as diagonal lines on the nomogram, are limited by the
thermal rating of Tie Line (TL) 609 (Kettner 69kV - Station B 69 kV) and TL 13,835C (San
Mateo Tap 138 kV - San Mateo 138 kV) for the outage of TL 5,000 (Imperial Valley –
Miguel 500kV) with subsequent overload tripping of TL 23,050 (Imperial Valley - La
Rosita 230 kV).

•  The South-of-San Onofre imports on the vertical axis of the nomogram include both off-
system imports from the north and SDG&E's share of the SONGS output. The Miguel
imports on the horizontal axis of the nomogram include the interchange with CFE
(Mexico) and imports across the SWPL measured at the Miguel 230 kV bus.

•  Imports from the SWPL are usually restricted by transmission entitlements more than by
system capability. In cooperation with CFE (Mexico), SDG&E has implemented
operating procedures and relaying to ensure that the CFE 230 kV system will not
overload with the loss of TL 50,001 (Imperial Valley - Miguel).

The nomograms also provide operators and resource schedulers with an indication of wholesale
power transactions and transmission service that can be accommodated by the SDG&E
transmission system.

2.5 Non-Simultaneous Import Limit
 SDG&E’s transmission system has a non-simultaneous import limit at San Onofre whenever
any segment of the SWPL is out of service. As part of this study, cases were run to determine if
the non-simultaneous import limit could be increased with the installation of FACTS projects.
Currently, the south of San Onofre has a dual rating of 1,800/1,900 MW. The 1,800 MW rating is
applicable under normal conditions. The 1,900 MW rating is applicable only for times when any
segment of the Southwest Power-Link is out of service for any reason. The 1,900 MW limit is
based on loss of SONGS-Talega #1 230 kV line causing overload of SONGS-Talega #2 230 kV
line. The study results indicate that this limit could potentially be increased by installation of
the FACTS project.
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2.6 Unified Power Flow Controllers (UPFC)
The use of a solid-state phase shifter using the inverter-based synchronous voltage source
approach, along with a series solid-state synchronous compensator, represents a fundamentally
different approach to transmission angle control. The basic principles of angle control by this
method are discussed within the broader concept of the UPFC that can be operated as an ideal
phase shifter.

2.6.1 The UPFC Principle of Operation
To understand the UPFC principle of operation, the generalized series synchronous
compensator, implemented by a DC to AC inverter with an energy storage device, must be
examined (Figure 2). Assume that the injected voltage (Vpq) in series with the line can be
controlled without restrictions. This can be achieved if the DC energy storage has an infinite
capacity.

Figure 2. Generalized Series-Connected Synchronous Voltage Source
(a) Employing a multi-pulse inverter with an energy storage device and

 (b) Possible operating modes for reactive and real power exchange.

The phase angle of phasor Vpq can thus be chosen independently of the line current between 0
and 2π with a magnitude which is variable between zero and a defined maximum value Vpqmax.
This implies that the synchronous voltage source Vpq must be able to generate and absorb both
real and reactive power. The reactive power is, therefore, internally generated or absorbed by
the inverter. However, the real power is supplied from, or absorbed by, the DC energy storage
device.
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The generalized series synchronous compensator can achieve all basic power flow control
functions by adding an appropriate voltage phasor Vpq to the terminal voltage phase Vo (Figure
3). The phasor Vpq can be synthesized for Vo the voltage magnitude, Vc the series impedance
compensation and Vd the phase shift.

Figure 3. Phasor Diagram Illustrating General Concept of Series Voltage Injection
(a) Attainable power flow control functions, (b) terminal voltage regulation, (c) terminal voltage

and line impedance regulation, and (d) terminal voltage and phase-angle regulation.
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By appropriate control of Vpq, the following basic power flow controls are accomplished.

•  Terminal voltage regulation.

•  Combined series line compensation and terminal voltage control.

•  Combined phase angle regulation and terminal voltage control.

•  Combined terminal voltage regulation and series line compensation and phase angle
regulation (Figure 4).

Figure 4. Phasor Diagram
Illustrating the simultaneous regulation of terminal voltage, line impedance, and phase-angle

by appropriate series voltage injection.

