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Unit Feeder Protection Presentation Supplement Notes
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Unit protection has fast, selective clearance times and has been utilised in power systems from the early stages of the development in generation, transmission and distribution systems. The first power systems were generally small generators connected by underground cables to local loads.

As the main power system were underground cables it was easiest to lay secondary interconnections for unit protection beside the power cables to provide unit protection. 

In the early days circa. 1900, the first differential ‘Merz-Price’protection was designed by Bernard Price chief electrical design engineer for Merz and McLellan and developed by Reyrolle. The first differential Merz-Price feeder protection was installed by Reyrolle in 1906 on the Blaydon-Jarrow feeder.

Since 1906 cable/feeder protection has been developed extensively resulting in a wide variety of products and methods in the market place. The principle has been mainly used in the UK, USA, SA and other english speaking countries. Lately many other developed and developing  countries have been adopting feeder protection to provide fast clearance times on highly interconnected systems, where distance protection has problems.

The basic concepts of cable unit protection can also be extended to cover overhead lines, where pilot carrier signals can be superimposed on the main conductor.
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The principles of cable unit feeder protection covers the whole spectrum of voltages; generation, transmission, distribution and supply.

As the bulk of cables operate at voltages from 11kV to 66kV the protection methods described in this talk will concentrate on these areas.

High voltage cables are generally utilised in areas where continuity of supply is paramount and fault detection and location has to be very fast to avoid permanent or further damage to the cable as it can be difficult to gain access to a cable as they can be laid in built up residential and industrial areas.

There can be further problems especially at higher voltages where oil impregnated paper and SF6 insulation of conductors is used, as opposed to HV overhead lines. 

Cable protection does not require autoreclose features as transient faults are very uncommon.
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The term unit protection means that the protection should only operate for faults within the protected zone.

In this example above the protection should only trip for faults within the green/shaded zone, i.e fault 3. 
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In this diagram the protected areas are shaded green, other protection will be required to protect loads, busbars, generators etc.

This diagram shows that fault levels for a through fault can be very high e.g. if Cable 1 has a phase to ground fault the fault can be fed from both ends i.e. through other cables

Thus the unit protection installed must be able to measure to power going into the cable and the power coming out of the cable if there is a difference, then according to Kirchoffs law, the current must be flowing somewhere else, e.g.  to earth in a phase to ground fault.

Slide 5

1) Insulation Breakdown; there are 5 basic fault types P-P, P-E, 3P, 3P-E, 2P-E. 

2) Thermal Overload, e.g. if the cable has been running for prolonged periods above rated values.

3) Continuous external fault, e.g. protection outside the unit protection has failed to operate and clear a fault that is persistently present on the system. The unit protection may have the ability to utilise the thermal overload protection characteristic to prevent damage to the cable. 

This section will deal with the protection against fault type (1), the use and application of thermal protection will be discussed in other sections.
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Unit protection should be able to exchange information pertaining to local conditions at each point of the protected zone. Feeder protection which only only uses information from one point of the network in inherently non-unit. Therefore an essential part of the protective system is a channel over which information can be passed between ends.

The above example shows a single relaying point that monitors the circulating current produced by the two CTs and controls the tripping of both breakers A and B.

This system is restricted by the distance between the two breakers as the resistance of the secondary circuit, shown in blue, will effect the stability of the protection system system. Furthermore the maximum length of the CB DC tripping cable will also be restricted by external interference factors. A system like this would only be viable up to distances of about 1000m. The secondary circuit cable would have to carry significant currents for through faults.

The information channel takes the form of a simple direct interconnection of the CTs  with a single relay tripping both breakers
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If the cable is longer than 1000m then a single relaying point is no longer viable. Thus a relaying point must be provided at both ends of the cable. The information channel becomes more complex as each relaying point requires information about each end to be able to provide a stable signal or a trip, depending upon the case. The information exchanged will be attenuated, distorted and delayed to some degree by interference and cable characteristics etc.exacerbated by the distance involved.
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Pilot 

There is a considerable variety in the types used, and the subdivisions of these different types cover such factors as core size, insulation level of the cores, whether the pilots are underground or overhead, and particularly whether the pilot is privately owned or rented from say the telephone authorities. Manufacturers publish tables for each type of pilot cable, the tables give information such as insulation strength (kV), insulation type, core to core and core to earth capacitance (pF/m)

Telephone authorities have traditionally provided voice frequency channels for use with protection systems. However recent developments now mean that digital channels are available e.g. CCITT X21 operating at 64kbit/sec.

