
REYROLLE PROTECTION

POWER SYSTEM PROTECTION COURSE


© 2000 VA TECH Reyrolle Ltd

The Copyright and other intellectual property rights in this document and in any model or article produced form it (and including any Registered or unregistered design rights) are the property of VA TECH Reyrolle Ltd.  Neither this document nor any part of it shall be reproduced or modified or stored in another form, in any data retrieval system without the permission of Reyrolle Limited., nor shall any model or article be reproduced from this document unless Reyrolle Limited consent.


VA TECH Reyrolle Automation, Control & Protection

Reyrolle Protection

PO Box 8, Hebburn, Tyne & Wear, NE31 1TZ

Telephone: (0) 191 401 1111. Fax: (0) 191 401 5575

E:mail: marketing.acp@vatechuk.com

Busbar Protection

31.
INTRODUCTION

1.1.
Busbar Arrangements
3
1.2.
Busbar Protection
3
2.
CAUSE OF BUSBAR FAULTS
4
3.
THE CLEARANCE OF BUSBAR FAULTS BY NON-UNIT PROTECTION
4
3.1.
Blocked Overcurrent Schemes
5
4.
UNIT BUSBAR PROTECTION
6
5.
BUSBAR PROTECTION FOR METAL CLAD DISTRIBUTION SWITCHGEAR
6
5.1.
Frame Earth Systems
6
5.2.
Arc Detection Protection – Reyrolle Beta 1
7
6.
CIRCULATING CURRENT PROTECTION
9
6.1.
Connections for Circulating Current Busbar Protection
9
6.1.1.
Single Busbar Arrangement
9
6.1.2.
Double Busbar Arrangement
9
6.1.3.
Protection for Phase and Earth Faults in a 3-Phase System
11
6.2.
Application of Circulating Current Relays to Busbar Protection
11
7.
HIGH IMPEDANCE CIRCULATING CURRENT SCHEMES
11
8.
LOW IMPEDANCE CIRCULATING CURRENT SCHEMES
12
8.1.
Reyrolle Monobias (Now Obsolete)
12
8.2.
Reyrolle Beta 4 – Numeric Protection
13
8.2.1.
Principle of Operation
13
8.2.2.
Differential Elements
16
8.2.3.
CT Saturation Detection Element
17
8.2.4.
CT Matching Ratio
19
8.2.5.
Busbars Coupled
19
8.2.6.
Continuous Monitoring
19
9.
CURRENT TRANSFORMER LOCATION
19
10.
COMPARISON OF METHODS
21
11.
CIRCUIT BREAKER FAIL PROTECTION
21
11.1.
Principle of Operation
21
11.2.
Precautions Against Mal-operation
22
11.3.
Current Check Relay Settings
22
11.4.
Time Delay Settings
23
12.
List of Diagrams Attached
24


1. INTRODUCTION

1.1 Busbar Arrangements

Figure 1.1 illustrates typical busbar arrangements in use.

Single Busbar

Most commonly used for HV/MV substations. This arrangement has little security against busbar faults, little switching flexibility and involves fairly extensive outages for busbar and busbar disconnector maintenance.

Double Busbar

Used at large substations where security of supply is important. This arrangement is particularly suitable for highly interconnected power networks in which switching flexibility is important and multiple supply routes are available. The double busbar arrangement can be used for splitting networks which are only connected in emergency cases. Circuits are lost during circuit breaker and instrument/protection transformer maintenance.

Double Busbar with By-pass

When a by-pass facility is added to the double busbar arrangement permanent interconnection of the circuit can be maintained during most maintenance work. It may also be possible to use the by-pass connection after a failure but with a possibility of coincidental failure during maintenance.

Mesh

Mesh arrangements are particularly suited to applications where maximum security against busbar faults and minimum outage for maintenance is required. Equipment in the ring connections of the mesh must be capable of carrying the maximum load current that may occur due to any switching contingency. Mesh arrangements are not readily extensible.

1.1. Busbar Protection

Busbar protection is provided at all major high voltage busbar type stations, and at some lower voltage stations.

At busbar stations the switchgear is stressed, at times of fault, to levels higher than occur elsewhere on the system.  This is due to the number of connected circuits feeding the fault and possibly a contribution from local generation. The application of high speed protection to clear busbar faults will limit any fault damage and may indeed be essential to maintain system stability.

A substation may comprise several busbars with several circuits connected to each busbar. On occurrence of a busbar fault it is important for as much of the network as possible to remain in service, correct discrimination should be provided to ensure that the minimum number of circuit breakers are operated to clear infeeds to the faulted busbar.

On occurrence of a fault external to the busbars it is essential that the busbar protection remains stable thereby ensuring no unnecessary system disruption.

2. CAUSE OF BUSBAR FAULTS

Busbar faults can be divided into six broad categories.

Faults due to environment (flashover due to lighting, pollution, windborne material etc.).

Faults due to design failure or mechanical or electrical failure of component parts (e.g. moist condition air in Air-Blast-CBs).

Faults caused by switching errors involving the interruption of load current by operating of isolations designed for off load operation (e.g. opening non - interlocked reserve bar isolators with bus coupler open).

Faults due to circuit breakers being closed on to maintenance earths.

