
Protect_ion and monitoring of the electrical energy transmission networks - Volume 3
1

Protect_ion and monitoring of the electrical energy transmission networks - Volume 3

Third part 

(by clicking above you return to the general summary) 

       short circuit protective relays 
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- overfluxing protection
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2 - Protection of meshed networks from short circuits 
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. digital protective relay 
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- phase comparison protective relay
       
- differential protective relay
         

. overhead line
          

. underground cable


. short link
           

. busbar 

           
- zero sequence protective relay 
What is a short circuit?
At a private person’s house, this happens when two metallic masses at different potentials, two metallic wires for example, touch together fortuitously. A spark flashes, and the circuit breaker of the house opens – or a fuse melts- under the effect of a too high current.  
On a high voltage overhead line it is quite different : indeed it is not necessary that two conductors touch each other to make a spark flash. It is enough that both conductors be sufficiently close one another. An arc appears, the air becomes ionized along the route of this arc and becomes conducting. It remains so, until the voltage is entirely suppressed.   
The ignition distance between two conducting objects depends on the voltage, the form of the objects  (point effect), and the moisture and pressure of the air. As an example, for the works in the neighbourhood of the high voltage assets, it is expressly forbidden to approach the pieces under voltage  under 0,50 m when their rated voltage is 63 kV, 0,70 m for 90 kV, 1,40 m for 225 kV, and 2,70 m for 400 kV.  
If a thunder bolt falls on a line, one of its conductors receives a voltage during a few nanoseconds, but this is enough to create an ignition, and therefore a ionised route through the air. This route is generally located where the distance between the metallic masses is the lowest, i. e. between both ends of an insulator. It links a phase wire to the frame of the tower, which is linked to the ground, through brass braids buried in the soil. This is the phase-to-earth fault, which is the most usual. Its resistance is low.   
A short circuit may also appear when a tree, situated under the overhead line, has not been pruned. A branch approaches too close to a wire, and an arc appears, linking the wire to the earth through the stock of the tree.The branch burns and falls, but the arc remains. The resistance is higher. 
It can also appear after a human error : crane too close to the line, watering with lances, stroke of a shovel on an underground cable, …
The aim of the protecting systems against short circuits is to find on what asset the short circuit is, and to control the opening of the circuit breakers surrounding the fault. When the voltage at the fault point is suppressed, the air is again de-ionised, and the line can be re-energized, generally through automatic reclosing devices. 
On underground cables the overvoltage produces the piercing of the isolating sheath of the cable. It must be repaired before reclosing. There is no automatic reclosing.
1 - PROTECTION  of dead end networks from short circuits  

1 - 1 - NOTION  OF SELECTIVITY 

       Let us consider a simple case: a network supplying a passive load through a transformer. In addition, we assume that the fault affects simultaneously the three phases and is not resistant. The network can then be represented by its positive sequence values (see the theory of the symmetrical components, in appendix 1 )
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Zs is the source positive sequence impedance, i. e. the positive sequence impedance of the network that feeds the substation A.

IccA is the short circuit current at substation A, connected to Zs by:


        


IccA = 
 90  kV /     3  * Zs

ZL is the positive sequence impedance of the line. It is about 0.4  per km , but must be measured, or else calculated, for each asset. (see appendix 3)

Zcc is the short circuit positive sequence impedance of the transformer. It is often given in percentage of the rated impedance Zn. 

                                 
Zn = 
U² / P = 
(90  kV)² / 36 = 
225 
                                
Zcc = 
16 % of Zn = 



37  

 The maximum current circulating in the line AB is 230 A. This is the one that makes it possible to supply the 36 MVA to the transformer. At the substation A, an overcurrent protective relay P1 is placed on each of the phases at the live end of the line AB. In the same way, at substation C, an overcurrent protective relay is placed on each of the 20 kV live ends: P2,P3,P4,P5,P6. Through each of them a maximum current of 207 A runs .

 When a fault appears on an asset of this network, the role of each protective relay is first to control, if necessary, opening of the circuit breaker located on the same end, so that the asset in which the fault is found, and only that one, will be switched off. It may then be said that the fault has been cleared. If a protective relay, or a circuit breaker, does not work, other protections must open other circuit breakers, so that the fault be cleared anyway. Thus two types of tripping: 

a - instantaneous tripping, that is in the case where everything works correctly. 

The threshold of the relay P1 current must be set so that all the faults located on line AB make the relay work. but so that all the faults located on the 20 kV lines do not make it work. A short circuit at the B end of the line AB creates a current given by:




Icc1 = 90 000 /     3  * (2,5 + 10) = 4 150 A

A short circuit on the live end of one of the 20 kV lines creates a current given by:


Icc2 = 90 000 /    3 * (2,5 + 10 + 37) = 1 050 A

So that the relay located in P1 sends a correct tripping order, the current threshold must be set between 1050 A and 4150 A . We will take for example 2600 A .

The current threshold of the protection P2 is set to 300 A, i. e. slightly above the maximum load current of the line. The same is true for the protective relays of the other 20 kV ends. 

b - delayed tripping, i. e. back up.

Let us assume that a fault appears on  a 20 kV line, L2 for example, and that the corresponding circuit breaker does not open. In that case, the relay P1 should control tripping of its circuit breaker thus putting the 90 kV line and the 20 kV line out of voltage. But for that, you must be sure that the circuit breakers L2 should open and it hasn't. Thus two settings:

- Threshold setting :  
Is > 300 * (20 / 90) =  66 A,
so that it be less sensitive than P2 ,  

                                      Is > 230 A, 

so that it be not sensitive to the normal transit current .

Let us take 300 A 

- Delay setting. It must be expected that:

            
. P2 has the time to send its tripping order, (maximum time)

            
. its circuit breaker has had the time to cut the short circuit current , (maximum time)

            
. P1 has had the time to see that the current was cut and to stop the timer, 

            
. a safety time.  

The sum of these four times, decreased by the minimum time at the end of which P1 starts up its timer, which gives the setting value of this timer. For modern protective relays and circuit breakers, they are about:      
 

            . tripping of P2





= 40 ms

            . opening of circuit breaker 



= 50 ms 

            . releasing P1
 




= 45 ms

            . safety time 





= 35 ms 

            . starting P1
 




= 20 ms 

 We will thus choose 40 + 50 + 45 + 35 - 20 
= 150 ms.

This notion of selectivity, obtained by combining, on one hand, electrical value settings and, on the other end, time delay settings, is found in all protection systems. 

Note:

 
in the network described above, although very simple, the protection system is clearly insufficient. It lacks a protective relay for the transformer and the 20 kV busbars, and the problem of single phase fault has not been treated. Moreover, the setting spreads are very broad. They can be much more reduced. This could be noted, e. g., when installing three transformers, instead of a single one, each 20 kV line carrying a triple load. Finally, in this network, any fault on the transformer or on the 20 kV busbars provokes cutting off all customers, supplied by the 20 kV lines. To avoid this disadvantage, the network must be meshed. But, as shall be seen later, it becomes much more complicated to protect.
Bibliography [21], [22], [23], [88], [91], [92]

1- 2 - overcurrent protective relay 

This appellation groups a family of functions.


- Instantaneous relay:

when a current threshold is exceeded, the relay sends a tripping order as fast as possible.


- Delayed relay:

when a current threshold is exceeded, a time delay is started. If at the end of this time delay the threshold is still exceeded, the relay sends a tripping order. 


- Inverse time delay: 

tripping is sent after a time inversely proportional to the value of the current.


- Directional relay: 

this is an additional function that is added to one or another of the above. The tripping order is only sent if the power transits in a given direction. To elaborate this function the relay must be also fed in voltage since the transit direction is given by phase discrepancy between the voltage and the current. 

The protective relays used on networks are generally combinations of these functions. For example, a relay is started by exceeding a current threshold, then waits a fixed time, then, at the end of this time, waits a time inversely proportional to the current, then sends a tripping order if the power runs in a given direction. It returns to idle when the current falls back under the initial threshold. 

These relays may be installed on each of the phases of an asset. They are then called phasor overcurrent protective relays.

They may also use the sum of the three phase currents of an asset. They are then called zero sequence overcurrent protective relays. They then use either an annex transformer realising the sum of the three currents coming from the current transformers of the phases, or a current transformer set on the higher voltage or the lower voltage grounding connection of the power transformer.

They may also be installed on cable sheath connections or on grounding connection of the power transformer tanks.
Bibliography [13]

1 - 3 - BUCHHOLZ  protective  relay 

This is a device designed for protecting oil power transformers from internal faults. Its principle is not based on an electrical measurement, but on a mechanical criterion : during internal ignition, or abnormal heating, gas is released. If this release is small, a floater progressively lowers and activates an alarm relay. If the release is more violent, it provokes a movement of oil which makes a vane tilt and trip the circuit breaker. 