~~

V0 Vpq

VC∆V0
Vα
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The concept of unrestricted series voltage injection, via the use of a solid-state synchronous
voltage source, opens up new possibilities of power flow control. This approach allows not only
the combined application of phase angle control with controllable series reactive compensation
and voltage regulation, but real-time mode transition. In this way particular system
contingencies can be handled more effectively. For example, series reactive compensation could
be replace by phase-angle control or vice versa. Thus the approach provides considerable
operating flexibility.

The generalized voltage injection, which allows the variation of the angle of the injected voltage
through a full 360 degrees as well as simultaneous control of magnitude, makes it possible to
control both the magnitude and the angle of the line current. This makes independent control of
the real and reactive power flow in the transmission line possible.

The generalized series compensator with an infinite energy source can be implemented by two
AC to DC inverters operated from a common DC link capacitor (Figure 5). This implementation
is the UPFC, which in addition to the above power flow control functions also provides
controllable reactive shunt compensation.

Figure 5. Unified Power Flow Controller
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One inverter is in series and the other is in shunt with the transmission line. Inverter 2 in the
arrangement shown (Figure 5) is used to generate voltage vpq(t) = Vpqsin(ωt-αpq) at the
fundamental frequency (ω) with variable amplitude (0≤Vpq≤Vpqmax) and phase angle (0≤αpq≤2π)
which is added to the AC system terminal voltage vo(t) by the series connected coupling
transformer.

The inverter output voltage injected in series with the line acts essentially as an AC voltage
source. The current flowing through the injected voltage source is the transmission line current.
The VA rating of the injected voltage source Inverter 2 is determined by the product of the
maximum injected voltage and the maximum line current at which power flow control is still
provided.

Inverter 1, connected in shunt with the AC power system via a coupling transformer, is used
primarily to provide the real power demand of Inverter 2 at the common DC link. It is
important to note that Inverter 2 itself generates the reactive power demand corresponding to
the series voltage injection and, therefore, the transmission system is not burdened by reactive
power flow due to the operation of the UPFC.

Inverter 1 can also generate or absorb reactive power at its AC terminal, independently of the
real power it transfers to or from the DC terminal. This allows it, with proper controls, to fulfill
the function of an independent STATCOM providing reactive power compensation for the
transmission line and thus executing an indirect voltage regulation at the input terminal of the
UPFC.

The internal control is structured to accept externally derived reference signals, the order of
priority of which can be pre-selected for the desired reactive shunt compensation, series
compensation, transmission angle and output voltage. These reference signals are used in
closed control loops to force the inverters to produce the AC voltages at the input, shunt
connected, terminals and output, series-connected, terminals of the power flow controller to
establish the desired transmission parameters.

The control also maintains the necessary DC link voltage and ensures smooth real power
transfer between the two inverters. If the UPFC is operated only with the phase angle reference
input, it automatically becomes a perfect phase shifter. Besides controlling the customary
transmission parameters, voltage, impedance, and angle, the UPFC can also be set to
independently regulate the real and reactive power flow in the line by directly controlling the
magnitude and angle of the line current.

The UPFC is an extremely powerful and versatile device for power flow control. The capability
of changing all transmission parameters affecting power flow simultaneously and the rapid,
almost instantaneous response, makes it suitable for many applications requiring effective
steady state power flow control and transient and dynamic stability improvement.
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2.7 The UPFC Model
This project primarily applied the UPFC to control power flow and to provide dynamic reactive
power support during steady state normal and contingency conditions. To realistically
represent a UPFC in power flow studies, the model needs to have the following settings and
characteristics:

•  Set desired real and reactive power flows by the series element

•  Set desired terminal voltage/reactive power by the shunt element

•  Set zero net real power for the whole device

•  Impose limits on the magnitude of the AC voltage inserted by the series element

•  Impose limit on the angle of the AC voltage inserted by the series element

•  Impose limit on the AC current of the series element

•  Impose limit on the AC current of the shunt element

SDG&E used the General Electric Power Flow Version 10.1 program to model the UPFC. A
phase shifting transformer was used in series with the transmission line under study to control
real power flow on the line. The phase shifter would be the equivalent of the series element
controlling the phase angle on the line. A STATCON was used to represent the shunt element
by controlling the bus voltage to which it is connected.

2.8 Alternative Installation Models
To fully examine the benefits of installing a UPFC in the their system, SDG&E considered five
alternative locations to model. A total of 208 contingencies were run for the 2003 case with a
load level of 4,209 MW, including transmission system losses, and various SDG&E import
levels.