Main Conductors

With suitable h.f. coupling equipment, high frequency signals may be injected and received using the main conductors as the actual communication link. There are many ways of superimposing information on the basic h.f. carrier signal. The frequency range available for this purpose is generally in the range of 70 - 500 kHz.Fault throwing, is another method, done by switching the system onto a solid earth causing high fault currents to operate relays at the remote end

Optical Fibres
Optical fibre circuits can be incorporated into the earth wire of an overhead line or laid alongside power cables. Two fibres are required for two way communication. 

Communication over fibre optic cable is usually accomplished by time multiplex carrier which can combine several types of information over one optical fibre link. Alternatively suitable protection relays can be directly connected to optical fibres. High speed digital pulses are used because the medium lends itself to that type of modulation. Fibre optic transmission is immune to noise and other electrically induced interference. 

Note that voice frequency signals can be routed to a multiplexer (and/or other types of digital signalling equipment) using a suitable interface between the voice frequency and fibre optic systems.

Radio Links

Using radio communication techniques to transmit system information to the remote end, and receive and disseminate information from remote end. Line of site is usually required.
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Private Pilots

For primary circuits which consist mainly of underground cable, it is often convenient to utilise pilot cores within the underground pilot cables owned by the Supply Authority. The underground cables will be expensive to install unless the ground is already open for the laying of the main power cables. As private pilot lines are only used for signalling  in the case of a fault condition on the primary circuit it is important to maintain continuous supervision of the pilot cable to prevent faults on the pilot to go undetected, before a primary fault requires the pilot wire system.

Pilot cables laid in parallel with the main conductor may be subject to high levels of common-mode interference during primary fault conditions. 

The magnitude of induced voltages appearing in the pilot cable is determined by factors such as the separation between cables, length of parallelism, soil resistivity, frequency, screening, etc.. Longitudinal voltages generated can exceed 15kV, but can be reduced by screening the cable and using control devices e.g. isolating transformers and neutralising transformers at selected points. Warning labels should be visible to warn of high voltages levels on the secondary circuit.

The result of longitudinal interference on the pilot cables may have adverse effects upon the protection system performance due to unbalanced core to sheath capacitance's, between the two pilot cores. Thus to reduce this effect it is essential to choose the best pair of cores for the application. Ideally they should be a twisted pair. These will have a high value of core to core capacitance and low value of unbalance capacitance. To further minimise interference care should be taken to screen pilot cables from other signal cables and when making joints and terminations. 

The table above shows typical design characteristics of pilot cables, however another major limiting factor is the total conductor resistance.
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In many countries, pilot circuits can often be rented from local telecom or post office authorities. In the UK protection circuits have commonly been provided by BT between any required points. The main disadvantage of rented pilots is that they are not directly controlled by the supply authority and may be out of service or subject to interference, both electrically and human. Further design constraints will be imposed by communication authority e.g. signal levels and bandwidth. 

The existing schemes have been largely designed around the limitations imposed by BT. They thus require facilities and need to observe the precautions as follows:

(i)    pilot supervision - since pilots may be subjected to unauthorised interference or interruption,

(ii)   starting relays - to prevent the protection from operating if the pilots are interfered with,

(iii)  regulations require that the peak voltage to be applied to rented pilots, even under maximum    fault current conditions, shall not exceed 130 Volts and that the pilot current should not exceed 60 mA rms,

(iv)  insulation and protective gaps; the present regulations require all equipment connected to the pilots to be suitably insulated from power system equipment and circuits, for example current transformer, dc and ac auxiliary circuits. The level of this insulation is 15kV rms and screens must be provided. Protective gaps are also required  on the CT circuits and these are usually of the glow discharge type with a setting of about  750 Volts. These gaps won’t effect the protection provided they do not fire under normal conditions .

As starting relays must always be used to guard against unauthorised interference with the pilot circuit, rented pilot wire systems are inherently non-intertripping, The fault infeed at the transformer end for a feeder fault may be insufficient to operate the starting relays of the feeder protection at that end. Intertripping from the feeder protection at the HV circuit breaker may be provided to trip the transformer LV circuit breaker, or the fault condition may be detected by the use of 3 pole directional overcurrent relays supplied  from CTs and VTs on the LV side of the transformer.

Certain private pilot wire feeder protection systems are inherently intertripping (eg Reyrolle Solkor R) but the fault infeed must again be sufficient to cause operation of the protection at both ends.