The gas which is accumulated in the bell of the relay may be recovered and analysed, which makes it possible to get indications on the nature and location of the fault. There are three levels of analysis: 

       
- visual analysis. If the gas is:


. colourless , it is air. The relay is purged and the transformer is put back under voltage; 


. white, it is heating of the insulating material; 


. yellow, an arc surrounding a wooden shim has occurred;


. black, there has been oil disintegration.

       
-  Draeger tube

The collected gas is passed in a tube containing a reacting agent. Depending on the colour taken by the reacting agent, a more accurate analysis than above may be made. 

       
- oil analysis

Using chromatographic analysis and dielectric tests, it is possible to determine more precisely the failing element. But this analysis can only be realised by a specialised laboratory.

Bibliography [14], [15]
1 - 4 -  earth tank protective relay  

This is a power transformer protection, designed to detect insulation faults between the active part of the transformer and the tank. For this, the current flowing between the ground and the tank is detected using an instantaneous overcurrent protective relay. This imposes insulating the tank with respect to the ground so that on the one hand all of the current passes through the connection and on the other hand no loops are formed. If not, the current circulating in the high voltage conductors then creates by induction a current susceptible of making the relay work. On a short circuit on an overhead line supplying a transformer, the transformer is then disconnected by "sympathy". The precautions to be taken are: 

     
- have the secondary conductors, whose shielding is linked to the substation ground at one end and to the tank at the other end, pass inside the ring current transformer; 

       
- make sure that the elements connected to the substation ground but in contact with the tank are correctly insulated, or else the transient overvoltages are susceptible of piercing the insulating material, then, once the path is established, a loop is formed. 
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1 - 5 - dead end line protective relay  

On some lines, when a fault affects a single phase, we wish for only this phase to be tripped. This is the case of 225 kV and 400 kV overhead lines on the French network.
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If a fault appears on phase R, an overcurrent protective relay placed on phase R at substation  1 detects the fault and make the corresponding pole of the circuit breaker open; after which, at substation 2, a current subsists on phase R, coming from the other phases through the coils of the transformer. This current, lower than the load current, is not enough to make an overcurrent relay work, but is enough for preventing the arc to die out. A reclosing test at substation 1 then finds the fault, which leads to definitive three - phase tripping. 

To make the circuit breaker of phase R at substation 2 open, a voltmetric selector S2, made of three voltage threshold relays, is placed. Three phase whose voltage is less than the threshold is the one where the fault is found. Then, the relay operates as follows: 

a - The circuit breaker trips on one phase only.. 

It is the case when the fault is a phase - to - earth fault and when the overhead line is a 225 kV or 400 kV line. Two systems can be met: 

        
- if a good customer supply quality is sought, the protective relay P1 sends, in the same time as its tripping order, a slow remote tripping signal to S2 (100 ms , see § 2-1-5 ). This selector sends then a single phase tripping order to the phase on which its threshold relay observes a voltage lower than 80% of the rated value. This is the instantaneous dead end line protective relay. 

- if a lower customer supply quality may be accepted, the remote tripping system is not installed, and the voltmetric selector trips the faulty phase without an external order, but after waiting one selective interval after the second steps (see § 21111) of the relays situated in the substations surrounding the substation1. This means a longer tripping time, and a risk of unwanted tripping for a fault on another line if this fault is not correctly cleared. This is the delayed dead end line protective relay.

b- The circuit breaker D1 trips on the three phases, either because it is not allowed to trip on a single phase, (90 kV or 63 kV network), or because the fault is a multiphase fault.

The relay S2 is in principle no more useful. 

However, it may occur that the antenna is slightly active, in particular if, among the customers, several independent low power producers exist. This production may then be insufficient for making a distance protective relay operate, but enough for preventing extinction of the arc. For this reason, if the relay S2 detects a voltage drop on at least two phases, it sends a three-phase tripping order, either when it receives the remote tripping signal, or after a time lag., when it detects a voltage drop on at least two phases.

c- The fault is too resistive to make the distance protective relays of substation 1 operate.
      
- If the remote tripping channel has been installed, the dead end line protective relay bay contains a zero sequence current relay PZ supplied by the current flowing through the higher voltage side neutral point of the power transformer. It sends through a three - phase tripping order 500 ms after reception of the remote tripping signal; 

      
- If the remote tripping channel has not been installed, the relay S2 does not know if the circuit breaker situated at live end has tripped. A zero sequence power protective relay, selective with the other zero sequence power relays of the network, is necessary. 

d - Back - up clearance of multi - phase faults.

Clearance of multi - phase faults is ensured by a multi - phase back - up protective relay, with high time delay.


Note: we have seen that the remote tripping is slow. This is due to the fact that a high safety system was retained in order to avoid unwanted tripping on a fault appearing on another asset. But this order may be released on the emission side before being received. This is why the signalling channel equipment in charge of transmitting the remote tripping signal keeps this signal in memory for 120 to 650 ms.
Bibliography [16]

1 - 6 - earth - cable  protective relay
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It is designed to protect the underground part of links partly in overhead line and partly in underground cable when the sheath of the cable is grounded only on the substation side. In the reference bibliography, grounding rules for cables are given. 

The principle is the following: a short circuit between the core and the sheath provokes the circulation of a current in the grounding connection of the sheath. This current is detected by an instantaneous overcurrent protective relay which provokes a three -  phase tripping of the close end. In addition, since faults on cables are always steady state, the protective relay does not control  reclosing. 

The circuit breaker situated at the remote end of the link is tripped by the other protective relays of the link, as if it were a fault on an overhead line. So it can be tripped on a single phase, receive a reclosing order and then trip definitely on the three phases. However, for security reasons, if the cable is situated in an urban or industrial zone, the circuit breaker is remote tripped by  the earth - cable relay, and the recloser is inhibited .
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 Note: 

Like earth tank protective relays, it is imperative that there is no other grounding than the ones that pass through the current transformer. 

       Bibliography [17], [3]
1 - 7 - PROTECTION   of capacitor benches  

 The capacitor benches are protected against two types of anomalies.     

1 - 7 - 1 - Exterior anomalies 

They are: 

      
- a too high voltage, which has two effects: the first is to bring the service voltage close to the breakdown voltage and thus to increase the risk of breakdown, when e. g. manoeuvre surges appear, and the second to increase the energy dissipated in the bench, proportionally to the square of the voltage and consequently its heating; 

      
- a non sinusoidal voltage. Indeed, the current supplying the bench is proportional to the derivative of the voltage. The rate of current harmonics is then amplified with respect to the rate of voltage harmonics by a factor equal to the harmonic row. 

These factors both result in an increase of the supply current of the bench, to which the standard    NFC 54-100 has fixed a limit:

The bench must in no case support durably a current higher than 1.3 * In. 

we choose a relay set at 1.2 * In, and time delayed at 20 seconds to give the tap changers the time  to bring the voltage to a correct value. 

1 - 7 - 2 - Interior anomalies

Capacitor benches are formed of elementary capacitors of 5.5 kVAR and whose assigned voltage is 1540 V, each of which being furnished with an incorporate fuse. This data is given as an example but the usual values are close to these figures. These elementary capacitors are grouped in cans of 200 kVAR in form of three series of 12 capacitors in parallel. In this way, if a capacitor is short - circuited, it provokes a discharge of the 11 other ones and melting of its own fuse. It is then out of service.

The cans are then connected amongst themselves to obtain a branch capable of holding the network voltage. As an example, to obtain a bench of 9.6 kVAR under 63 kV, 8 cans are installed in series.  

The branches are then arranged in a double star according to the diagram below:
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toward the circuit breaker of the capacitor cell

The breakdown of an elementary capacitor provokes an imbalance between each of the two stars and the passage of a current in the overcurrent protective relay. 

In the example above, the settings are as follows:

          
- normal unbalance current less than 40 mA, 

          
- alarm threshold of  80 ma 

          
- tripping level of 270 ma . 

This latter level is determined in such a way so that on each elementary capacitor the voltage does not exceed 10 % of the one it would receive if the bench were healthy. This corresponds to the breakdown of three elementary capacitors located on the same parallel. If the capacitors are distributed differently, their number may be larger, but the stress on the other capacitors remains almost the same. This relay elaborates an instantaneous tripping order. 

In back - up to these two types of anomalies, an overcurrent protective relay is used, set to 3 * In, and time delayed to 100 ms.

Bibliography [18]

1 - 8 - PROTECTION  against overvoltages and FERRORESONANCE

 We call ferroresonance the whole of the very low frequency relaxation phenomena appearing when a saturable coil, generally a winding of a transformer, is linked to a live asset through a capacitor. We intend by very low frequency either the 50 Hz or a sub - harmonic, generally 3 or 5, of this frequency. We already met this phenomenon the wound voltage transformers (see second part, § 2). It has been also observed on the substations linked by teed lines to the 400 kV network.