For each alternative, SDG&E examined simultaneous import levels of 2,450 MW, 2,650 MW, and
2,750 MW and non-simultaneous import limits of 1,900 MW, 2,150 MW, and 2,250 MW for
overload and voltage problems. Overload and voltage problems were also examined for each
alternative with one San Onofre unit out of service.
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2.8.1 Alternative 1 – The San Onofre - Talega #1 or #2 230 kV Line
SDG&E installed a UPFC to control either the San Onofre - Talega #1 or #2 230 kV Line at the
Talega Substation (Figure 6). We installed the series element of the UPFC in a three breaker
ring. It would control the flow on the San Onofre - Talega #1 Line during normal and
contingency conditions (Figure 7).

SDG&E connected the shunt element of the UPFC to the Talega 230 kV bus. The shunt element
is used to continuously provide the required reactive power support during normal and
contingency conditions.

If the San Onofre - Talega #1 Line is out of service for maintenance, the series element of the
UPFC can be switched to control the flow on the San Onofre - Talega #2 line. If the San Onofre -
Talega Line #1 trips due to a forced outage, the series element of UPFC switches automatically
to control the flow on the San Onofre - Talega #2 Line.

The UPFC has approximately 20 percent of short-term overload capability compared to a Static
Var Controller (SVC) which does not have any overload capability. The UPFC also absorbs
reactive power and, therefore, acts like a generator.
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Figure 6. UPFC on the San Onofre - Talega #1 or #2 230 kV Line.
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Figure 7. UPFC Arrangement
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2.8.2 Alternative 2 – The San Onofre - Encina 230 kV Line
 SDG&E installed a UPFC on the San Onofre - Encina 230 kV Line at the Encina Substation
(Figure 8). We installed the series element of the UPFC in a three-breaker ring. It would control
the flow on the San Onofre - Encina 230 kV Line during normal and contingency conditions.
The shunt element of the UPFC, used to continuously provide the required reactive power
support during normal and contingency conditions, is connected to the Encina 230 kV bus.

Figure 8. UPFC on the San Onofre - Encina 230 kV Line
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2.8.3  Alternative 3 – The San Onofre - Mission 230 kV Line
 SDG&E installed a UPFC on the San Onofre - Mission 2 230 kV Line at the Mission Substation
(Figure 9). We installed the series element of the UPFC in a three-breaker ring. It would control
the flow on the San Onofre - Mission Line during normal and contingency conditions. The
shunt element of the UPFC is connected to the Mission 230 kV bus.

 The shunt element is used to continuously provide the required reactive power support during
normal and contingency conditions. If the San Onofre - Mission Line is out of service then the
series element of the UPFC can be switched to control the flow on the San Onofre - San Luis Rey
- Mission 230 kV Line and vice versa. If the San Onofre - Mission Line trips, the series element
of UPFC is switched to control the flow on the San Onofre - San Luis Rey - Mission 230 kV Line.
Whenever either the San Onofre - Mission 230 kV Line or the San Onofre - San Luis Rey -
Mission 230 kV Line is out of service for maintenance, the UPFC can be used to control the flow
on the other line.
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Figure 9. UPFC on the San Onofre - Mission 230 kV Line
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2.8.4 Alternative 4 –The San Onofre - San Luis Rey Tap- Mission 230 kV Line
In this alternative, a UPFC is installed on the San Onofre - San Luis Rey Tap -Mission 230 kV
Line at the Mission Substation (Figure 10). The series element of the UPFC is installed in a three
breaker ring and will control the flow on the San Onofre - San Luis Rey Tap -Mission 230 kV
Line during normal and contingency conditions. The shunt element of the UPFC is connected to
the Mission 230 kV bus. The shunt element is utilized to continuously provide the required
reactive power support during normal and contingency conditions. If the San Onofre - San Luis
Rey Tap - Mission Line is out of service, then the series element of the UPFC can be switched to
control the flow on the San Onofre - San Luis Rey - Mission 230 kV Line and vice versa. Also,
whenever either the San Onofre - Mission 230 kV Line or the San Onofre - San Luis Rey -
Mission 230 kV Line is out of service for maintenance, the UPFC can be utilized to control the
flow on the other line.

