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Introduction

(This introduction is not part of IEEE P1726/D10, Draft Guide for the Specification of Fixed Series Capacitor Banks for Transmission System Applications.)

The purpose of this Guide is to provide general guidelines toward the preparation of a functional specification of transmission fixed series capacitor banks (FSC) using overvoltage protection based on three technologies: metal oxide varistors, metal oxide varistors with a forced bypass gap and thyristor valve bypass.

This document is dedicated to memory of Stan Miske, our friend and colleague.
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Draft Guide for the Specification of Fixed Series Capacitor Banks for Transmission System Applications
1. Overview

1.1 Scope

This Guide provides general guidelines toward the preparations of a functional specification of transmission fixed series capacitor banks (FSC) using overvoltage protection based on three technologies:

· metal oxide varistors

· metal oxide varistors with a forced triggered bypass gaps

· thyristor valve bypass

The commercial aspects of the specification for a particular project are outside the scope of this Guide.

This Guide does not apply comprehensively to Thyristor Controlled Series Capacitors.  A more complete reference is IEEE 1534-2002.  The Standard for Fixed Series Capacitors is IEEE 824-2004.

1.2 Purpose

Starting at Clause 4, this document presents technical clauses that may be used as the basis of a functional FSC specification.  Within this document “should” is deliberately used rather than “shall” because this is a Guide, not a specification.  However if these clauses are used in the specification for a specific project, the wording should be adjusted accordingly.

The Annexes of this Guide include related explanatory information.  The same numbering as the main part of the document references this information.

1.3 Application

This Guide should be considered a general-purpose resource and does not include all details needed for a specific application.  In addition, since transmission FSC banks are typically designed to address a specific application, not every part of this guide may be applicable.  The user of this guide should evaluate how and to what extent each clause applies to the development of a specification for a specific application.

2. Normative references

The following referenced documents are indispensable for the application of this document. For dated references, only the edition cited applies. For undated references, the latest edition of the referenced document (including any amendments or corrigenda) applies.

IEEE Std 824-2004, IEEE Standard for Series Capacitor in Power Systems.

IEEE Std 1534-2002, IEEE Recommended Practice for Specifying Thyristor-Controlled Series Capacitors

IEEE Std 693-1997, IEEE Recommended Practices for Seismic Design of Substations

3. Definitions and acronyms

For the purposes of this draft guide, the following terms and definitions apply. The Authoritative Dictionary of IEEE Standards, Seventh Edition, should be referenced for terms not defined in this clause.

3.1 Definitions

The meaning of other terms used in this standard shall be as defined in The Authoritative Dictionary of IEEE Standards Terms, Seventh Edition [B11]

3.1.1 ambient temperature: The temperature of the air into which the heat of the equipment is dissipated.

3.1.2 asymmetrical fault current:  Total Symmetrical current plus DC component

3.1.3 bypass current: The current flowing through the bypass switch, protective device, or other devices, in parallel with the series capacitor.

3.1.4 bypass gap: A system of specially designed electrodes arranged with a defined spacing between them in which an arc is initiated to form a low impedance path around one segment or a sub-segment of the series capacitor bank.  The conduction of the bypass gap is typically initiated to limit the voltage across the series capacitors and/or limit the duty to the varistor connected in parallel with the capacitors.  The bypass gap includes the electrodes that conduct the bypass current, the triggering circuit (if any) and an enclosure.  (See Figure 1)

3.1.5 bypass switch: A device such as a switch or circuit breaker used in parallel with a series capacitor and its protective device to bypass or insert the series capacitor bank for some specified time or continuously. This device shall also have the capability of bypassing the capacitor during specified power system fault conditions. . The operation of the device is initiated by the capacitor control, remote control or an operator . The device may be mounted on the platform or on the ground near the platform. (See Figure 1)

3.1.6 capacitor unit: See “power capacitor”.

3.1.7 capacitor element:  The basic component of a capacitor unit consisting of two electrodes separated by a dielectric.

3.1.8 capacitor rack: A frame that supports one or more capacitor units.

3.1.9 discharge current limiting reactor: A reactor to limit the current magnitude and provide damping of the oscillatory discharge of the capacitors during a closing operation of the bypass switch or the start of conduction of the bypass gap. (See Figure 1)

3.1.10 discharge device: An internal or external device permanently connected in parallel with the terminals of a capacitor for the purpose of reducing the trapped charge after the capacitor bank is disconnected from the energized power system.

3.1.11 external fuse (of a capacitor unit): A fuse located outside of the capacitor unit that is connected in series with the unit.

3.1.12 external line fault: A fault that occurs on adjacent lines or equipment other than on the transmission line that includes the series capacitor installation.

3.1.13 fixed series capacitors (FSC):  A series capacitor bank that has a reactance or reactances that are defined by the discrete reactances of the capacitors and are not variable. 

3.1.14 forced-triggered bypass gap: A bypass gap that is designed to operate on external command on quantities such as varistor energy, current magnitude, or rate of change of such quantities. The spark over of the gap is initiated by a trigger circuit.  After initiation, an arc is established in the power gap.  Forced-triggered gaps typically spark over only during internal faults.

3.1.15 fuseless capacitor bank:  A capacitor bank without any fuses, internal or external, which is constructed of (parallel) strings of capacitor units.  Each string consists of capacitor units connected in series. 

3.1.16 insertion: The opening of the capacitor bypass switch to insert the series capacitor bank in series with the line.

3.1.17 insertion current: The rms (root mean squared) current that flows through the series capacitor bank after the bypass switch has opened.  This current may be at the specified continuous, overload or swing current magnitudes.

3.1.18 insertion voltage: The peak voltage appearing across the series capacitor bank upon the interruption of the bypass current with the opening of the bypass switch.

3.1.19 insulation level: The combination of power frequency and impulse test voltage values that characterize the insulation of the capacitor bank with regard to its capability of withstanding the electric stresses between platform and earth, or between platform-mounted equipment and the platform.

3.1.20 internal fuse (of a capacitor):  A fuse connected inside a capacitor unit, in series with an element or a group of elements.

3.1.21 internally fused capacitor (unit).  A capacitor unit, which includes internal fuses.

3.1.22 internal line fault: A fault that occurs on the transmission line section that includes the series capacitor installation. 
3.1.23 platform: A structure that supports one or more segments of the bank and is supported on insulators compatible with line-to-ground insulation requirements.  

3.1.24 platform-to-ground communication insulator: An insulator that encloses communication signal paths between platform and ground level.

3.1.25 power capacitor (capacitor, capacitor unit): An assembly of dielectric and electrodes in a container (case), with terminals brought out, that is intended to introduce capacitance into an electric power circuit.

3.1.26 protective device:  A bypass gap, varistor, or other device that limits the voltage on the capacitor segment or sub-segment to a predetermined level when overcurrent flows through the series capacitor.

3.1.27 protective level:  The magnitude of the maximum peak of the power frequency voltage allowed by the protective device during a power system fault.   The protective level may be expressed in terms of the actual peak voltage across a segment or sub-segment or in terms of the per unit of the peak of the rated voltage across the segment or sub-segment. 

3.1.28 reinsertion: The restoration of load current to the series capacitor from the bypass path.

3.1.29 reinsertion current: The transient current, power frequency current, or both, flowing through the series capacitor bank after the opening of the bypass path.

3.1.30 reinsertion voltage: The transient voltage, steady-state voltage, or both, appearing across the series capacitor after the opening of the bypass path.

3.1.31 series capacitor bank:  A three-phase assembly of capacitor units with the associated protective devices, discharge current limiting reactors, protection and control system, bypass switch and insulated support structure that has the primary purpose of introducing capacitive reactance in series with an electric circuit.

3.1.32 series capacitor installation: An installed series capacitor bank complete with disconnect switches. 

3.1.33 sub-segment: A portion of a segment that includes a single-phase assembly capacitor units and associated protective device, discharge current limiting reactor, and selected protection and control functions but does not have a dedicated bypass switch.  (See Figure 1)

3.1.34 segment: A single-phase assembly of capacitor units and associated protective device, discharge current limiting reactor, protection and control functions and one phase of a bypass switch. (see Figure 1).  Segments are not normally separated by isolating disconnect switches.  More than one segment can be on the same insulated platform.

3.1.35 switching step: A three-phase assembly that consists of one segment per phase, with a three phase operating bypass switch for bypassing or inserting the capacitor segments (see Figure 1). This is sometimes referred to as a capacitor module. 
3.1.36 thyristor protected series capacitor bank (TPSC):  A fixed series capacitor bank equipped with thyristor valve configured to fast bypass and/or provide capacitor overvoltage protection.  (see Annex B.5.2) The thyristor valve circuit consists of a services of anti-parallel thyristor levels and a current limiting reactor.  In a TPSC application the thyristor is switched to a conductive condition at the specified protection level by the control and protection system. When the line current returns to nominal value or bypass switch closes the thyristor valve is blocked.

3.1.37 valve element (of a varistor unit): A single nonlinear resistor disc used in a surge arrester or varistor unit.

3.1.38 varistor: An assembly of varistor units that limit overvoltages to a given value. In the context of series capacitor banks, the varistor is typically defined by its ability to divert fault current around the series capacitor units, limiting the voltage to a specified protective level while absorbing energy. The varistor is designed to withstand the temporary overvoltages and continuous operating voltage across the series capacitor units.

3.1.39 varistor coordinating current: The varistor current magnitude associated with the protective level.  The varistor coordinating current waveform is considered to have a virtual front time of 30-50 (s.  The tail of the waveform is not significant in establishing the protective level voltage.

3.1.40 varistor energy rating: The maximum energy the varistor can absorb within a short period of time without being damaged due to thermal shock or due to thermal runaway during the subsequent applied voltage.  This rating is based on the duty cycle defined by the purchaser.  This is the useable rating after taking into account factors such as current sharing among parallel columns.  The additional energy absorption capability of the spare units is not normally included in this rating.

3.1.41 varistor maximum continuous operating voltage: The rated rms voltage of the capacitor segment that the varistor is connected across.

3.1.42 varistor unit: A single insulated enclosure containing one or more valve elements in series and possibly in parallel.

3.1.43 voltage-triggered bypass gap: A bypass gap that is designed to spark over on the voltage that appears across the gap terminals.  The spark over of the gap is normally initiated by a trigger circuit set at a specified voltage level.  A voltage-triggered bypass gap may be used for the primary protection of the capacitor and may spark over during external as well as internal faults.

3.1.44 trigger circuit: The part of the bypass gap that initiates the spark over of the bypass gap at a specified voltage level or by external command.
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—Typical FSC Installation Nomenclature

	
	NOTES
	
	

	1
	Segment (1F)
	7
	Bypass switch

	2
	Switching step (3F)
	8
	Additional switching steps when required

	3
	Capacitor units
	9
	External bypass disconnect switch

	4
	Discharge current limiting reactor
	10
	External isolating disconnect switch

	5
	Varistor
	11
	External grounding disconnect switch

	6
	Bypass gap
	12
	Subsegment


3.2 Acronyms and abbreviations

BIL basic impulse level

CT current transformer

EMI electromagnetic interference

ETT electrically triggered thyristors

FACTS flexible AC transmission systems

FSC fixed series capacitor

GTO gate turn-off

HV high-voltage

HVDC high-voltage direct current

LTT light-triggered thyristors

LV low-voltage

MSC mechanically switched capacitor

MSR mechanically switched reactor

PCC point of common coupling

PT potential transformer

RI radio interference

RMS root-mean-square

SSR subsynchronous series resonance

STATCOM static compensator

SVC static var compensator

SVS static var system

SWC surge withstand capability

TCSC thyristor controlled series capacitor

TIF telephone influence factor

TPSC thyristor protected series capacitor

TNA transient network analyzers

TSC thyristor-switched capacitor

TSR thyristor-switched reactor

TVI television interference

V/I voltage/current

4. FSC project description

This specification is for the design, manufacture , construction, installation, test, commission, warranty, training, and placement into commercial operation of ___ FSC bank(s) at ___________ substation on the ___________ kV transmission line(s) connecting ___________ to ___________.  The FSC bank(s) will provide ___________ % reactive compensation on these lines.

The purpose of the FSC is to: 

(1) Increase power flow capacity of ___________ kV transmission lines, 

(2) Increase transient stability of ___________ kV transmission system, 

(3) Balance and/or control power flow through multiple adjacent lines through the use of FSC banks with multiple switching steps.  

The nominal ratings of the FSC bank(s) are ___________ Amps continuous, ___________ Ohms capacitive reactance, and ___________ MVAR per bank.

The regional and local site location map is shown in Figure ___________.  A proposed one-line diagram of the substation after installation of the FSC bank is shown in Figure ___________.  The area for the FSC facility is shown in Figure ___________.  The points of electrical interconnection of the supplier-furnished FSC facilities are shown on the following figures:

Figure 2, Figure 3, and Figure 4 show examples of typical FSC bank one-line diagrams.

___________ (power system)

___________ (ground grid, soil resistivity)

___________ (station service power)

___________ (control and protection)

___________ (fencing)

___________ (site sub-surface and geotechnical data)

___________ (other)
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Figure 2 —Example Single-Line Diagram, FSC Bank with MOV Plus Triggered Air Gap
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Figure 3 —Example Single Line Diagram, “Gapless” FSC Bank with MOV and Bypass Switch
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Figure 4 —Example Single Line Diagram, TPSC

See Annex B.1 for additional discussion of the FSC specification overall project description.

5. Scope of supply and schedule

5.1 Scope of supply

5.1.1 Supplier and user-furnished scope of supply (division of responsibility)

The equipment, materials, and services to be furnished by the supplier and user include, but are not limited to, the following:

	
	Not Applicable or By Other
	Supplier, Bid-Stage
	Supplier, Project-Stage
	User, Bid-Stage
	User, Project Stage

	Documentation (Clause 15)
	
	
	
	
	

	Power system studies (Clause 11.1)
	
	
	
	
	

	Power  system analysis, MOV requirements, preliminary calculations (Clause 11.1.1)
	(
	(
	(
	(
	(

	Power  system analysis, MOV requirements, final calculations (Clause 11.1.1)
	(
	(
	(
	(
	(

	System dynamic stability analysis, swing currents (Clause 11.1.2)
	(
	(
	(
	(
	(

	Line breaker transient recovery voltage (TRV) studies (Clause 11.1.3)
	(
	(
	(
	(
	(

	Sub synchronous resonance (SSR) screening studies (Clause 11.1.4)
	(
	(
	(
	(
	(

	Line protection relaying coordination studies (Clause 11.1.5)
	(
	(
	(
	(
	(

	Insulation coordination study, line-to-ground (Clause 11.1.6)
	(
	(
	(
	(
	(

	Equipment design studies (Clause 11.2)
	
	
	
	
	

	MOV rating study (Clause 11.2.1)
	(
	(
	(
	(
	(

	Capacitor unit design study (Clause 11.2.2)
	(
	(
	(
	(
	(

	Capacitor discharge current-limiting and damping study (Clause 11.2.3)
	(
	(
	(
	(
	(

	Insulation coordination study, on-platform (Clause 11.2.4)
	(
	(
	(
	(
	(

	Structural design and verification analysis (Clause 11.2.5)
	(
	(
	(
	(
	(

	Reliability, availability, and maintainability calculation (Clause 8.4)
	(
	(
	(
	(
	(

	Other documentation
	
	
	
	
	

	Instruction books
	(
	(
	(
	(
	(

	Training material
	(
	(
	(
	(
	(

	Type test reports for all major components (Clause 13.1)
	(
	(
	(
	(
	(

	Production test reports (Clause 13.2)
	(
	(
	(
	(
	(

	Field installation test plan and report (Clause 13.3 and 13.4)
	(
	(
	(
	(
	(

	Commissioning test plan and report (Clause 13.4)
	(
	(
	(
	(
	(

	Special testing plan and report (Clause 13.5)
	(
	(
	(
	(
	(

	Equipment supply
	
	
	
	
	

	Capacitor units and mounting racks (Clause 9.1)
	(
	(
	(
	(
	(

	Capacitor protective fusing (if required, Clause 9.1)
	(
	(
	(
	(
	(

	Metal oxide varistors (Clause 9.2)
	(
	(
	(
	(
	(

	Discharge current limiting reactors (Clause 9.6)
	(
	(
	(
	(
	(

	Parallel damping resistors (if required, Clause 9.6)
	(
	(
	(
	(
	(

	Triggered bypass gaps (if required, Clause 9.3)
	(
	(
	(
	(
	(

	Thyristor valves (if required, Clause 9.4.1)
	(
	(
	(
	(
	(

	Thyristor valve reactors (if required, Clause 9.4.2)
	(
	(
	(
	(
	(

	Bypass switches (Clause 9.7)
	(
	(
	(
	(
	(

	Bypass switch interpole wire and cable
	(
	(
	(
	(
	(

	Wire and cable from bypass switch to ground-based control systems
	(
	(
	(
	(
	(

	On-platform equipment support insulators (Clause 9.5)
	(
	(
	(
	(
	(

	Removable maintenance ladders for each platform
	(
	(
	(
	(
	(

	Current transformers and optical (A/D) converters and transmitters (Clause 9.9.1)
	(
	(
	(
	(
	(

	Fiber optic signal columns
	(
	(
	(
	(
	(

	Fiber optic cabling from signal column to ground-based protection and control systems
	(
	(
	(
	(
	(

	Ground-based protection and control systems (Clause 9.9)
	(
	(
	(
	(
	(

	Human-machine interface (HMI) to ground-based protection and control system
	(
	(
	(
	(
	(

	Remote terminal unit (RTU) to interface ground-based protection and control system and HMI to substation/utility SCADA system
	(
	(
	(
	(
	(

	Set of external motor operated disconnect switches including a bypass disconnect and two isolating disconnect switches with grounding blades
	(
	(
	(
	(
	(

	Wire and cable from disconnect switches to ground-based control systems
	(
	(
	(
	(
	(

	Electrical buswork, fittings, and connectors
	(
	(
	(
	(
	(

	Digital fault recorder
	(
	(
	(
	(
	(

	Sequence of events recorder
	(
	(
	(
	(
	(

	Special maintenance equipment and tools
	(
	(
	(
	(
	(

	Spare parts
	(
	(
	(
	(
	(

	Ground grid
	(
	(
	(
	(
	(

	FSC bank foundations and structures to mount bus support insulation and disconnect switches, including grounding and ground-grid connections
	(
	(
	(
	(
	(

	Dead-end towers and other substation structures
	(
	(
	(
	(
	(

	Protection and control building (Clause 17)
	(
	(
	(
	(
	(

	Auxiliary power for protection and control systems and switch power (Clause 17)
	(
	(
	(
	(
	(

	Site services, turnkey services (if required, Clause 18)

	Technical direction by factory representative during installation
	(
	(
	(
	(
	(

	Training program for operation and maintenance personnel (Clause 16)
	(
	(
	(
	(
	(

	Site pre-commissioning testing and representation during commissioning
	(
	(
	(
	(
	(

	Construction and erection of all equipment up to, but not including, line drops (connections from disconnect switches to transmission line)
	(
	(
	(
	(
	(

	Civil works for the FSC bank, including the cable trenching, fencing, drainage, access, rock coverings, and lighting.
	(
	(
	(
	(
	(

	Line drop connection services
	(
	(
	(
	(
	(


5.1.2 User-furnished scope of supply

The equipment, materials, information, and services to be furnished by the user include, but are not limited to, the following:

a) The non electrical data to be supplied by the user is given in Clause 6; the electrical data is in Clause 7, Clause 8, and Clause 9.

b) Site for the FSC bank will be available _________ calendar days after contract start

c) Source of water for construction

d) Source of temporary station service power for construction at ________                V, available ________ calendar days after contract start

e) ________ sources of permanent station service power for the FSC bank equipment at _________ kV, available  _________ calendar days after contract start

f) Existing facilities and equipment

g) 
With the exception of the equipment, material and services furnished by the user, the supplier shall be responsible for the design, engineering, manufacturing, delivery, civil works, erection, installation, testing, commissioning and field verification of the SC.  

Any equipment and/or function of the SC not specifically specified herein should be designed as required by the overall design of the SC system in order to ensure the satisfactory operation of the same.

See Annex B.2.1 for guidance on developing a scope split section to the specification.

5.1.3 

.

5.2 Schedule

Project completion is ________ calendar days after contract start.  The supplier’s project schedule is due _______ calendar days after contract start and should include such details as dates for commencement and completion of work on several key features of the project, dates for user-furnished services, dates on which supplier-furnished drawings will be provided and approval given, dates for any required design and production testing of all major equipment, and dates and length of time of any required power outages.

Design review meetings should be held between the user and supplier to review and discuss progress of the design and supply of the FSC bank(s).  The first design review should be held within ______ calendar days after contract start.  Subsequent design reviews should be held every __________ calendar days.

6. Site and environmental data

The FSC bank(s) should be designed to meet all rating and performance requirements specified in this document while operating in the following site and environmental conditions:

	Site elevation above sea level
	
	m

	Maximum ambient dry-bulb temperature
	
	(C

	Maximum ambient wet-bulb temperature
	
	(C

	Minimum ambient air temperature
	
	(C

	Maximum daily average ambient air temperature
	
	(C

	Minimum daily average ambient air temperature
	
	(C

	Ice loading conditions
	
	kg/m2

	Maximum ground snow depth
	
	m

	Maximum frost depth
	
	m

	Maximum steady wind velocity
	
	m/s

	Maximum wind gust
	
	m/s

	Seismic zone and withstand data
	
	

	Dust concentration level or pollution level
	
	mg/cm2

	Salt concentration
	
	mg/cm2

	Solar radiation level
	
	W/cm2

	Earth resistivity
	
	Ohm-m


7. Power system characteristics

The following AC power system characteristics apply.

	Nominal AC system voltage, line-to-line
	
	kV

	Maximum continuous AC system voltage, line-to-line
	
	kV 

	Maximum short-term AC system voltage, line-to-line
	
	kV

	Lightning impulse protective level for line-to-ground insulation
	
	kV peak

	Switching surge withstand insulation level for line-to-ground insulation
	
	kV peak

	Wet-withstand (10-second AC) insulation level for line-to-ground insulation
	
	kV

	Creepage distance requirement for insulators
	
	mm/kV

	System power frequency

Maximum fault clearing time including breaker failure
	
	Hz

sec

	Maximum three-phase symmetrical fault current
	
	kA 

	Maximum three-phase asymmetrical fault current
	
	kA peak

	Maximum single-phase symmetrical fault current
	
	kA 

	Maximum single-phase asymmetrical fault current
	
	kA peak

	Maximum three-phase short-circuit strength at terminals of FSC bank. With other end of the line open
	
	MVA

	Impedance angle of above short-circuit strength
	
	degrees

	Significant system harmonic current magnitude
	
	A

	Frequencies of significant harmonic currents
	
	Hz


8. Main FSC characteristics

8.1 Overall FSC bank ratings

The following overall FSC bank ratings shall apply:

	Rating
	Value
	Units

	Power Frequency
	
	Hz

	Nominal Capacitive Reactance at Power Frequency, Per-Phase
	
	Ohms

	Nominal Phase Capacitance
	
	F

	Nominal Phase Current Rating (1.0 p.u.)
	