Faults due to incorrect or accidental application of portable earths.

Faults due to contact by cranes, ladders, tools etc.

3. THE CLEARANCE OF BUSBAR FAULTS BY NON-UNIT PROTECTION

Circuits connected to busbar stations may be equipped with protections at the remote ends which can provide a degree of protection to busbars at the local end, see figure 3.

A distance protection will typically have its zone 1 set to 80% of the feeder length and its zone 2 set to 120% of the feeder length. The zone 2 of a remote end relay, which is time delayed, will include the local end busbars within its zone of protection.

Remote end over current and earth fault relays will operate for local end busbar faults the grading margins between protections will however result in long fault clearance times and no discrimination.

Not all circuits connected to busbars are equipped with protections as above. In some instances the protection operating characteristics may not be suitable to provide busbar back up protection. Current infeed from generator circuits for example is subject to a 

rapid decrement, suitable settings for overcurrent relays on these circuits may be difficult to obtain.

At the substation itself back up overcurrent and earth fault protection cannot be relied upon to be discriminative during a busbar fault, causing unnecessary splitting of the system which may leave some sections with insufficient generation to meet the load, leading to widespread load shedding or voltage reduction.

Where permitted by the substation configuration, some improvement in the security of supplies can be achieved by designing the protection to trip in stages. As a first step, relays on the Bus Sections and Bus Couplers operate so as to split the busbars into sections, each with its own infeed. On the infeeding circuits, overcurrent relays which are still operated after a time delay of, say, 0.4 s provide second stage tripping for those infeeds still carrying fault current.

Reliance on back up protection to clear busbar faults is nowadays confined to radial systems at the lower distribution voltages of 11kV and 6.6kV where the economics are such that even the simplest forms of dedicated busbar protection can rarely be justified

3.1 Blocked Overcurrent Schemes

Modern numerical overcurrent relays with multiple operating characteristics, for example an RPL Argus overcurrent and earth fault relay, can provide much improved busbar protection performance

Figure 3.1.1 illustrates a radial substation in which each circuit is equipped with an Argus relay. Operation of any outgoing protection relay indicates a fault on that circuit and a contact operated from an instantaneous overcurrent element of that relay sends a blocking signal to inhibit operation of suitably time delayed protection elements on the incomers. The time delay applied to the incomer protections can be much shorter than with non-blocked overcurrent grading times with a consequent improvement in fault clearance time and discrimination.

Fig. 3.1.2 shows that the basic logic described above can be applied to substations in which power can flow in both directions. Here, directional overcurrent relays are fitted to the incomers and bus sections – since fault current can flow in both directions through these circuits.

Many circuit arrangements are possible, typically users tailor the basic schemes to fit specific requirements e.g. block signal switching is incorporated for double busbar substations or CB fail logic may be included in the scheme.

4. UNIT BUSBAR PROTECTION

It is apparent that non - unit types of protection such as over current, earth fault and distance cannot perform adequately for busbar faults on a large interconnected systems where high speed fault clearance e.g. 80ms is required.  Consequently, unit forms have been developed to ensure short clearance times and correct discrimination for such faults. 

The main requirements of unit protection when fitted to protect busbars are that it must:

· Have a short operating time in order to minimise damage to the switchgear and to assist system stability.

· Be certain to operate on internal faults. Busbar faults are rare, especially so for indoor metal clad equipment. Only by careful design and regular comprehensive routine testing of the busbar protection can the desired reliability be achieved.

· Remain stable during all external faults.  Since many more faults occur externally to busbars than internally, busbar protection is called upon to stabilise many more times than to operate.

· Discriminate correctly i.e. ensure that only those circuit breakers are opened which are essential to clearing the fault from the system.

· Be immune from mal-operation. Since busbar protection has to trip a large number of circuits, it is important that it does not do so when there is not an actual fault on the busbar. The equipment and circuitry should be as far as possible immune to the effect of faults in wiring, auxiliary switches and human errors.
5. BUSBAR PROTECTION FOR METAL CLAD DISTRIBUTION SWITCHGEAR

5.1 Frame Earth Systems

A very simple form of busbar earth fault protection can be achieved by lightly insulating the switchgear metal framework and enclosures from earth e.g. with a minimum of 10 Ohm resistance. The framework is then connected to earth at one point only and a current transformer fitted over this connection.  A typical physical arrangement is shown in figure 5.1. It is seen that there are two earth bars, which run the length of the switchboard.  One is called the switchgear bonding bar and interconnects each cubicle or framework.  Where the circuit breakers are withdrawable, e.g. truck type switchgear, the moving portion must also have a heavy current earth connection to the bonding bar to provide a path for any earth fault occurring within the circuit breaker itself.  The second earth bar, known as the cable sheath earth bar, is lightly insulated from the switchgear cubicle or framework and provides a direct earth connection for those cable sheaths which require to be earthed. All cables with an earthed sheath, require an insulated cable gland to ensure that current from an earth fault within the switchboard can only flow to earth via the switchgear bonding bar i.e. through the frame earth fault current transformer. For cable faults, any current returning down the sheath flows directly to earth and not via the current transformer.