When the coil is not saturated, the circuit is inductive. When it is saturated, the circuit is capacitive. When the saturation appears, an unstable point exists, where the circuit is resonant. Relaxation oscillations appear, accompanied by overvoltages and overcurrents dangerous for the concerned assets. Their mock - up, which deals with non - linear phenomena, needs very elaborated computer programs, as PDMS. 

The phenomena observed on the 400 kV teed links are:


- The overvoltages,


- the ferroresonance.

1 - 8 - 1 - Overvoltages

The teed linked power transformer is supplied by the 400 kV network on one or two phases. An overvoltage at 50 Hz may happen. This is a linear phenomenon, which appears immediately as soon as the necessary conditions are combined.








line





X






X





X






X





X






X

X   X   X

















teed linked transformer 400 kV / 90 kV

The value of the overvoltage S is all the greater since the transformer zero sequence impedance Zo and the capacity Cp between each phase of the line and the earth are high. Indeed the study showed that the value of S is given by: 


        V

       Xc



     1


S = 
   =


     with 
Xc =

        and   Xo = j * Lo * 

       Vn

Xc - 3 * Xo



j * Cp * 
1 - 8 - 2 - Ferroresonance

This phenomenon risks to appear when an unloaded or very weakly loaded transformer is supplied by a circuit of a teed double circuit line, and when this circuit is opened on the three phases at both ends, the second circuit being live. 
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The ferroresonance phenomenon depends too much from the initial conditions to be foreseen by reckon. So we must consider that a risk exists on any transformer supplied as above. However, the study show that the more the voltage is higher, the more the risks of ferroresonance are important.

The ferroresonance appears slowly. A few seconds are necessary to reach the maximum amplitude. This time lag can be turned to account to detect the phenomena and order the tripping of the transformer circuit breaker.

1 - 8 - 3 - Measures to avoid the deterioration of the material:


- Avoid the network schemes where the overvoltage factor is higher than 1.5. As a first approximation, the 150 MVA transformers must not be set at the end of teed lines exceeding 100 km.


- Control the tripping of the higher voltage side circuit breaker to the one of the lower voltage side circuit breaker, so as the higher voltage side C. B. opens always the first,


- double the tripping coils of the higher voltage side circuit breaker,


- double the remote signalling channels between the source substations and the teed substation 


- install, if the overvoltage factor is higher than 1.1, overvoltage relays, and relays against ferroresonance on the source substations and on the teed substation. 

1 - 8 - 4 - Protection against overvoltages

a - Protection set at each of the three ends of the 400 kV overhead line

It measures the three voltages between phases and the three voltages between phase and earth.

It contains two thresholds:


- a higher threshold, not delayed, set at 1.2 * Un between phases and 1.45 * Vn between  phase and earth,


- a lower threshold, delayed at 4 s, set at 1.1 * Un between phases and 1.1 * Vn between  phase and earth,

It disables the recloser.

b - Protective relay set on the lower voltage side of the transformer.

The thresholds are as follows:


- higher threshold, not delayed, set at 
1.2 * Un between phases 

1.45 * Vn between phase and earth at 225 kV 

1.65 * Vn at 90 kV and 63 kV,


- lower threshold, delayed at 4 s, set at 1.15 * Un between phases and 1.15 * Vn between phase and earth.

1 - 8 - 5 - Protection against ferroresonance

It is elaborated on the first hand thanks to the relay against overvoltages described above, and on the other hand thanks to a relay supplied by the three  phase to earth voltages measured on the lower voltage side of the transformer. This relay discards the 50 hz component. Its threshold is fixed at 0.224 * Vn in the bandwidth between 75 Hz and 500 Hz. Its sensitivity is higher for the frequencies lower than 50 Hz. It is all the higher since the frequency is lower.

Bibliography [93], [94], [95]
1 - 9 - overfluxing  protective  relay

The power transformers are reckoned so that when the voltage is maximum on their terminals, and the frequency is 50 Hz, the induction inside their core is close to the saturation induction.
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As a first approximation the flux inside the core, proportional to the induction, is linked to the higher voltage side voltage by:


U = - d / dt = j * 2 *  * f * o

So we see that when the frequency decreases, the flux increases. Now, as at 50 Hz the transformer magnetic circuit is close to saturation, the flux inside the core can no more increase. At its place the leakage flux increases very strongly, and induces Eddy currents in the tank. If the frequency drop, joined to a high voltage, is enough the transformer may be very seriously damaged.

The relays protecting the transformer against this phenomenon are sensitive to the ratio V / f.

They contain two thresholds:

lower threshold: 
if V/f > 1.1  *Vn / 50, the relay sends a tripping order after one minute, 

higher threshold: 
if V/f > 1.25*Vn / 50, the relay sends a tripping order after 5 seconds.

Such relays are not used on the EDF network. They are used on lower size networks, not meshed to more powerful networks. In such networks, the upholding of the frequency close to 50 Hz is more difficult than in the meshed networks, and it is important to guard against its variations.
Bibliography: [96]

1 - 10 - FONCTIONNing  of  the  whole
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- Multiphase faults on line L1, always solid or slightly resistive, make a current higher than current I1 circulate inside two or three phases of the relay P1(see § 1 - 1). This relay, which observes the current on each phase, provokes an instantaneous three-phase tripping of CB1, with possible reclosing (see 4° part, §4, recloser).

        
- Solid or slightly resistive phase - to - earth faults on L1 make a current higher than I1 circulate inside the phase of the relay P1 corresponding to the faulty phase. This relay controls the trip of CB1 on the corresponding pole. At the other end, the voltage drop on that phase controls the tripping of the corresponding pole of CB2, by the time delayed dead end line protective relay.

       
- Resistant single phase faults are cleared by the overcurrent zero sequence protective relayP2, which controls a three phase tripping, with possible reclosing. This relay also plays a role of local back - up protection for P1  with respect of phase - to earth or phase - to phase - to earth faults. 

       
- Faults on transformer windings are cleared using the buchholz relay which controls a definitive three - phase tripping (without reclosing) and a remote back - up by P1. 

       
- Faults between windings and the tank are cleared by the earth - tank protective relay which controls a definitive three - phase tripping and a remote back - up by the time delayed threshold of P1 and P2.

Note: 
 if the transformer terminals are protected by spark gap, an overvoltage due , e. g. to lightening , and lasting a few nanoseconds, provokes an arc which subsists until the line is switched off by the earth tank protective relay. If the terminals are protected by a lightening arrester, the latter de - energises when the overvoltage disappears and the relay does not rip the circuit breakers. 

       
- Faults on line L4 ate cleared by P4 or P'4, which control an instantaneous tripping order. The remote back - up is ensured by P3 or P'3, which also ensure clearing the faults between the transformer and the circuit breakers CB4, CB5, CB6. If we wish to avoid tripping CB1 at the same time as CB3, it is necessary to delay the lower thresholds of P1 and P2 by two selective intervals 

 In the part 6 "settings " we will see that it is not always possible to find thresholds allowing the correct functioning of the whole. It is then necessary to call upon other, more sophisticated protective relays, using both voltages and currents. They are described in the next section (§ 2 of the third part).  

The functioning described here is basically interesting from a didactic point of view. In reality, the networks are never completely dead - ended. The most of overvoltage relays must then be replaced by distance or differential protective relays (see following §).
Bibliography [19], [21], [22], [23]

2 - PROTECTION  from short circuit of meshed networks 

2-1  DISTANCE protective relays 

2 - 1 - 1 - Principle

 The case considered in § 1-1 is the one of a network supplied by a single production power plant. Other then a few situations, this is never the case: as soon as several power plants exist in a given area, they are meshed by high voltage links, allowing them to back each other up and to reach a better economic optimum.

Consequently, the system studied in the previous chapter is no longer suitable. 

 Thus the following network element: 

A fault appearing in D provokes the circulation of a practically identical current in the protective relays associated with the circuit breakers cba1. cba2, cbb1, cbb2, on one hand, and cbc1, cbc2, cbd1, cbd2 on the other hand. If there are only overcurrent protective relays, the eight circuit breakers will thus open, while only cbb2 and cbc1 must open. For this, it is necessary to call upon more complicated measurement principles, using the voltages.  
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2-1-1-1- three phase fault study 

In that case, each phasor data of the network is balanced, and we may, by applying the symmetrical component theory, consider only the positive sequence data. The considered network becomes a one - phase network.  
 

We use:


- direction determinations: the phase of the ratio Vb / Ia is opposite to the ratio Vb / Ib, the currents being always considered as positive when they run from the substation towards the line;

            - impedance comparisons: the module of the ratio Va / Ia is greater the one of the ratio Vb / Ib.

The system is than as follows:  

2-1-1-1-1- Determination of the fault direction

It is achieved by measuring the phase discrepancy  between the voltage and the current, and by comparing it to two values, for example -70° and 110 °:

- the discrepancy between Vb and Ib respects the inequation -70° <  < 110 °, and the fault is detected downstream, i. e. towards the protected line. 