	ARMS

	Nominal PhaseVoltage Rating (1.0 p.u.)
	
	kVRMS

	3-Phase Reactive Power Rating
	
	MVAR

	Protective Level Voltage Range, Per-Unit
	
	p.u.

	Protective Level Voltage Range, Peak Volts across Phase
	
	kVPEAK

	Number of Segments/Switching Steps (See Figure 1)
	
	n/a

	Segment/Switching Step Reactance Split (if more than 1 Segment)
	
	Ohms

	MOV Energy Capacity per Phase
	
	MJ

	8 Hour Overload/Working Current
	
	p.u.

	30 Minute Overload/Working Current
	
	p.u.

	10 Minute Overload/Working Current
	
	p.u.

	1 Minute Overload/Working Current
	
	p.u.

	10 Second Swing Current
	
	p.u.


8.2 Protection and control philosophy

8.2.1 Protection and control functions

The purchaser should include in his specification that the following functions be provided for the bank.  Further discussion is included in IEEE Protection Guide.  In addition the purchaser should indicate if automatic reinsertion should be provided.

8.2.1.1 Protection functions against overstress from system conditions

· Capacitor overload protection

This is a function of the specified overload current requirements for the bank and utility practices.

· Varistor fault energy protection

This function is achieved by measuring varistor current and deducing varistor energy. This function may also include monitoring the magnitude of the varistor current.

· Varistor over temperature protection

This function is achieved by measuring varistor current and deducing varistor temperature.

· Bypass gap protections

Bypass gap protections typically include detection of prolonged gap conduction. 

· Discharge current limiting reactor harmonic overcurrent protection (optional)

This function detects excessive harmonic current in the reactor.

8.2.1.2 Protection functions associated with equipment failure or malfunction

· Capacitor unbalance

· Platform fault 

· Bypass gap failure

· Varistor failure

· Bypass switch failure 

· Pole disagreement 

· Protection & control system failure

8.2.1.3 Control functions

· Bypassing

· Insertion (automatic or manual) and reinsertion

· Lockout

· Temporary block insertion

· Operation of disconnect switches

8.2.2 Degree of redundancy

It is important that the the purchaser carefully specify the desired level of redundancy.  Items that may be specified to have redundancy are shown in the following list.  It may also be specified by the purchaser that the two protection systems be physically separate, each in its own cabinet.  The purchaser may specify if the protection system is to be operated from one or two station batteries and the degree of separation between the supplies that is required within the series capacitor bank protection and control system.

· Digital controllers and relays

· Power supplies

· Platform-to-ground communication insulators

· Current transformers and current sensors

· Circuits to trigger the forced triggered gap

· Closing coils for the bypass switch

8.2.3 Control of the external disconnect switches

The disconnect switches associated with the series capacitor bank can be controlled by the series capacitor control system or by the control system of the associated substation.  If these switches are to controlled by the series capacitor bank control system that desire should be stated in the specification.  The following additional functions are often provided and should be specified if desired.

· Interlocking so that the bypass switch and an the three switches will only operate in the proper sequences. 

· Automatic isolation of the bank via the disconnect switches for certain equipment contingencies for which the bank should be isolated from the power system.
8.2.4 Monitoring requirements (DFR, SER)
8.3 Watts loss evaluation – need to use spec language and refer to annex.

Move to Annex
 The purpose of this annex is to clarify certain aspects of the losses of a series capacitor bank.  Although purchasers have not typically evaluated series capacitor bank losses since the dielectric losses of a modern all film design is quite low such an evaluation may foster the development of more efficient designs.  It must be noted that a significant percentage of the losses are associated with the discharge resistor that is provided to increase safety by discharging the unit following removal of the power frequency voltage. 

The losses of the bank vary with the square of the current.  Therefore it is important that the application of the bank be reviewed to select the current magnitude or magnitudes for the loss evaluation that best represents normal continuous operation of the bank.  For example for a transmission system with two parallel lines, the purchaser may chose to rate the series capacitor banks so that a bank can carry the current associated with full power with only one line in service.  In this case the normal bank current will be 50 percent of its rated value and the bank losses only 25 percent of those at rated bank current.

The losses on the bank stem primarily from the losses of the capacitor and capacitor fuse losses.  The capacitor losses consist of those of the internal discharge resistors, internal connections and dielectric.  The first two types of losses are fairly constant over the operating life of the capacitor.  However, the dielectric losses decrease with time with ac voltage applied.  Thus the losses of the capacitor unit and the bank will decrease from the initial value measured in the factory during the routine test described in 7.1.2.6.  The initial losses may vary among identical units manufactured at the same time.  However, the variation among the units of the final “stabilized losses” are usually much less.  Manufacturers have developed tests that predict long term operating losses for loss evaluation purposes.  These techniques are not defined in this Standard.

Most series capacitor banks do not have any additional significant components of losses other than capacitor units and fuses.  Usually the discharge current limiting reactor is in series with the bypass switch, which is normally open.  In this operating mode the discharge current limiting reactor contributes no additional losses to the bank.  However in some installations this circuit is in series with the capacitors.  For this case, or if the bank is normally bypassed, the losses of the discharge current limiting reactor must be considered.

The power losses associated with cabinet heaters and control power are small and are not normally considered in a loss evaluation.

It is not practical to measure the losses of a series capacitor bank after it is installed.

8.4 Reliability, availability, and maintainability-Annex B look at moving ?
The purchaser will have to specify the level of redundancy that is expected. Many specifications only list a value for example 98 %. This a calculated statistical value based on the number and type of components. It is helpful to understand that this is a theoretical number that may make the tender difficult or confusing. The user should understand the availability of the unit for maintenance and appropriately specify the level of component redundancy necessary to maintain the series capacitor bank.
8.4.1 Objectives

The design of reliable industrial and commercial power distribution systems is important because of the high costs associated with power outages. There is a need to be able to consider the cost of power outages when making design decisions for new power distribution systems and to be able to make quantitative cost versus reliability trade-off studies. 

A quantitative reliability analysis includes making a disciplined evaluation of alternate power distribution system design choices. When costs of power outages are factored into the evaluation, the decisions can be based upon total owning cost over the useful life of the equipment rather than simply first cost of the system. 

8.4.2 Fundamentals of Power System Reliability Evaluation

Fundamentals necessary for a quantitative reliability evaluation of electric power systems include definitions of basic terms, discussions of useful measures of system reliability and the basic data needed to compute these indexes, and a description of the procedure for system reliability analysis including computation of quantitative reliability indexes. 

System reliability assessment and evaluation methods based on probability theory that allow the reliability of a proposed system to be assessed quantitatively are finding wide application today. Such methods permit consistent, defensible, and unbiased assessments of system reliability that are not otherwise possible. 

The quantitative reliability evaluation methods permit reliability indexes for any electric power system to be computed from knowledge of the reliability performance of the constituent components of the system. Thus, alternative system designs can be studied to evaluate the impact on reliability and cost of changes in component reliability, system configuration, protection and switching scheme, or system operating policy including maintenance practice. 

8.4.3 Data Needed for System Reliability Evaluations

The data needed for quantitative evaluations of system reliability depend to some extent on the nature on the system being studied and the detail of the study. In general, however, data on the performance of individual components together with the times required to perform various switching operations are required. System component data that are generally required are summarized as follows:

· Failure rates (forced outage rates) associated with different modes of component failure

· Expected (average) time to repair or replace failed component

· Scheduled (maintenance) outage rate of component

· Expected (average) duration of scheduled outage event

If possible, component data should be based on the historical performance of components in the same environment as those in the proposed system being studied. 

8.4.4 Method for System Reliability Evaluation

The method for system reliability evaluation that is recommended has evolved over a number of years. The method, called the “minimal cut-set method”, is believed to be particularly well suited to the study and analysis of electric power distribution systems as found in industrial plants. The method is systematic and straightforward and lends itself to either manual or computer computation. An important feature of the method is that system weak points can be readily identified, both numerically and non-numerically, thereby focusing design attention on those sections of the system that contribute most to unreliability.

9. FSC main component requirements

9.1 Capacitors

9.1.1 Capacitor banks and units

The capacitance variation of any two phases of the same three-phase series compensation bank must not exceed ___% of the arithmetic mean capacitance of the three phases. Such shall be true for the complete ambient temperature range specified under Clause 6.

a) The series compensation bank capacitance must not vary by more than +/-___% of the nominal capacitance specified under Clause 4, for a capacitor unit internal temperature of ___(C

b) Only one type of capacitor unit must be used for the complete series compensation bank.  A second type of unit is accepted, if required to feed the TAG circuits.  

c) The capacitor unit series-parallel arrangement is left up to the Supplier. However, their physical arrangement must be such that an individual units replacement has no affect on the other units.

d) The power frequency withstand voltage between the series compensation bank terminals must be at least ___% higher than the varistor protection (60Hz) for the internal fault current indicated in Clause 7.

e) The capacitor units must be designed for outdoor installation and for a series compensation application.

f) The individual unit capacitance must not vary by more than +/-___% of the nominal value.

g) The external radio interference must not exceed ___V per unit. The test voltage must be equal to ____times the unit's nominal voltage.  The measurement frequency being ____MHz.

h) The capacitor units may be fuseless, internally fused, or externally fused.

i) Internally fused capacitors must be designed in order to function with a number of elements in parallel lost just below the threshold of capacitor unbalance current protection trigger.  Also, in the case of units without fuses, the design must take into consideration the amount of short circuit elements, in the same unit, just below the capacitor protection trigger.

9.1.2 Fuseless capacitors

· Must have protection scheme that will detect the shorting of an entire series group. This is a requirement for detecting a ruptured can. Bushing BIL should be coordinated to be consistent we design protective level.

9.1.3 Internally fused capacitors

Each element of the capacitor unit must be protected by an fuse having the following characteristics:  

· Must only operate in the event that a fault occurs with the associated unit; must not operate when the series compensation bank is subjected to internal or external faults

· Must not operate for the specified overload cycle or for faults external to the series compensation bank

The Supplier must include in his proposal:

· Calculations of constraints subjected to the capacitor unit

· The fuse's time-current coordination curve.

9.1.4 Externally fused capacitors

The fuse associated with a particular capacitor unit must be coordinated so as to sustain the current constraints arising from the following conditions:

· Overload cycle

· Fault internal or external to the series compensation bank

· Discharge current resulting from the spark gap striking

The capacitor unit associated fuse must be able to isolate the defective unit at the maximum terminal voltage, assuming that the series compensation bank terminal voltage is equal to the varistor protection level.

Further to a fuse operation, there must not be any excessive leakage current nor any risk of sparking when a full voltage is permanently applied between the bus bar and the defective capacitor unit terminal, and such for all specified atmospheric conditions.

The Supplier must include in his proposal:

· Calculations of constraints subjected to the capacitor unit;

· The fuse's time-current coordination curve.

9.2 Varistors

h) The number of varistor columns must be determined in order to meet the installed energy absorption and guarantee that the column with the highest demand, temperature increase will less than or equal to ____(C.

i) The minimum number of varistor columns (excluding installed spare columns) must be chosen to withstand the worst internal or external fault, taking into consideration the uneven current sharing between columns.

j) An installed spare quantity of at least ___% of the total number of varistors per phase, rounded up to the next whole number, must be supplied and be operational on the platform. A varistor may contain one or more varistor columns in parallel within the same housing.

k) After one (1) minute of rest delay, the varistors must be capable of absorbing a second time the nominal energy absorption. The varistor protection strategy must allow for such utilization of this additional energy absorption capability.

l) The varistor unit must be designed such as to prevent explosive breakage of the housing (per most-recent IEEE 824 standard, see pressure relief design test requirements) in the event of a short-circuit failure of one or more varistor columns. Such failure being caused by a series compensation bank discharge current at a voltage corresponding to the varistor protection level defined in Clause 8.1 superimposed on a ____kARMS fault of ____cycle duration in the unit itself. It can be assumed that the fault current has an asymmetrical component with ratio X/R = ____.

9.3 Triggered bypass gaps

m) The triggered air gap (TAG) must be designed to protect the MOV by quickly bypassing the capacitors and MOV when, under internal fault conditions, the absorbed energy would exceed the energy absorption capacity without TAG protection.  The maximum time delay from the point at which the MOV high-current and/or high-energy bypass threshold is exceeded until TAG conduction shall not exceed ____ms.

n) The Supplier must ensure in the design of the TAG that the meteorological conditions specific to the substation (see Clause 6) are considered when calculating minimum non-triggered sparkover voltage of the TAG electrode assemblies.

o) The spark gap must be able to sustain at least ____ conductions with a capacitor discharge current at a voltage corresponding to the varistor protection level defined in Clause 8.1 superimposed on a ____kARMS fault of ____cycle duration before the main electrodes contact surfaces require maintenance. 

p) Following a series of discharges, the minimum non-triggered sparkover voltage of the TAG electrode assemblies must not be reduced more than ___% of the guaranteed value.

q) If the FSC bank voltage is greater than ____p.u. of the nominal voltage, the TAG triggering mechanism must reliably cause conduction.

r) The minimum non-triggered sparkover voltage of the TAG electrode assemblies must be greater than the MOV residual voltage at the MOV high-current bypass threshold, taking into consideration the meteorological conditions specific to the substation (see Clause 6).  

s) After each operation, the spark gap must be able to recover its full self-striking dielectric strength within ____ seconds.

t) The spark gaps must be physically protected against snow, ice and moisture.

9.4 Thyristors and thyristor reactors

9.4.1 Thyristor valves 

Need help Mark Reynolds to submit
9.4.2 Thyristor valve reactors
Need Help Mark Reynolds to submit
9.5 Insulation and air clearances
Series Capacitors (SCs) for 3-phase systems are, with a few exceptions (SCs for distribution networks), built up by single phase units. A 3-phase EHV Series Capacitor Bank consists of three single phase units. Each single phase unit is connected in series with the corresponding phase of the compensated 3-phase circuit. Each single phase unit is normally erected on an individual platform. The platforms need to be insulated from ground and from each other. In addition, the SC-equipment mounted on each platform needs to be insulated from the platform. 

In summary, the following insulation systems need to be specified for a Series Capacitor: 

· Insulation between each SC-platform and ground 

· Insulation between the SC-platforms  

· Insulation on top of each SC-platform 

9.5.1 Insulation voltages 

Below the selection of test voltages of each of these insulation systems will be discussed. 

9.5.1.1 Standard values 

The insulation withstand voltages of the SC installation shall be chosen from the standard values prescribed in IEEE Std. 1313-1, IEEE Std. 1313-2 or IEC 60071-1 and IEC 60071-2. See tables 1-3 below. 





9.5.1.2 Insulation between platform and ground 

The phase-to-ground insulation for the series capacitor bank shall meet the withstand levels specified by the purchaser.  These levels should be the consistent with the standard practice for nearby substations taking into account that the voltage on the platform support insulators may be higher than the voltage at the substation. This is due to the voltage step in the voltage profile along the transmission line produced by the SC. See section 7. In addition, for line located SCs, the voltage rise at the SC location due to the curved voltage profile of a long transmission line must be added. 

Listed in Table 1 - Table 3 are various possible insulation levels that are consistent with ANSI and IEC standards. The test voltages for the platform to ground insulation (phase to ground insulation) shall be selected among the standard values according to Table 1 - Table 3. 

For installations at elevations significantly above 1000 meters, an increased insulation may be required.

The leakage distance (creepage distance) for the phase-to-ground insulators shall meet that specified by the purchaser.

Note. The values specified shall apply not only to the platform-to-ground insulators, but also to other other series capacitor devices connected between phase and earth such as the line-to-ground insulator(s) of the bypass switch, the platform-to-ground communication equipment insulator(s) and the line-to-ground insulator(s) of the disconnectors. 

9.5.1.3 Insulation between platforms (phases) 

The test voltages for the platform to platform insulation (phase to phase insulation) shall be selected among the standard values of Table 3.

Otherwise applicable parts of the text of section 6.1 applies to the phase to phase insulation. 

9.5.1.4 Insulation levels for insulators and equipment on the platform. 

9.5.1.4.1 General requirements 

The insulation levels for insulators and series capacitor equipment mounted on the supporting platform are in reference to the platform.  For installations at elevations above 1000 meters, higher insulation levels may be required.

It must be emphasized that the dielectric stress on the platform mounted equipment is of power frequency nature. This applies both for sparkgap protected SCs and MOV protected SCs.

The wet withstand of the insulators and equipment on the platform shall be selected based on the protective level established by the protective device using the following equation.  The relationship applies to the insulation across the entire segment using the protective level for the segment. It also applies to the insulation within the segment using the prorated protective level across that part of the segment.  

VPFW ( 1.2 ( VPL / (2   




(1) 

where

VPFW

is the power frequency wet rms voltage withstand level

VPL 

is the peak voltage magnitude of the protective level

9.5.1.4.2 Capacitor units 

Capacitor units mounted on insulated platforms or otherwise insulated from earth shall withstand the power frequency voltage between terminals and container according to equations (2) or (3). The  higher value according to equations (2) or (3) shall apply. 

VPFW(n) ( VPFW ( n/s 
(2) 

VPFW(n) ( 2.5 (n ( VN 
(3) 

where 

VN 
is the rated voltage of the capacitor unit 

s 
is the total number of capacitor units in series of the actual segment 

n 
is the number of capacitor units in series relative to the metal rack to which the containers are connected 

(e.g. if six units are series-connected in one rack with the center point connected to the rack, n=3) 

Note. - The equations for VPFW(n) above refer to the insulation between terminals and container of the capacitor unit. The equations do not apply for the test voltage of the capacitor dielectric for which the equations in IEEE Std. 824, 2004 and/or IEC 60143-1, Ed. 4 apply. 

9.5.1.4.3 Capacitor racks 
Any inter-rack insulation, e.g. support insulators between racks shall withstand the power frequency withstand voltage according to equations (2) and (3). The  higher value according to equations (2) or (3) shall apply. In this case n corresponds to the number of units which span across the insulation in question.

9.5.1.4.4 Support insulators and other equipment on the platform 

The insulation levels for equipment mounted on the platform shall be selected according to the procedure outlined in 6.3.1 and applying equation (1) or (2) if not otherwise stated in the subclauses below. In this case n corresponds to the number of capacitor units which span across the insulation in question. 

a) Bus insulators 

The insulation class of the insulators supporting the different buses on the platform shall be selected based on the above relationship. The insulator voltage class is determined by selecting an insulator with an equivalent or greater power frequency withstand voltage in accordance with Table 2 or 3. In this process the left column of the table is not used.

b) Equipment insulators 

In general, the power frequency insulation level of the equipment on the platform shall be established by equation (1) or (2) and applying the procedure described for bus insulators with some exceptions. 

c) Bypass switch 

The insulation level across the interrupter of the bypass switch shall be based on the relationships defined above.

d) Varistor 

The enclosure of the varistor shall have a power frequency wet withstand voltage based on the above equation.  It is not required that the specific level selected be a standard value from Table 2 or Table 3.

e) Bypass gap 

The insulators used in the bypass gap shall be based on the relationships defined above taking into account the portion of the segment voltage to which the bypass gap is exposed.  Intermediate assemblies can see high transients during the normal breakdown process and  shall be designed for these conditions.  In addition, the withstand level of the power gap and any trigger circuit shall be coordinated to withstand all system disturbances without breaking over under power system conditions for which this is inappropriate.

f) Discharge current limiting equipment 

The insulators used to support the discharge current limiting circuit from the platform shall be based on the relationships defined above taking into account the portion of the segment voltage to which these insulators are exposed.  

The insulation level across the discharge current limiting circuit shall be selected based on the instantaneous voltage appearing across the circuit when the bypass gap sparks over or the bypass switch closes. The power frequency withstand of the required insulation class shall be at least 1.2/ (2 times this instantaneous voltage.  The LIWL (BIL) of the circuit is then selected from the Tables.  However it must be recognized that the voltage that appears across the circuit when the bypass gap conducts or the bypass switch closes is of a much higher frequency than 50 or 60 Hz and that the duration is very brief.  At 50 or 60 Hz, the magnitude of impedance of the circuit is usually very small making it virtually impossible to perform a power frequency voltage withstand test at the selected level.  On the other hand, the circuit can be easily tested with an impulse.  As a result, the primary focus of the insulation across the circuit is its LIWL (BIL).

g) Current transformers and Optical current transducers

The insulation level of the  Current transformers and the Optical current transducers shall be based on the relationsships defined above. 

9.5.2 Creepage distance (leakage distance) 

The recommendations given in IEC 60071-2, table 1 shall apply. The purchaser shall specify which one of the pollution levels, or specific creepage distance, shall be applicable. 

In table  6 , specific creepage distances are given for the different pollution levels according to IEC 60071-2, table 1. (For more detailed description of the pollution levels, see IEC 60071-2). The creepage distance is calculated by multiplying the general nominal specific creepage distance in the 4th column with the rated voltage across the insulation in question. The values in table 4, column 4 are generally applicable for any voltage, i.e phase-phase, phase-earth or any voltages within a phase segment.

If the 30 min overload current (I30) exceeds 1.35 pu, the creepage distances shall be increased linearly in proportion to (I30/1.35 pu.). 

Note. If the purchaser specifies that the platform to ground insulators should have extra creepage distance, the insulation on the platform shall have commensurate creepage distance


9.5.3 Air clearances 

Recommendations for selection of air clearance distance are found in IEC 60071-2, annex A. Minimum clearances have been determined for different electrode configurations. The minimum clearances specified are determined with a conservative approach, taking into account practical experience, economy, and size of practical equipment in the range below 1m clearance. These clearances are intended solely to address insulation coordination requirements. Safety requirements may result in substantially larger clearances.

Table 5, taken from IEC 60071-2, shall be used for phase-to-phase and phase-to-earth insulation for which lightning impulse withstand voltage is defined. 

Table 6 and Table 7, taken from IEC 60071-2, shall be used for phase-to-earth and phase-to-phase insulation for which switching impulse withstand voltage is defined. 

For selection of proper air clearance across insulation paths where only AC voltage withstand requirement apply, e.g. for platform mounted equipment, the recommendations in IEC 60071-2, annex G, shall be used. Minimum air clearance versus AC-withstand according to figure 4 shall apply if no other more detailed requirements are specified.
Post an example in the Annex




9.6 Discharge current limiting and damping equipment Bruce to add contribution
The damping circuit must consist of a reactor and other associated equipment to provide additional damping to the transient oscillations (if additional damping is required beyond the level provided by the reactor). It must be rated to sustain the discharge current superimposed over the fault current.