In the case of Solkor R, to ensure decisive intertripping it is recommended that the minimum available fault current should be not less than four times the primary fault setting.

BT have now given notice of their intention to withdraw this facility and in future continuous metallic circuits will not be available, future rented pilot schemes will have to use voice frequency signalling or where channels are available, digital signalling
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There are different types of information which may be derived from the primary circuit and transmitted over the information channel. These range from complete information about both the phase and magnitude of the primary current to very simple information as, for example, when the action of some local relay is used to switch on or off a communication signal. These forms of information are listed below
Phase angle and primary current

Full differential system few limitations e.g. continuous linearity for high currents through CTs

Phase angle information only

Simple level of information required, simple to  transmit over range of signal carriers.

Simple Bi-state information

Directional overcurrent blocking schemes to establish external faults etc
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The use of full phase and magnitude information automatically implies that the system is a true differential one. In practice, this is applicable mainly to pilot wires,  and even then to special cases such as multi-ended circuits. It has also been used in carrier systems for special applications on important transmission lines abroad. The use of differential systems presents some difficulty in obtaining full information linearly over a wide range of current, but, in theory, the differential system has very few limitations.

Practical difficulties may impose the need to deviate from a true differential system. A particular example is when the secondary signals derive from the primary current are only directly proportional to the magnitude of the primary current over a limited range. This has the effect, at high currents, of losing the magnitude part of the information leaving phase-angle information only.

Slide 14

Information as to the phase angle of the primary current is relatively simple, as it is not dependant upon current magnitude, and therefore it is relatively easy to superimpose on or transmit over any type of channel, as discussed later. Pilot wires, carrier current over primary conductors and radio links have been used for this purpose. There are certain limitations in the protection performance when only phase angle comparison is used, mainly due to system configurations, earthing arrangements etc..
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This form of information can be used with all three types of channel. The function of the channel may be either to block tripping (secure stabalising during external faults) or to secure tripping under internal faults. Such tripping may be direct, in which case it can be classed as intertripping, or it may be permissive through some relay at the receiving end. The method in which the channel is used, and the type of channel will govern the various feature and requirements of the protective system. 
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In the example above simple two state unit protection is provided by the use of directional overcurrent relays. This is achieved by both relays A and B’ being able to determine the direction and magnitude of any fault current and thus block the other relay for faults outside the cable zone.

Thus if both Relay A and B’ see a fault current then there is a fault on the cable so both circuit breakers need to be tripped. 

If only A or B’ see a fault then it is out of the cable zone, and thus only the relevant breakers should be tripped

The settings of trip level and timing for in-zone faults and out of zone faults can be set such that is is sensitive enough within the cable zone to provide faster more selective tripping than by applying standard overcurrent timing characteristics.
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Basic Three Phase Vector Representation
Any three phase current (or voltage) can be represented by the above denotation.

Positive sequence is generally the represented only by a 100% healthy and balanced power system,where all 3 currents have the same magnitude and 120( phase separation

Negative sequence is the addition 3 currents with the same magnitude and 120( phase separation, rotating opposite to the positive sequence. Negative sequence is generally generated by phase to phase faults.

Zero Sequence is the addition of current with the same magnitude and no phase separation, in the direction of the first phase of Positive Sequence. Zero Sequence current is generally generated by earth faults.

Thus when there is a fault on a system the currents that are measure by the relay R represent the addition of all the components of the primary system effected by the turns ratio (N) of the  CTs.
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Various types of unit protection, based on the differential principle have been applied to pilot wire schemes for feeder protection. The application of this principle to a feeder  introduces special problems due to the geographical separation of the relaying points associated with the two ends of the feeder. Whereas with an overall transformer protection scheme, four wires may be used to convey the information between the high voltage and low voltage CTs and relays, to adopt the same scheme for the feeder protection would be both  impracticable and costly. For this reason phase by phase comparison over pilot wire is not found in practice and the need to economise in the use of pilot cores has resulted in the use of current summation devices so that the polyphase line currents may be reproduced as a single phase quantity. This has enabled the comparison over the pilot channel to be effected on a single phase basis and the pilot cores reduced to a minimum of two. (Some early schemes used three pilot wires, e.g. Reyrolle Split Pilot.) The use of summation transformers enables the burden imposed by the pilots, on the CT  to be reduced by selecting a suitable overall ratio. (ie the summation CT changes the impedance level by:

1/N2 where N = turns ratio, primary: secondary).