- the discrepancy  between Vb and Ia respects the inequation <  < -70 °, and the fault is detected upstream, i. e. towards another asset. 

2-1-1-1-2- Reactance comparison 

 Let us measure the reactive part of the impedance Vb / Ib, which is, in a first approximation, equal to the reactance of the line section located between the measure point and the fault. We compare this value with two setting values equal, in the most simple cases, to 80% an 120 % of the reactance of the whole line (see part 6). 

If the measured value is less than the lower setting value, and if the directional relay indicates that the fault is on the line side, the fault is certainly on the line. A tripping order is then instantaneously sent. 

If it is included between 80% and 120%, always in the same direction, it is certain that all the faults susceptible of appearing on the line are seen, but other ones, further away, may be seen also. The protective relay then sends a time delayed tripping order
, to give time to another c.b. to clear the fault.

This range of ± 20% corresponds to the sum of all the errors that may be made in this measurement: error on line characteristics, error due to the measurement reducers, error due to the protective relay and the safety margin. 

The faults seen beyond 120 %, and up to 150 %, give rise to more delayed tripping and the ones seen in the zone upstream give even more delayed tripping.       

Thus the following representation, in the impedance plane  Z = Va / Ia
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2-1-1-1-3- Resistance comparison 

 In normal operation, the impedance Vb / Ib has a high resistive part, but a low reactive part, often less than the reactance of the first zone. the tripping zone of the protective relay must thus also be limited in resistance.
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If there is no burden and if a fault appears, the impedance seen from the close end of the line is the sum of the one of the line section between the close end and the fault and of the one of the fault. 

If the line is safe and if the burden is resistive, the impedance seen from the close end is the sum of the one of the line and of the one of the burden
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The current running inside the fault can be split into two parts, the first coming from substation A, the second from substation B. With the transit direction indicated on the scheme, the source located on side B is phase delayed versus the source located on side A. The apparent impedance of the fault seen from the end A, i. e. the ratio between the fault on F and the current Ia contains a resistive part, the value of which is higher than the fault resistance, and a negative inductive part. 

The ratio between the apparent impedance and the real fault resistance is called injection factor
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Impedance diagram at point A




1 + Ib / Ia    is the injection factor at point A

When the line is faulty, the transit from A to B gives an apparent distance from A to the fault lower than the real distance, and an apparent distance from B to the fault higher. As we do not know, at point A, the phase discrepancy between Va and Vb, this error has to be considered in the settings. However we will see that in the three - phase systems measurement methods exist, allowing partly to get rid of this constraint. (see appendix 6) 

- discrimination between safe  transit and short circuit

This study shows that distance protective relays can detect a short circuit only if its resistance is weak enough to be distinguished from a safe functioning. It is thus important to know well this safe functioning, to set the relay as sensitive as possible to resistive faults, but insensitive to the high transits. 

The points representative of normal functioning are outside of the following circles:

 
- locus of the points obtained when the voltage at A is equal to its minimum value Vmin, and when the current is equal to its maximum value Imax. It is a circle, whose centre is A (circle 1), and whose radius is Vmin / Imax, 

- locus of the points obtained when the voltage at B is equal to its minimum value Vmin, and when the current is equal to its maximum value Imax. It is a circle, whose centre is B (circle 2), and whose radius is Vmin / Imax,  


- locus of the points obtained when the voltage at A is equal to its maximum value Vmax, and when the voltage at B is equal to its minimum value Vmin, and when they turn the one in relation with the other. It is a circle  whose centre is 3, and whose radius is r:
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Vmin * Vmax


A3 = AB *  


     
(1)
and 
r = AB *                                
    (2)




 Vmax² - Vmin²



        

Vmax² - Vmin²

- locus of the points obtained when the voltage at B is equal to its maximum value Vmax, and when the voltage at A is equal to its minimum value Vmin, and when they turn the one in relation with the other. It is a circle  whose centre is 4, and whose radius is the same as previous:
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(3)




   Vmin² - Vmax²


The values retained for Vmax and Vmin are:



Network 400 kV: 
Vmin = 360 kV /     3

Vmax =  420 kV /     3



Network 225 kV:
Vmin = 200 kV /     3

Vmax =  245 kV /     3



Network 90 kV :
Vmin = 77,8 kV /     3

Vmax =  100 kV /     3



Network 63 kV :
Vmin = 54,4 kV /     3

Vmax = 72,5 kV /     3 

he current Imax depends on the operation conditions, as the possibility of heating of the line and the eventuality of fleeting load report during reclosing cycles (see 4th part, § 1 and 5).

Demonstration of formulae (1) and (2):

Let us consider a line AB run by a current I. In the impedance plane, we call M the point representing the impedance VA / I.
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AM = VA / I, 
then BM = VB / I

The condition VB = Vmin  and  VA = Vmax can be written: 
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- let us write  AB = RL + j * XL, and AM = R + j* X.       R and X are the unknowns.

The locus of M is defined by:


(RL + j * XL) - (R + j * X)
       Vmin





= 


R + j * X

       Vmax




        M










 B


















     A

impedance diagram

that we can also write:







[RL - R)² + (XL - X)²] * Vmax² = (R² + X²) * Vmin²  

thus

(R² + X²) * (Vmax² - Vmin²) - 2 * (R * RL + X * XL) * Vmax² + (RL² + XL²) * Vmax² = 0
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      (Vmax² - Vmin²)²

It is the equation of a circle whose centre affix is:
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and whose radius is : 





Vmax * Vmin


r = RL + j * XL *





Vmax² - Vmin²

Drawing of circles C1, C2, C3, C4

let us consider a 400 kV line run by a current Imax = 2  kA, and with an impedance  3 + j * 30 . 

C1, centred on the origin, has a radius: 
360 / 2 * (  3
= 104 
C2 has the same radius. Its centre affix is 
3 + j * 30 
C3 and C4 has a radius of:
 97 



C3 centre affix is 
10,4 + j * 104 


C4 centre affix is 
8.3 + j * 83 
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Graphical determination of the centres and radiuses of circles C3 and C4
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The circles C3 and C4 are centred on the straight line D. They run respectively through the points  and ,  and 

It is than enough to report the straight line D on the line image, by superposing the points A and B.

2-1-1-1-4- Fault - power swing discrimination 

When there is a loss of synchronism (out - of - step) or a power swing, between a group of alternators and other alternators supplying the network, a number of predetermined links must be opened, and not the others (see resilience plan, part 5, § 3).


Now, in this case, the point representative of the impedance seen from point A may be confused with the one of a fault. It can, e. g. , follow the path of a circle drawn on the figure below. 

To distinguish between a fault and an out - of - step, it can be observed that a fault provokes an abrupt variation of the impedance seen from A, while an out - of - step provokes a progressive variation of this impedance. 






           D2       





          D1



If, between the instant t1 when the point representing the impedance crosses the line D1 and the instant t2 when it crosses the line D2, a time greater than t, e. g. 15 ms, the protective relay is blocked for T, 1 sec for example. this is the anti out - of - step function. 

2-1-1-1-5- Recapitulation

These different considerations are gathered together in the following diagram. The zone in which the protective relay is susceptible of sending a tripping order, delayed or not, is called pick - up characteristic. Its shape varies from one relay model to another, with respect to the habits of the operators, network constraints, and the internal functioning design. 

In the appendix 6, the pick -up and out - of - step characteristics of the different distance protective relays used on the EDF network are grouped.
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2-1-1-1-6- Pick - up by overcurrent controlled by the voltage.

Some relays content themselves with a pick - up by overcurrent. Others, more sophisticated, use a pick - up by overcurrent controlled by the voltage.

Instead of using a pick - up characteristic drawn in the impedance plane to discriminate the faults from the safe functioning, they use a characteristic drawn in a plane defined by  I and V. This allows to distinguish, for the same impedance, the fault situations, when the voltage is low, and the safe situations, when the voltage is high.

More, the characteristic changes when the phase discrepancy between V an I exceeds a given threshold, e. g. 30°. Indeed, we admit in that case that even if the voltage is high, and the current lower than the maximum transit current, it is no more a safe functioning, but a remote fault. The current threshold   is then lowered.


As an example, the characteristic of the relay 7 SA 513 of Siemens is: 
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for> 30°

       for < 30°


        0,53 * Vn


        0,48 * Vn


        0,35 * Vn






tripping

no tripping







0,2 * In


0,8 * In


1,2 * In

Example for a maximum transit current of about In

The disadvantage of this system is the difficulty of working with an out - of - step function. This is the reason why it is not used at the EDF.
2-1-1-2-Study of an unbalanced fault
2-1-1-2-1- Loop equations 
The theory of the symmetrical components gives us, for a given line and its ends, the following equivalent scheme (see appendix 1):
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here are four types of faults:

- the single phase - to - earth fault. 