The damping circuit must be capable of limiting the discharge current peak value to ___kAPEAK when the series compensation bank terminal voltage is equal to the MOV protective level.

The damping circuit must be designed with a minimum effective resistance at the discharge frequency in order to damp oscillations to protect capacitors and fuses and keep i2t values of the discharge transient below the values of capacitor and fuse discharge testing.  In addition to this limitation, the ratio of the first peak of capacitor discharge current divided by the second peak of the same polarity shall be a minimum of _____.

The damping circuit must be designed such as to be able to sustain ____ consecutive conductions of a capacitor discharge current at a voltage corresponding to the varistor protection level defined in Clause 8.1 superimposed on a ____kARMS fault of ____cycle duration.

9.7 Bypass switches

u) The bypass switch shall be connected in parallel with the capacitor bank and overvoltage protective device. The switch is used for intentional or emergency bypassing of capacitor bank and its reinsertion. The bypass switch shall be capable of shorting the capacitor bank and overvoltage protective device and reinserting the capacitor bank under normal or fault conditions, and it shall not restrike after arc extinction.

v) The bypass switch shall be rated for the switching and current carrying duty imposed upon it in its intended location.

w) The bypass switch shall be capable of ____normal operations and _____bypass operations under internal fault conditions when used for the FSC, without requiring major maintenance, adjustment or replacement of components.

x) Interrupting units shall have indicators, readily visible from ground level to indicate open or closed position.

y) If Supplier uses SF6 interrupter technology, there shall be auxiliary contacts equipped for indication of low gas pressure.

z) The closing circuit which shall include two separate closing coils.

aa) Thermostatic heaters shall be supplied for temperature control and prevention of condensation build-up.

ab) All operating mechanisms, including auxiliary switches shall be housed in a weatherproof cabinet. Auxiliary power supply shall be ____V(DC or AC).  

ac) Control box shall be suitable for outdoor use.

ad) Maximum closing time of bypass switch:  ____ms

ae) Maximum opening time of bypass switch:  ____ms

af) Maximum difference in non-synchronous time between phases during three-phase closing:  _____ms

ag) Maximum difference in non-synchronous time between phases during three-phase opening:  _____ms

ah) Required operation sequence (without recharging):
(O)C - ___s - OC

ai) Maximum total open-close cycle time of bypass switch:  ____ms

aj) Rated continuous conduction current:  ____ARMS
ak) Short time current rating (3 second):  ____kARMS
al) Rated peak withstand current:  ____kAPEAK
am) The voltage recovery capability of by-pass switch in open positions shall be such that the bypass switch will not restrike at a voltage equal to the maximum protection level voltage, after breaking a maximum insertion current of _____ARMS, time to peak of _____ms.

9.8 External bypass disconnect switches and external isolating disconnect switches
The external bypass disconnect switches should not be confused with bypass switch. This disconnect switch is typically used to bypass the series capacitor platform and allow the isolating disconnects to be opened. The user needs to specify in clear language the purpose and process of operation. This may detail an operational switching order. This switch may be specified using IEEE C37. XX . The rating requirement is typically the same as the bypass switch. Motor operation is a benefit that allows remote operation that can be incorporated in an automatic platform disconnect, should a platform to ground fault take place. 
an) The bypass switch shall be rated for the switching and current carrying duty imposed upon it in its intended location.

ao) The bypass switch shall be capable of ____normal operations and _____bypass operations under internal fault conditions when used for the FSC, without requiring major maintenance, adjustment or replacement of components. continuous conduction current:  ____ARMS
ap) Continuous conduction current:  ____ARMS
aq) The maximum bypass voltage across the series capacitor bank , voltage peak of _____ms.

9.9 Protection, control, and monitoring

9.9.1 Current transformers

Current transformer should be specified based on their application. Care and consideration should be made to match the Current Transformer class to prevent mismatch problems. The use of optical CT’s can be a great benefit to reduce the necessary platform size and to simplify the protection. Since Optical CT’s will not saturate (Linear) they should not be used in a differential with conventional CT’s. It may be possible to mix and match with a microprocessor based relay but is not recommended. A hybrid CT is also available that converts the analog current to a digital signal on the platform. 
9.9.2 Location of protection and control equipment

Series capacitor installations usually have the protection and control equipment located in one of two possible locations:  in an outdoor building near fence surrounding the series capacitor bank or indoor in a building associated with the substation at which the bank is installed.  

Outdoor building:  The supplier may be required to provide and install the outdoor building.  The building is usually built to the standards of the purchaser.  In addition to the series capacitor protection and control system the building may include:

· Ac and dc distribution panels

· Battery for control power

· Heating and cooling for the building

· Motor generator set for back up power

Substation building:  The supplier may be required to provide equipment to be installed in the substation building in the space allotted by the purchaser.  In this case the purchaser may prefer that the supplier’s equipment have the same physical size and appearance as the other protection and control equipment in the building.  Such preferences are usually achievable but this requires the supplier to deviate from his optimized arrangement.

9.9.3 Extent and format for remote indications

Series capacitor protection systems provide alarm and indication outputs for the purchaser to transmit to remote locations.  Since the number of protection functions included in a series capacitor bank is typically extensive, the purchaser should specify if the information must be provided:

· To identify which segment has the alarm condition or is it sufficient to provide the alarm on a bank basis

· via dry contacts is one contact per indication sufficient or are multiple contacts required

· via a digital protocol and if so what type  

9.9.4 Available supply voltages

The purchaser should indicate in the specification the ac and dc supply voltages that will be provided for the protection and control system and the bypass switch and disconnect switches.

9.9.5 Fiber optic signal columns, fiber optic cable, and connector requirements

Should be agreed upon by supplier and vendor and may be application specific. The number of spares or fibers should be specified by bidder. 

9.9.6 Wire, cable, terminal blocks, and control circuit connection requirements

All required standards for connection and termination should be provided by bidder. Connection method or termination specification may be recommended by bidder. 

9.10  Platforms, support structures, seismic design requirements Mark Reynolds to provide
This section needs to have a fill in blank . Ieee 693 ?, Ice loading, core samples? , possible contamination. Some of this treatment is in conditions. A possible requirement should be for trial assembles of a platform at the production facility. This test assemble should be done before galvanization.

10. Spare parts and special tools

The recommended spare parts for of the FSC system as well as all special tools needed for the troubleshooting, maintenance and parts exchange within the FSC, as required. The scope of spare parts and special tools must be coordinated with the requirements/guarantees for reliability and availability.

11. Engineering studies 
11.1 Power system studies
Studies of the series capacitor bank and its interaction with the overall power system are required in order to properly apply this technology to the system.  The following studies will be completed in the course of the project and some or all of them will impact the design of the series capacitor bank.
11.1.1 Power system analysis, MOV requirements
( The user has performed the initial MOV duty study and has included  a copy of this study in Annex ___ to this specification.  All bidders shall design their MOV’s based on the following conclusions from the study:

	MOV protective level
	_____________  kVPK

	MOV energy capacity
	____________ MJ/ph

	Worst-case external fault values
	Line current:  ________kARMS
Line current: _________kAPK
MOV current:  _________kAPK
MOV Energy:  ________ MJ/ph

	Bypass Thresholds
	Line current:  ________kARMS

Line current: _________kAPK
MOV current:  _________kAPK
MOV Energy:  ________ MJ/ph

	Worst-case internal fault values
	MOV current:  _________kAPK
MOV Energy:  ________ MJ/ph


( The bidder shall perform and include in their proposal a preliminary MOV duty study based on the system equivalent provided in Annex ___ to this specification and based on the parameters found in Section 8.1 of this specification.  The bidder:


( Can elect to use either gapped or gapless technology.


( Must use a TAG in their design.


( Must use a gapless approach.


( Must bid both a gapless and a TAG-based solution for comparison.
( A final MOV duty study shall be completed by the:

( supplier

( user

no more than ____ days after the project is awarded, and the final bank design will be based on this study.  Bidder shall supply some manner of evaluating the cost adder or deduct of differences between the MOV design proposed and the final MOV design (e.g. $/MJ).
11.1.2 System dynamic stability analysis, swing currents
( The system dynamic stability analysis was performed by the user, and the worst-case swing current is


( shown in a plot contained in Annex ___ of this specification.

( summarized by the following:  ______ ARMS for ______ seconds.

( The system dynamic stability analysis will be performed by the user at a later date, so the bidder shall use the value of ______ ARMS for ______ seconds for the worst-case swing current.
The bidder shall use this information to design the bank to “ride through” the worst-case external fault followed immediately by the worst-case system swing current without bank bypass or damage to bank equipment.  The bidder shall provide an assessment of how much MOV conduction there would be under these swing current conditions.
11.1.3 Line breaker transient recovery voltage (TRV) studies
( The line breaker TRV analysis has been completed and is included in Annex ___ of this specification.  The conclusions include the following design requirements for the series capacitor bank:


( The protective level voltage shall be limited to a maximum of  __________ kVPK.


( The bypass switch must reliably close within ________ ms of receipt of bypass request.  The capacitor bank must be discharged from protective level to less than ______ kVPK within ________ ms of receipt of this same signal.

( The TAG must reliably conduct within _______ ms of receipt of bypass request when bank voltage is __________ kVPK or higher.  The capacitor bank must be discharged from protective level to less than ______ kVPK within ________ ms of receipt of this same signal.
( The line breaker TRV analysis will be performed by:


( the user.

( the supplier.

The analysis shall be done no more than _______ days after the project is awarded, and the party performing the analysis will make any required recommendations concerning series capacitor bank design in the conclusions to this study.  Recommendations may or may not include limitations on maximum MOV protective level, use of the bypass switch or TAG to discharge the capacitor bank before the line breakers open, and limitations on the amount of time necessary to discharge the bank from protective level to some maximum voltage.
11.1.4 Subsynchronous resonance (SSR) screening studies
( SSR analysis has been completed and is included in Annex ___ of this specification.  The conclusions include the following design requirements for the series capacitor bank:

( The protective level voltage shall be limited to a maximum of  __________ kVPK.

( The bank must be split into at least ____ switchable segments, using a split of _______% for the compensation levels of each of the segments.
( The bank must be able to operate based on system topology, switching in and out segments as a function of system configurations and loading.

( Bank design shall include space on the platform and/or the in the substation to accommodate a future TCSC or passive SSR filter upgrade, and the bidder shall describe how such a future conversion could take place with a maximum reuse of equipment initially installed.
( SSR analysis will be performed by:


( the user.

( the supplier.

The analysis shall be done no more than _______ days after the project is awarded, and the party performing the analysis will make any required recommendations concerning series capacitor bank design in the conclusions to this study.  Recommendations may or may not include limitations on maximum MOV protective level, limitations or reductions in level of line compensation, segmentation of the bank, guidance on how to operate the bank based on different system configurations and loading (i.e. system topology), or the use of TCSC or passive SSR filter technology.  The analysis shall consist of a stability screening study to identify potential SSR interactions, followed by (if necessitated by the screening study) a transient torque analysis to identify the potential for short-term (less than one second) torque amplification phenomenon.
11.1.5 Line protection relaying coordination studies
( Line protection relaying coordination studies will be performed by:


( the user.

( the supplier.

The analysis shall be done no more than _______ days after the project is awarded.  The supplier shall submit final design information to the user no more than ________ days after the project is awarded in order to facilitate this study work.  The study shall consider the following supplier-provided final bank design characteristics:  MOV Volt-Ampere (VI) curve, bypass thresholds, capacitor capacitance, discharge reactor inductance, and bypass delay times.
11.1.6 Insulation coordination study, line-to-ground
( The line-to-ground insulation coordination study has been completed and is included in Annex ___ of this specification.  The conclusions include the support insulation requirements listed in Section 7 of this specification.
( The line-to-ground insulation coordination study will be performed by:


( the user.

( the supplier.

The analysis shall be done no more than _______ days after the project is awarded, and the party performing the analysis will make any required recommendations concerning modifications to the preliminary line-to-ground insulation specifications found in Section 7 of this document, or they shall verify that those specifications are adequate based on the study results.
11.2 Equipment design studies
All equipment design studies shall be completed by the supplier and submitted to the user for review and approval no more than ______ days after the project is awarded.  The user will review and approve all studies no more than _______ days after receipt of the studies.
11.2.1 MOV rating study
The MOV rating study shall evaluate the MOV design and ensure it meets all of the requirements of this specification as well as the requirements identified by the system studies described in Section 11.1.  The study shall include the following information at a minimum:

1. MOV Volt-Ampere (VI) curve.

2. Number of MOV blocks in each column.

3. Number of parallel columns of blocks in the MOV required.

4. Number of installed spare columns.

5. Dimensions and weight of each block.

6. Discussion of unequal current sharing between columns, and derivation of a design factor to derate the energy capacity of each block based on unequal current sharing plus factory current sharing test pass/fail criteria.
7. Calculation of temperature rise for a given energy absorption by the MOV assembly for the hottest column of blocks ((C/MJ).

8. Evaluation of thermal stability of MOV assembly given the maximum theoretical block temperature combined with the 30-minute overload requirement in Section 8.1 of this specification.
11.2.2 Capacitor unit design study
The capacitor unit design study shall evaluate the capacitor design and ensure it meets all of the requirements of this specification. The study shall include the following information at a minimum

1. Capacitor unit arrangement, number of series and parallel connected units, number of series units in each rack, number of racks per stack.

2. (Fused capacitors only) Capacitor unit internal or external fuse coordination, evaluating the required peak recovery voltage for fuse operation as well as coordinating the reliable operation of fuses during element failures with the reliable non-operation of fuses during non-failure events such as capacitor bank discharge.
3. Capacitor unit internal construction, number of series and parallel connected elements.

4. Evaluation of internal safety discharge resistor.
5. Capacitor element average dielectric thickness, both dry and after oil added.

6. Capacitor dielectric voltage stress for rated voltage, protective level voltage, and during production testing.

7. Analysis of adequacy of capacitor unit terminal-to-case and bushing insulation.

8. Analysis and calculation of unbalance currents and elevated voltage stresses resulting from internal element failures.  Derivations of unbalance alarm and bypass thresholds.
11.2.3 Capacitor discharge current-limiting and damping study
The capacitor discharge current-limiting and damping study shall evaluate the current-limiting and damping circuit design and ensure it meets all requirements of this specification.  The study shall include the following information at a minimum:

1. Maximum capacitor bank discharge peak current.
2. Maximum total bypass current, including discharge current superimposed on system fault current.

3. Maximum peak current through the reactor.

4. (If applicable) Maximum peak current through parallel discharge resistor.  Maximum energy absorbed by parallel discharge resistor.  Evaluation of parallel resistor design based on these values.
5. Maximum capacitor discharge damping time constant and peak-to-peak reduction of discharge current magnitude.  If applicable, coordination of this time constant with any requirements for a maximum discharge time derived in TRV study (see Section 11.1.3).
6. Frequency range of capacitor discharge, taking into account manufacturing tolerances, capacitor element failures and/or fuse operations, and variations in capacitor unit dielectric temperature.

7. Evaluation of amplification of harmonic currents existing in the line when the bank is bypassed and the discharge reactor forms a parallel LC “tank” circuit, using the harmonic current magnitudes found in Appendix _____ of this specification.
8. For fused banks, coordination of discharge i2t on a per-fuse basis to ensure individual fuses do not operate during capacitor bank discharge.  For both fused and fuseless banks, coordination of discharge i2t on a per-unit basis to ensure capacitor bank discharge does not exceed values established by capacitor discharge type testing.
9. Required values to be used for bypass switch, TAG, reactor, and resistor specifications.
11.2.4 Insulation coordination study, on-platform
The on-platform insulation coordination study shall evaluate the insulation levels and air clearances for all on-platform dielectric systems.  This study is focused on the floating dielectric system located on the series capacitor platform and should not be confused with the line-to-ground insulation coordination study in Section 11.1.6.  The study shall be performed in accordance with IEEE 824.  The study shall include the following information at a minimum:
1. Establishment of minimum wet-withstand (WWS) insulation requirements for all locations.

2. Establishment of minimum creepage/leakage distance across insulating materials for all locations.

3. Establishment of minimum lightning withstand (BIL) insulation requirements across the reactor coil and parallel damping resistor.
4. Establishment of minimum strike distances for all locations (with the exception of the TAG electrodes, if applicable, as this device uses type testing to establish its maximum reliable non-flashover value).
5. Comparison of minimum insulation requirements and strike distances to selected insulators and bank design layout.
11.2.5 Structural design and verification analysis
The structural design and verification analysis shall evaluate the structural design of the series capacitor platform to ensure it meets the requirements of IEEE 693 in light of the environmental conditions listed in Section 6 of this specification.  The study shall include the following information at a minimum:
1. Assumptions used to establish damping of platform design, and how these assumptions were established and/or verified by testing.

2. Analysis of calculated safety margins based on selected structural equipment such as support insulators.

3. Calculation of foundation reactions necessary to design foundations and anchor bolts.
Section 12 Mark will make check or fill in the blank list and  move descriptions back to appendix
12. Tests and quality assurance

Refer to 824 w/ B.9 need to renumber from appendix but does this belong here ?
12.1 Type/design (pre-production) testing

The user shall be informed no less than ___ days before any type/design testing is performed and reserves the right to witness this testing.  The notification of testing shall include detailed test plans which shall be reviewed by the user in no more than ___ days after receipt of the test plans.  Design/type test reports shall be made available to the user no more than ____ days after completion of the testing for review and approval.  The following type/design (pre-production) tests will be required for this project:
(Insert checkbox list of type tests here.)
In lieu of performing the tests listed above, the supplier may provide reports from previously performed testing as long as the testing was performed on sufficiently similar equipment and the tests were performed in the last ____ years.
12.2 Routine (production) testing

All routine (production) testing required by IEEE 824 shall be performed on all series capacitor bank equipment.  The user shall be informed no less than ____ days before this testing will be performed at each factory and reserves the right to witness this testing.  The notification of testing shall include detailed test plans which shall be reviewed by the user in no more than ___ days after receipt of the test plans.  Production test reports shall be made available to the user no more than ____ days after completion of the testing.
12.3 Factory and/or on-site testing of protection and control systems

12.4 Pre-commissioning site testing

12.5 Special testing
13. Safety

Safety is commonly not the first consideration when building or designing a series capacitor bank. The electrical specification in standard 824 is written to provide electrical safety for key components but does not deal with the practical aspects of working on the series capacitor bank. Components that are sized and placed in the series capacitor bank may have proper electrical clearances but may not have practical space considerations for maintenance.  Allow plenty of room to properly work with tools or movement around components. 

Lack of space on the catwalk may provide a fall hazard, depending on how the railing is designed. Attachments for fall harness may be required by OSHA regulations if ladder access is required on equipment. Make sure proper harness attachments are available for maintenance personnel. Make sure that grounding points are located on the structure that can handle the amount of fault current that can be supplied in the event of accident. 

Even the location of the foundation may be a safety consideration if a bucket truck is required for installation or maintenance. The design of a series capacitor bank is more than just electrical specification. The design must involve a working knowledge of how the devise will be maintained and operated.  The IEEE standard 824 section 10 provides guidance on many issues dealing with specific codes and protection.

14. Documentation

14.1 Purchaser documentation

Supply of the following documentation shall be part of the purchaser's Scope of Work

Supply of the following documentation shall be part of the supplier’s Scope of Work.

All drawings, instructions and manuals necessary to operate and maintain the SCB and associated equipment shall be provided. The drawings shall include the complete set of plans, elevations, sections, details, wiring, schematics, piping, etc. of the complete SC system.

Typically, the documentation will include, but not limited to, followings;

· Equipment description report

· Outline drawings, construction and connection diagrams 

· Equipment test reports

· Operator manuals

· Software and operating system manuals

· Quality assurance documentation

· One-line drawings, as built

· Three-line drawings, as built

· Protection and control elementary drawings

· Plan and profile drawings, as built

· Civil drawings, as built

· Mechanical drawings, as built

· Architectural drawings, as built

· Maintenance manuals and repair instruction

If computer models of the SCB are required for power system simulation, they should be specified here.

15. Training

 The supplier shall provide training for the SCB system, therefore, the users will be able to properly operate and maintain the SCB. The suppler shall determine the content duration of each training session. The training should include training for the customer’s engineers, operators and maintenance personnel.

For operations personnel, the training course should cover, but not limit to, followings: 

· Description of the system objective and function of the SCB, including specified performance

· Each component of SCB, and its performance, construction, operation and maintenance.

· Master control and operator interface, access, etc.

· Adjustable settings and reasons for their selection

· Operation Safety

· Simulator testing of controls, and software

· Protection principles and operation

· Instruction on installation, setup, and calibration

· Operations manuals

For maintenance personnel, the training course should cover, but not limited to, followings:

· Description of the system objective and function of the SCB, including specified performance

· Each component of SCB, and their performance, construction, operation and maintenance.

· Master control and operator interface, access, etc.

· Maintenance procedures and check list

· Component replacement procedures 

· Maintenance Safety

· Testing procedures

· Protection principles and tests

· Cooling equipment, its control and maintenance

· Other special equipment (e.g., CTs, PTs, protection and control)

· Instruction on installation, setup, and calibration

· Diagnose, isolation, and repairing of failed components

· Operation and maintenance manuals (see Clause 15)

The manuals should be available for each course as texts.

16. Balance of plant This needs work
Protection and control building considerations and requirements. Where are the electrical components going to go. Need for AC or DC capacity or redundancy requirements. Who is going to supply what. Protection and control interface transition point or any hand offs between the utility and the application.
17. Site services Mark McVey will add
Refer back to scope split for specific treatment.

18. Technical fill-in data

Lisa Vovan will write and submit
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Annex B 
(informative)
Notes for a functional specification

This annex provides comment and discussion on the preparation of a FSC bank specification.  Reference is made throughout this annex to the corresponding specification clauses.  For ease of reference, the corresponding clauses from the main text have been referenced.  The term “user” may include purchaser and consultant.

B.1 FSC project description, see Clause 4
The basic “high-level” functionality of a transmission line FSC bank is to compensate the inductive reactance of overhead lines.

B.1.1 Planning and system configurations

B.1.1.1 Capacitive Reactance per line :

Typically, the series compensation in a transmission line is selected as a fixed percentage of the line inductive reactance. This percentage is selected from system power flow, system stability, short circuit and SSR studies based on:

a) System stability requirements (more detail)

b) Voltage profile

c) Power flow on parallel paths

d) Short circuit considerations

e) SSR considerations on near by generators.

f) Locationof series capcitor bank due to fault duty and economic comparison of bypass located in the middle of the line or end of line.

g) Additional Growth

h) Power Transfer Targets

Finally, the economic/cost considerations, as the cost of series compensation will increase as the series compensation level is increased. 