Care is taken to ensure that the switchgear framework has no other earth connection than that through the current transformer.

The bonding bar, earth bar, the interconnection between them and all the bonding connections referred to above, must be adequate to carry the rated short time current of the switchgear for the specified duration, which is usually three seconds.

Relay R1 fed from this CT would detect any fault any fault to the metal work of the switchgear. The relay could then operate a multi contact dc repeat relay to trip all the circuit breakers connected to the faulted busbar.

Breaks must be made in any ventilating pipes or earthed conduits carrying secondary wiring, and both main and auxiliary cables must have insulated glands.

The elementary scheme of busbar protection suffers from the disadvantage that it may operate for spurious currents through the frame earth CT which, for example, could be produced by insulation faults on secondary circuit wiring on the switchgear. Also, inadvertent operation of relay R1 by, say, a mechanical blow would cause all circuit breakers to trip. This limitation can be overcome by fitting an additional check relay.  The check relay may be connected to a CT in a local transformer neutral or a balance CT embracing the incoming cable.

More complex busbar arrangements are found in practice and discrimination is achieved by insulating the bus section switch from one or both of the adjoining sections of switchgear. Each section of busbar is then provided with an independent protection system.

5.2 Arc Detection Protection – Reyrolle Beta 1

When a phase-to-phase or phase-to-earth fault occurs a current arc is developed at the point of fault. Detection of light emitted from this arc is the basis of arc detection systems. A light sensor is mounted within each switchgear enclosure. As a check function, the current infeed to the busbar is monitored so that tripping of circuits only results if arc detection is co-incident with an overcurrent condition, see fig. 5.2.1.

The system comprises arc monitors connected to a master unit via slave units. The master unit contains the overcurrent detector and tripping logic, see fig. 5.2.4.

Fig. 5.2.9 shows the system applied to a single busbar switchgear installation.

Arc detectors are mounted in each switchgear chamber and connected by twisted pair cabling to the local slave unit. A maximum of 10 arc detectors can be connected to a slave unit, where there is also the capacity to connect a portable arc sensor and temperature monitoring sensor.

Beta 1 – Master Unit (Fig. 5.2.4)

The master unit is available in two versions, a standard and a selective variant. The selective version is used where discrimination is required between sectionalised busbars.

The unit includes the MMI, trip and alarm outputs, power supply input and serial comms to the slave units.

Beta 1 – Slave Unit (Fig. 5.2.5)

The slave units derive their power from the master unit and have connection points for up to 10 arc sensors, one portable arc sensor and one temperature sensor.


Beta 1 – Arc Sensor (Fig. 5.2.6)
Arc sensors are mounted in each switchgear chamber. The position of the sensor within the switchgear chamber is not critical as sensitivity is substantially linear in the forward direction and the sensor will detect reflected arc light.

When the Beta 1 is applied to a sectionalised busbar system as shown in fig. 5.2.11 master units would be installed on each circuit breaker which can feed fault current i.e. the incomers and bus section. A selective master unit is installed on the bus section as this can supply fault current in both directions. 

Arc detectors are connected via slave units to the master units located on the incomer CBs.

On occurrence of a fault the relevant arc detector signals to the incomer master unit which passes this signal to all other connected master units i.e. the master unit on the bus section. Now, because the bus section master unit is selective it does not pass the arc signal to the master unit on the other incomer. Therefore one incomer and the section master unit have received an arc signal, each of these units will issue a trip output if they also detect an overcurrent condition.

6 CIRCULATING CURRENT PROTECTION

6.1 Connections for Circulating Current Busbar Protection

6.1.1 Single Busbar Arrangement

A simple form of unit busbar protection is achieved by comparing the currents entering the busbar with those leaving, the busbar being healthy if they are equal, and faulty if they differ by more than a set amount.

Considering a single phase system for simplicity, the CTs are connected in parallel with the relay R. The CTs for this protection are shown fitted on the feeder side of the circuit breakers so that the protected zone includes all circuit breakers as well as the busbars

Application of the circulation current principle to busbar protection is shown in figure 6.1.1 for a busbar with four circuits connected. For normal load conditions or for a fault external to the busbar, the CT secondary currents would be as shown in the diagram. If the CTs transformed without error, their secondary currents would sum in both magnitude and phase angle so that no current would flow through the relay branch of the CT secondary circuits. However, since no two CTs perform absolutely alike a suitable current setting must be applied to the relay to ensure no mal-operation occurs, this condition must remain satisfied up to the largest values of through current that can flow into any fault just beyond the protected zone.

On occurrence of  a fault within the protected zone i.e. a busbar fault, the relay receives the sum of the CT secondary currents and must be designed to operate rapidly for this value of current.  If no infeed to the fault existed at one end, then the relay current would be lower and this must also positively operate the relay down to the lowest value of fault current likely to exist on the primary system, this is during minimum plant conditions.

6.1.2 Double Busbar Arrangement
Where circuits may be switched to different busbars as is the case with double busbar substations, each section of busbar is provided with a separate circulating current system.

Since any circuit may be transferred from one bar to the other by isolator switches, the isolators must also carry auxiliary contacts to transfer the current transformers between zones, see fig 6.2.1a.