This is the fault represented here, between the phase b and the ground. This is the most frequent one. It is generally caused by lightening.    

The equation of the faulted loop is:

        


Vb = zd * y * Ib + rf * If + ( (zo - zd) / 3) * y * Ig  

(1)

with: 
zd = 
positive sequence impedance of the line AB,

         
y = 
distance between the point A and the fault, in percentage of the line length,

     
Ib = 
current in the phase b, coming from A,

        
rf = 
fault resistance,

          
If = 
current inside the fault,

         
zo = 
line zero sequence impedance, 

          
Ig = 
return current in the ground. Its value is three times the zero sequence current Io.

We put generally:

   

ko =  (zo-zd) / 3 zd.  

This is a complex number, the impedance zo and zd having not necessarily the same argument. It is however considered as real on the overhead lines. On the contrary it is considered as complex, and adjustable on both components, on the distance protective relays protecting underground cables. 


The value of this factor, named earth factor, runs from 0.5 (line with two earth cables) and 1 (line without  earth cable above a resistant soil). 

The equation  (1) may be written:



Vb = zd * y * (Ib + ko * Ig) + rf * If

(2)

To reckon the fault distance, we consider the impedance   Vb / (Ib + ko * Ig), which gives directly the reactance of the segment of line located between the relay and the fault.  

If the fault is not supplied by the end B, the currents Ib, If, et Ig are equal and the equation becomes:

                      Vb = zd * y * Ib * (1 + ko) + rf * Ib

In that case, the fault resistance seen by the relay using the impedance defined above is:



 
rf / (1+ko). 

If the fault is supplied by both ends, and it is the general case, the current flowing inside the fault is the sum of the current Ib and of a current coming from the remote end. This leads to an apparent fault resistance higher than rf . More, as this apparent resistance is complex, the measure of the reactance is spoilt by an error, as seen in the study of the balanced fault.





     R apparent

                       Vb = (zd apparent +  

 ) * (Ib + ko *Ig)





        1 + ko

To avoid this error on the resistance, a number of relays use two currents for measuring the distance: the image current, equal to Ib + ko * Ig, which is used for calculating the voltage drop in the line, and the pilot current Ip, estimated in phase with the fault current (see appendix 6).

                        Vb = zd * ( Ib + ko * Ig) + r apparent * Ip 

- the insulated phase - to - phase fault. 

It is much less frequent than the previous one. It generally occurs when the conductors sway under the influence of the wind. We assume that it appears between phase r and phase y.

The equation of the faulty loop is:

                         Vry = Vr - Vy = Ir * zd * y + Rf * If + Iy * zd * y

If the fault is not supplied by the B end (remote end), Ir = -Iy = If and the equation becomes: 

                           Vry = (Ir - Iy) * (zd * y + Rf / 2)

If it is supplied by B end, the resistance must be replaced by the apparent resistance, as for the phase - to - earth fault, but this type of fault is generally weakly resistive.

Note :The different measuring elements of the protective relays, but the distance measurements, use input data varying from one relay to another, and from one function to another. On the contrary, the distance measurements are always performed by using the same impedance, i. e.: 

           
loop r - earth:

Vr / (Ir + ko*Ig)
loop r - y:

(Vr - Vy) / (Ir - Iy)

 
loop y - earth:

Vy / (Iy + ko*Ig) 
loop y - b:

(Vy - Vb) / (Iy - Ib)

 
loop b - earth::

Vb / (Ib + ko*Ig) 
loop b - r: 

(Vb - Vr) / (Ib - Ir)

If a measuring element, else than a distance element, uses input data different than those written above, its characteristic in the impedance plan defined above varies from the safe situation to the faulty conditions. 

- the three - phase fault.

This is the balanced fault seen before. It is rather rare and generally due to forgetting an earthing hook stick after work on an asset. It can also result of vandalism. 

The equations of the faulty loops are: 

                         

Vr 
= 
zd * y * Ir

                         

Vy 
= 
zd * y * Iy

                         

Vb 
= 
zd * y * Ib

which can be also written:

                         

Ury 
= 
Vr - Vy 
= 
zd * y * (Ir - Iy)

                         

Uyb 
= 
Vy - Vb 
= 
zd * y * (Iy - Ib)

                          
Ubr 
= 
Vb - Vr 
= 
zd * y * (Ib - Ir)

Or




Vr 
= zd * y * (Ir + ko * Ig)

with 
Ig = 0

                         

Vy 
= zd * y *( Iy + ko * Ig)


"

                         

Vb 
= zd * y * (Ib + ko * Ig)

"

This fault is detected indifferently by one or another of the six loops. 

- fault phase - to - phase - to earth.

This is generally a single phase - to - earth fault that has evolved on the neighbouring phase.

This is the most complex one to study since it includes the low resistance of the fault between two phases and the phase - to - earth resistance which may be high. It may be detected by one phase - to phase loop and two phase - to - earth loops. (see appendix 6, § 54) 

2-1-1-2-2- Functions performed by the protective relay


- Distance measurement

It is performed by using the impedance defined above.

According to the asked speediness, a relay contains 6 loops operating in parallel, or 3 loops phase - to - phase, commuted into loops phase - to - earth by the detection of a zero sequence current, or a single loop, commuted by a phase selector. In all cases, a distance measuring loop may not send a tripping order but if it is controlled by the pick - up and the phase selector. 

- Pick - up and phase selector

The pick - up allows the discrimination between resistive faults, and most constraining stable and safe functioning, i . e. temporary load reports from a neighbour line

The phase selector determines the faulty phase (s). 

In most of the relays these two functions are performed by the same module. Now the phase selection does not operate well with the impedance defined for the distance measurement, as the fault current is present in the safe loops. So we generally use characteristics drawn in the impedance planes defined as follows:

 
Vr / Ir 


Vy / Iy 


Vb / Ib 

(Vr - Vy) / Ir 
     
(Vy - Vb) / Iy 

(Vb - Vr) / Ib

.

But in some relays, the phase selection is performed by a module distinct from the pick - up. In that case, the pick - up is performed with the same impedance as the distance measurement (RL 100, see appendix 6).

The protective relays can contain either 3 pick - up impedance modules, commuted by a zero sequence overcurrent module and used for the phase selection, or 6 pick up impedance modules operating in parallel and a zero sequence overcurrent module, the phase selection being elaborated from the information of these modules, or 6 pick - up impedance modules, 6 phase selection impedance modules, and a zero sequence overcurrent module,  

- Out - of - step

It is performed thanks to a characteristic surrounding the pick - up in a safe functioning. During a fault, it may no more surround the pick - up, if it is drawn in a different impedance plane.

- Directional function

It is performed by comparing the phase between a current assumed to have the same phase as the fault current and a voltage as little affected as possible by the fault, e. g. the positive sequence voltage. This voltage is generally maintained by a memory to allow a correct orientation, even in case of solid three - phase fault close to the protective relay.

Note: in case of phase to phase to earth fault, the behaviour of the 6 distance measuring loop relay is different from the one of the 3 or 1 loop relay. In the first case, the phase to phase to earth fault is detected by a phase-to- phase pick - up loop and the distance measurement is correct. In the second case, it is detected by two phase to earth pick-up loops, and the distance measurement may be spoilt by errors if the fault resistance is important: the faults are seen closer than they are really; more, when the phase to phase to earth fault is the evolution of a phase to earth fault, or of a phase to phase fault, the commuted relays( 1 or 3 loops) may fail, as their timers may return to zero when the fault evolve.  

2-1-1-2-3 Failure of the voltage supply - function "fuse break"

If a voltage transformer fails, or if its secondary circuit is cut, the corresponding loop of the protective relay receives a null voltage, and a not null current. It sees then a null impedance, and sends a tripping order. Two systems are used to avoid this disadvantage:  


- each phase is protected by a fuse. 

If a phase is opened by the fuse, a zero sequence current appears, although the current remain balanced. This situation blocks the protective relay. To test the balance of the currents, the absence of zero sequence current, but also of negative sequence current is checked. Indeed, if the network downstream of the protective relay has its neutral point insulated, there is no zero sequence current in any case,


- The secondary circuits of the voltage transformers are protected by a three phase circuit breaker.

This circuit breaker must then own an auxiliary contact which open before the main contacts. The opening of this contact blocks the protective relay.

Bibliography [20], [21], [22], [23]

2 - 1 - 2 - Electromechanical distance protective relay
These relays are no more manufactured, but are still in operation on a great number of ends. Their principle is given here mainly as a comparison with electronic and numerical relays, the latter having many advantages, but also a few disadvantages.

We will use the example of the RXAP of the "Compagnie des Compteurs" (Alstom).

2 -1-2-1- Pick - up

It is a commuted pick - up, i . e . owning 3 modules, the input data of which are changed by the presence of an earth current. 