Higher series compensation can improve system performance e.g. increase power flows on long lines, improve system stability and improve voltage profile. (*** Add voltage profile figure ***)  The addition of series compensation will result in higher short circuit duties and may require costly mitigation measures for SSR, if they are close to generators with SSR risk. Based on these considerations, a fixed level of series compensation is selected. 

Where there are several parallel paths or transmission lines, the level of series compensation should be selected to either equalize the flows on the parallel circuits or to the optimize the power flow based on each circuits thermal capability. 

This fixed percentage can be anywhere from 20 to 80 percent of the line impedance. Series compensation is generally needed on long transmission lines for improving system stability and voltage profiles. It may be applied on short lines to balance the power flows. The series compensation range is kept below 100 percent (i) as it is desirable to keep the line to appear as net inductive (ii) to limit the short circuit duty contributions from other substations, (iii) to keep the resonant frequency (Xc/Xl x 60 Hz) of the transmission line below the system synchronous frequency. A fifty percent line compensation on a 200 mile long line with 0.6 ohms line impedance per mile would require 60 Ohms of series capacitive impedance (0.5 x 200miles x 0.6 Ohms = 60 Ohms). This is the “Capacitive Reactance”, of the series capacitors installed for the series compensating the line.

B.1.1.2 Number of Series Capacitor Banks in a Transmission Line:

This reactance per line is generally installed either as two sections at close to each line terminal or as a single capacitive reactance in the mid section of the line. More than two banks may be required on very long transmission lines.  This is done to limit the design voltage of the series capacitor bank and to maintain a reasonable acceptable voltage profile on the transmission line. Series capacitors generally cause a step increase of voltage on the transmission line. Basically, the line inductive reactance causes a voltage drop when the power, which most of the time has a lagging power factor, flows on the transmission line. The capacitive reactance causes a step voltage increase with the lagging line current power factor. By splitting the line capacitive reactance, the step voltage increase can be split into half, thereby avoiding sudden voltage jumps in the line voltage profile and avoid the exceeding the maximum operating voltage of the transmission line. 

The number of capacitor banks in a transmission line are dependent on the line length, percent compensation, rated line current etc. Basically, the intent is to maintain the bank RMS voltage and transient voltages to a manageable design level. For a typical 500 kV system It is desirable to keep the series capacitor bank RMS voltages below 100 kV ( less than 25 %) and the transient voltages below 300kV( 3.00 per unit or below 50 %). Another reason for splitting the capacitive reactance is, simplifying design and manufacturing the series capacitor banks. For a 60 Ohms capacitor bank, with 3000Ampere RMS line current, the voltage developed across the series capacitor bank will be 180 kV rms.  This may require transient voltages of up to four times the 180 kV, that is 720 kV peak voltages. By splitting the bank into two capacitor banks, this will be reduced to 90 kV RMS and 360 kV transient peak voltage thereby simplifying design and manufacturing. Additional banks at additional locations may be necessary if the voltage results in exceeding the maximum operating voltage of the transmission line.

B.1.1.3 Number of Switching Steps in a Capacitor Bank:

In late sixties and early seventies, when the series capacitors banks were installed, the series capacitor bypass and insertion technology used spark gaps which required that each bypassing step be limited to 15-18 kV RMS or 70-75 kV peak transient voltage across the switching step.  This was necessary to meet the performance requirements of the spark gap and to ensure that the series capacitors would reinsert successfully, when a line fault on an adjacent lines is cleared. This required multiple switching steps for the typical series capacitor installed on a long transmission line and also complicated the reinsertion of the series capacitor switching segments. It also required higher spark gap levels (as high as 4.5 per unit) to ensure successful reinsertion. Thus anywhere from three to six switching steps were required in a series capacitor bank. This not only increased the cost of the series capacitor banks, but also degraded the performance of the series capacitor bank and the system by increasing the reinsertion time. Reinsertion of the switching step was also complicated by the DC-offset voltage that developed across each capacitor segment, when it reinserted.  It was also necessary to allow enough time before reinsertion, to clear the ionized gases from spark over so that the gap could recover voltage withstand strength. 

Improvements and developments in the bypass technology today enables us to design and manufacture series capacitor banks with higher bank voltages, in some cases exceeding 100 kV rms steady-state voltages and 300 kV peak transient voltages. This enables majority of series capacitor banks to be manufactured as a single switching/step bank and has resulted in substantially reduced costs and superior performance. This has also reduced the risk of SSR on the generating machines as number of SSR probabilities that can occur with the multiple switching steps has been reduced. 

The user, however, must determine the number of switching steps by taking into account not only the manufacturer’s capabilities, but by also examining the specific operating practices and system requirements for their individual application. This is particularly true if the application is an upgrade of an older series capacitor installation such as the spark-gap type that is described in this section (since the newer applications can contain fewer steps), or if the application is an addition to an existing transmission line that contains existing compensation. The following system conditions are areas the user should evaluate with the proper personnel when specifying the type of installation are as follows:

· Required power flow patterns across the compensated line- The user should examine the loading profiles of the line to be compensated.  Such factors that can affect the loading of the line are seasonal factors, agreements with other entities regarding transmission capacity, and maintenance requirements. The operator/planner may wish to have flexibility in adjusting the level of compensation according to the different loading requirements. This factor is especially important in cases where the purchaser’s utility is not the sole owner/regulator of the transmission line to be compensated, and where the needs of outside entities, such as independent system operators, generation owned by outside entities that are tying into the system, or other utility operators, will be a significant factor in determining the loading of the transmission line.

· System stability- The stability of the system can be affected by the ability to adjust the level of compensation. Any operating/switching requirements necessary for SSR mitigation, or by the integration of a newer application (which could contain fewer switching steps than an older application) into an existing system should be considered by the user when determining the appropriate number of switching steps.

B.1.1.4 Future requirements for series capacitors

When selecting the rating of the series capacitors, the future requirements such as higher percentage compensation, higher current rating, higher short circuit duties etc. should be considered. Some of the protective schemes require matched components and upgrading them may require complete replacement. It may be feasible to replace the series capacitors with higher size capacitor cans, but the bypass protective equipment which may cost 30 to 40 percent of the cost of the series capacitors may have to be replaced completely. Sometimes, it may be feasible to increase the current rating or the percent compensation using the existing bypass equipment, if a lower spark-over/bypass voltage protective system is acceptable. Some additional space on platform may also be provided to future increases.

B.1.2 Bank topology and connection orientation

The purchaser should decide if the reactor is in series with the capacitors or in the bypass path.  Outline the advantages and disadvantages of each:

Table B.1—Comparison of reactor connection strategy

	Consideration
	Reactor in series with

	
	bypass path
	capacitors

	Operating losses if the bank is normally inserted
	Lower
	Higher

	Operating losses if the bank is normally bypassed
	Higher
	Lower

	Transient overvoltages on the capacitors
	Lower
	Higher

	Recovery voltage on bypass disconnect switch
	Higher
	Lower


The purchaser should decide on the orientation of the connection of the series capacitor bank into the power system.  If the bank has one switching step, then one terminal of the bank is connected to the platform.  Whether this terminal is connected to the substation side of the bank or the line side has implications for the voltages that appear from platform to ground and for the stress on the bank protective device if there is a fault from platform to ground.  Discuss

B.2 Scope of supply and schedule, see Clause 5
B.2.1 Scope of supply, see Clause 5.1
Project scopes can take a variety of forms ranging from a complete turnkey to supplying equipment based on a jointly developed design.  The arrangement of the scope-split in Clauses 5.1.1 and 5.1.2 are shown as an example only, and items found in 5.1.1 can be moved into 5.1.2 and vice-versa depending on the preferences and core-competencies of the user.

Careful consideration of scope-split “boundaries” should be taken when writing these sections.  For example, if the user elects to provide and build foundations and requires the supplier to provide platform support insulation, the interface point of these two items is the anchor bolts and the fasteners, and perhaps even small steel structures that connect the anchor bolts to both the vertical and diagonal insulators.  In this example, the ownership of foundation design may be given to either user or supplier, however if the user takes this scope on then the supplier will need to provide “footprint” and bolt-hole pattern requirements, as well as foundation reaction loadings which will stem from the structural/seismic design study.

B.3 Site and environmental data, see Clause 6
B.3.1 Normal service conditions (environmental)

A series capacitor banks shall be capable of operation at their specified current, voltage,  frequency ratings and specified fault operational sequences under the following conditions as specified in IEEE 824  section 4.1 :

a) The elevation does not exceed 1000 m above sea level.

b) The indoor and outdoor ambient temperatures are within the limits specified by the purchaser.

c) The ice load does not exceed 19 mm(if applicable)

d) Wind velocities are no greater than 128 km/h.

e) The horizontal seismic acceleration (if applicable)of the equipment does not exceed 0.2 g and the vertical acceleration does not exceed 0.16 g when applied simultaneously at the base of the support insulators.  For the purposes of this requirement, the values of acceleration are static.  This is the “low seismic qualification level” defined in IEEE Std 693-1997. The seismic acceleration and the maximum wind do not have to be considered to occur simultaneously.

f) The snow depth (if applicable) does not exceed the height of the foundations for the platform support insulators or in any fashion reduce clearance with respect to ground. (A typical maximum height is 1 m.)

B.3.2 Abnormal service conditions (environmental)

Service conditions that would compromise the operation of the series capacitor bank must be considered. Each purchaser must look at the cost to benefit and determine under all or specific conditions the series capacitor bank must operate. Generally the worst-case scenario must be planed for. The application of series capacitor banks at other than the normal service conditions shall be considered as special and should be identified in the purchaser’s specification.   Examples of such conditions are as follows as specified in IEEE 824 Section 4.2:

a) Service conditions other than those listed in B.3.1

b) Exposure to excessively abrasive and conducting dust

c) Exposure to salt, damaging fumes, or vapors (Example Industrial Pollution)

d) Swarming insects

e) Flocking birds

f) Conditions requiring over-insulation or extra leakage distance on insulators

g) Seismic accelerations at the “moderate or high seismic qualification levels” as defined in IEEE Std 693-1997.

B.4 Power system characteristics, see Clause 7
B.4.1 Normal power system conditions

The capacitor bank shall be designed to withstand the specified continuous rated current, emergency loading, swing current and power system faults with the capacitor bank bypassed.  

There are no standard current ratings for series capacitor banks.  The current ratings of capacitor banks are based on power transfer requirements or thermal line loading considerations.

a) Consider both initial and future

b) Continuous current

i. Based on power transfer or line thermal loading considerations.

c) Emergency overload currents and durations.  

i. Based on power transfer or line thermal loading considerations.

ii. Typical range is 1.25 to 1.6 pu for 30 minutes.

iii. 1.35 is inherent, higher values impact design. 

d) Swing current and duration

i. Explain swing current and its importance to the design of the protective device.

ii. Determined in transient stability study.

e) The capacitor bank shall be designed to withstand the specified continuous rated current, emergency loading, swing current and power system faults with the maximum capacitor unbalance condition for which the control and protection system will allow the bank to remain in service.

f) The FSC bank is normally inserted into the line, and it is bypassed only for protective actions and maintenance periods.

B.4.2 Abnormal power system conditions

As is also described in Annex B.3.2, the application of series capacitor banks at other than the normal service conditions shall be considered as special and should be identified in the purchaser’s specification.  Here are some examples of abnormal power system conditions that may require additional analysis.  Such conditions should be brought to the attention of all potential suppliers during the bidding stage of the project.

a) The transmission line on which the series capacitor bank is located does not have phase transpositions so the reactance’s of each phase of the line are not approximately equal.

b) The FSC bank is normally bypassed, and it is only inserted for short-term overload conditions or other specific system needs.

c) Unusual transportation or storage conditions (e.g. mobile capacitor bank)

d) Short time or overload rating due to abnormal switching or reduced capacity of bank due to capacitor unit failure

e) Presence of any significant system currents other than at fundamental power frequency (e.g. harmonic or subharmonic currents).

f) Significant and/or frequent deviations in system power frequency beyond a narrow band (+/-0.1Hz) of nominal frequency.

B.5 Main FSC characteristics, see Clause 8
B.5.1 Major equipment considerations

B.5.1.1 Capacitor units

The capacitance of the segment is realized by connecting capacitor units in series and parallel to provide the required capacitive reactance with the continuous current rating.  The capacitors shall be designed to withstand higher currents such as those experienced during emergency loadings (typically the 30-min. rating), system swings and during faults as specified by the purchaser

The capacitor units shall be designed to withstand the specified continuous rated current, emergency loading, swing current and power system faults. with the maximum capacitor unbalance condition for which the control and protection system will allow the bank to remain in service. 

If capacitor fuses are used, either internally or externally, the fuses should be designed to operate correctly for bank currents of 50% of rated current up to and including power system fault conditions.

B.5.1.2 Discharge current limiting reactor

Typically the discharge current limiting reactor is connected as shown is Figure 2 and hence does not carry current when the bank is inserted.  However in some applications the discharge current limiting reactor is connected in series with the capacitors (see Figure 4). This arrangement is infrequently used to reduce losses where the segment is frequently bypassed and may be used to eliminate the potential for harmonic current magnification where the reactor is paralleled with the capacitor during bypassed operation.  It is also used to reduce the duty on the disconnect switch typically used in parallel with the bank. 

If the discharge current limiting reactor is in series with the capacitors, the reactor shall be rated to withstand the same current magnitudes and durations as required for the capacitor segment. 

B.5.1.3 Varistor

Current through the capacitor segment produces a voltage stress across the varistor.  The varistor shall be designed to withstand these stresses.  The varistor protective level shall be sufficiently above the voltage produced during a system swing to avoid excessive energy absorption during the swing.

B.5.1.4 Bypass switch 

As in the case of the varistor, the interrupter of the bypass switch are exposed to voltages resulting from currents through the capacitors.  In addition this equipment is exposed to protective level voltage during power system faults.  This equipment shall be designed to withstand these voltages. 

B.5.1.5 Bypass gap

As in the case of the varistor, the bypass gap is exposed to voltages resulting from currents through the capacitors.  In addition this equipment is exposed to protective level voltage during power system faults.  This equipment shall be designed to withstand these voltages.

B.5.2 Considerations for the selection of protective level of the overvoltage protective device

Since the series capacitors are in series of the line impedance, they can be subjected to large faults currents and thus must be protected against the over voltages. Some of the protection schemes commonly used in past forty years are:

a) Spark gaps (1960s-70s, 3.0-4.5 per unit protective levels, multiple steps required)

b) Silicon carbide resistors with gaps (1970s, 2.5-3.5 per unit protective levels, multiple steps required)

c) Metal oxide resistors (1980s- 1990s, 2.00-3.0 per unit bypass levels, multiple steps, but with large voltage levels, reduced the number of steps required) 

d) Protective thyristor switches. (2000-, 1.8-2.6 per unit bypass levels, single step feasible, voltage per step increased substantially)

Selection of a suitable spark over or bypass voltage level is very important as it impacts the system stability performance and SSR that can be caused by the series capacitors. The spark gap/bypass should be high enough to insert the series capacitors when needed for a system swing   Since, the series capacitors are a vital element in improving and maintaining the system stability on a transmission line, they must reinsert before the system swing occurs in that line. The occurrence of the system swing is dependent on the system swing frequency and can happen after quarter second for a fast swing (1 Hz swing) to half second for a  (0.5 Hz swing). Also, the capacitors should not bypass during the system swing.  The spark over voltage should be above the system swing current level. 

From the SSR standpoint, lower spark-over/bypass voltages are desirable as the energy stored in the series capacitors which ultimately gets discharge into the system and the nearby generating machines is dependent as square of the spark over/ bypass voltage level.

With the improved reinsertion/bypass technology, the spark-over or the bypass voltage required for protection and reinsertion has gradually reduced as the technology has evolved from 4.5 per unit required in the spark gaps to 2.0 required in the metal oxide or thyristor protected series capacitors.  With some schemes, the lower bypass voltage would require more energy absorption capability and would increase the cost of that bypass scheme. 

The following is a discussion of the influence of the protective level on various aspects of the design of a modern series capacitor bank.  The discussion ends with a recommendation that the purchaser not specify the protective level except in certain cases.

B.5.2.1 Influence of protective level on the insulation levels required on the platform

The insulation levels applied on the series capacitor platform are dependent on the protective level established by the protective device.  IEEE Std. 824-2004 requires that:

VPFW >= 1.2 VPL /[image: image4.wmf]2


where

VPFW

is the power frequency wet rms voltage withstand level
VPL 

is the peak voltage magnitude of the protective level
B.5.2.2 Influence of protective level on capacitor design

The protective level is also factor in the design of the capacitor.  The choice of protective level can affect the terminal-to-terminal dielectric production test on the capacitor units.  This test must be performed with a dc test voltage of at least 1.2 times the prorated protective level voltage.  The minimum voltage level for this test is 4.3 times the rated rms voltage of the units.  These two requirements dictate the test level for the capacitor units as indicated in the following table.  For protective levels above 2.5 pu, higher protective levels result in higher test voltages.

	Protective level in per unit
	DC test voltage on the capacitor units in per unit of the rms rated voltage of the unit

	2.0
	4.30

	2.25
	4.30

	2.5
	4.30

	2.6
	4.41

	2.7
	4.58


B.5.2.3 Influence of protective level on varistor design

The voltage associated with the power system swing is often the highest non-fault voltage that the series capacitor and the varistor must withstand.  As such, it can be the determining factor in establishing the protective level.  A low varistor protective level may mean the varistor will exhibit significant conduction and energy absorption during the swing, necessitating a varistor with a greater energy rating.  Increasing the protective level of the varistor can reduce varistor energy absorption.  However, the capacitor design is subject to change because of the higher overvoltages.

The choice of protective level can also be influenced by its relationship to the varistor energy requirements for external faults.  Typically, a lower protective level increases varistor energy absorption for external faults.  Conversely, a higher protective level requires less energy absorption.  For internal faults a higher protective level can, in some applications, increase the varistor energy absorption (if the varistor is not bypassed with a forced triggered bypass gap).  

B.5.2.4 Influence of protective level on SSR, TRV, and system stability

The protective level can have some impact on SSR, line breaker TRV, and system stability.  

B.5.2.4.1 Protective level and SSR

In the case of SSR (subsynchronous resonance), the voltage magnitude of large subsynchronous oscillations is limited by the varistor.  In applications where subsynchronous oscillations are a concern, there is a preference for a lower protective level.  However the protective level only affects the transient torque aspect of SSR not the damping of steady state torsional oscillations.

B.5.2.4.2 Protective level and TRV

A second power system consideration is the affect that series capacitors have on the transient recovery of the transmission line circuit breakers (TRV) of the line on which the series capacitors are planned.  Series capacitors can increase this recovery voltage.  The voltage is reduced by lower protective levels.  Both of these phenomena are affected by the varistor voltage at currents lower than those associated with an external fault.

B.5.2.4.3 Protective level and system stability

B.5.2.5 Recommendation on protective level

Since the supplier is in the best position to optimize the bank design including the varistors and capacitors, it is recommended that the purchaser not specify the protective level unless the purchaser has power system application reasons for doing so.

B.5.3 Typical fault duty cycles

The purchaser should define the desired operation of the protective device during and following faults on the power system.  The following are examples of typical fault duty cycles for the three protective devices described above.

B.5.3.1   Metal oxide varistor

B.5.3.1.1 Normal external fault

a) The bank is initially assumed to be in the inserted condition with rated continuous current.

b) An external fault occurs that is cleared within normal clearing time.. The varistor will typically be required to withstand the duty associated with the fault.  Bypass with the bypass switch is not normally permitted.  The restoration of all the current back in the series capacitor units following the clearing of the external line fault is immediate.

c) The bank is exposed to the swing current followed by the post fault power current as specified by the purchaser.  The post fault power current may be at rated current or at the 30 minute overload current followed by rated current.

d) The bank returns to operation at rated current.

Typical normal fault clearing times are 4 to 5 cycles.  Three phase faults usually result in higher energy absorption than single-phase faults.  If the power system has one or more parallel lines that are to be compensated, the varistor duty during an external fault is usually greater if one of the parallel lines is assumed to be out-of-service.  In some cases, ungrounded phase-to-phase faults and heavy load current through the bank can combine to cause varistor energies higher than those for three-phase faults.  The type of fault may be important if grass fires are probable under the transmission lines.

The magnitude of the swing current is not a significant factor if the value is 1.7 pu of rated bank current or less.  For values much higher, the swing condition can impact the energy rating and the protective level of the varistor.  It is important that the specified swing current be related to the specified external fault condition.  If the swing current is an important factor, a table of swing currents versus time must be provided so that the bidder can calculate the energy absorbed by the varistor during the swing.

B.5.3.1.2 Normal internal fault

a) The bank is initially in the inserted condition with rated continuous current.

b) An internal fault occurs.  Bypass with the bypass switch is permitted.  The varistor must withstand the duty that occurs during a normally cleared and/or the bypass time via the bypass switch. fault prior to the completion of the bypass.  The bypass switch shall withstand the resulting capacitor discharge and power frequency fault current.  The line circuit breakers interrupt the fault.

c) The line remains open until it is reclosed within the time specified by the purchaser.  The bank must reinsert within the time specified by the purchaser.  The possible reinsertion scenarios are:

i. Prior to the first line breaker to recluse

ii. After the first line breaker to reclose by before the second

iii. Immediately after the second line breaker recluses

iv. Some time after the second line breaker recloses as directed by the system operator 

d) If the line reclosing is successful and the fault is not present, the bank returns to operation at rated current.  If the line reclosing is not successful and the bank was inserted prior to reclosure, the varistor must be capable of withstanding this additional duty until bypassing occurs.

The internal fault usually results in more energy absorption than single-phase faults.  This energy absorption is highest if the bank is located at the end of the line and the substation has a low short circuit impedance.  If the bank is located at the end of the transmission line, the degree of grounding at the terminating substation will dictate whether single phase or three-phase faults result in higher varistor duty for a fault located at the line side of the bank.  The varistor duty for internal faults is much less for banks located out on the line than at a substation with a low short-circuit impedance.

For three-phase faults near the far end of the line or for single-phase faults out on the line, the varistor protection functions may not close the bypass switch since the duty to the varistor is not high.  If the purchaser wishes the bank to be bypassed prior to line reclosure, the control system of the bank must have additional logic and inputs.  Possible inputs for the logic may include:

· Line current

· Line voltage

· Line status from the line relays

B.5.3.2 Metal oxide varistor with forced triggered bypass gap

B.5.3.2.1 Normal external fault

The performance requirements for this protective device will be essentially identical to that described for the varistor in B.5.3.1.1. Typically neither the bypass gap nor the bypass switch are permitted to operate during the normally clear external fault.