A further advantage is the isolation of the main CTs from the pilots - this enables the CTs to be earthed, the pilots to be unearthed and allows for the provision of 15 kV insulation between the main CTs and pilots (as required on BT circuits). 

The output of the summation CT can be varied independently for earth faults or phase faults with earth faults giving a considerably larger output than phase faults - it follows that the protection is therefore more sensitive to earth faults. This generally satisfies the requirements on the system, particularly if this is resistance earthed with a limited earth fault current. 

However, a fully balanced summation transformer is not perfect as there are complex fault conditionswhich will give no output. Thus in order to maintain stability under this fault condition some pilot wire schemes adopt special biasing arrangements

Solkor  Summation Transformer

The summation transformer used in Solkor relays  is a simple way of generating a single phase output that represents the phase angle differences of primary system.

The above vector diagram shows the healthy output from a balanced three phase power system this is regardless of the primary current level.
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Summation Transformer with Phase to Earth Fault

From the vector diagram there is an imbalance in the summation of the three phases in the summation transformer.

Note also the for cable feeder protection the other end of the cable will have no or very little current in the B and C phase
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Summation Transformer with B to C Phase fault

As you can see, if there are any faults or imbalances in the power system, i.e. faults then the output from the summation transformer will change dramatically.

From the vector diagram there is an imbalance in the summation of the three phases in the summation transformer.

Note also the for cable feeder protection the other end of the cable will have no or very little current in the B and C phase.
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This sketch shows one of the applications where a summation transformer will be unable to ‘see’ a fault condition, although the voltage difference will collapse if there a sufficient pre-fault current present.
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Circulating Current Systems
In this system, shown diagrammatically in Figure 3, the presence of through load or through fault currents in the protected circuits results in identical summation transformer output currents which act in the same direction round the pilot loop. The bias (or restraint) coils of the relays will carry this circulating current whilst the relay operating coils will receive only a small spill current, the net effect being a predominance of restraint ampere turns thus preventing the relays from operating.

Under internal fault conditions the summation transformer output currents no longer balance and will act in opposition round the pilot loop and flow through the relay operating coils, overcoming the effect of the bias coils and thus producing operation of the relays.

The main problem with circulating current systems is that for perfect balance on external faults the relay should be at the electrical mid point of the pilots. This is impossible to achieve under normal circumstances and most commercial schemes have found novel ways of overcoming this,

It will be noted from the figure above that an open circuit of the pilot loop can cause false operation of the protection under an external fault condition whilst a short circulated loop can cause failure of the equipment to operate as required under an internal fault condition.
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Opposed Voltage System
This system, shown diagrammatically in above, is similar in many respects to the circulating current system, the main difference being that the summation transformer outputs are connected such that they operate in opposition round the pilot loop under a through load or through fault condition. The relay operating coils are in this case connected in series, and the bias coils in parallel with the pilot loop.

Under through fault conditions the pilot current is small and the bias coil current produces sufficient restraint to ensure non-operation of the relay. Under internal fault conditions, however, the summation transformer outputs no longer sum to zero round the pilot loop and the resulting pilot current produces operation of the relay.

Under heavy through fault conditions substantial voltages are produced across the pilot wire. This voltage can produce a significant current due to pilot intercore capacitance and this will in turn produce current in the relay operating coil. Commercial schemes must compensate for this in some way.

It should be noted that a short circuited loop can cause false operation of the protection under an external fault condition, whilst an open circuited loop can cause a failure of the equipment to operate as required under an internal fault condition.
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Reyrolle Solkor R
This protection evolved from the more elaborate system developed for use with BT pilots (Reyrolle HRPW) and can be considered to operate on the circulating current  principle, with relays shunt connected at the pilot terminals. 
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On the occurrence of an external fault the summation CT currents circulate around the pilot loop via diodes M1, M2 and resistors Ra, at either end of the pilot. Thus, on alternate half cycles one or other of the resistors is short circuited by its associated diode; the pilot loop resistance remaining substantially constant and equal to Ra + Rp. As the diodes M1 and M2 conduct, on alternate half cycles, the resistor Ra appears to alternate between ends. With Ra made equal to the pilot loop resistance Rp, the relay at one end will have zero volts across it, whilst the other end, it will have volts in the reverse direction to that required for operation. This occurs during one half cycle, during the next half cycle the condition is reversed, ie the relay that previously had zero volts across it now has reverse volts and vice versa at the other end. 
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In practice Ra is made greater than Rp so that instead of relays experiencing zero volts across them during alternate half cycles of external fault current, they now have a small reverse voltage across them. This voltage would have to be overcome before operation could take place and so enhances the stability of the protection on through faults, (ie equivalent to applying a bias signal to the relay).
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The effective circuits during alternate half cycles of internal fault current are shown above from which it will be seen that current in the operating direction passes simultaneously through the relays at each end during each positive half cycle. Thus the relays operate at both ends. With faults fed from one end only the protection is inherently intertripping, i.e. the relay at the far end is energised in parallel with the relay at the local  (feeding) end.