Each module is a magnetic transducer, the principle of which is as follows: a magnetic circuit has two windings. The first one carries a direct current U proportional to the voltage modulus , obtained by rectification and filtering. This current saturates the magnetic circuit. The second one carries a sinusoidal current I. If during the alternation where the ampere - turns created by I have a sign opposite to those created by U, I peak is higher than U, the magnetic circuit becomes unsaturated and saturated in the reverse direction. The abrupt variation of induction creates, in a third winding, an electromotive force which control the closing of a contact. 


 Switchover is obtained for :             V   - K*   I  *  ( 2   < 0          

assuming an infinite magnetic permeability for the magnetic circuit.

The characteristic obtained in the impedance plane is a circle centred on the origin.

When the network is safe, the phase r module is supplied by the phase - to - phase voltage Ury and the current Ir, the one of the phase y by the voltage Uyb and the current Iy, and the one of the phase b by the voltage Ubr and the current Ib. In the following, we will call them respectively A, B, C.

In case of phase to phase fault, or three - phase fault, the relay remains supplied in the same way. 

In case of phase - to earth fault, the presence of a zero sequence current provokes switchover of the voltage, using a percentage relay D. They become respectively Vr, Vy, Vb.

note: In some cases, the downstream network may operate with an insulated neutral point. In that case, the switchover is performed by the presence of zero sequence voltage and negative sequence current. That solution is particularly  used in the distance protective relays used on the lower voltage terminals of the power transformers. 

In the impedance planes defined at the "note" of § 2-1-1-2-1 , the radiuses of the pick - up circles have the following values: 


- for a phase - to -earth loop:   z   =  Vr  / (Ir + ko * Ig) ,                                

- or, in the particular case where  Ir = Ig:   z   = Vr / [Ir *  (1 + ko)]   =  K * (  2  / (1+ko)


- for a phase - to - phase loop z   =   (Vr - Vy)  /  (Ir - Iy)                            

- or, in the particular case where Ir = -Iy  i. e. in case of phase to phase fault: z  = K* ( 2 / 2

and, if  Ia - Ib = (3 * Ia , i. e. in case of normal operation: z =  K * ( 2 / 3

We can note, in this case, that the characteristic is different between the phase to phase fault and normal operation.

The percentage relay provoking voltage switchover ids the following:
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When the current Ir is higher than 0.3 * (Ir - Iy), with a minimum of 0.3 time the rated current, the relay switch over. 

2-1-2-2-Phase selection logic 

It is ensured by the pick up modules A, B, C and the zero sequence overcurrent relay D. It is ensured in an obvious way if only one pick up module is solicited. If two, or three modules are simultaneously solicited, the module A has priority over B, which itself has priority over C. Thus the following result: 

      
If A alone: 


loop ry

      
If B alone: 


loop yb

      
If C alone: 


loop br

      
If A et D: 


loop r - earth

      
If B et D: 


loop y - earth

      
If C et D: 


loop b - earth 

      
If A et B: 


loop ry

      
If B et C: 


loop yb

      
If C et A: 


loop br

      
If A et B et C: 


loop br

      
If A et B et D: 


loop r - earth

It is probably a fault r - y - earth, which is cleared in a first time as a    r - earth fault.

      
If B and C and D: 


loop y - earth

      
If C and A and D: 


loop r - earth

      
If A and B and C and D:

loop r - earth

2-1-2-3- Distance measurement

It is performed by an induction relay whose principle is the following:

an aluminium disk, or cylinder, can turn in the gap of two magnetic circuits. Each of the circuits is magnetised by a current. We will call these currents I1 and I2, the one out of phase with respect to the other by an angle .

The current I1 creates in the magnetic circuit an induction B1 which is proportional to it. This induction creates in the disk induced electromotive forces proportional to the derivative of I1, which causes Eddy currents to circulate practically in phase with them. 

The Eddy currents flowing in the gap of the second magnetic circuit creates, with the induction B2, a torque which makes the disk rotate. The same is true for Eddy currents created by I2 in the induction B1. 

The torque acting on the aluminium disk has the shape:  c  = K * ( i2 * di1 / dt - i1 * di2 / dt)

that is, letting    i1 = I1*sin (*t), and  i2 = I2 * sin (*t + ):      c = K *  * I1 * I2 * sin










i


         

The torque is constant all along the period
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Note: 

In the following, we will always note:

-  i and v the instantaneous values of the currents and voltages, 

- I an V the complex vectors representing the sinusoidal currents and voltage, 

   _      _

- I an V their Modula,

- I and V their rectified and filtered value.
To perform a distance measurement, this induction relay is supplied by a current I, and by a voltage V1 = V - z * I. This voltage creates, in its coil, a current having the same phase angle. So, when V1 and I have the same phase angle, the torque is null. 
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The couple V1 , I used in the various loops are, calling ZL the impedance of the line.

      
First zone, loop r - y:               

V1 = 
(Vr - Vy) - 0.8 *  ZL *  (Ir - Iy)

            (set at 80 %) 



I =
Ir - Is 






      
Second zone, loop r - y:              
V1 =
(Vr - Vy) / 1.5  - 0.8 * ZL * (Ir - Iy)

             (set at 120 % = 1.5 * 0.8)                       I =
Ir - Iy

      
First zone, loop r - earth:   

V1 = 
Vr - 0.8 * ZL * (Ir + ko * Ig)

             (set at 80 %) 



I = 
Ir + ko * Ig

      
Second zone , loop r - earth: 

V1 =
Vr / 1.5 - 0.8 * ZL * (Ir + ko * Ig)

             (set at 120 % = 1.5 * 0.8) 

I = 
Ir + ko * Ig 

The other loops are deduced from three loop by circular permutation of r, y, b. 

Switching of the loop supply is performed from the indications of the phase selector, the ground overcurrent module and, for passage from the first to the second zone, the timers.
2-1-2-4- Directional module
It is an induction relay supplied by the phase to phase voltage Ury = Vr - Vy, and the current Ib. The voltage circuit is designed in such a way that Ury has run a current I' in its coil with 70° lag in phase. We will thus see that if the current Ib has a 20 ° lead on Vb, the two currents are out of phase and the torque is null. This is what , in the impedance plane, we have called the inversion.
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Zone of negative torque

(upstream faults)

The corresponding impedance plane is the one of loop b. This is a plane homothetic to the voltage plane drawn above, obtained by letting Ib + ko = Ig = 1 for the phase to ground loops, and Ib - Ir = 1 for phase - to phase loops. In both cases, the inversion line D is carried by the vector Vb with 20° lag out of the phase of Ib. 

The module has a single relay, connected as above in the normal position, and switched to the other phases by the pick - up modules, if relevant. It is supplied by:

  
Uyb and Ir 
if the fault is between the phase r and the earth, or between r and y,

      
Ubr and Iy 
if the fault is between the phase y  and the earth, or between y and b.

2 -1-2-5- Out - of - step module

The design of this module is the same as the one of pick - up modules, but set to a higher impedance, generally 1.5 times. Its operating principle is the one described in § 2-1-1-3 . There is a single module in the protective relay, supplied by the voltage Uyb and the current Iy.
2-1-2-6- Memory circuit - closing on a fault.
If, on a line under operation, a solid three - phase fault appears near the close end of the line, the voltage cancels out on the three phases and the directional module can no longer operate. An oscillating circuit, internal to the protective relay, supplies the directional module for about 5 periods on the voltage circuit Ury. But, if the circuit breaker is closed, while the line is grounded, the memory circuit can work no more. In this case, the directional module is disabled and the protective relay issues a 100 ms time delayed tripping order. Indeed, if a power transformer is energised by the closing, harmonic currents of rank 2 appear transitorily, and can make the protective relay send an unwanted tripping. 

(see appendix 5)
2-1-2-7-Mutual zero sequence induction compensation

When two overhead lines are installed on the same row of towers (double circuit line), or when they are located close to each other, the zero sequence current running in one of them creates a zero sequence voltage in the other, and vice versa. The equation of a phase to earth loop is:




       Zo - Zd
         
     Zom


Vr = Zd * y * Ir + 
         *  y  *Ig   +
    *  y'  *  I'g   + Rf * If

3         3

I'g being the earth current of the other circuit, y the length of the line section between the close end and the fault, in percentage of the line length,  y' the length of the common section to both circuits, in percentage of the line length, and Zom * y' the mutual zero sequence impedance of the common section. 

The impedance  Zom contains a resistive part due to the increase of ground voltage yielded by the earth current of both lines, and a reactive part representing the mutual zero sequence impedance between the lines. Its argument is weaker than the one of Zd, and even of the one of Zo. 

By analogy with the factor ko, we define a factor kom:




  Zom

    

kom =  




 3 * Zd

The usual values of kom are situated in the range 0.4 (double circuit line with 2 earth cables) to 0.8 (double circuit line without earth cable).

If no account is taken of the mutual inductance, the fault is seen further than it is really. For example a fault close to substation B (remote end) may be seen beyond the second zone limit. 