B.5.3.2.2 Normal internal fault

a) The bank is initially in the inserted condition with rated continuous current.

b) An internal fault occurs.  Bypass with the bypass gap and the bypass switch is permitted.  The varistor must withstand the duty that occurs prior to the completion of the bypass.  The bypass gap must withstand the resulting capacitor discharge and power frequency fault current.  The line circuit breakers interrupt the fault. 

c) The line remains open until it is reclosed within the time specified by the purchaser.  The bank must reinsert within the time specified by the purchaser.  The possible reinsertion scenarios are:

i. Prior to the first line breaker to reclose

ii. After the first line breaker to reclose by before the second

iii. Immediately after the second line breaker recloses

iv. Some time after the second line breaker recloses as directed by the system operator 

d) If the line reclosing is successful and the fault is not present, the bank returns to operation at rated current.  If the line reclosing is not successful and the bank was inserted prior to reclosure, the varistor must be capable of withstanding this additional duty until bypassing occurs.

For three-phase faults near the far end of the line or for single-phase faults out on the line, the varistor protection functions may not trigger the bypass gap since the duty to the varistor is not high.  If the purchaser wishes the bank to be bypassed prior to line reclosure, the control system of the bank must have additional logic and inputs.  Possible inputs for the logic may include:

· Line current

· Line voltage

· Line status from the line relays

B.5.4 Description of overvoltage protective devices

The practical application of series capacitor banks on transmission systems almost always requires that the bank include a protective device to limit the overvoltages that occur during power system faults.  The purchaser should indicate in his specification the type or types of protective devices that are desired.  

The following is a description of each type.

B.5.4.1 Metal oxide varistor

B.5.4.1.1 Overview

Metal oxide varistors are one type of overvoltage protective device. A simplified one-line diagram is shown in Figure B.1.  The varistor is usually connected in parallel with the capacitors.  The bypass switch in also connected in parallel via a current limiting reactor. The varistor is constructed of a series and parallel array of metal oxide non-linear resistor elements.  These elements or organized into enclosures for protection against the outdoor environment.
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 Figure B.1—Metal oxide varistor overvoltage protection

B.5.4.1.2 Principle of Operation

The varistor limits temporary overvoltages across the capacitors by conducting the excess transmission line current, usually due to faults, that would otherwise cause excessive capacitor voltage.  This conduction occurs on each half cycle of the power frequency current of the overcurrent condition or until the parallel bypass switch closes or the fault is cleared by the line circuit breakers.  The maximum voltage that results across the series capacitor is dependent upon the nonlinear voltage-current characteristics of the varistor and the magnitude of the overcurrent.  Because the varistor voltage increases with current, the protective level is usually defined at a coordinating current representative of expected varistor current during a power system fault.  Energy is absorbed by the varistor during conduction.  The selection of the varistor energy capability and protection of the varistor against overstress are important aspects of the series capacitor protection system.  When the line breaker clears the fault, the varistor naturally stops conduction and all the current is in the capacitors.

The varistor is designed with current and energy absorption capabilities that shall be consistent with anticipated power system fault conditions.  In addition to the protective level, critical factors determining varistor requirements are the equivalent impedance of the power system, the duration of the fault, and transmission line circuit breaker reclosure sequence.  With this information, the varistor current and energy absorption can be determined.

Computer simulations are needed to adequately determine varistor duty. The power system studies to establish these requirements are discussed in Annex E.

Typically, for the protective device consisting of the varistor but no forced bypass gap, the varistor will be designed to withstand the current and energy associated with specified internal line section faults.  Internal line section faults near the series capacitor bank can cause much higher varistor current and energy.  This is especially true if the installation is located at the end of the line near a substation with a high short-circuit current.  However it is also important that the varistor duty during external faults be established.  For the latter condition, the series capacitor in the unfaulted line remains in service during the fault and the critical post-fault period to enhance power system stability.

B.5.4.2 Varistor with forced triggered bypass gap

B.5.4.2.1 Overview

In many applications the protective device also includes a forced triggered bypass gap.  This gap is fired for power system fault conditions that result in higher duty to the varistor.  The gap does not normally spark over on the voltage that appears across series capacitors since that voltage is limited by the varistor.  Rather the spark over of the bypass gap is triggered based on the duty to the varistor.  A one line diagram of this protective device is shown in Figure B.3.  Note that the bypass gap is connected in parallel with the bypass switch.  The electrodes of the gap are contained in an enclosure that limits the ingress of precipitation.

[image: image6.wmf]`

`


Figure B.3—MOV with forced triggered bypass gap overvoltage protection

B.5.4.2.2 Principle of Operation

Even though this system includes a forced bypass gap, the varistor performs the primary overvoltage limitation in a manner identical to that described above for the varistor only system.  IN this case the varistor is normally designed to withstand the duty associated with specified external faults and the gap is triggered during more severe faults to limit varistor duty especially during internal faults.  

The varistor with forced bypass gap is most often applied on banks located at the end of the line and especially if the fault current is greater than 10 to 20 kA rms.  For a close-in fault on the line side of the series capacitor bank, the potential duty to a varistor can be quite high.  In this case the gap is triggered based on the high duty to the varistor at the start of the fault.  Firing thresholds are selected to avoid firing the gap during normal external fault.  In most designs the gap will be conducting within 2 ms after the thresholds are exceeded.  The logic for the triggering and the equipment to achieve it are different among the various suppliers.  However, the conduction is not instantaneous so the varistor is exposed to high current for a finite time.  The varistor must be designed withstand the high fault current until bypass occurs.

Once the bypass gap conducts, most designs used with varistors do not have much ability to interrupt the current.  In general this is not an important factor since the gaps are normally triggered only when the varistor duty exceeds that associated with and internal fault.  For an internal fault, the line along with the series capacitor bank are temporarily removed from service.  This eliminates the gap current and the gap de-ionizes and regains its voltage withstand capability prior to normal line reclosure.

B.5.4.3 Thyristor bypass

Capacitor overvoltage protective function is to be provided by a thyristor valve assembly placed across the fixed series capacitor and is referred to as a Thyristor Protected Series Capacitor (TPSC), refer to Figure 4. At normal operating voltages across the capacitors the thyristor valve is blocked and line current flows through the capacitor. The thyristor valve commutates fault current around the capacitors during line faults. The fault protection strategy involves monitoring ac-line current through the TPSC bank. When the ac-line current exceeds a threshold value, a fault condition is assumed and protective valve firing sequence initiated. The protection sequences for internal and external faults are similar to conventional gap or MOV protection schemes.

For internal faults the thyristor valve continues to conduct line fault current on each half cycle until the parallel bypass switch closes. Typical internal fault would involve 2 to 3 cycles of fault current. The thyristor valve needs to be designed to withstand maximum line fault duty for operation of the backup line protection of up to 10 cycles.
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Figure B.5—Thyristor bypass overvoltage protection

If the fault current is above the overload rating and lower than a specified threshold for an internal fault, the event is interpreted to be an external fault and the valve can be fired to limit the voltage across the capacitors and blocked during the following negative current swing. The specific parameters of the swing current limiting are established in the system design studies. The bypass breaker remains open during the event.

The thyristor valve differs from the varistors protection in that the varistors absorb energy during conduction and experience a corresponding temperature rise not experienced by the thyristor during conduction. Under normal fault clearing conditions the thyristor modules will experience limited temperature rise and are able to return to service in minutes after a series of line faults. Thyristor cooling is performed by a simple air-cooled mechanical heat sink.

The valve-damping reactor is designed to limit the capacitor discharge current through the valve and designed with relatively high impedance, typically 4 MHz. The thyristor levels include internal grading resistors and limited MOV arresters for over-voltage protection during turn-on turn-off sequence. The valve is located on the platform in an enclosed valve house that is a semi-weatherproof structure with wall bushing penetration. Firing pulses are transmitted via redundant fiber optic circuits from the ground based control and protection system.

B.5.5 Current ratings for the bank bypassed mode

Current ratings for the bypassed mode should also be specified.  They are not necessarily the same as for the inserted mode.  Bypass current rating will be determined by system conditions.

a) Consider both initial and future

b) Continuous current

i. Based on power transfer or line thermal loading considerations.

ii. Sometimes a standard ANSI rating is selected for the bypass switch. 

iii. Reactor current rating should be specified by the manufacture. 

c) Emergency overload currents and durations

i. Based on power transfer or line thermal loading considerations.

ii. Overload currents are often not specified for the bypass mode since such overloads are not possible with the series capacitor bypassed.

iii. Swing current and duration

iv. Equipment must withstand this but it is not usually specified as not decisive for the reactor or bypass switch.

v. Can be determined in transient stability study 

vi. Fault current ratings and durations 

vii. Based on short circuit study with the bank bypassed.  Only the component of fault current in the bypassed bank is of interest not the total current in the fault.

viii. Duration based on the extended fault clearing time on the power system or nominal 1 or 3 second duration.

B.5.5.1 Equipment Considerations

The continuous, emergency, swing and fault currents specified for this mode of operation may be different than those selected for the bank inserted mode based on power system operational considerations.  Thus the purchaser should also specify the current ratings for this operating mode.

B.5.5.1.1 Discharge current limiting reactor

When the discharge current limiting reactor is in the typical position in the bypass path as shown in Figure 1, the circuit is exposed to the continuous, emergency, swing and fault currents specified for this mode of operation.  The circuit shall be designed for these conditions.  The maximum duration of the fault current will be the extended fault clearing condition (backup power system relaying) defined as part of the fault duty cycle for the bank unless the purchaser specifies a 1, 2 or 3 second requirement. 

If there are significant harmonic currents anticipated in the transmission line, these currents should be specified by the purchaser as an abnormal service condition.  Harmonic current can be important because, if the bypass switch is in the closed position, the reactor  is in parallel with the capacitors.  This parallel inductor/capacitor circuit can circulate harmonic currents that are greater in magnitude than those present in the transmission line.  This amplification can be significant for harmonic frequencies that are near the natural frequency of the parallel inductor/capacitor circuit.  Under such circumstances, it is necessary that the inductive reactance be selected to minimize harmonic current amplification and the reactor designed to withstand harmonics in addition to the power frequency requirements.  In addition, a protection function can be implemented to close the bypass disconnect switch in case of excess harmonic current in the reactor.  If the bank is often in the bypassed condition and the harmonic current in the transmission line is significant, it may be desirable to eliminate the amplification of the harmonic current by the parallel inductor/capacitor by locating the discharge current limiting reactor in series with the capacitors.  However this arrangement can affect the magnitude of the voltage across the capacitors during power system faults. 

The discharge damping device shall be designed for permanent insertion in the line with the Capacitor Bank by-passed. It shall have a continuous current rating equal to that of the Capacitor Bank. The start of conduction of the bypass gap or the closure of the bypass device will result in a capacitor discharge current. The parameters of the discharge current limiting reactor shall be selected to limit the magnitude of the discharge current and provide sufficient damping of the oscillations so that the discharge is within the capabilities of all the equipment of the bank. 

All of the equipment included in the discharge path shall be designed for the magnitude and duration of the capacitor discharge current resulting from bypass with protective level voltage on the capacitors.  This includes the bypass gap, the discharge current limiting  reactor, the capacitors and fuses and the interconnecting bus. If there is no bypass gap and the bypass switch operates during the fault, the design of the discharge current limiting reactor shall be consistent with the capabilities of the switch.  The capacitor discharge current can combine with the power frequency fault current.  The bypass gap, discharge current limiting equipment and  the bypass switch shall be designed to withstand this combined current.

Table B.2—Summary of Current Ratings

	Current Rating
	Normal

In service mode
	Bypassed Mode

	Normal line current: ...... Arms
	
	

	Rated continuous current: ....... Arms
	
	

	Emergency, 30 minute, overload current: ....... Arms.
	
	

	Maximum swing current: ....... Arms. / Hz
	   *
	

	Maximum fault currents through Capacitor Bank equipment
	
	

	3-( internal*, max. ...... kA rms
	
	

	1-( internal*, max. ...... kA rms
	
	

	3-( external*, max. ...... kA rms
	
	

	1-( external*, max. ...... kA rms
	
	

	Number of reclosures 1-( or 3-(  
	
	


B.5.5.1.2 Capacitors 

When the bank is in the bypassed mode, the power frequency current in the capacitors is very small. However if the harmonic current conditions discussed in the previous paragraph prevail, the capacitors can also carry significant harmonic current.  The capacitor design shall take this into account.(???? Needs beter explanation )

B.5.5.1.3 Bypass Switch

The bypass switch is exposed to the continuous, emergency, swing and fault currents specified for this mode of operation.  The switch shall be designed for these conditions.

B.5.5.1.4 Disconnect Switches

During normal conditions the expected maximum current through the series capacitors and disconnecting switches is the conductor rating.   During line outage conditions the expected maximum current through the series capacitors and disconnecting switches is the 30 minute rating.  It is unlikely that the bypass switch will experience these maximum currents because of the increase series impedance in the line when the series capacitors are bypassed.

It is recommended that the capacitor bank 30 minute rating be established as the continuous current rating for all 3 disconnect switches for the capacitor banks.

B.5.5.2 


B.6 FSC main component requirements, see Clause 9
B.6.1 Capacitor fusing and unit arrangement, see Clause 9.1
Three different types of fusing are being applied on series capacitor banks.  The following outlines these types and the associated arrangement of the capacitor units.  Refer to Figure B.7.

B.6.1.1 Externally Fused Capacitor Bank

The typical arrangement used with externally fused capacitors involves the connection of groups of fused capacitors in parallel as necessary to meet the current rating of the bank.  These groups are connected in series to realize the voltage and impedance ratings of the bank. The failure of a capacitor unit results in increased current in the external fuse and blowing of the fuse. This results in increased voltage on the parallel units. The magnitude of this voltage increase is dependent on number of units in parallel in the manufacture’s design. 

Dual element fuses consisting of two fuses in series are typically applied.  One of these fuses is a current limiting type that is used because of the high stored energy in the parallel capacitors.  The second fuse is an expulsion type which will operate for lower current conditions and provides a visible break.  The total fuse is designed to operate satisfactorily at voltages from 0.5 p.u. up to the protective level.

The capacitor units typically have one insulated terminal.

The capacitor units of each segment or sub-segment are split into two or more parallel strings to allow capacitor current unbalance detection.  The failure of a capacitor unit results in increased current in the external fuse and blowing of the fuse.  This in turn results in increased voltage on the parallel capacitor units.  For the purposes of establishing the thresholds for the capacitor unbalance protection, it is typically assumed as a worst case that additional capacitor units will fail and fuses blow in the same parallel group.  The thresholds for alarm and bypass for the capacitor current unbalance protection function are typically based on calculations of the increasing voltage across this worst capacitor group with an increasing number of blown fuses.  Typically, an alarm occurs when the unbalance current is indicative of greater than a 1.05 pu unbalance factor and bypass occurs when the unbalance current is indicative of factor of greater than a 1.1 pu.  The objective of these thresholds is to restrict the operation of the capacitors and fuses to within their tested capabilities.

B.6.1.2 Fuseless Capacitor Bank

The typical arrangement used with fuseless capacitors involves strings of series connected capacitor units. The number of units connected in series is as required to achieve the necessary voltage capability.  These strings of capacitors are connected in parallel as necessary to realize the current and impedance ratings of the bank. 

The failure of a capacitor element results in a short circuit of the associated series section of that capacitor unit. This results in an increase in current through and increased voltage on the remaining elements within that capacitor unit and the other capacitor units in the associated string. The degree of this increase is dependent on the total number of elements in series in the string. The discharge energy and current increase are both small since there are no capacitor units connected directly in parallel.  The capacitor unit with the shorted element remains in continuous operation.  Capacitor units used in fuseless applications have an all-film dielectric system. 

The capacitor units are usually designed with two insulated bushings.  

The capacitor units of each segment or sub-segment are split into two or more parallel groups of strings to allow capacitor current unbalance detection. For the purposes of establishing the thresholds for the capacitor unbalance protection, it is typically assumed as a worst case that additional capacitor elements will fail in the same string of capacitor units.  The thresholds for alarm and bypass for the capacitor current unbalance protection function are typically based on calculations of the increasing voltage across the remaining capacitor elements in the worst capacitor string with an increasing number of shorted elements.  Typically, an alarm occurs when the unbalance current is indicative of unbalance factor of 1.05 to 1.1pu or when the equivalent of more than 50 percent of the elements of a unit are shorted. Bypass typically occurs when the unbalance current is indicative of an unbalance factor greater than 1.15 to 1.2 pu or when the equivalent of all the elements of a unit have shorted.  The objective of these thresholds is to restrict the operation of the capacitors to within their tested capabilities.

B.6.1.3 Internally Fused Capacitor Bank

The typical arrangement used within an internally fused capacitor unit involves groups of fused elements connected in parallel.  These groups are then connected in series to realize the rating for the unit.  The units are connected in series and parallel as necessary to meet the overall ratings of the bank.  A number of different arrangements are possible.  

The failure of a capacitor element results in discharge current from the parallel elements through the associated internal fuse and blowing of the fuse.  This results in increased voltage on the parallel elements within the unit and a much smaller increase in the voltage across the associated unit.  The magnitudes of these voltage increases are highly dependent on number of elements in parallel in the manufacture’s design. 

Element failure is most likely to occur when the current in the bank is high.  Internal fuses are designed to operate correctly for bank currents that are greater than 0.5 pu of rated current and for voltages up to and including the protective level. 

The capacitor units may have one or two insulated bushings.

The failure of a capacitor element results in increased current in the associated internal fuse and blowing of the fuse.  This results in a important increase in the voltage across the parallel elements and a much smaller increase in the voltage across the group of capacitor units that are in parallel with the affected unit. The capacitor units of each segment or sub-segment are split into two or more parallel strings to allow capacitor current unbalance detection.  These strings are sometimes interconnected via a current transformer in a bridge arrangement.

The typical unbalance protection strategy has two parts: one for situations involving groups of capacitors and one for situations within a unit.  

Group of capacitor units: For a group of capacitor units, typically an alarm will be initiated when the unbalance current is indicative of an unbalance factor of 1.05 pu and bypass occurs when the unbalance current is indicative of a factor of greater than 1.1 pu.  The objective of these thresholds is to restrict the operation of the capacitors and fuses to within their tested capabilities.  

Within one unit: For a situation within a capacitor unit, the worst condition involves increasing numbers of shorted elements and blowing fuses in the same group of parallel elements.  In this case bypass typically occurs when the unbalance current is indicative of a unbalance factor of greater than 1.5 to 2.0 pu with an alarm initiated when the unbalance current is indicative of an unbalance factor of half of the bypass level..  The objective of these thresholds is to restrict the operation of the fuses to within their tested capabilities.  It is not expected that the affected capacitor elements will withstand these high overstresses continuously at rated current in the bank or during a 30 minute overload condition or a power system fault that results in protective level voltage.
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Figure B.7—Capacitor unit and fusing:  (a) externally-fused, (b) internally-fused, (c) fuseless

B.6.2 Varistors, see Clause 9.2
Series capacitor units are generally subjected to overvoltages during fault conditions. These overvoltages may persist until the fault is cleared by opening of the line circuit breakers to the faulted circuit element. Modern series capacitor banks use highly non-linear Metal Oxide Varistors (MOV) to limit the voltage across the series capacitor to a desired protective level. This protective level typically ranges between 2.0 and 2.5 per unit, based on the voltage drop at the rated bank current. When limiting the voltage across the series capacitor to the protective level during fault conditions, the MOV must conduct the excess fault current and thereby absorb energy. The MOV energy is limited to be within its absorption capability by bypassing the parallel capacitor/MOV combination by operation of a triggered gap or closure of the fast acting bypass switch.

From a system performance point of view, overvoltage protection bypasses the series capacitor thereby increasing the impedance of the circuit. This may, in turn, adversely impact network stability. The effect is not significant for faults internal to the line section in which the series capacitors are located, since the line section containing the series capacitor bank is, at least, temporarily removed from service to allow fault clearing. For external faults, however, the impact on system stability can be significant. Therefore, whichever type of overvoltage protection scheme is adopted, it is usually designed not to bypass the capacitor bank during external faults. For the series capacitor protective bypassing by operation of a triggered gap (MOV gap systems) or closure of a bypass switch (MOV gapless systems) is allowed for all internal system faults. Bypassing is normally not allowed for external faults. 

The MOV overvoltage protection is made from individual MOV blocks that are connected in series in order to achieve the desired protective level and in parallel in order to obtain the required energy absorption capability. The MOV blocks are assembled in columns with porcelain housings or polymer housings. To ensure proper current sharing, the MOV blocks are individually matched for each phase and are not interchangeable. Spare MOV columns are normally installed on the platform and energized with the complete MOV assembly, if required redundant MOV columns could also be included.

B.6.3 Triggered bypass gaps, see Clause 9.3
B.6.4 Thyristors and thyristor reactors, see Clause 9.4
B.6.5 Insulation and air clearances, see Clause 9.5
FSC banks for 3-phase systems are, with a few exceptions (distribution networks), built up by single-phase units. A 3-phase EHV Series Capacitor Bank consists of three single-phase units. Each single-phase unit is connected in series with the corresponding phase of the compensated 3-phase circuit. Each single-phase unit is normally erected on an individual platform. The platforms need to be insulated from ground and from each other. In addition, the SC-equipment mounted on each platform needs to be insulated from the platform. 

In summary, the following insulation systems need to be specified for a Series Capacitor: 

· Insulation between each SC-platform and ground 

· Insulation between the SC-platforms  

· Insulation on top of each SC-platform 

B.6.5.1 Insulation voltages 

Below the selection of test voltages of each of these insulation systems will be discussed. 

B.6.5.1.1 Standard values Remove Tables in section 9.5 for BIL, SIL
The insulation withstand voltages of the SC installation are typically chosen from the standard values prescribed in [B12] and [B13], or [B14] and [B15]. See Table B.3, Table B.4, and Table B.5 below. 

Standard withstand voltages are associated with “Highest Voltage for Equipment” according to Table B.3, Table B.4, and Table B.5. 