Figure 10. UPFC on the San Onofre - San Luis Rey Tap- Mission 230 kV Line

UPFC

UPFCEncinaTalega

Unit 3 Unit 2

SAN ONOFRE

Santiago Serrano Chino

San Diego Gas & Electric

R

~~

San
Luis
Rey

Mission



29

2.8.5 Alternative 5 – San Onofre - Mission and San Onofre - Talega 230 kV Lines
 By conducting power flow studies SDG&E examined the benefits of installing two UPFCs on
the San Onofre - Mission and San Onofre - Talega 230 kV Lines (Figure 11) to determine if this
alternative would result in the elimination of many overloads.

Figure 11. UPFC on the San Onofre - Mission & San Onofre - Talega 230 kV Lines
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2.9 Project Outcomes
SDG&E conducted real and reactive power flow studies for steady state and contingency
conditions for each of the five alternative installations. We also conducted economic analyses to
determine the most economical location for installation of the UPFC.

Power flow runs examined the line overloads and voltage profiles following a contingency.
SDG&E simulated all single and credible multiple (i.e. contingencies involving three or more
elements) contingencies for the study. The project examined the reactive power requirements
and voltage profile following the worst contingency.

The function of the UPFC was to maximize the flow on the line and maintain a 1.0 per unit (pu)
voltage at the substation. To examine the benefits of the UPFC, SDG&E increased the import
capability by 300 megawatts (MW) from the present value of 2,450 MW to 2,750 MW and the
non-simultaneous import capability by 250 MW from the present value of 1,900 MW to 2,150
MW.

SDG&E then ran power flow studies for the cases with the UPFC and compared the overload
and reactive power support requirements.

Outcomes

The following general outcomes resulted from this study:

•  The most beneficial FACTS technology for increasing import capacity into SDG&E’s
service area is the UPFC unit

•  The UPFC installed anywhere on the South-of-SONGS path can redistribute the power
flow and increase import capability into SDG&E

•  Of the five locations examined in the South-of-SONGS, the installation of a UPFC on the
San Onofre - Talega 230 kilovolt (kV) lines at Talega Substation is the preferred
alternative to increase SDG&E’s import capacity.

•  The installation of a FACTS device would increase the import capacity by 300 MW (i.e.
by 12 percent) and delay the construction of additional transmission lines or generating
capacity.

Outcomes for each alternative are discussed in the following pages. They are also summarized
in various tables in Appendix E. This appendix contains a one line diagram of computer
simulations for determining the required reactive power support to maintain the bus voltage to
which the UPFC is connected at 1.0 pu.
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Table 3 summarizes information contained in Appendix E tables.

Table 3. Appendix E Table Information

Table Information
Table E.1 Overloads for each alternative for each import level.
Table E.2 Buses with voltage less than 0.90 pu for each alternative
Table E.3 Buses with voltage deviation greater than 5% for each

alternative.
Table E.4 Buses with voltage less than 0.90 pu for each alternative for

the case with San Onofre unit down
Table E.5 Buses with voltage deviation greater than 5% for each

alternative for the case with one San Onofre unit down.
Table E.6 Overloads identified and their cost estimate for all alternatives
Table E.7 The capital cost estimate for each alternative examined

 

2.9.1 Alternative 1 – The San Onofre - Talega 1 or 2 230 kV Line
SDG&E set the UPFC to control the flow on the San Onofre - Talega #1 230 kilovolt (kV) Line to
the maximum emergency limit of 1,450 amps. The required size of the UPFC was 85 MVA.
Table 4 shows required system upgrades and their associated costs.

SDG&E conducted contingency runs for the case with one San Onofre unit out of service and
loss of the Imperial Valley – Miguel 500 kV and Imperial Valley – La Rosita 230 kV lines. They
showed that 625 Millions of Volt Ampere Reactive (Mvars) of reactive power support would be
needed to maintain a voltage of 1.0 pu at the Talega 230 kV bus.

Table 4. System Upgrades for Alternative 1

System Upgrades Estimated Cost ($M)
Install a 85 MVA UPFC at Talega Substation (series element) $3.4
Install a 85 MVA UPFC at Talega Substation (shunt element) $3.4
Transmission Reinforcements $16.6
Substation Costs $2.0
Total $25.4
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2.9.2 Alternative 2 – The San Onofre - Encina 230 kV Line
SDG&E set the UPFC to control the flow on the San Onofre - Encina 230 kV Line to the
maximum emergency limit of 2,290 amps. The required size of the UPFC was 385 MVA. Table 5
shows required system upgrades and their associated costs.

Compared with Alternative 1, Alternative 2 eliminated one overload but produced several new
overloads (Appendix E).