Thus the possibility, in some protective relays and especially the RXAP, to introduce a compensation from the earth current of the other circuit. In fact this possibility is little used, as in most cases the circuits are not in parallel from one end to the other, and the ends are not situated in the same substations.  

2 -1 - 2 - 8 -  Mho relay
This type of function is not used in the RXAP. It is however mentioned here since its use is current in many protective relays to create pick - up and directional functions simultaneously. 

      
- One phase study:
This is an induction module supplied by:

          
. a current proportional to the voltage V1 = V - z * I 

          
. a current proportional to a voltage Vp obtained by putting the voltage V out of phase by an angle . The torque reverses on the circle at the place where V1 and Vp have the same phase, i. e. where the angle between V1 an V is . This is a circle running through the origin.

The name of the mho relay comes from the fact that, in an admittance (mho) diagram its characteristic is a straight line.
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     Vp

If for example the voltage V is the voltage phase to earth Vr, the current I is the current Ir + ko * Ig, we obtain a circular characteristic in the phase to earth loop impedance plane, which fulfils the following functions:  

. directional function. The only forward faults are;

. limitation in resistance

. limitation in distance

- three phase study: see § 2134
2 -1-2-9- Advantages and disadvantages of the electromechanical relays

- Advantages.

. The relays consume little auxiliary energy when they are idle.

. The torque of the induction modules are constant inside a period when the current transformers are not saturated. Now, if a current transformer saturates, the current is correct for every other alternation, and during the false alternation it is weak, and so is the torque. Relay operation is delayed but correct.

. Electromechanical devices are little sensitive to rapid surge phenomena .

- Disadvantages.

          
. The operating time of measurement modules depends on mechanical torque, variable with respect to input variables. The selective intervals must take into account this scattering and thus be rather long: 300 to 500 ms.

          
. Relay consumption is high on the secondary circuits of the measurement reducers. This leads to limiting the number of modules, in order to avoid deteriorating their precision. For this the switches are multiplied which causes losses in time and sometimes operating risks.


. These protective relays are sensitive to harmonic 2 (see appendix 5).

We will find reverse advantages and disadvantages for electronic relays, then we will show how digital relays try to reconcile the advantages of the one with the other.
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2 - 1 - 3 - Static distance protective relays 

The measurement principles are inspired from the ones used in electromechanical relays, but their implementation is totally different. We will study some of them.

2-1-3-1- Phase comparator 

2-1-3-1-1- Three input comparator - distance measurement
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We try to know if the fault is within or beyond the distance to be overseen. Let:

          
r = line resistance, 

          
L = line inductance,

          
y = distance of the fault in percentage of line length,  

          
Rf = fault resistance,

          
y' = overseen distance, i. e. 80% in the example.  

At point A, not taking transit into account, the instantaneous voltage and current are linked by:

         
v = (r * y + Rd) * i + L * y * (di / dt)

In the protective relay, the current i crosses an image impedance of resistance r * y' and of inductance L * y', thus supplying a voltage v'= r * y' * i +  L * y' * (di / dt). We thus create, thanks to the circuit in figure beneath, the voltage v-v':  


 v - v' = (r * y + Rd) * i + L * (y - y') * (di / dt)

At the moment when i = 0 , the equation becomes: 

          v - v' = L *(y - y') (di / dt)

If the voltage v - v' has the same sign as di / dt , y is higher than y'. The operating point is not in the overseen zone. If they have opposite signs, the operating point is in the overseen zone.
 

                                                                                                                   

             i                                                









      v' = y' * v image

line image
  R




       v image = R * i + L * di / dt
           potentiometer
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The different voltages are drawn on the diagram beneath:
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The comparison is performed by using:

- open loop operational amplifiers, i.e. always saturated, either positively, or negatively, and thus  delivering logical states,

- a monostable circuit, sending an impulse at each change of sign of its input voltage,  

- logical circuits.





      






           voltages proportional to

logical circuits
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 The circuits named A are operational amplifiers in open loop

The different signals have then following shapes:



 Current i

Signal i1


1


0

signal i2


1


0

  di / dt 

signal 

(di / dt)1

1



0


v - v'


signal

(v - v') 1

1


0

output

signal


The circuit studied here makes it possible to detect the cases where v - v' is negative and di / dt positive, just when I is null. It thus supplies one signal per period. To detect the cases where v - v' is positive and di / dt negative, just when I is null, a similar circuit must be added, in which we add an inverter on the signal (di / dt) 1, and we remove it from the signal (v - v') 1 .

 We can create two zone limits at a time by using an image voltage v" with sign opposite to v'.
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When i = 0 , we obtain two equations:

                    

v - v' = l * ( y - y' ) * (di / dt)

                    

v + v''= l * ( y - y'') * (di / dt)

 If y is included between y' and - y",  v - v' and v + v3 have opposite signs. 

(on the above diagram, the instantaneous values of the voltages when i = 0 are the projections of the voltage vectors on the ordinate axe) 

 The data used have following names: 

  

i is the pilot
                   
v is the loop voltage

                    
v'  = r * y' * i + l * y' *  (di / dt) 
is the instantaneous downstream  image voltage 

                     
v'' = r * y'' * i + l * y'' * (di / dt) 
is the instantaneous upstream image voltage 


l * y' is the downstream image inductance

      

v - v' is the instantaneous downstream compensated voltage 

                     
l * y'' is the upstream image inductance

         

v + v'' is the instantaneous upstream compensated voltage




 
x'  = r * y' + j * l *  * y' is the downstream image impedance

                     
x'' = r * y'' + j * l *  *y'' is the upstream image impedance

                    
V'  = x' * I is the downstream complex image voltage

                    
V'' = x'' * I is the upstream complex image voltage

The data noted in green are the ones present at the input of the comparator. 

2-1-3-1-2- Three input comparator - resistance measurement 

With a comparator of the same type as previously, we can create a slanting band by using the following pilot and images: 


Pilot: 




r * i + l * (di / dt)

         
Downstream image voltage: 

+ R * i

         
Upstream image voltage
       
-  R * i




X * I






    pilot
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V

D'




V"




  V'

      R * I


The instantaneous values of v - v' and v + v' when the pilot passes through zero are obtained by projecting  the vectors v - v'  and  v + v"  on a straight line perpendicular to the pilot. They have opposite signs when V is inside the band formed by the lines D' and D" , and have the same sign when V is outside this band.

Note: so that passages through zero are obtained with sufficient precision, the current must be high enough. Thus the presence of a current threshold module set to 0.2 * In or 0.25 * In.

2-1-3-1-3- Two input comparator - direction determination 

The difference with the preceding comparator is the elaboration of a different signal depending on if the pilot passes from status 1 to status 0 or from status zero to status 1. The same data then plays the role of pilot and image voltage. 
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For a relay placed in A and protecting the line AB, a fault  at 1 is seen upstream. Voltage V value  is:                                                                                                                  









z2*I



          

V = - z1 * I

If the fault is at 2, the V value is:

          

V = z2 * I                                                           
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The logic scheme is:
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The monostable 1 sends impulses on the up front;

The monostable 2 sends impulses on the down front;

The shaping circuit sends a signal which lags a little more than half a period when it receives an impulse. 

The obtained signals are as follows:
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2-1-3-1-4- Characteristics of the whole 

We find the same characteristic as in § 2-1-1-1-5. Each phase comparator creates a band. 

The bands created are:

- horizontal band between first and fourth zone,

- horizontal band between second and fourth zone,

- horizontal band between third and fourth zone,

- slanting band between both slanting straight lines, 

- horizontal and slanting out - of - step bands,

- direction inversion straight line.

2-1-3-2- Application of the phase comparator to the different loops

The input data used for the comparator are different from a type of relay to another, since they result in a compromise between the non - sensitivity to high transit created by the one - phase or the three - phase reclosing cycles, imbalance created by one phase reclosing cycles, a correct phase selection, and a sufficient sensitivity to resistant faults.

As an example, for the PD3A 6000 of GEC ALSTHOM, the data used in the comparators are:

2-1-3-2-1- phase r - ground loop 

- horizontal band, first - fourth  zone

         . pilot                        

R * Io

         . loop voltage     


Vr - ground

         . downstream image voltage   
x1 * (Ir + ko * Ig)

         . upstream image voltage 

x4 * (Ir + ko * Ig)

Io is the zero sequence current, which is supposed having the same phase as the current in the fault. This make it possible to eliminate distance errors due to transit (see appendix 1: symmetric components).