Table B.3— Standard withstand voltages for Class 1 & 2 (Vm between 15kV and 800kV)

Based on [B12] and [B13]
	Maximum System Voltage (Phase to Phase)

Vm
kV-rms
	Power Freq. Short Duration (1-10 Second) Withstand Voltage (Phase to Ground)

kV-rms
	Lightning Impulse Insulation Level (Phase to Ground)

BIL

kV-crest
	Switching Impulse Insulation Level (Phase to Ground)

BSL

kV-crest

	15
	34
	95

110
	

	26.2
	50
	150
	

	36.2
	70
	200
	

	48.3
	95
	250
	

	72.5
	95

140
	250

350
	

	121
	140

185

230
	350

450

550
	

	145
	230

275

325
	450

550

650
	

	169
	230

275

325
	550

650

750
	

	242
	275

325

360

395

480
	630

750

825

900

975

1050
	

	362
	
	900

975

1050

1175

1300
	650

750

825

900

975

1050

	550
	
	1300

1425

1550

1675

1800
	1175

1300

1425

1550

	800
	
	1800

1925

2050
	1300

1425

1550

1675

1800

	Note:  This table shows for a given maximum rated voltage several withstand voltages.  The selected voltages are based on proper insulation coordination.  


Table B.4— Standard insulation levels for range I. (Vm between 1kV and 245 kV) 

(Based on [B14])

	Maximum System Voltage (Phase to Phase)

Vm
kV-rms
	Power Freq. Short Duration (1-10 Second) Withstand Voltage (Phase to Ground)

kV-rms
	Lightning Impulse Insulation Level (Phase to Ground)

BIL

kV-crest

	3.6
	10
	20

40

	7.2
	20
	40

60

	12
	28
	60

75

95

	17.5
	38
	75

95

	24
	50
	95

125

145

	36
	70
	145

170

	52
	95
	250

	72.5
	140
	325

	123
	(185)
	450

	
	230
	550

	145
	(185)
	(450)

	
	230
	550

	
	275
	650

	170
	(230)
	(550)

	
	275
	650

	
	325
	750

	245
	(275)
	(650)

	
	325
	(750)

	
	360
	850

	
	395
	950

	
	460
	1050

	NOTE – If values in brackets are considered insufficient to prove that the required phase-to-phase withstand voltages are met, additional phase-to-phase withstand tests are needed.


Table B.5— Standard insulation levels for range II. (Um > 245 kV)

(Based on [B14])

	Maximum System Voltage (Phase to Phase)

Vm
kV-rms
	Standard Switching Impulse Withstand Voltage
	Lightning Impulse Insulation Level (Phase to Ground)

BIL

kV-crest

	
	Longitutinal Insulation 

(Note 1)

kV-crest
	Phase to Ground

kV-crest
	Phase to Phase 

(Ratio of the Phase to Ground Value)
	

	300
	750
	750
	1.50
	850

950

	
	750
	850
	1.50
	950

1050

	362
	850
	850
	1.50
	950

1050

	
	850
	950
	1.50
	1050

1175

	420
	850
	850
	1.60
	1050

1175

	
	850
	950
	1.50
	1175

1300

	
	950
	1050
	1.50
	1300

1425

	525
	950
	950
	1.70
	1175

1300

	
	950
	1050
	1.60
	1300

1425

	
	950
	1175
	1.50
	1425

1550

	765
	1175
	1300
	1.70
	1675

1800

	
	1175
	1425
	1.70
	1800

1950

	
	1175
	1550
	1.60
	1950

2100

	Note 1:  Value of the impulse component of the relevant combined test.


B.6.5.1.2 Insulation between platform and ground 

The phase-to-ground insulation for the series capacitor bank shall meet the withstand levels specified by the purchaser.  These levels should be the consistent with the standard practice for nearby substations taking into account that the voltage on the platform support insulators may be higher than the voltage at the substation. This is due to the voltage step in the voltage profile along the transmission line produced by the FSC (see Section B.1.1.1). In addition, for line located SCs, the voltage rise at the FSC location due to the voltage profile of a long transmission line must be considered. 

Listed in Table B.3, Table B.4, and Table B.5 are various possible insulation levels that are consistent with ANSI and IEC standards. The test voltages for the platform to ground insulation (phase to ground insulation) shall be selected among the standard values according to Table B.3, Table B.4, and Table B.5. 

For installations at elevations significantly above 1000 meters, an increased insulation may be required.

Note. The values specified shall apply not only to the platform-to-ground insulators, but also to other other series capacitor devices connected between phase and earth such as the line-to-ground insulator(s) of the bypass switch, the platform-to-ground communication equipment insulator(s) and the line-to-ground insulator(s) of the disconnectors. 

B.6.5.1.3 Insulation between platforms (phases) 

The test voltages for the platform to platform insulation (phase to phase insulation) shall be selected among the standard values of Table B.5.

Otherwise, applicable parts of the text of section B.6.5.1 applies to the phase to phase insulation. 

B.6.5.1.4 Insulation levels for insulators and equipment on the platform. 

B.6.5.1.4.1 General requirements 

The insulation levels for insulators and series capacitor equipment mounted on the supporting platform are in reference to the platform.  For installations at elevations above 1000 meters, higher insulation levels may be required.

It must be emphasized that the dielectric stress on the platform-mounted equipment is of power frequency nature. This applies both for sparkgap protected FSC’s and MOV protected FSC’s.

The wet withstand (VPFW) of the insulators and equipment on the platform shall be selected based on the protective level established by the protective device using the following equation.  The relationship applies to the insulation across the entire segment using the protective level for the segment. It also applies to the insulation within the segment using the prorated protective level across that part of the segment.  
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Equation 1
Where:

VPFW is the power frequency rms voltage wet withstand level

VPL is the peak voltage magnitude of the protective level

B.6.5.1.4.2 Capacitor units 

Capacitor units mounted on insulated platforms or otherwise insulated from earth shall withstand the power frequency voltage between terminals and container according to Equation 2 or Equation 3. The higher value according to equations Equation 2 or Equation 3 shall apply. 
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Equation 3 

Where: 

VN is the rated voltage of the capacitor unit 

s is the total number of capacitor units in series of the actual segment 

n is the number of capacitor units in series relative to the metal rack to which the containers are connected 

(e.g. if six units are series-connected in one rack with the center point connected to the rack, n=3) 

Note. - The equations for VPFW(n) above refer to the insulation between terminals and container of the capacitor unit. The equations do not apply for the test voltage of the capacitor dielectric for which the equations in IEEE Standard 824-2004 apply. 

B.6.5.1.4.3 Capacitor racks 

Any inter-rack insulation, e.g. support insulators between racks shall withstand the power frequency withstand voltage according to Equation 2 and Equation 3. The  higher value according to Equation 2 or Equation 3 shall apply. In this case n corresponds to the number of units which span across the insulation in question.

B.6.5.1.4.4 Support insulators and other equipment on the platform 

The insulation levels for equipment mounted on the platform shall be selected according to the procedure outlined in B.6.5.1 and applying Equation 1 or Equation 2 if not otherwise stated in the subclauses below. In this case n corresponds to the number of capacitor units, which span across the insulation in question. 

B.6.5.1.4.4.1 Bus insulators 

The insulation class of the insulators supporting the different buses on the platform shall be selected based on the above relationship. The insulator voltage class is determined by selecting an insulator with an equivalent or greater power frequency withstand voltage in accordance with Table B.4 or Table B.5. In this process the left column of the table is not used.

B.6.5.1.4.4.2 Equipment insulators 

In general, the power frequency insulation level of the equipment on the platform shall be established by Equation 1 or Equation 2 and applying the procedure described for bus insulators with some exceptions. 

B.6.5.1.4.4.3 Bypass switch 

The insulation level across the interrupter of the bypass switch shall be based on the relationships defined above.

B.6.5.1.4.4.4 Varistor 

The enclosure of the varistor shall have a power frequency wet withstand voltage based on the above equation.  It is not required that the specific level selected be a standard value from Table B.3 or Table B.4.

B.6.5.1.4.4.5 Bypass gap 

The insulators used in the bypass gap shall be based on the relationships defined above taking into account the portion of the segment voltage to which the bypass gap is exposed.  Intermediate assemblies can see high transients during the normal breakdown process and shall be designed for these conditions.  In addition, the withstand level of the power gap and any trigger circuit shall be coordinated to withstand all system disturbances without breaking over under power system conditions for which this is inappropriate.

B.6.5.1.4.4.6 Discharge current limiting equipment 

The insulators used to support the discharge current limiting circuit from the platform shall be based on the relationships defined above taking into account the portion of the segment voltage to which these insulators are exposed.  

The insulation level across the discharge current limiting circuit shall be selected based on the instantaneous voltage appearing across the circuit when the bypass gap sparks over or the bypass switch closes. The power frequency withstand of the required insulation class shall be at least 1.2/sqrt(2) times this instantaneous voltage.  The LIWL (BIL) of the circuit is then selected from Table B.3 or Table B.4.  However it must be recognized that the voltage that appears across the circuit when the bypass gap conducts or the bypass switch closes is of a much higher frequency than 50 or 60 Hz and that the duration is very brief.  At 50 or 60 Hz, the magnitude of impedance of the circuit is usually very small making it virtually impossible to perform a power frequency voltage withstand test at the selected level.  On the other hand, the circuit can be easily tested with an impulse.  As a result, the primary focus of the insulation across the circuit is its LIWL (BIL).

B.6.5.1.4.4.7 Current transformers and Optical current transducers

The insulation level of the current transformers and the optical current transducers shall be based on the relationships defined above. 

B.6.5.2 Creepage distance (leakage distance) 

The recommendations given in [B15] shall apply. The purchaser shall specify which one of the pollution levels, or specific creepage distance, shall be applicable.

In Table B.6, specific creepage distances are given for the different pollution levels according to [B15]. (For more detailed description of the pollution levels, see [B15]). The creepage distance is calculated by multiplying the general nominal specific creepage distance in the 4th column with the rated voltage across the insulation in question. The values in Table B.6, column 4 are generally applicable for any voltage, i.e phase-phase, phase-earth or any voltages within a phase segment.

If the 30 min overload current (I30) exceeds 1.35 pu, the creepage distances shall be increased linearly in proportion to (I30/1.35 pu.). 

Note. If the purchaser specifies that the platform to ground insulators should have extra creepage distance, the insulation on the platform shall have commensurate creepage distance

Table B.6— Specific creepage distances

(From [B15])

	Pollution level
	Examples of environments

(Further details in [B15]))
	Minimum nominal specific  creepage distance (mm/kV) 
	General nominal specific  creepage distance (mm/kV)

	I

Light
	No or low density of industries or houses.

Agriculture or mountain areas

Locations at least 10 to 20 km from the sea
	16
	28

	II

Medium
	Industries not producing particularly polluting smoke.

High density of houses and/or industries but subjected to frequent winds and/or rainfall

Wind from the sea but not too close to the coasts
	20
	35

	III

Heavy
	High density of industries and suburbs of large cities, producing pollution.

Areas close to the sea.
	25
	44

	IV

Very heavy
	Industrial smoke producing conductive deposits

Areas very close to the sea and exposed to sea-spray (salt)

Desert areas.
	31
	54


B.6.5.3 Air clearances 

Recommendations for selection of air clearance distance are found in [B15]. Minimum clearances have been determined for different electrode configurations. The minimum clearances specified are determined with a conservative approach, taking into account practical experience, economy, and size of practical equipment in the range below 1m clearance. These clearances are intended solely to address insulation coordination requirements. Safety requirements may result in substantially larger clearances.

Table B.7, taken from [B15], shall be used for phase-to-phase and phase-to-earth insulation for which lightning impulse withstand voltage is defined.

Table B.8 and Table B.9, taken from [B15], shall be used for phase-to-earth and phase-to-phase insulation for which switching impulse withstand voltage is defined. 

For selection of proper air clearance across insulation paths where only AC voltage withstand requirement apply, e.g. for platform mounted equipment, the recommendations in [B15], shall be used. Minimum air clearance versus AC-withstand according to  REF _Ref138441458 \h 
 shall apply if no other more detailed requirements are specified.

Table B.7— Correlation between standard lightning impulse withstand voltages and minimum air clearances.

(From [B15])

	Standard Lightning Impulse Voltage (kV-crest)
	Minimum Clearance (mm)

	
	Rod Structure
	Conductor Structure

	20
	60
	

	40
	60
	

	60
	90
	

	75
	120
	

	95
	160
	

	125
	220
	

	145
	270
	

	170
	320
	

	250
	480
	

	325
	630
	

	450
	900
	

	550
	1100
	

	650
	1300
	

	750
	1500
	

	850
	1700
	1600

	950
	1900
	1700

	1050
	2100
	1900

	1175
	2350
	2200

	1300
	2600
	2400

	1425
	2850
	2800

	1550
	3100
	2900

	1675
	3350
	3100

	1800
	3600
	3300

	1950
	3900
	3600

	2100
	4200
	3900

	NOTE:  The standard lightning impulse is applicable to phase to phase and phase to earth.

For phase to earth, the minimum clearance for conductor-structure and rod-structure is applicable.

For phase to phase, the minimum clearance for rod structure is applicable.


Table B.8— Correlation between standard switching impulse withstand voltages and minimum phase-to-earth air clearances

(From [B15])

	Standard Switching Impulse Voltage (kV-crest)
	Minimum Clearance (mm)

	
	Conductor Structure
	Rod Structure

	750
	1600
	1900

	850
	1800
	2400

	950
	2200
	2900

	1050
	2600
	3400

	1175
	3100
	4100

	1300
	3600
	4800

	1425
	4200
	5600

	1550
	4900
	6400


Table B.9— Correlation between standard switching impulse withstand voltages and minimum phase-to-phase air clearances

(From [B15])

	Standard switching impulse withstand voltage

(kV-crest)
	Minimum phase-to-phase clearance

(mm)

	Phase-to-earth

kV
	Phase-to-phase value
	Phase-to-phase

kV
	Conductor-conductor parallel
	Rod-conductor

	
	Phase-to-earth value
	
	
	

	750
	1.5
	1125
	2300
	2600

	850
	1.5
	1275
	2600
	3100

	850
	1.6
	1360
	2900
	3400

	950
	1.5
	1425
	3100
	3600

	950
	1.7
	1615
	3700
	4300

	1050
	1.5
	1575
	3600
	4200

	1050
	1.6
	1680
	3900
	4600

	1175
	1.5
	1763
	4200
	5000

	1300
	1.7
	2210
	6100
	7400

	1425
	1.7
	2423
	7200
	9000

	1550
	1.6
	2480
	7600
	9400



The relationship between AC withstand voltage (VPFW, in kVRMS) and minimum air clearances (dAIR, in mm) is summarized by Equation 4 below (based on assuming AC withstand RMS voltage is 90%/sqrt[2] of the 50% breakdown peak voltage and solving Equation G.1 of [B15] for d):
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Equation 4
For VPFW less than 300kVRMS, Equation 5 below can be used (linear approximation of Equation 4 valid for this voltage range):
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Equation 5
Equation 4 and Equation 5 can be used for air clearances on the series capacitor platform, but it is not generally applicable for verification of all other air clearances in the substation.
B.6.6 Discharge current limiting and damping equipment, see Clause 9.6
B.6.7 Bypass switches, see Clause 9.7
B.6.7.1 Transient recovery voltage (TRV) of bypass switch during bank insertion

Since the operating mechanism of a bypass switch is reversed as compared to a line breaker, in most cases (e.g. switches with a spring mechanical storage mechanism will charge the closing spring when opening) the speed of separating contacts during switch opening is slower than the speed of converging contacts during switch closing.  Because of this, their TRV “envelope”, or the capability of separating contacts not to restrike after load-current break (note that bypass switches are not required to break fault currents—nor is it desirous that they be designed to do so), is not as good (in terms of time, but not maximum voltage) as their line breaker counterparts.

Bypass switches should be able to break a specific line current (known as “insertion current”) and not restrike in the process.  Since a bypass switch, by opening, inserts the FSC bank, the TRV is well-controlled by both the parallel capacitor (dV/dt) as well as the MOV (peak kV).  Rudimentary TRV studies can be performed, however a quick analysis may be sufficient to determine whether a given set of TRV type tests are acceptable to show the bypass switch is capable of being applied in a specific FSC bank.

Recovery voltage across an opening bypass switch can be estimated using the following information:

· VTT peak voltage at which TRV type testing was performed

· tTT time to maximum voltage VTT when type testing was performed

· C bank capacitance

· f system power frequency

· AP peak insertion current

· VMOV peak voltage of MOV assembly at AP current through it

Given the type test pair of values (VTT and tTT), we can conservatively estimate the TRV “envelope”, VTE(t), with Equation 6:
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Equation 6
The TRV can be estimated first by assuming there is no MOV using Equation 7:
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Equation 7
If V(tMAX) is equal to or less than VTT, and tMAX is equal to or greater than tTT, then there is no reason to evaluate further—the type test comfortably establishes the capability of the given switch in the application.  If, however V(tMAX) is greater than VTT, or tMAX is less than tTT, then further analysis is required, taking into account the MOV.  (Note that this assumes that VMOV is less than V(tMAX).  If it is greater, then chances are that new type tests need to be performed, or a different design bypass switch with a greater TRV capability needs to be used in this application.)

The simplest way to model the MOV in this situation is to assume that the MOV does not conduct when V(t) is less than VMOV, and is conducting all of the insertion current at a constant VMOV when conducting that current through the capacitor would have taken the bank voltage above VMOV.

Since VMOV is less than VTT (by our earlier assumption), we need to find at which time recovery voltage exceeds the TRV “envelope”, or when it hits VMOV, which ever occurs first.

Using Equation 8 below, we can find at what time the TRV “envelope” exceeds VMOV:
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Equation 8
Using Equation 7 below, we can find the time at which MOV conduction occurs:
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Equation 9
If tENV is equal to or less than tMOV, then the TRV type test is acceptable, and the bypass switch, as designed, can be applied to the FSC bank from the perspective of TRV.

As an example, consider the following bypass switch in relation to its application:

· VTT 
305kV-crest

· tTT  
6.3ms

· C 
78.2F

· f 
60Hz

· AP
7637A-crest

· VMOV
300kV-crest at 7637A-crest

At tMAX = 8.3ms, V(tMAX) = 518kVp (Equation 7), which is greater than VTT.  The TRV “envelope” exceeds VMOV at tENV = 6.2ms (Equation 8).  The MOV is in conduction at tMOV = 4.6ms (Equation 9).  Since tENV is greater than tMOV, then this bypass switch should be reconsidered.  Some options to consider at this point:

· Lower insertion current (AP) rating.  In this example, lowering AP from 7637A-crest to around 5100A-crest will lower VMOV a little, which will lower tENV.  It will also raise tMOV to above 6.2ms.

· Lower VMOV.  In this example, lowering VMOV from 300kV-crest to 140kV-crest lowers both tENV and tMOV to about 2.9ms.

· Retest same design of bypass switch at a higher VTT and/or smaller tTT.

· Use alternate bypass switch design with a larger, more capable interrupting chamber that has been tested at a higher VTT and/or smaller tTT.

· Perform some more involved TRV simulations using actual system data to see if insertion transient is not as arduous (from the perspective of bypass switch TRV) as this conservative assessment shows it to be.

Figure B.10 below shows graphically the example above.

Figure B.10—Example TRV Assessment of Bypass Switch
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B.6.8 External bypass disconnect switches, see Clause 9.8
B.6.9 Protection, control, and monitoring, see Clause 9.9
B.6.10 Steel platforms, support structures, seismic design requirements, see Clause 9.10
B.7 Spare parts and special tools, see Clause 10
B.8 Engineering studies, see Clause 11
Care should be taken when writing this section to coordinate it with the scope split Section 5.1 so as to ensure no contradictions or confusion.  Clause 11 is written in a checkbox format, for the user to select the text most consistent with their goals and plans for the project and modify it as necessary.  Typical requirements are shown.  

In the case where the user wishes the series capacitor supplier to perform any or all of these studies, care should also be taken in specifying the time to complete these studies, as the studies do affect one another.  For example, the swing current, SSR, and TRV studies all have the potential to limit the range of the MOV protective level as well as drive requirements for a gapped versus a gapless solution, and these kinds of questions must be answered before the MOV duty study is even started.  Also, it is imperative that if the supplier is to perform any of these studies, the power system information required to do these studies needs to be received very early—within a few days or a couple of weeks of the award of the project—and the information must be final and not change during the study work, in order for this work to be completed in a timely manner and not significantly delay the project.  Further, when the supplier performs these studies it requires the user to review and approve the study results and conclusions, and until those approvals are received the supplier often cannot continue with design work.
B.8.1  Power system analysis, MOV requirements

The series capacitor MOV design drives requirements for every other piece of equipment on the bank, and it also has effects on system dynamic stability analysis (see Section 11.1.2), line breaker TRV (see Section 11.1.3), SSR transient torque studies (see Section 11.1.4), and sometimes the line protection relaying coordination studies (see section 11.1.5).  For example, the line breaker TRV study may conclude that protective level must be limited to some maximum peak voltage value in order to mitigate the effect of the trapped charge of the bank on nearby opening line breakers, and at the same time the dynamic stability analysis may require the protective level to be at some minimum value to avoid excessive MOV conduction during swing currents.  These sorts of interactions can (but do not necessarily) serve to bracket the allowable MOV protective level range, and should be investigated before the MOV requirements study is started.  Note also that knowing this range ahead of time allows the user to properly fill in Section 8.1.
A MOV duty study generally consists of two steps.  The first step is to investigate and pinpoint the worst-case external fault duty in terms of peak MOV current, peak or RMS line current, and/or maximum MOV energy absorbed.  The MOV’s are generally required to “ride through” a series of faults external to the line (faults that are isolated without deenergizing the line the series capacitor bank is compensating) without being bypassed by a TAG or bypass switch.  The user should carefully define these faults based on line protection schemes, and take into account—for the different kinds of faults (single-phase and multi-phase faults)—how long it takes for the line protection and breakers to isolate these faults, how quickly the attempted reclosure into the same fault could occur before lockout, and how many of these fault sequences the bank must “ride through” without bypassing in a short period of time (in less than about 60 seconds).

After the highest magnitude MOV peak currents, line peak or RMS currents, and/or MOV energy absorption values are found for external fault duty, to these values a threshold margin is added (5% to 20% is a typical range for this margin), and bypass thresholds are derived such that the bank can monitor any or all of these values to discern between an external fault that must be “ridden through” and an internal fault or an excessive external fault where bank bypass is allowed.  Note that in the case of primary protection failure (e.g. stuck breaker), backup protection will deenergize a larger part of the system that might include the line being compensated, and in this case the fault now becomes internal and bypass would be allowable.