SDG&E conducted contingency runs for the case with one San Onofre unit out of service and
the loss of the Imperial Valley – Miguel 500 kV and Imperial Valley – La Rosita 230 kV lines.
They showed that 542 Mvars of reactive power support would be needed to maintain a voltage
of 1.0 pu at the Talega 230 kV bus.

Table 5. System Upgrades for Alternative 2

System Upgrades Estimated Cost ($M)
Install a 385 MVA UPFC at Encina Substation (series element) $15.4
Install a 85 Mvar UPFC at Encina Substation (shunt element) $3.4
Transmission Reinforcements $36.6
Substation Costs $2.0
Total $57.4

2.9.3 Alternative 3 – The San Onofre - Mission 230 kV Line
SDG&E set the UPFC to control the flow on the San Onofre - Mission 230 kV Line to the
maximum limit of 1,145 amps. The required size of the UPFC was 174 MVA. Table 6 shows
required system upgrades and their associated costs.

Compared with Alternative 1, Alternative 3 eliminated several overloads and created several
new overloads (Appendix E).

SDG&E conducted contingency runs for the case with one San Onofre unit out of service and
loss of the Imperial Valley – Miguel 500 kV and Imperial Valley – La Rosita 230 kV lines. They
showed that 670 Mvars of reactive power support would be needed to maintain a voltage of 1.0
pu at the Talega 230 kV bus.

Table 6. System Upgrades for Alternative 3

System Upgrades Estimated Cost ($M)
Install a 174 MVA UPFC at Mission Substation (series element) $6.9
Install a 85 MVAR UPFC at Mission Substation (shunt element) $3.4
Transmission Reinforcements $28.6
Substation Costs $2.0
Total $40.9
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2.9.4 Alternative 4 – The San Onofre - San Luis Rey Tap - Mission 230 kV Line.
SDG&E set the UPFC to control the flow on the San Onofre - Mission 230 kV Line to the
maximum limit of 1,145 amps . . The required size of the UPFC was 28 MVA. Table 7 shows
required system upgrades and their associated costs.

Compared with Alternative 1, Alternative 4 eliminated several overloads and created several
new overloads (Appendix E).

SDG&E conducted contingency runs for the case with one San Onofre unit out of service and
loss of the Imperial Valley – Miguel 500 kV and Imperial Valley – La Rosita 230 kV lines. They
showed that 528 Mvars of reactive power support would be needed to maintain a voltage of 1.0
pu at the Talega 230 kV bus.

Table 7. System Upgrades for Alternative 4

System Upgrades Estimated Cost ($M)
Install a 28 MVA UPFC at Mission Substation $1.1
Install a 85 Mvar UPFC at Mission Substation (shunt element) $3.4
Transmission Reinforcements $34.6
Substation Costs $2.0
Total $41.1
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2.9.5 Alternative 5 – The San Onofre - Mission and San Onofre - Talega 230 kV Lines.
SDG&E examined the benefits of installing two UPFCs on the San Onofre - Mission and San
Onofre - Talega 230 kV Lines. We set the UPFC at Mission to control the flow on the San Onofre
- Mission 2,30 kV Line to the maximum limit of 1,145 amps and the UPFC at Talega to control
the flow on the San Onofre - Talega #1 230 kV Line to the maximum emergency limit of 1,450
amps. The required sizes of the Talega UPFC and Mission were 85 MVA and 174 MVA,
respectively. Table 8 shows required system upgrades and their associated costs.

This alternative limited several overloads but also produced new overloads.

SDG&E conducted contingency runs for the case with one San Onofre unit out of service and
loss of the Imperial Valley – Miguel 500 kV and Imperial Valley – La Rosita 230 kV lines. They
show that 485 Mvars and 503 Mvars of reactive power support would be needed to maintain a
voltage of 1.0 pu at the Mission 230 kV bus and Talega 230 kV bus, respectively.

Table 8. System Upgrades for Alternative 5

System Upgrades Estimated Cost ($M)
Install a 174 MVA UPFC at Mission Substation (series element) $6.9
Install a 85 MVA UPFC at Talega Substation (series element) $3.4
Install a 85 Mvar UPFC at Mission Substation (shunt element) $3.4
Install a 85 Mvar UPFC at Mission Substation (shunt element) $3.4
Transmission Reinforcements $17.2
Substation Costs $4.0
Total $38.3
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2.10 Summary of Alternatives
Table 9 summarizes the information for the five alternatives.