If feeder A were selected to the reserve busbar, then the auxiliary switch operated by the selector would close, so connecting its discriminating CT to reserve zone 1.  If feeder B were selected to the main busbar, then the reserve zone 1 would have only two CTs connected to it, namely feeder A and bus coupler (b). Main zone 2 would have only two CTs selected to it, namely feeder B and bus section.

Any inadvertent interruption of a CT secondary circuit up to the paralleling interconnections will cause an unbalance in the system, equivalent to the load being carried by the relevant primary circuit. This unbalance may be below the effective setting but cannot be ignored, since it is likely to lead to instability under any through fault condition.

Because of its relative complexity and the presence of moving parts the most likely point for CT wiring problems to occur is with the selection circuitry. Figure 6.1.2b shows that a check zone system of circulating current protection can be applied to a double busbar installation. In order to make one of the two lines of defence immune to defects which might arise in auxiliary switches, none are connected in the check system, which therefore covers the whole substation and does not discriminate between busbar sections. Thus the check system has only the feeder CTs permanently connected to it The check zone is connected to CTs on the outgoing circuits only i.e. not Bus Section or Bus Coupler circuits. The check zone therefore is a single overall zone which operates when the currents entering and leaving the substation do not match. 

The CB tripping circuit, or the individual trip relay, must also be switched to the appropriate zone, see fig. 6.1.2c. Further busbar selector auxiliary switches are required in these circuits to ensure that only the circuits selected to a particular zone are tripped from that zone.

The check relay contact is connected in the common negative lead of the individual tripping relays, whilst the discriminating relay contacts are in the positive lead. This ensures that no tripping would occur if a positive supply were inadvertently applied to the wiring of any trip relay, as for example, at point P on feeder A.

The above switching operations should be performed by ‘early make’ and ‘late break’ auxiliary switches on the busbar isolators, this ensures that when the isolators are closing, the auxiliary switches make before the main contacts of the isolator, and that when the isolators are opened, their main contacts part before the auxiliary switches open. The secondary circuits of the two zones concerned are briefly paralleled while the circuit is being transferred, the two zones have been joined through the circuit isolators during the transfer operation.

In the double busbar arrangement shown, the reserve busbar is fitted with disconnectors, but no circuit breaker. Therefore, if the former is closed, their associated auxiliary switches join the buswires of the reserve zones together, and under these circumstances a fault on the reserve busbar would require all circuits selected to it to trip.

6.1.3 Protection for Phase and Earth Faults in a 3-Phase System
The principles of such a current balance system can provide phase and earth fault protection for three phase systems. In effect, three separate systems, each covering one phase is installed. Each phase system is joined together at the star point of each set of CTs to reduce external cabling. On occurrence of say a blue to yellow busbar fault, both blue and yellow relays will operate. In the event of a blue phase to earth fault then only the blue element will operate.

6.2 Application of Circulating Current Relays to Busbar Protection

It is not practical to consider the connection of a plain overcurrent only relay element into the circuits above:

I. If the current element is high speed it may operate for out of balance CT secondary currents during external faults e.g. if one set of CTs saturate. The CT most likely to saturate is the one located in the faulted circuit since the busbar protection CT in that circuit carries the highest current to the fault. Note that the fault current may also include a dc offset component.

The relay may be time delayed to overcome the effects of CT saturation, however, the resultant total fault clearance time of the protection system may be above acceptable limits.

Different methods are used to overcome the effect of CT saturation during external fault conditions, these methods are broadly categorised as either low impedance or high impedance protection systems.

II. The circuits – where the CTs are located – may be switched between different busbars, e.g. in double busbar substations. The methods used to connect CT outputs to the relevant zone of busbar protection are discussed below.

7 HIGH IMPEDANCE CIRCULATING CURRENT SCHEMES

The principal of stability using high impedance relays is well established and is used in other circulating current schemes such as Restricted Earth Fault and Generator Differential protection. Stability is assured under all conditions of through faults by assuming the worst condition of one CT being fully saturated i.e. producing no output, whilst its balancing CTs are transforming perfectly. Under these conditions the saturated CT can be represented simply by its secondary resistance and providing the relay operating voltage exceeds the maximum voltage which can appear across it under maximum through fault conditions, stability is assured. This voltage can be easily calculated from the CT secondary resistance lead burdens and maximum through fault current.

The operating current, or fault setting, of a high impedance busbar protection scheme varies according to the number of CTs connected to the busbar protection relays. In the case of the discrimination zones on double busbar schemes, this will vary at any one time in accordance with the busbar circuit selection.  The overall check zone setting will however remain fixed and because of the greater number of CTs connected, will govern fault setting. 

It is important in high impedance schemes that low reactance class X CTs are used.  This allows both the stability and the fault setting to be assessed by calculation and not by laborious conjunctive testing. The class X CT has low leakage reactance, its turns ratio is within ± 0.25% of current ratio.

An example showing the principles of calculating high impedance busbar protection settings and values for circuit components is shown in figures 7.2.1 to 7.2.8.

Because of the high level of security required from busbar protection, high impedance schemes are usually equipped with sensitive alarm relays shunted across the high impedance relay. The purpose of the alarm is to detect open circuits in the CTs or associated auxiliary switches and wiring.  In order to achieve this, a primary current setting of between 2 percent and 10 percent of the lowest circuit rating is used, see figure 7.2.8.