With these thresholds, the second part of the duty study would investigate both close-in and remote internal faults, simulating the bank MOV and bypass system (TAG and/or bypass switch) waiting for one or more of the thresholds to be exceeded and then bypassing after some bypass delay time dependent on the bypass technology being simulated.  From this part of the study is derived the maximum expected MOV peak current during any fault and the maximum expected MOV energy absorption for any fault.  The MOV coordinating current (peak current through the MOV at protective level voltage) must be equal to or greater than the maximum expected MOV peak current, and the energy rating of the MOV must be equal to or greater than the maximum expected MOV energy absorption.
In general, higher MOV protective levels make the MOV less-sensitive to external faults (though this is not necessarily true of shorter lines and systems with strong short circuit strengths) and allow for lower bypass thresholds and fewer MJ of energy required, especially for banks with fast bypass devices such as triggered air gaps or thyristors.  For slower bypass devices such as bypass switches, lower protective levels generally produce smaller energy absorptions for close-in internal faults.  Giving the bidders a wide range of protective levels and the ability to bid either gapless or gapped banks will enable them to optimize their bid based on their technology strengths.

In order to easily compare bids, it is often useful for the user to perform these studies ahead of time and provide the results to all bidders, requiring all bidders to bid to a specific protective level voltage and MOV energy rating and to specify gapped or gapless bypass designs.  This makes apples-to-apples comparisons fairly easy, but the tradeoff is that the bidders are not allowed to optimize the MOV and bypass technology design based on their strengths, for example one bidder may have a TAG that bypasses faster than others and another bidder may have a bypass switch that closes faster than others.

An alternative is to provide all bidders with a power system equivalent, a range of acceptable protective levels (based on other system analysis, as stated before), a choice to use any bypass device technology they deem optimum for the situation, and to have all of the bidders perform a preliminary study as a part of the proposal process.  While this generally will produce the optimized bid for each bidder, evaluating the studies will be difficult, because you will end up with very different answers from all of the bidders.

Another alternative is to perform these studies ahead of time and require all bidders to bid to a specific protective level and energy rating to make the comparisons easy, and at the same time provide the bidders with the power system equivalent and other information so that they can perform their own study and suggest how they would optimize the design based on the strengths of their technologies.  In this case, they would bid according to what is specified, but also show a price deduct for their optimized solution.  This kind of approach yields the best of both worlds, but also requires the most work on the user’s part.

When providing a system equivalent for bidders that will enable them to perform their own studies as a part of the proposal, a series of benchmark faults at each of the buses (SLGF as well as 3-phase faults are typical benchmarks) that give both current magnitude and impedance angle for a given source voltage magnitude is suggested in order to ensure all bidders are able to build a reliable and consistent model.  Most short circuit programs fail to take into account the action of the MOV, so it is generally better to benchmark an equivalent system with all banks bypassed rather than inserted.  Part of the bidder’s study would be to make sure their fault levels are consistent with the benchmarks.  
System equivalents should take into account future system growth, as much as is known, or if not known the source equivalent impedances could be reduced by some margin to account for unexpected future additions that would increase short-circuit strength at a given bus.
B.8.2  System dynamic stability analysis, swing currents
The primary purpose of a dynamic stability analysis is to ensure that the level of series compensation is sufficient to provide system stability (voltage and frequency) at the desired power flow.  This kind of study should have been completed, along with power flow analysis, before the level of compensation was selected and the results of these studies form the basis for how many Ohms and Amperes the series capacitor bank is required to have.

In addition to this, the results of such a study would produce a worst-case swing current through the series capacitor bank.  The plot of this current (ARMS as a function of time, over a 1 to 10 second swing period) will allow the series capacitor bank supplier to ensure that the bank can “ride through” the swing without bypassing and without any equipment damage.  The largest swing currents typically occur when there is a fault on an adjacent line and that line is deenergized.  The bank that will see the swing will first experience an external fault (see notes in previous section) and then a swing transient immediately following.  If the MOV conducts significantly during this swing transient, bypass thresholds could be exceeded and the bank will bypass, and bypassing during the swing is perhaps the worst time for a bank to bypass, from the standpoint of system dynamic stability.

The user should provide to bidders either a current plot from this study that represents the worst-case system swing or provide some other information such as maximum Amperes for a given duration in order to ensure the bidders can design the bank to accommodate this swing.
B.8.3  Line breaker transient recovery voltage (TRV) studies

In some internal faults, the series capacitor bank may “ride through” the fault and not bypass.  As the line breakers open, typically at zero-current crossing, to isolate the fault the series capacitor bank will retain a trapped DC charge at about 80-90% of protective level voltage.  This trapped charge can offset the TRV envelope of the opening line breakers and increase the likelihood of restriking across the breaker contacts.
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Figure B.12— Effect of Series Capacitors on Line Breaker TRV 
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In the above example, a series capacitor bank with a protective level of 0.66 p.u. of line-to-ground voltage leaves a residual trapped charge of 0.56 p.u. (blue line), or 85% of protective level, and the TRV of the line breaker on that phase is offset to 2.88 p.u. (red line) whereas for the same fault in the uncompensated case the maximum recovery voltage is only 1.92 p.u. (green line).
A TRV study that investigates several kinds of faults and different fault locations under different system configurations should be done with the series capacitor properly modeled.  In cases where the series capacitor cause the TRV of the line breakers to exceed the capability envelope given by the line breaker manufacturer, several options are available to the user to mitigate this effect of series capacitors, the user may find one or more of these options appropriate:

1. If the line breakers are not yet specified and purchased, specify and purchase a line breaker that can handle the extra TRV required.  For example, specify and purchase a 500kV line breaker for a 345kV system and derate the line breaker for the application on the nameplate.

2. Limit the maximum protective level voltage across the series capacitor bank in order to reduce the trapped charge across the bank and the offset of the TRV transient.  Note that this should be coordinated with any minimum protective level voltage required to “ride through” maximum swing currents as described in the previous section.

3. Bypass and discharge the series capacitor bank before the line breakers open in order to remove this trapped charge.  In a gapless configuration, this would entail sending a signal to the bypass switch to close and at the same time delaying the opening of the line breakers to give the bank time to discharge.  In a gapped configuration, firing the TAG from a ground signal could discharge the bank before the line breakers open without requiring the line breaker opening to be delayed.  
In the gapped case, it should be noted that TAG’s generally require a minimum bank voltage in order to be triggered, unlike bypass switches that mechanically connect the circuit and can bypass the bank at zero voltage.  If the user elects to specify a ground-fired TAG as a mitigation of line breaker TRV, they should specify a minimum voltage above which the TAG will reliably fire when the ground signal is present.  A typical value for this minimum voltage is 80% of protective level voltage, however this value should be derived from simulation.
It is best for the user to perform the line breaker TRV studies before writing the specification, because the conclusions from this study will affect bank design.  A TRV study completed after the award of the project may place new design limitations on the bank that were not there at the proposal stage, and the impacts of a TRV study during the project can include a design change, additional unanticipated project costs, and delay of the project schedule. 
B.8.4 Subsynchronous resonance (SSR) screening studies
See Annex C for a technical introduction to the SSR phenomena.  It is best for these screening studies, and if necessary the follow-up transient torque studies as well, to be performed before the series capacitor specification is written.  Certain high-level design constraints can be affected by SSR studies, including:
1. Limitations or reductions in level of compensation (lower bank Ohms).

2. Requirements to break the bank into multiple segments and guidance on how to operate the bank based on different system configurations and loading, or “system topology.”

3. Limitations on the maximum MOV protective level voltage.
4. Making a portion of the bank into a thyristor controlled series capacitor (TCSC), or a passive SSR filter, or leaving room on the platform and/or in the substation for a future TCSC or filter upgrade.
Specification of TCSC or passive SSR filter banks is outside of the scope of this guide.  Refer to IEEE 1534 for guidance on the application of TCSC banks.
B.8.5 Line protection relaying coordination studies

During a fault, series capacitors operate in a capacitive region for a portion of every half cycle, and then in a resistive region for the remainder of the half cycle.  The bank might also bypass during the fault, causing the net system impedance to change even more.  Distance relaying that attempts to locate the fault based on apparent fault impedance (R + jX) can be fooled by the series capacitor bank and even open the wrong line breakers if the relay is not programmed correctly.  This is particularly an issue when series capacitor banks are introduced into an existing line that is using older line protection relays.

More modern relays are programmable to deal with the presence of series capacitors, and differential protection is generally unaffected by series capacitors.  In any case, an evaluation of existing line protection should be performed to see if the introduction of series capacitors to the line will have an effect on its operation.  In the case of new lines and/or new line protection relays, the line protection generally falls outside of the scope of the series capacitor project, and either the user or the line protection relay supplier will perform the relay coordination study.

To perform a relay coordination study, information on bank design is required, including:  MOV Volt-Ampere (VI) curve, bypass thresholds, capacitor capacitance, discharge reactor inductance, and bypass delay times.  This study can generally be completed after the series capacitor bank project is awarded but before the new line protection relays are selected or the existing relays are reprogrammed.  The information required to perform this study is from the final bank design, so it is generally impractical to perform such a study earlier than during the series capacitor project.
B.8.6 Insulation coordination study, line-to-ground

This study should generally be completed before the specification is written, because the conclusions from it drive the selection of platform support insulation, bypass switch support column insulation, external disconnect switch support insulation, yard bus support insulation, and minimum phase-to-ground and phase-to-phase electrical clearances.

An alternate approach is to pick insulation levels and clearances that have been derived for a nearby substation/line of the same voltage class, and to perform this study during the project to verify the selected insulation levels.  Caution should be used when taking this approach, however, because it will generally delay the order of support insulators until the study is complete and approved, and it could also delay the structural design of the bank (see Section 11.2.5) because insulation levels will affect the minimum length of structural support insulation.
B.8.7 Equipment design studies
These studies are performed by the series capacitor supplier, and in general equipment orders cannot be placed until these studies are completed and approved.  These studies focus on the equipment design and ensure that, as-designed, the equipment meets or exceeds all of the requirements placed upon them.
B.9 Tests and quality assurance, see Clause 1
B.9.1 Overall Goals of a Project Testing Program

A project testing program should remain focused to (a) ensure the goals of testing are accomplished, and (b) avoid “testing for the sake of testing.”  Here are some things to consider when writing a testing section to the FSC specification, as well as when considering testing programs as proposed by equipment/system manufacturers.

The overall goals of a testing programs are to (a) develop confidence in the design, application, quality, and coordination of individual components, and (b) develop the understanding of both operators and maintenance personnel with respect to FSC equipment.

B.9.1.1 Type/Design (Pre-Production) Testing

The goal of type testing (also called design testing) of equipment components is to ensure that the equipment, as designed, will survive the application.  To establish a well-founded confidence in the equipment design, a prototype pre-production unit or assembly or prorated sub-assembly is constructed and subjected to stresses (voltage, energy, current, etc.) that are consistent with stresses as predicted by an analysis of the application.

Because type testing can be very time-consuming and expensive, and because it must be finished before the final design is completed and production of equipment can commence, it is important to give proper consideration of reports of type-tests previously performed on similar equipment before requiring tests to be re-performed.

B.9.1.2 Routine (Production) Testing

The goal of routine testing (testing performed as a part of equipment production) is to ensure that each component produced and placed in service meets the quality standards.  While some routine testing is deliberately stressful on components (e.g. DC tests on capacitor terminals, energy-absorption on MOV disks), it is not the task of production testing to prove equipment design.  Routine testing can be thought of as a “filter” that should catch substandard units and prevent them from being shipped to the field.  There is a tradeoff between aggressive (high-stress) testing that takes life out of equipment (fatigue life expenditure) and conservative (low-stress) testing that may allow too many lower-quality components to get to the field.

B.9.1.3 Factory and/or On-Site Testing of Protection and Control Systems

The goal of P&C functional testing in the factory, and/or at site, is to ensure these systems operate as designed.  The focus of this testing should be functionality.

B.9.1.4 Pre-Commissioning Site Testing

The goal of pre-commissioning preparation and pre-energization site testing is to ensure all equipment has been properly connected and that energization will not cause damage to any equipment.

B.9.1.5 Special Testing

Special testing, such as staged fault testing, should be directed at checking the accuracy of DFR equipment and overall coordination of P&C systems.

B.10 Safety, see Clause 14
B.11 Documentation, see Clause 15
B.12 Training, see Clause 16
B.13 
B.14 
B.15 
Annex C 
(informative)
Subsynchronous resonance risk on turbine generators

Application of series capacitors in long electric power transmission lines is a cost-effective method to increase power transfer. However, use of series capacitors has sometimes been limited because of the concerns for subsynchronous resonance (SSR), a detrimental interaction between series capacitors and nearby turbine-generators.  With today’s understanding of the SSR phenomenon and proven methods for SSR mitigation and protection, series capacitors can be applied while effectively managing the risks associated with SSR.

C.1 Subsynchronous Resonance  (SSR)

Subsynchronous resonance is an interaction between series capacitors and the torsional natural frequencies of turbine-generator rotors.  In 1937, Concordia reported the potential for adverse interactions between a series capacitor and a turbine-generators [B2], but such interactions never materialized until 1970 when the first known SSR event occurred at the Mohave plant [B3].

Figure C.1 illustrates the elements of the interaction, using the Mohave generating station as an example.  The series compensated transmission lines have line inductance, resistance and series capacitance which result in electrical resonant frequencies (fe) below the fundamental power frequency.  (In North America, the fundamental power frequency is 60 Hz.  This is also called the synchronous frequency.  Resonant frequencies below the fundamental frequency are called subsynchronous.)  Turbine-generators have rotating shaft systems comprised of large inertial masses that are interconnected with shafts that act as springs. These large masses and shafts create torsional resonant frequencies, fm, some of which are also subsynchronous.  If the transmission line resonant frequency, fe, is close to the complementary mechanical system frequency (60-fm) of the generating machine, then the two oscillatory systems can interact with each other.  In some operating conditions, the interaction can result in damaging shaft torques on a turbine-generator shaft.  This interaction is called SSR, and it occurs because of the interchange of energy between the series capacitors on the transmission lines and the mass-spring system of the turbine-generator shaft.  This interchange occurs at the subsynchronous resonance frequency by modulating the 60 Hz wave form.  The SSR phenomenon actually occurred at the Mohave generating plant in southern Nevada, USA, resulting in shaft failures in 1970 and 1971.
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Figure C.1—Interaction between electrical transmission resonant frequency (fe) and the turbine-generator mechanical resonant system (60-fm).

C.2 Interaction Between Electrical and Mechanical Resonant Systems

A series compensated transmission line in a simple electrical power system as shown in Figure C.3, has line reactance (X line), transformer reactance (Xt) and the machine dynamic reactance (Xm).  Generally, the series compensation reactance (Xc) in the line is maintained between 25 to 75 percent.  The ratio of the capacitive reactance to the total line, machine and transformer reactance is expected to be between 15 to 50 percent.  The electrical resonant frequency for a simple transmission system can be calculated as sqrt(Xc/(Xline+Xt+Xm))x60 Hz.  The natural electrical frequency (fe), in this case, would be between 23.2 Hz for 15 percent total reactance to 42.5 Hz for 50 percent total reactance.  The complementary mechanical frequencies for this range of natural electrical frequencies will be 17.5 Hz to 36.8 Hz.  If there are multiple series compensated transmission lines in proximity to the generators, they will create additional electrical resonant frequencies.  Also, higher the compensation in the lines raises the electrical resonant frequencies and lowers the complementary mechanical frequencies.  Nearby uncompensated transmission lines can also change the electrical resonant frequencies. 
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Figure C.3—Simple series-compensated transmission system

For typical large nuclear or fossil-fueled steam turbine-generators, there are four to eight large masses with interconnecting shafts.  Such machines are likely to have 3 to 6 natural torsional frequencies below 60 Hz.  The mechanical frequencies may range from 7 Hz to 50 Hz.  Thus there are multiple electrical frequencies and mechanical frequencies that may interact with each other depending on the system configuration.

In general, lower torsional frequencies are more likely to interact with the electrical transmission system than higher torsional frequencies.  This is due to the mode shapes and torsional interaction factors that result from the inherent geometry and physical nature of the shaft system.  In view of this consideration, SSR problems are more likely to occur with high levels of series compensation.  Conversely, the SSR problem may be avoided by keeping the series compensation levels low.

Mechanical damping for torsional vibrations is always positive but small.  It is mainly due to friction, wind losses, and steam flow (or gas flow) around the rotor.  It is minimum when a turbine-generator is at no-load, and increases with the load.  Measured no-load damping for steam turbine-generator torsional modes is typically in the range of 0.02 to 0.05/sec.  It is very small due to small amount of steam flowing in the turbine at no-load.  The full-load damping is around 0.2/sec or more.  No-load damping is significantly higher for a gas turbine-generator because the coaxial compressor operating at the rated speed is a significant shaft-load (typically 20 to 25 % of rated generator output).  There is significant gas flow (or airflow) in both the turbine and compressor stages even at no-load.  Measurement on a particular gas turbine-generator yielded no-load damping of 0.1/sec, and estimated full load damping is 0.3/sec.

Shaft torques due to SSR are caused by two types of interaction mechanisms; SSR instability and SSR transient torque amplification.

C.3 SSR Instability

Series capacitor compensation has a tendency to act as a negative damping on torsional vibrations of nearby turbine generator units.  When this negative damping effect overcomes the inherent mechanical damping of one of the shaft torsional vibration modes, the vibration will grow exponentially and lead to damage on a shaft.  Generally, such growth in shaft torsional vibrations occurs with a long time constant on the order of many seconds.  This negative damping effect was the cause of the Mohave shaft failures.  Torsional interaction with the negative damping effect becomes unstable and excessive if the electrical and torsional resonance frequencies nearly coincide as fundamental frequency (50/60 Hz) complements and if the inherent mechanical damping is lower than the negative damping effect of series capacitor.  

Figure C.5 shows the growth of torques from an EMTP simulation of a SSR instability event.  The shaft torque on the critical shaft (generator-exciter) reaches about .08 per unit in 1.6 seconds. For this shaft, the endurance torque level where significant fatigue life expenditure starts to occur is about 0.36 per unit.  The slow growth of torques in this case enables adequate time to trip a transmission line, bypass series capacitors, or trip the turbine-generator to prevent damage to the shaft.  This type of SSR instability phenomenon resulted in shaft failure on the Mohave turbine-generators in the early 1970’s.
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Figure C.5—SSR Instability showing shaft torques on generator-exciter Shaft.

EMTP simulation of a critically tuned system.

C.4 Transient Torque Amplification

Series capacitors also have a tendency to amplify the shaft stress during major network transient events over above the stress level that would exist without the series capacitors.  The transient torque on the turbine-generator shaft should be evaluated as well as the resulting loss of life of the shaft due to the cumulative fatigue.  The critical measure of the transient torque is the magnitude of the shaft vibration excited during each network transient event typically lasting on the order of one second.  Figure 3 shows an example of SSR transient torque amplification where the resulting shaft torques are higher with 70% series compensation than with 60%. The electrical torque and HP-IP shaft torque are shown.  Transient torque amplification becomes important only when the generator becomes nearly radial on lines that are heavily compensated with series capacitors.

Although there is no record of severe damage due to transient torque amplification, the anticipation of this problem has led to a number of system design and operating criteria to limit the exposure of a turbine-generator to radial feed configurations through highly compensated lines after a system fault clearance.  A solution is to limit the voltage across the series capacitor with metal-oxide varistors or protective gaps and hence to reduce the transient energy involved in the transient torque amplification.  An alternative solution is to block the SSR current from flowing into a generator.

A similar type of shaft torque amplification can occur with automatic high speed reclosing of transmission lines.  Reclosing (particularly when the fault still exists) can result in a second electrical torque stimulus to the shaft system, that dependent upon timing, can increase the torsional oscillations which have not decayed sufficiently from the first fault clearing.  While indiscriminant three-phase reclosing would be the worst reclosing practice, single-pole reclosing can also provide extra torsional stimulus.

Figure C.7 shows the growth of transient torques from a simulation of a system event. The system is excited by a low impedance line fault on a series compensated transmission line, which is cleared in about five cycles. The torques, in this case, grow very rapidly to over 3.0 per unit in less than 0.6 seconds.  In fact they approach critical levels in less than 100 milliseconds.  This rate of growth requires a very fast acting SSR mitigation system to prevent damage to the shafts. 
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Figure C.7—Subsynchronous Resonance Transient Torque Amplification

C.5 SSR Mitigation and Protection

Numerous methods for mitigating SSR have been developed and implemented.  The type of mitigation selected for a particular application depends on the severity of the SSR, the performance required, and economics.  System studies are performed to quantify the level of SSR and to develop appropriate mitigation and protection schemes for a given application [B4].

Table C.1 lists selected sites of SSR mitigation and protection scheme installations.

At the Navajo power plant of the Salt River Project, passive SSR blocking filters were installed to block the currents at SSR frequencies flowing through the generator step-up transformer neutral connections to ground [B5] [B6].  Also supplemental excitation damping controls (SEDCs) were installed to provide damping at the SSR frequencies [B6].  The Navajo units have been able to tolerate higher level of series compensation without risking an SSR problem since 1976.  They are protected with redundant torsional relays against SSR conditions and possibly other potentially damaging operating conditions.  Presently, the rotating exciters on the units are being replaced with bus-fed excitation systems, and the SSR mitigation and protection schemes are being upgraded. 

At Jim Bridger power plant, the series capacitors in three lines are segmented into two stages, and the compensation level is changed according to the load level of both the lines and the generators. This switched capacitor section scheme together with SEDCs for SSR damping has performed very well since 1979 [B7].  The Jim Bridger units are protected with redundant torsional relays. 

At Slatt in Northern Oregon, USA, site tests demonstrated that a well-designed TCSC control could eliminate SSR affecting the Boardman generating plant [B8].

At many other sites, the level of series compensation was carefully selected such that no SSR mitigation was needed.  In these cases, torsional relay protection was all that was needed.

Table C.1—Examples of SSR Solutions

	Generating Plant
	Units x MVA
	Line kV
	% Comp
	SSR Mitigation and Protection

	Mohave
	2 x 909
	500
	70 > 26
	Reduced compensation

Torsional relays

	Navajo
	3 x 892
	500
	70
	SSR blocking filter

SEDC

Redundant torsional relays 

	Jim Bridger
	4 x 590
	345
	45
	Load-switched series capacitor

SEDC

Redundant torsional relays

	Colstrip
	2 x 377

2 x 819
	500
	35
	Torsional relays

	Wyodak
	1 x 402
	230
	50
	Torsional relays

	Boardman
	1 x 590
	500
	29
	TCSC

Torsional relay

	San Juan
	2 x 410

2 x 617
	345
	30-34
	Torsional relay

Dynamic stabilizer (no longer needed after the 1990s)

	La Palma
	1 x 192
	345
	50
	Switched series capacitor segments via SSR current monitoring


C.6 SSR Protection

A torsional relay is designed to continuously monitor the turbine-generator’s shaft for torsional oscillations, and provide trip output contacts when shaft fatigue reaches predetermined levels.  Relays were first developed in the 1970’s, and have continuously evolved and improved since then.