The relay at the local end operates at the designed fault setting, whilst for relay operation  at the far end approximately two and a half times this current is required.

Operating times of 60-80 msecs are quoted for fault current of three times the setting and  the protection can be used with pilots of up to 1,000 ohms loop resistance. The standard Solkor R relay is insulated for 5 kV, between the pilots, CT=s and tripping contacts. A 15 kV equipment is also available this being arranged with an additional interposing transformer between the tripping relay and the pilots and a separate component box. (Slide page 25, shows the 5 kV Solkor R equipment.)
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Reyrolle Solkor Rf
Solkor Rf is a derivative of Solkor R which, having additional diodes D5, 6, and resistors Ra, see above, operates in a full wave rather than a half wave mode with a reduction in operating time of 15 msecs, compared with Solkor R. The fault settings for 5 kV, Solkor R and Solkor Rf are identical but slight differences are quoted  for 15kV versions (not with Reymos case version). 

Resistors Ra are of greater resistance than half the maximum pilot loop resistance, thus the electrical mid-point of the pilot loop occurs within Ra. During an external fault (Next Slide) an alternating current circulates around the pilot loop and the diodes across resistors Ra short circuit them when the loop current is in the forward direction of the diode. Thus on successive half-cycles one or other of the resistors Ra at the two ends of the pilot is short circuited. The total resistance in each leg of the pilot-loop at any instant is therefore substantially constant and equal to Ra plus half the maximum pilot loop resistance and the effective position of Ra alternates between ends. Stability is achieved by current balance using the Solkor-R principle of establishing the electrical centre point within the end which has positive polarity so that the positively polarised measuring elements remain in the negative part of the circuit and are thus biased against operation. This bias voltage must be overcome before operation can take place and therefore the effect is to enhance the stability of the protection for through faults. As the response of the system to fault conditions is not dependent on the polarity of the half cycle in which the fault current occurred, each relay receiving current through every full cycle, there is an improvement in operating time.
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For an in zone fault fed from one feeder end only one summation transformer has any output, the other acts only as an equalising transformer, both relays operate at approximately setting current, which is the normal setting claim.

When the in zone fault is fed from both feeder ends, with balanced infeeds, no current flows in the pilots and each output element is energised via resistor Ra. The current at each end for operation is then approximately half the setting current.

The Solkor Rf relay can be connected to operate as Solkor R by changing internal connections and adding an external wire link. Thus a pilot wire scheme may comprise a new Solkor Rf relay at one end (suitably linked) and an existing Solkor R relay at the other. Both equipment must be either 5 or 15 kV.

In order to maintain the bias characteristics at the designed value, it is necessary to pad the pilot loop resistance to 2000 ohms (inclusive of relays at both ends). A padding resistor Rpp is provided in each relay for this purpose. However, when pilot isolation transformers are used  pilots of loop resistance up to a maximum of 1760 Ohms can be matched to the relay. The pilot insulation level is also raised to 15kV by these transformers
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The sketch above shows the full maximum complexity of a Solkor-Rf scheme.

If the pilot is lost the Solkor relay will generally act as an overcurrent relay with a sensitivity of about 80% of In. This means if the pilot is lost at full load conditions the protection will be extremely sensitive and highly prone to tripping. Therefore a guard relay is placed in series with the tripping output, the guard relay is a basic instantaneous overcurrent relay.

There is also supplementary protection installed for additional security and system functionality.
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Solkor-N is a new product under development to replace the Solkor-Rf with a cheap multi-functional unit protection relay that incorporates modern digital processing techniques. It will combine all the elements of integrated Solkor-Rf scheme into one box. Line bias and operation levels can be chosen along with a variety of communication links.

Slide 35 Onwards

Refer to notes on slides in Power Point presentation.
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