8 LOW IMPEDANCE CIRCULATING CURRENT SCHEMES

Low impedance schemes are typically based on the Merz Price circulating current scheme. 

Introducing bias has the effect of reducing requirements imposed on CTs and can compensate for small ratio mismatch – facilitating the use of ratio matching interpose CTs. Class X CTs are not required and CTs can be shared with other protections.

8.1 Reyrolle Monobias (Now Obsolete)

The Reyrolle Mono Bias scheme of busbar protection is based on the Merz Price current balance principle incorporating a bias feature utilising a transductor relay, figures 8.1.2 and 8.1.4.

Figure 8.1.1 shows that under through faults or through load conditions the bias coil carries a dc current which is proportional to the through current whilst the operating coil carries only the out of balance or spill current. Under heavy through fault conditions, the dc current in the bias coil forces the core of the transducer into saturation so that any current in the operating coil produces negligible change of flux in the core. Thus no voltage appears in the output winding S which supplies the relay and stability is achieved even under transient conditions when CT saturation may occur.

Connections to CTs is generally in line with connections for high impedance schemes detailed above, however, in order to reduce the number of buswires whilst still maintaining the bias feature, schemes requiring phase and earth fault protection utilise a summation transformer as shown in figure 8.1.3.

8.2 Reyrolle Beta 4 – Numeric Protection

The chief advantage of numeric busbar protection is the high system reliability coupled with high performance.

8.2.1 Principle of Operation

The main protection algorithm of the Beta 4 operates on the Merz Price circulating current principle. Through fault stability is enhanced by the use of load current to bias the protection against operation. A detection algorithm ensures that the protection does not operate incorrectly when CT saturation occurs.

The use of biasing in the differential relay reduces the requirements imposed on the current transformers. Bias current is proportional to the arithmetic sum of all the circuit currents, whereas operating current is the vector sum of all currents.

Current transformer secondary circuits are not switched directly by isolator auxiliary contacts - disconnector auxiliary switches are wired to the digital input/output rack of the system so that the busbar configuration can be monitored. A busbar replica is internally configured to ensure current inputs are fed to the relevant protection algorithms and that trip outputs are routed to the relevant circuits.

Duplicated CTs used to provide a check zone as with high impedance protection are not required. 

CTs are connected to input transducers equipped with tappings which can be used to match CTs with different transformation ratios if required.

To ensure reliable protection and that failure of a single component does not cause mal-operation the basic system consists of duplicated current differential protections:

1) A check zone algorithm to detect a fault on any busbar.

2) Discriminating unit algorithms to detect faults on individual busbars.

Additionally a fault detector (FD) is fitted, this can be either:

I. Optional undervoltage monitoring can be provided to act as a check on the operation of current measuring relays. Tripping will be blocked unless the detection of a differential current is accompanied by a loss of voltage, this ensures no mal-operation occurs during CT open circuit conditions and low primary operating current.

Or

II. Overall non biased differential current protection covering all busbars in one zone.

The Beta 4 is based on a number of standard modules, which combined produce the required protection scheme, see figure 8.2.1d

Interposing modules are associated with each set of current transformers; these are connected by plug and socket panel cabling to the analogue input modules in the main unit rack.

With reference to figure 8.2.1e, racks in the protection system include ‘modules’ defined as discretely housed units and ‘cards’ which are slide in component boards, each system will comprise a combination of the following:

DIGITAL INPUT/OUTPUT (DIO) RACK
This unit provides the internal busbar replica so that no external switching of current transformer secondary (a.c.) or tripping (d.c.) circuits is required.

Input Unit – Card
Primary plant isolator position switches are connected via site cabling to the cubicle terminal blocks and internally wired to opto-couplers.

Output Unit - Card
Volts free contacts for trip and alarm functions.

MAIN UNIT RACK

This rack includes the analogue to digital signal processing and CPUs dedicated to the protection algorithms.

Power Supply Unit - Module
Converts the substation 110/125V or 220/250V D.C. supply to the required internal protection D.C. levels; 5V for the CPU and ±15V for the analogue input circuits.

Analogue Input Unit – Card
Converts the analogue outputs of the transducer modules to a proportional voltage and then to digital values. Each analogue input can process the outputs of 3 input transducers, the analogue input comprises the following:

ADD (Adder)
Produces a test signal, this is superimposed onto the input during automatic test routines 

FIL (Filter)
An analogue filter that eliminates unnecessary frequency components included in voltage/current inputs.

S/H (Sample-hold)
Samples and holds the filter output at fixed time intervals

MPX (Multiplexer)
Switches and outputs a number of sample and hold values sequentially.

A/D (Converter) 
Analogue to digital converter with a sampling rate of 600Hz (50Hz) or 720Hz (60Hz).

CPU – Card
Consisting of a CPU, data memory (RAM) and programme memory (ROM) a CPU card has dedicated functionality; it may run the main relay protection algorithms, perform sequence processing or data storage functions.

Display Unit – Card and front plate
Isolator positions, configuration and status of the automatic monitoring and testing functions can be viewed on this unit.