A torsional relay can be configured to protect a single turbine-generator with multiple torsional modes, or it can be configured to protect multiple turbine-generator units (eg., in multi-shaft combined cycle plants).  A torsional relay typically monitors shaft speed at one or two locations, and filters the signals to isolate individual torsional modes.  For each mode, an amplitude-versus-time trip curve is used to trip the unit or a line that isolates the affected turbine-generator from the source of torsional stimulus.

Torsional relays are the most wide-used technique for addressing risks due to SSR.  For most systems, SSR risk is low during normal operation or low-level contingency situations (i.e., N-1 or N-2 line outages).  SSR risk typically becomes significant during rare multiple-outage contingencies, where continued operation is not critical to the overall power grid.  For these applications, torsional relays are used to detect conditions with excessive torsional stress and trip the turbine-generators if necessary.

C.7 Conclusions:

Series capacitors can significantly increase the power transfer capability of ac transmission systems.  However, in some applications, series capacitors may introduce detrimental side effects, including SSR and transient torque amplification.

Several proven methods exist for mitigating the effects of SSR, including:

· SSR blocking filters

· Supplemental exciter damping controls (SEDC)

· Thyristor-controlled series capacitor (TCSC)

· Dynamic stabilizer at generator

· Switching of series capacitor segments

· Limiting the total amount of compensation to a tolerable level

In addition, torsional relays are used to protect turbine-generators from damage in the event that mitigations fail or unanticipated system events occur.

Power system engineers have designed, installed, and safely operated numerous series-compensated transmission systems.  For some systems, the best SSR mitigation schemes have been relatively simple (e.g., limiting maximum compensation to avoid SSR).  In other systems, a combination of SSR mitigation measures was implemented to enable secure operation at higher compensation levels (e.g., blocking filter + SEDC + torsional relays).

Selection of the best mitigation scheme for given transmission system depends on many factors, including:

· Value of power transfer

· Cost of SSR mitigation equipment

· Operational constraints imposed by SSR mitigation

· Cost of alternatives to series compensation (e.g., additional transmission line)

System studies performed early in the evolution of a transmission system can lead to a design with the best overall balance of performance, reliability, and cost.

Annex D 
(informative)
Effects of series capacitors on line breaker TRV

During fault current interruption on a line with series capacitors, a breaker will often experience a substantial increase in transient recovery voltage (TRV).  This is particularly true for modern series capacitor installations that employ metal-oxide varistors (MOV) for capacitor overvoltage protection.  The effect of the MOV is to keep the series capacitor in the circuit for the duration of the fault, unlike the older sparkover gap protection that would normally bypass a series capacitor early in the fault. 

Upon fault current interruption, the line voltage rings down to zero and the bus side rises to approximately prefault level, with both voltages overshooting their final value.  With modern series capacitors, current interruption leaves a trapped charge on the bank approximately equal to the MOV clipping level.  This trapped charge adds substantial voltage to the breaker TRV.  The high TRV can exceed the capabilities of an older breaker or even a new breaker with standard ratings. 

Series capacitors between the breaker and the fault increase the breaker TRV by the full level of the trapped charge, whereas on the source side of the breaker, other uncompensated lines will attenuate the trapped charge effect.  If the MOV is protected by a triggered gap, then the high-TRV faults would be at locations that do not cause the gap to fire.  Series capacitors also compensate part of the fault impedance and cause an increase in the fault current.  The higher TRVs and fault current are largest for multi-phase faults.      

One of the simplest methods to decrease the TRV is to apply arresters on the line side of the breaker, thereby limiting the line voltage to the arrester clipping level.  Under certain configurations it may also be necessary to have an arrester on the bus side of the breaker.  Unfortunately, even with arresters, the resulting TRV can exceed the breaker standards and require a special purpose breaker.  Although seldom employed, opening resistors or arresters across the breaker contacts will control the TRV to acceptable levels.  For systems with series capacitors, detailed transient analysis is required to determine breaker requirements.

Annex E 
Annex F 
(informative)
Power system modeling for use in FSC equipment rating studies

F.1 Defining a Power System Equivalent Circuit and Associated Fault Currents for Use in Defining the Fault Withstand Requirements of Series Capacitor Protective Devices.

As noted in Annex B.5.2.5, it is recommended that the purchaser perform studies to define the varistor requirements for the specification.  However it is useful to include in the specification, an equivalent circuit for the power system from which the supplier may perform confirming studies or the bidder may ascertain the fault current requirements of the bypass path.

F.1.1 Equivalent circuit

The minimum extent of the power system would include the lines to be compensated and equivalent impedances at the line terminals. It is preferable to include at least one line segment between the actual compensated line and the source impedance(s). It is also preferable to include transfer impedances representing the underlying network. A one-line diagram should be provided.  The transmission line data should include the positive and zero sequence series impedances and shunt capacitances.  This applies if the lines are transposed.  If the lines are not transposed, a parameter matrix is required.  Data on line shunt reactors must be provided.  At the terminals of the lines, the equivalent positive and zero sequence impedances must be provided.  The data can be provided in written form but a data file in the EMTP/ATP format is preferred.

F.1.2 Fault currents

The definition of fault currents for series capacitor bank specification is problematic.  The fault current that affects a series capacitor bank is only the component of current through the bank and not the total fault current.  In addition, the impedance of the bank to through fault currents is multi-faceted.  The bank may be bypassed with the bypass switch or with the bypass gap.  In this mode the bank is usually a very low inductive reactance and the current can be determined.  If the bank is inserted it is possible to calculate a very high fault current through the bank if the fault is assumed to be located on the power system where the inductive reactance of the power system is canceled by the capacitive reactance of the bank. Such a condition is only theoretical since with an actual bank the high current would result in high voltage across the bank protective device and the conduction of that device.  This conduction fundamentally changes the apparent impedance of the bank and the calculated very high current does not occur. If the protective device includes a varistor, the only way to determine the current through an inserted bank is to use a program like EMTP/ATP. See Annex F for a further discussion of Fault currents in connection with series capacitors. 

It is recommended that the specification should include the equivalent circuit and associated impedances as discussed above.  The specification can also include calculated fault current through the bank for the bypassed condition (inductive supply network).  The results of linear calculations with the bank inserted should not be included in a specification as these results are meaningless unless the fault current is less than two times the rated current of the bank.

F.2 Discussion of system studies for determining the ratings for varistors and thyristor valves

F.2.1 General

As Section 10 indicates a varistor is provided in most modern series capacitor design to control the voltage across the capacitor units to within the tested capability of the capacitor.  In doing this the varistor is exposed, during faults, to significant duties which could affect the survivability of the device.  Computer simulations are required to accurately identify these duties and properly size the varistor.  These simulations include assumptions regarding the type, location and duration of a fault(s) and following faults the temporary (system swings and 30-min. ratings) and the continuous voltage stresses that are present.  The duties which the varistor are exposed to during faults can be controlled by bypassing the varistor through the use of a triggered gap, bypass breaker or thyristors.  In some cases such as a fault external to the line section being compensated, bypassing may not be allowed.  If bypassing is not allowed or delayed either intentionally or due to the operating time of the bypass device, the varistor must be sized to withstand this duty and be thermally stable for other stresses following this duty. 

F.2.2 Bypassing

As indicated above, varistor sizing must account for the time to bypass and the duty cycle that the bank is expected to withstand.  The following provides typical values which have been assumed:  Bypass breaker 50-70 msec, Triggered gap 4 msec and thyristor bypassing in 1msec.  In must be recognized that the above times to bypass only apply after the protective threshold has been exceeded.  Typically with varistor current being monitored the threshold will be associated with varistor current magnitude, accumulated energy based on monitored current and assumed protective level and/or rate of rise of current.

F.2.3 Modeling

Varistor sizing studies also require that a number of assumptions must be made about the power system, the possible series cap future modifications, and the criteria for bank bypassing and lock out. These assumptions are described below.

System Configuration – Must be based on the generation, transformation and line additions expected during the life of the project.

Series Capacitor Ratings – Must account for the initial and ultimate continuous current rating, 30-min overload rating, and expected protective level (pu).  Although there are other considerations, which must be addressed by and coordinated with the manufacturer, typically the protective level is 0.5 pu above the 10-sec system swing.

Other Banks   All other series capacitors banks in the vicinity must also be modeled as is or with their final characteristics to determine the greatest varistor duty.

F.2.4 External Fault Criteria

This criteria has been used to define the system configurations and types of faults which the series capacitor will be required to "ride through" without bypassing. These faults are external to the line containing the series capacitor and determine the minimum possible MOV energy requirements and bypass current and energy threshold levels. The following items summarize this criteria.

1. One piece of equipment or one transmission line could be out of service prior to a fault.

2. Single phase or multi phase faults are used at any external location.

3. The maximum normal breaker clearing time is four cycles and the minimum is two cycles. This allows a maximum of two cycles of "stagger" between line ends in clearing a fault

4. A Breaker failure condition is used only for single phase faults. The clearing time for breaker failure is 12 cycles from the time of fault.

5. The maximum MOV energy and current for any fault case are found with any pre fault loading level up to the 30 minute rating.

F.2.5 Internal Fault Criteria

This criteria has also been used to determine the MOV energy requirements for faults internal to the line containing the series capacitor bank. The purpose of this criteria is to insure that the bank has adequate MOV energy capability to handle the worst case internal fault event prior to a bypass operation. The following items summarize this criteria.

1. Any system configuration is allowed.

2. Any type of fault at any location is allowed for internal faults, including closing into the fault manually, or reclosing automatically (SL G faults).

3. The maximum normal breaker clearing time is four cycles and the minimum is two cycles, allowing a maximum of two cycles of "stagger" between line ends in clearing a fault.

4. Reclosing is done only for single phase faults.

5. Single phase and three phase breaker failures are allowed with a clearing time of 12 cycles from initiation of the fault.

6. MOV protection will be from a triggered gap or bypass breaker. The control system bypass thresholds will be set at 120% of both the peak MOV current and highest MOV energy from all external faults consistent with the criteria above.

7. The bank bypassing delay times after crossing MOV current or energy thresholds will be assumed to be the following: triggered gap: 3 ms, bypass breaker: 4 cycles

F.2.6 Discussion

From past experience, the most economical series capacitor bank next to a strong bus will use a triggered gap to protect the varistor.  Recently some designs have significantly reduced the varistor size by using a thyristor as a bypass device.  Gapless design, near a strong bus, typically require a significantly larger varistor, to survive a 3-ph internal fault with breaker bypass protection.  Gapless designs may be economical for mid-line applications.

Annex G 
Annex H 
(informative)
Fault current discussion

In this Annex we will discuss some important aspects regarding fault currents in Series Compensated networks. We will also discuss how modeling of the Series Capacitor will affect the result of a fault current calculation. The following aspects will be discussed: 

· Waveforms and analytical expressions of fault currents in inductive (non-series-compensated) and series compensated networks. 

· Modelling of Series Capacitors in traditional short circuit calculations 

· Modelling of Series Capacitors in transient short circuit calculations 

· Definiton of Total Fault Current and Through Fault Current (Partial Fault Current). 

H.1 Waveforms and analytical expressions of fault currents in inductive and series compensated networks 

Transmission lines are inherently inductive. In a network without series capacitors, fault currents are inductive in character and the line current always lags the voltage by some angle. 

With the series compensation of the transmission lines, capacitive elements are introduced and the resulting network is no longer only inductive under all fault conditions. The degree of this change depends on the line and network parameters, the extent of series compensation, the type of fault, and the fault location.

We will use the reduced and simplified network shown in Figure F.1 to illustrate above. 
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Figure F.1——Simplified representation of a fault in a series compensated network

Here C = Xc / (, R = RSL + d×Rl, and L = LSL + d×Ll. As usual, 

Xc  [(] is the reactance of the series capacitor, 

( is the angular frequency of the source EMFs, 

RSL  [(] is the resistance of the source, 

Rl  [(] is the resistance of the power transmission line, 

LSL  [H] is the inductance of the source, 

Ll  [H] is the inductance of the power line, 

d [-] is the relative distance from the relay point to the fault location F. 

We assume that the fault occurs at t = 0 and that ( is the fault inception angle. 
Equation 10 defines the source EMF:
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Equation 10
Equation 11 gives the voltage relations for the non-series-compensated line:
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Equation 11
Equation 12 defines the fault current if (t) for the non-series-compensated line:
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Equation 12
Here ifs(t) [A] is the steady-state part of the fault current and ift(t) [A] is the transient part. Equation 13, Equation 14, and Equation 15 define the steady-state part of the fault current:
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Equation 13
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Equation 15
Equation 16 and Equation 17 define the transient part of the fault current:
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Equation 16
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Equation 17
Here It=0 is the current through the inductance at t = 0

The fault current for a fault in a non-series-compensated network consists of a steady-state part and a transient part. The transient part consists of a damped DC-current. The latter dies out with a time-constant equal to L/R. 

Figure F.3shows a typical waveform of a fault current in a non-series-compensated network The fault inception angle has been varied in order to obtain maximum value of the transient fault-current. 
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Figure F.3—Maximum transient fault-current in a non-series-compensated (inductive) network 

Equation 18 defines the voltage loop for the series compensated line:
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Equation 18
Equation 19 defines the fault current if (t) in the series compensated line:
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Equation 19
Here ifs (t) [A] is the steady-state part and ift (t) [A] is the transient part of the fault current. Equation 20, Equation 21, and Equation 22 define the steady-state part of the fault current:
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Equation 20
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Equation 21
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Equation 22
Equation 23, Equation 24, and Equation 25 define the transient part of the fault current:
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Equation 23
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Equation 24
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Equation 25 

Here It=0 is the current through the inductance at t = 0, and Vt=0 is the voltage across the capacitor at t = 0. Equation 26 and Equation 27 define the parameters ( and (:
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Equation 27
The fault current for a fault in a series compensated network consists of a steady-state part and a transient part. The transient part consists of a damped oscillation. The latter has an angular frequency ( and dies out with a time-constant of 1/(. This oscillating transient part corresponds to the DC transient part in a non-compensated network. The short-circuit current has a slow increase dependent on the degree of compensation. A particularly characteristic feature is the delayed beginning of the oscillations and the overshooting beyond the steady-state value after a few cycles.

Figure F.5 shows a typical waveform of a fault current in a series-compensated network. The fault inception angle has been varied in order to obtain maximum value of the transient fault-current. 
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Figure F.5—Maximum transient fault-current in a series-compensated network. Ideal series capacitor without MOV overvoltage protection. 

The waveform in Figure F.5 is applicable for faults remote from the SC for which the protective level voltage of the overvoltage protection device will not be reached. For close-in faults, the high fault current will produce a high voltage across the series capacitor which will cause the overvoltage protection device to operate. Figure F.7 shows the waveform of the fault-current if the SC is equipped with a MOV overvoltage protection device. The fault inception angle has been varied in order to obtain maximum value of the transient fault-current.

Note that the transient part of the fault current is heavily damped by the MOV. The result is that the asymmetry in the fault-current is very small and steady state condition is reached after only 1-2 cycles. 

[image: image41.wmf](file damptot_ep_125.pl4; x-var t)  

c:A     -B     

0.00

0.04

0.08

0.12

0.16

0.20

[s]

-100

-75

-50

-25

0

25

50

75

100

[kA]

Fault-current, series compensated network. Series capacitor with MOV overvoltage protection.


Figure F.7— Maximum transient fault-current in a series-compensated network. Series capacitor equipped with MOV overvoltage protection.

Note. If the SC is equipped with a bypass gap, the SC will be short-circuited when the bypass gap operates. This will immediately transform the fault circuit from an R-L-C-circuit to an R-L-circuit. 

H.2 Modeling of series capacitors in traditional short circuit calculations. 

Use of traditional software for ordinary short-circuit calculations (like PSS/E) will give false results when applied to a series compensated network. Depending upon the fault location, fault currents which are 2-5 times too large may result. The reason is, that the series capacitors are represented as ideal capacitors during the fault calculation and no regard is taken to the overvoltage protection of the series capacitor. 

To overcome this, a software for ordinary short-circuit current calculations should be complemented with e.g. a linear MOV model [B1] for approximate calculation of fault currents in a series compensated network. Spark gaps may be represented by current-controlled switches. 

H.3 Modeling of series capacitors in transient short circuit calculations. 

The only way to calculate the actual fault current and the partial fault-currents when the SC is operated in the inserted mode with the varistor conducting, is to use an electromagnetic transient computer software like EMTP/ATP. The SC must be modeled together with the MOV and the bypass gap if applicable. The current limiting damping equipment shall also be included in the model. The MOV overload relay protection and spark gap relay protection should be modeled in TACS (EMTP/ATP). 

Note. It should be observed, that care must be exercised when the partial fault-current through the current limiting damping reactor is going to be calculated when the SC is in the bypassed mode. If Series Capacitors are installed in the adjacent lines, the partial fault current through the current limiting damping reactor will not be inductive. Hence, the calculation of the partial fault-current also in the bypassed mode has to be performed by EMTP/ATP. The SCs in the adjacent lines must be modeled together with their MOVs and the bypass gaps if applicable.

H.4 Definition of Total Fault Current and Through Fault Current (Partial Fault Current) 

The fault current which affects the SC is only the component of the fault current that flows through the SC bank and not the total fault current. See Figure F.9 below. The component of the the fault current which flows through the SC bank is called “through fault current” or “partial fault current” (I1 or I2). The total fault current is denoted If . See also Figure F.5. 
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Figure F.9—Definition of “through fault current” ( I1 & I2 ) and “total fault current” ( If ). 

For convenience, some useful definitions related to classical (inductive) fault currents 
(short-circuit currents) are included below. Reference is made to the attached Figure F.11 and Figure G.1. Some of these definitions might also be applied to “capacitive” fault currents. 

A. Fault current : over-current resulting from a short circuit in an electric system 

B. Symmetrical fault current: r.m.s. value of the a.c. symmetrical component of a fault current , the aperiodic component of current, if any, being neglected. 

C. Decaying (aperiodic) component i d.c.  of short circuit current: mean value between the top and the bottom envelope of a short circuit current decaying from an initial value to zero according to Figure F.11. 

D: Peak fault current I p : maximum possible instantaneous value of the fault current (see Figure F.11) 

NOTE. The magnitude of the peak fault current varies in accordance with the moment at which the short circuit occurs. 

E. Steady state fault current Ik : r.m.svalue of the fault current which remains after the decay of the transient phenomena (see Figure F.11).

Remark. Definitions A, B, D and E may be applied also for fault currents supplied by series compensated networks. 
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Figure F.11—Short-circuit current of a far-from-generator short circuit with constant a.c. component (schematic diagram)
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Annex I Figure G.1—Characterization of short circuits and their currents
(informative)
Discussion of swing current

During and following disconnection of a power system fault, the synchronous machines of the power system will start to oscillate (swing) against each other with a low frequency; usually around 0.5 - 2 Hz. These oscillations, which are called electromechanical oscillations,  will cause oscillatory currents and voltages to appear in the power system. The Series Capacitor current associated with the oscillating synchronous machines is called the swing current. The low frequency oscillation is superimposed upon the fundamental frequency current, i.e. the line current is amplitude modulated by the low frequency oscillation. The swing current produces a swing voltage across the fixed series capacitor (FSC) of the power system. 

Definition:  The swing current of a FSC is the greatest value of the oscillatory portion of the FSC current during the transient period following a large disturbance. The swing current is measured in A rms and is characterized by a specified frequency and decay time-constant. 

Note: Oscillations of this type should be based on power swings of the system generating units in response to the most severe contingency that the system is designed to withstand. Power swings including swing currents are calculated by means of conventional stability computer software. The output currents of a conventional stability computer program will be in direct, quadrature, and zero-sequence components in ARMS or kARMS. A typical SC swing current following a fault and clearing of a parallel line is depicted in Figure G.3 below: 

 Figure G.3— Typical current time profile of an SC bank following a fault and clearing of a parallel line. The fault current is not shown.
Stresses on a FSC caused by a swing current 

The swing current will stress the FSC components in different ways depending on the type of FSC bypass system and the FSC operation state. The FSC bank shall be designed to withstand the associated stresses. 

Typical range of a SC swing current is 1.7 – 2.5 p.u. of the rated SC current. The most common value is 1.7-2.0 p.u. The typical duration of the SC swing current ranges from 1s to 10s. 

Gap-protected banks 

External faults: The bank is normally bypassed for external faults. The bank shall be designed to reinsert against the swing current after disconnection of the fault.

Remark: If the bank is not bypassed for an external fault, the bank shall be designed to withstand the stresses caused by the swing current. 

Internal faults: The bank is bypassed for internal faults. The bank shall be designed to reinsert against the swing current after disconnection of the fault and rapid autoreclosing of the line. If the line is manually reclosed, the bank shall be designed to reinsert against the actual line current, which is normally much smaller compared to the swing current. 3 

MOV-protected banks 

External faults: The bank is normally not bypassed for external faults. The bank shall be designed to withstand the stresses caused by the fault and the subsequent swing current.
 

Remark: If the bank is bypassed for an external fault, the bank shall be designed to reinsert against the swing current after disconnection of the fault. 

Internal faults: The bank is normally bypassed for internal faults. The bank shall be designed to reinsert against the swing current after disconnection of the fault and rapid autoreclosing of the line. The MOV energy associated with the reinsertion transient shall be taken into account in the MOV design. If the line is manually reclosed, the bank shall be designed to reinsert against the actual line current, which is normally much smaller compared to the swing current.4 







� IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-1331,USA.


� The numbers in brackets correspond to those in the bibliography in � REF _Ref137977678 \r \h ��Annex A�.


� The Protective Level Voltage (UPL) of the capacitor shall be selected high enough in order that the FSC can be reinserted against the swing current without spark over of the protective gap due to the appearing SC reinsertion voltage. If two or more FSC segments are reinserted, due regard shall be taken to the DC-component in FSC reinsertion voltage. This would normally result in a very high value of UPL , unless some kind of FSC reinsertion voltage limitation is employed.


� We can distinguish between two cases depending upon the selection of the Protective Level Voltage (UPL) of the MOV. 


UPL is slightly above (say 10 %) the swing voltage or lower than the swing voltage. The reason for this selection of UPL could be mitigation of transient torque stresses on T-G shafts due to SSR. In this case the MOV shall be designed for the extensive energy injection during the swing in addition to the energy injection caused by the initial power system fault. This would normally result in a very large energy rating of the varistor. This case is very rare. 


UPL is selected to be 15 – 20 % above the maximum swing voltage. This is the normal case. After having been exposed to the energy injection during the power system fault, and the corresponding temperature increase, the varistor shall be thermally stable against the swing voltage caused by the power system swing. The swing voltage will appear as an overload voltage stress on the varistor for the specified duration of the swing voltage.
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