Table 9. Summary of Data for Alternatives

ALTERNATIVES
51 2 3 4

San
Onofre –
Mission

San
Onofre --
Talega

Max. Import
Capability

2750 2750 2750 2750 2750 2750

UPFC Size 85 MVA 385 MVA 174 MVA 28 MVA 85 MVA 174 MVA
Reactive Power 625

MVARS
542

MVARS
670

MVARS
528

MVARS
485

MVARS
503

MVARS
Cost of Upgrades $25.4

Million
$57.4
Million

$40.9
Million

$41.1
Million

$38.3 Million
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2.11 Economic Analysis
 To calculate costs, the reactive power support requirements were compared to Alternative 1 and
the reactive power requirements for Alternatives 2 through 5 were assumed to be the same as
for Alternative 1.

To compare the costs of the five alternatives, SDG&E assumed the cost for a SVC unit and the
series or shunt element of the UPFC to be $40,000 per Million Volt Ampere (MVA). We based
this figure on information provided by the Electric Power Research Institute (EPRI) and
American Electric Power.

SDG&E conducted Discounted Cash Flow (DCF) analyses for the five alternatives (Appendix F).
From discussions of each alternative and comparing Net Present Value for each, it was evident
that Alternative 1 was the preferred for increasing the SDG&E import capability. SDG&E
assumed that all expenditures would occur in the year 2003. The results of the DCF analyses for
each alternative are summarized in Table 8.

Alternative 1, installation of an 85 MVA Unified Power Flow Controller (UPFC) on the San
Onofre - Talega 230 kV lines, is the most economic alternative for a demonstration project to test
the UPFC’s effect on SDG&E’s import capability (Table 10). The proposed installation of this
UPFC at Talega has a payback period of 13 years.

Table 10. Discounted Cash Flow Analysis Results

Alternative Net Present Value (NPV)
Payback
Period

Alternative 1 - UPFC at Talega $14.7 million 13 years
Alternative 2 - UPFC at Encina $10.7 million No payback
Alternative 3 - UPFC at Mission $6.9 million 25 years
Alternative 4 - UPFC at Mission $6.7 million 25 years
Alternative 5 - UPFC at Talega & Mission $9.6 million 22 years
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3.0 Conclusions and Recommendations
This project’s objectives were to:

•  Investigate the ability of FACTS devices, such as the Static Synchronous Series
Compensator (SSSC), Thyristor-Controlled Phase Angle Regulator (TCPAR), and Unified
Power Flow Controllers (UPFC), to increase SDG&E’s import capability.

•  Determine if a FACTS device was capable of increasing the usable capacity of the
existing South-of-SONGS transmission system.

Results indicated that among the FACTS devices evaluated, the UPFC was a possible alternative
for SDG&E to explore to increase its import capability.

3.1 Conclusions
While FACTS devices could be useful to the SDG&E system, there is no indication that this
technology alone could replace future transmission and generation projects needed to meet load
growth. The technical and economic benefits of FACTS technology must be compared with
those of conventional facilities on a case by case basis to determine if FACTS technology would
be a viable alternative.

While this project demonstrated the potential benefits of FACTS technology to enhance power
system operation and increase power import capability over existing systems, the results are
still preliminary. As further detailed research is performed on the revised SDG&E transmission
system, subsequent studies may provide different results.

3.2 Recommendations
Conduct additional research to assess the impact of the UPFC on the SDG&E import capability
given the recent changes in the South-of-SONGS transmission system configuration. These
changes, made to accommodate the rapid load growth within the SDG&E’s system, may alter
the findings of this study.

Specific recommendations are to:

•  Install a UPFC in the location recommended by the new study as a demonstration and
research project.

•  Demonstrate the ability of a UPFC unit to be shared by two parallel lines to re-direct
flow in order to prevent line overloading.

•  Seek co-funding of this project from various entities such as the California Energy
Commission, the Department of Energy (DOE), the Electric Power Research Institute
(EPRI), UPFC manufacturers, various electric utilities, etc.
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Appendix A

Study Scope
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Appendix B

Base Case Load Flow Data
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Appendix C

Load and Resource Table
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Appendix D

SDG&E Import Capability Nomogram
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Appendix E

Tabulated Study Results
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Appendix F

Discounted Cash Flow Analysis
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