A multi-pin front mounted terminal provides the connection point for monitoring equipment. An LED matrix provides indication of the faulted protection zone.

Setting Unit - Card and front plate
Protection and (where applicable) CT supervision settings can be input via the keypad and viewed on the LED display. 

OPTIONAL MODULES

Voltage Fault Detection Unit - Module
Detects a fault by monitoring the busbar voltage level. This undervoltage principle provides fault detection independently of the current transformer circuits and therefore CT failure. It contains a dedicated analogue input unit and a protection function processing unit centred on a CPU.

Current Fault Detection Unit - Module
Provides a separate self-contained current non-biased differential protection function. 

The current input to this module is derived from the summated outputs of all the current input transducers. It contains a dedicated analogue input unit and a protection function processing unit centred on a CPU.

Not interlocked with CTSDE.

Discrete CT Supervision - Module

As for the current fault detection unit this module contains independent numerical hardware. 

CT supervision can be selected to alarm or to block protection and alarm.

TRANSDUCER RACKS

Secondary line voltages and currents are input to the transducer racks

Current Input Transducer Unit - Module
Includes interposing transformers which convert the inputs of two 3 phase CT secondary currents to a standard current level. Across the output of the interposing transformer is an impedance which allows the unit to present an output voltage signal level appropriate to the Analogue Input Units.

User selectable taps are provided on the primary sides of the auxiliary transformers to allow current matching of line CTs of different ratios.

Each input transducer houses two 3-phase auxiliary transformers therefore one transducer is used for two feeders or one Bus Coupler etc.

Voltage Input Transducer Unit - Module
Where 3-phase busbar voltage transformers are available a loss of volts detection module can be fitted which will monitor fault conditions independently of CTs. Where non-duplicated CT circuits are utilised this can be advantageous during CT fail conditions.

Summation Transducer Unit - Module
Provides the input to a current fault detection or discrete CT supervision module.

The outputs of the current input transducer units on outgoing circuits (i.e. not bus couplers or sections), provide the inputs to this unit.

AUXILIARY COMPONENTS
Auxiliary components such as relays, test blocks, switches, fuses and links are added to complete the scheme in accordance with specific customer requirements.

8.2.2 Differential Elements

The differential elements apply three criteria before an output command is given - a basic operating current, an operating characteristic with a 50% biasing slope and non operation of a CT saturation detection element as shown in figure 3.

The summation unit monitors the differential current and produces an output signal if the differential current exceeds the setting.

This element has a non-biased operating characteristic independent of CT saturation detection.

8.2.3 CT Saturation Detection Element

In the setting unit the algorithm detects the onset of CT saturation during external fault conditions and blocks protection operation during the affected period.

CT saturation caused by a combination of high current levels and a dc offset may result on the occurrence of a fault, this is more likely to occur with an external fault where the CT on the faulted circuit sees fault current contributions from all infeeds. During external faults the large current error produced can result in incorrect operation of the differential relay.

A CT saturation detection element is incorporated in the differential element to inhibit operation of the differential element when external faults are accompanied by CT saturation.

Operating Principle
When CT saturation occurs there is a period at the beginning of each current cycle after the zero crossing point when the CT produces an output. 

During the simultaneous occurrence of an external fault and CT saturation the differential current measured for this period will be negligible as shown in figure 8.2.3a.

After the flux in the CT of the faulted circuit has increased to saturation level the differential current measured will become very large.

The above conditions are repeated cyclically - a short period of negligible differential current after each zero crossing followed by a large differential current.

During an internal fault differential current will be measured continuously.

The Current Transformer Saturation Detection Elements (CTSDE) use the above criteria to detect CT saturation.

The CTSDE comprises two elements, both of which must be operated to produce a protection blocking output  - a Waveform Discriminating Element (WDE) and a Starting Element (SE).

The WDE checks for the difference between the differential and restraining currents, the algorithm is given in equation 1. The WDE operates if the change in the instantaneous value of the differential current is less than a specified percentage of the change in the restraining current.

The WDE operates within 3 sampling periods (5ms) i.e. in the non-saturation period of each current cycle. In the saturated region equation 1 is not satisfied.
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Equation. 1
Where:

(Id = Change in differential current

(Ip = Change in summated positive current values

(In = Change in summated negative current values

The SE operates when the sum of the change of the instantaneous (absolute) values of current at each terminal is greater than a specified design value. 
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Equation 2

Where:

ij = Current at terminal j

Idk = Iset = Itap x Im

N = Number of terminals

The CTSDE has a time delayed drop off characteristic (of 3 cycles), which ensures reliable blocking of the differential element for the duration of an external fault.

8.2.3.1 Stability with Saturated CTs

Normal Service:

During normal service equation 1 is satisfied i.e. the WDE operates. The SE does not operate for this condition therefore an output is not given from the CTSDE.

External Fault:

During the non-saturated period of the waveform the CTSDE will operate because |Id| = 0 and equation 1 is satisfied and the SE will operate in accordance with equation 2. If the CT goes into saturation |Id| will increase and equation 1 may no longer be satisfied, a time delayed drop off characteristic is incorporated into the CTSDE to ensure that it does not reset during this period of saturation

8.2.3.2 Operation with Saturated CTs

Internal Fault:

Regardless of the CT saturation level the waveforms of the differential current (Id) and the restraint current are the same therefore equation 1 is not satisfied and the WDE will not operate. No inhibiting output is given from the CTSDE.

With reference to equation 2 above it should be clarified that on fault inception the SE will pick up. The CTDSE will not however now operate since the WDE which was previously energised will drop off, the ‘AND’ condition of the SE/WDE elements will not be met.

8.2.4 CT Matching Ratio

A number of standard input transducer modules are available so that the protection can be configured for use with all standard CT ratios.

Where circuits are equipped with different CT ratios input transducer modules are selected accordingly.

8.2.5 Busbars Coupled

When busbars are coupled by circuit disconnectors (as opposed to being coupled by the Bus Coupler circuit breaker) the sensitivity of discriminating zone elements decreases and the operating time increases.

As a countermeasure when the system detects that busbars are coupled in this way the relevant discriminating zone elements are connected to all the coupled zones. The connected zone elements then trip all circuit breakers connected to those zones for a busbar fault.

8.2.6 Continuous Monitoring

The failure of equipment and function is continuously monitored. This uses software rather than additional hardware it is applied to each circuit and to the microprocessor itself. If the failure can cause a mal-operation the tripping output is instantaneously blocked.

Automatic testing detects failures that cannot be found by continuous monitoring e.g. defects in the tripping or alarm circuits.

9 CURRENT TRANSFORMER LOCATION

The mounting position of current transformers for circuit and busbar protections varies according to the type of switchgear.

CTs Overlapping the Circuit Breaker
Figure 9(a) shows the arrangement of CTs fitted on both sides of the circuit breaker which is common in outdoor bulk oil types. The performance of the protection is considered for the faults F1 to F4.

A fault at F1 is a busbar fault which should be cleared by the busbar protection.

Fault F2 is a circuit fault and should be cleared by the circuit protection. 

F3 is a busbar fault but because of its position should cause both busbar and circuit protection to operate and the fault will be cleared, although the circuit breaker at the remote end of the circuit may also be tripped.  

Although F4 is a circuit fault, it may be detected by both circuit and busbar protection depending on their relative operating times. Thus, circuit breakers selected to the busbar may be opened unnecessarily for a circuit fault.

For F3 and F4 above the disadvantage may be acceptable in view of the low incidence of such faults.

CTs on the Circuit Side of the Circuit Breaker
Faults F1 and F2 in fig. 9b should be correctly cleared as before, but F3 will only cause operation of the busbar protection, because the fault is outside the circuit protection zone. Thus the fault may remain fed from the remote end of the circuit. Arrangements must therefore be made to cause the CB at the remote end of the line to be tripped under these circumstances.

This can be effected by a direct intertrip or CB fail scheme, figure 9 shows another method using an interlocked overcurrent relay. This relay is arranged to detect any power infeed at F3 after the circuit breaker is opened.  This relay is a three pole over current type with a time setting of about 0.3 second.  Its operation is inhibited until the busbar protection operates and so if the fault persists at F3 after the circuit breaker opens, the busbar protection remains operated, so permitting the interlocked overcurrent relay to function and unstabilise the circuit unit protection or send an intertripping signal to the remote end of the circuit.

CTs on the Busbar Side of the Circuit Breaker

In figure 9(c), the faults at F1 and F2 will be correctly cleared.  A fault at F3 will cause the circuit protection to trip the circuit breaker, but the fault will remain fed from the busbars. The busbar protection will not operate as F3 is outside its zone. Again an interlocked Over current relay is used, but in this case, since it is the circuit protection which remains operated for the fault at F3, it is this protection which is used to initiate operation of the interlocked overcurrent relay. If F3 persists for about 0.3 seconds, the interlocked overcurrent relay then operates the tripping relays of the protection of the section of busbar to which the circuit is selected.

Bus Section and Bus Couplers with all CTs on One Side of the Circuit Breaker

For these circuit breakers the ideal arrangement is to have a set of CTs on each side. The CTs associated with a discriminating zone should be mounted on the side of the breaker away from the zone with which they are associated.

If the two sets of CTs are mounted on one side as shown in figure 9(d) then faults F1 and F2 will be correctly cleared by the operation of the appropriate discrimination zone relays plus the overall check relay.  A fault at F3 will cause the operation of zone discrimination relay plus the check relay to clear the left hand busbar. However, F3 will continue to be fed from the circuits selected to zone 2 busbar, since the zone 2 busbar protection will not operate as this fault is just outside its zone.  For such a fault at F3, the zone 1 relay will clear the busbar and reset, so de-energising relay TD before it has time to operate the zone 2 trip relay.  Relay TD must therefore have a setting time of about 0.4 seconds.  Similar considerations apply in the case of Bus Couplers.

10 COMPARISON OF METHODS

See figure 10

11 CIRCUIT BREAKER FAIL PROTECTION

11.1 Principle of Operation

A protection whose function is to deal with the situation in which a CB fails to interrupt the current which it is carrying in spite of the operation of a trip relay.

Among the possible reasons are:

Failure of the trip command to reach the CB trip coil

Failure of the CB mechanism due to an electrical or mechanical fault

Failure of the CB current interruption device due to a defect or the inadvertent operation of the CB outside its limits of performance.

The possibility that a CB may fail to perform its function, when instructed to do so, is higher than for the protection and trip circuits. This is due to the fact that mechanical, pneumatic or hydraulic tripping mechanisms and interruptors cannot be duplicated for practical and economic reasons, whereas the protection system up to the circuit breaker trip coils may be duplicated.

The basic principle of this protection is the measurement of the duration of fault current from the instant at which any one trip relay operates to trip the circuit breaker. If, at the end of a pre-selected time delay, current is still flowing, it is considered that the circuit breaker has failed to trip and the tripping of all other circuit breakers connected to the connections on both sides of the circuit breaker will be initiated. At double busbar substations this is effected by back-tripping into the busbar protection dc trip circuits, while at mesh and other types of substation, circuit breaker fail dc tripping circuits must be provided. Where circuit breaker fail is fitted it comprises of current check and time delay functions.

A simplified circuit diagram for circuit breaker fail protection is shown in figure 11.1, from which the back-trip check buswires and associated receive relay have been omitted.

Detection of the circuit breaker fail condition is governed by the current check instantaneous overcurrent relays, these operate following operation of one or more of the circuit trip relays and hence coincidentally with the energisation of the associated circuit breaker trip coils. Although the CT secondary current passes through the relay whenever primary current is flowing, the relay only operates on the application of the auxiliary dc supply.

Assuming the circuit breaker has failed to clear a fault following operation of a trip relay, the following sequence of events will occur:

The dc circuit of the current check relay will be energised, and if the secondary current is in excess of the setting, the relay contacts will close, in turn energising the time delay relay from the dc supply to the trip coil.

At the expiration of the time delay, the current check relay is still energised by the uninterrupted fault current. Positive and negative supplies are connected to the backtrip discriminating buswires associated with the busbar to which the failed circuit breaker is selected. Energisation of these buswires trips all other circuits connected to the same busbar. Receipt of back-tripping signals by individual circuit breakers is effected via the same busbar selector disconnector auxiliary switches as would be used by that circuit for back-trip initiation.

11.2 Precautions Against Mal-operation

At double busbar substations where circuit breaker fail protection operates into the back-tripping system the consequences of an incorrect operation are comparable with a mal-operation of busbar protection. Duplicated current check relays may be employed and both must operate before the time delay relays are energised and both must remain operated for the back-trip buswires to be energised. For security two time delay relays may be fitted and both must operate before the back-trip buswires are energised.

11.3 Current Check Relay Settings

The setting for the current check relay must be selected so that positive operation is ensured for faults which occur at the electrical extremity of the protected circuit at minimum plant conditions.

Circuit Breakers with Resistors Fitted

To obtain minimum operating times the current check relay setting should be set above the resistor current of the circuit breaker, so that the relay resets as soon as the main arc is extinguished. The disadvantage of this policy is that one possible failure mode occurs if the main contacts interrupt the fault current but the resistor contacts do not break the resistor current, which continues to flow causing the resistors to burn out. Such damage to the circuit breaker is a hazard to the system since it may lead to an internal flashover to earth and even if this does not occur the circuit breaker will be unlikely to interrupt subsequent faults satisfactorily.

Therefore, it is preferable that the current check relay setting is not more than two thirds of the resistor current (to provide a margin for reliable operation) even though this entails the adoption of timer settings giving longer overall operating times.

Generator Circuit Breakers

The relay setting must be low enough to cater for the situation in which the circuit breaker fails to trip following the detection of a boiler, turbine or other non-electrical fault condition. The resultant current drawn from the system is small in the period immediately following circuit breaker failure when there is no steam input and the excitation has been suppressed. The setting should be sufficiently below this current (which varies with machine design and size) to ensure relay operation.

11.4 Time Delay Settings

The setting applied to the time delay relays is governed by the following factors:

(a) The minimum circuit breaker trip operating time either to main arc extinction or resistor contact separation. This time must be applicable under maximum short-circuit conditions at normal trip coil voltage and, where applicable, normal air pressure.

(b) The minimum allowable margin of time necessary to ensure discrimination between the correct circuit breaker tripping operation and initiation of back-tripping, due allowance being made for the scatter of operating times of relays and circuit breakers.

(c) The maximum fault clearance time acceptable from local back-up protection  i.e. circuit breaker fail protection.

The time delay relay setting is derived from the following constituent times:

I. The minimum circuit breaker trip operating time (either to main arc extinction or to resistor contact separation as discussed earlier) for the particular type of circuit breaker, plus

II. The current check relay maximum drop-off time for the particular relay type (assumed 10ms for the purpose of fig. 11.2, plus

III. A discriminating margin of 60ms to allow for scatter in circuit breaker and relay operating times, less

IV. The current check relay minimum pick-up time for the particular relay type (assumed 5ms for the purpose of fig. 11.2)

Should the estimated fault clearance time be in excess of the allowable maximum, a reduction in the discriminating time margin may be accepted provided due consideration is given to the possible variation in the operating times of the circuit breaker and associated protective relays. 
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