- horizontal band, second- fourth  zone

          
. pilot                        

R * Ir

          
. loop voltage


Vr - earth

          
. downstream image voltage
x2 * (Ir + ko * Ig)

          
. upstream image voltage
x4 * (Ir + ko * Ig)

- horizontal band, third- fourth  zone

          . pilot                       

R * Ir

          . loop voltage 


Vr - earth

          . downstream image voltage
x3 * (Ir + ko * Ig)

          . upstream image voltage

x4 * (Ir + ko * Ig)

- slanting band 

          
. pilot                                  
Z * Ir

          
. loop voltage


Vr - earth

          
. downstream image voltage
R * Ir

          
. upstream image voltage
R * Ir

The use of the pilot R * Ir makes it possible to avoid pick - up on single phase load report, which could be noted with a R * Ig pilot. >The maximum detectable fault resistance value is: Rd = R

- directional comparator (two input comparator) 

          
. Pilot



R *Io

          
. loop voltage


Vo

          
. image voltage


zc * Io

In the case of phase to earth fault, the fault is considered as a source of zero sequence voltage, which may be shown by using the method mentioned at the end of  appendix 1 .
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If the fault is placed at 1, the zero sequence voltage at the measuring point is:

               Vo = - zos * Io

If it is placed at 2, the zero sequence voltage is:

                Vo = (zo + z'os) * Io

as zos * Io may be small, a value - zc * Io is added to the voltage Vo a voltage zc * Io, zc being lower than zo. the compensated voltage is then, for a fault at 1:

                  

V compensated = Vo - zc * Io = - (zos + zc) * Io, lagging Io ,

and, for a fault at  2:               

                   

V compensated = Vo - zc * Io = (zo + z'os - zc) * Io, leading Io 

2-1-3-2-2- phase y - earth and phase b - earth loop.

      hey are deduced from the phase r by replacing r by  y, then by b
2-1-3-2-3- Loop phase r - phase y 

      
- horizontal band, 






first - fourth zone ,
second - fourth zone ,
third - fourth zone ,

. Pilot                                  
R * (Iy - Ir)

R * (Iy - Ir)

R * (Iy - Ir)


. loop voltage              

Vy - Vr


Vy- Vr


Vy - Vr

. downstream image voltage      x1 * (Iy - Ir)

x2 * (Iy - Ir)

x3 * (Iy - Ir)

. upstream image voltage           x4 * (Iy - Ir)

x4 * (Iy - Ir)

x4 * (Iy - Ir)

      
- slanting band

. Pilot                                   
Z * (Iy - Ir)

. loop voltage


Vy - Vr

. downstream image voltage
R * Ir

. upstream image voltage
R * Ir

The maximal detectable resistance value is: Rd = R

- directional comparator,

. Pilot 



Z * (Iy - Ir)

. loop voltage 


Vdb = Vb + a² * Vr + a * Vy. 

this is the positive sequence voltage relative to the phase b.

. no image voltage: 

the compensated voltage is equal to the loop voltage.

Indeed the voltage Vb is in the back quadrant with respect to the pilot in case of a solid downstream fault. Vdb has approximately the same phase as Vb, and keeps a high value for all types of asymmetric faults. For three - phase - faults, the voltage Vdb used is the one existing before the fault. It is supplied by a memory circuit, using a voltage controlled oscillator (V. C. O.).
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2-1-3-2-4- loops y - b and b - r

They are deduced from the r - y loop by circular permutation on r, y, b.

2-1-3-2-5- Phase selection

It is done from pick - up zones, i. e. the zones obtained by crossing the horizontal band built - up by the third and the fourth zone with the slanting band for each loop.

2-1-3-2-6- Out - of - step band

They exist only on the phase r - phase y loop. The horizontal bands are situated between x2 an x3 downstream, and between x4 and x4 + x upstream. The slanting bands are situated between R and R + 2 * r on the right of the reactance axis, -R and -R - 2 * R on the left. 

When the time lag between the passage in a and the passage in b is higher than 15 ms, the tripping is disabled during 1 second.




2-1-3-3- Mho comparator 
We saw at § 2128 the mho relay used in the electromechanical protective relays allowed to obtain with only one module functions needing several modules in the other techniques.

Let us consider again the diagram of § 2128. 

When the end of the vector V is situated on the circle, the voltage V - z * I lags by the angle  i. e. a time t (ms) = ° / 18, at 50 Hz,  in relation with the vector V. If it lags by an angle greater than , the end of the vector V is inside the circle.

Thus the following logical circuit, for one alternation:
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The signals obtained are, in the case of a point located inside the circle:

(in the chosen example  = 90° and t = 5 ms)
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the circuit on two alternations is:
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With two image impedance z1 and z2 we obtain, by comparing the phase of V - z1 * I with the one of V + z2 * I, a characteristic shift in relation with the origin. This characteristic is a circle if the angle  is equal to 90 °, and a lens if it is higher
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2-1-3-4- Application of the mho comparator to the different loops.
On each of the six loops we can use the voltages and currents belonging to these loops and the corresponding image impedance. Another possibility is to use a phase comparator with three inputs, in which the loop voltage is replaced by a voltage perpendicular to it. For example,  

  - for the loop r - earth, we use the voltage Vy - Vb. the circular characteristic is then obtained for the following condition:

vr - z * (ir + ko * ig)  and  z * (ir + ko * ig)  have opposite signs when vy - vb passes through zero.

· for the loop y - b we use the voltage Vr - Vo, the zero sequence voltage allowing to have a voltage high enough. Else the passages through zero would not be accurate enough when a phase to earth fault appears close to the substation. 

The condition is then:

      (vy-vb) - z * (iy-ib) and z * (iy-ib) have opposite signs when vr-vo passes through zero.
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(Vy - Vb) polarisation voltage

2-1-3-5- Advantages and disadvantages of electronic protective relays.

 - Advantages

          
. The operation and release times vary little, in principle in a range not exceeding one period. The selective intervals can thus be much lower than in electromechanical relays: 150 ms.

           
. The relay consumption on the secondary reducer circuits is lower than in electromechanical relays, and located almost exclusively on input transformers. Downstream, the number of comparators could be increased, which made it possible to elaborate the various comparisons in parallel and to improve the overall operating speed. This later is generally situated around 30 to 40 ms.

. il est possible de désensibiliser ces protections aux harmoniques pairs (voir annexe 5)

- Disadvantages

          
. The relays consume practically the same energy, whether they are solicited or not. This leads to increasing the capacity of the accumulator batteries (see eight part, §3).

          
. The devices are sensitive to rapid transitory phenomena. They require the use of shielded cables grounded at both ends (see eight part, §2).

          
. The fault detection signals are only elaborated at two privileged instants of the period. If at these instants the variable used is erroneous, the protective relay may emit faulty orders. In particular, this is the case for currents when the reducers are saturated. 

 This disadvantage  leads to replacing the current transformers in many cases when we install electronic protective relays. However, some accommodation may be found (see appendix 4). More, saturation detection systems have been developed , allowing the relays to operate correctly with the old reducers. So is the principle: 

when a short circuit appears with an important asymmetric component, the first current zero crossings are correct. The relay uses this time lag to synchronise an oscillator. This one sends now a signal which takes the place of the secondary current during the saturated alternations.

 Thus the following functioning (example of the protective relay LZ 95 of ABB):

      - a derivator amplifies the harmonics. The high amplitude of these harmonics constitutes a saturation criteria.

      - an integrator supplies, from the secondary current, an image of the flux in the current reducer,

     - If the flux is higher than a given threshold, and if the rate of harmonics is high, we know that the reducer is saturated. A generator of sinusoidal signals is under the control of the secondary current, in amplitude and in phase, when it is healthy, that is during the first periods following the inception of a fault, then during a half - period out of every two. When the reducer is saturated, the signal generator then supplies a current extrapolated from the preceding half period. 

Bibliography [20], [21], [22], [23] 

2 - 1 - 4- Digital distance protective relays

They are not, in their main operation, different from the above, but the use of digital systems has allowed certain improvements. May be noted:

      
- the possibility for acquiring optical signals, coming from measurement reducers with pokkels effect or faraday effects (see part 2, § 6), or others, and for encoding them into digital signals. This should allow a good immunity to parasites,

      
- the sampling, e. g. 40 times per period, of input variables, that is the three voltages, the three currents, and the residual current as a checking. This make it possible no longer to make measurements only at privilegied moments, i. e. at passage through zero of electrical variables, but almost continuously, like electromechanical protective relays. Appropriate verifications make it possible to drop out the measurements made when the current transformers are saturated, 

      
- memorisation of the variables existing on the network just before the fault. Their comparison with the ones present during the fault makes it possible to realise, quickly and simply, the following functions, e. g.:

 
. pick - up, by voltage variation,

          
. phase selection, by current variation,

          
. direction, by power variation.

The distance measurements are achieved by using two successive samples, performed at time t1 and t2, and by solving a system of two equations with two unknowns:

   

u1 = R * i1 + L * (di1 / dt)






(1)

     

u2 = R * i2 + L * (di2 / dt)

 The variables R and L thus obtained are compared to thresholds, which allows tracing the characteristics on the plane R - X.

We meet the same functions as the ones performed with the 2 or 3 input comparators of the electronic protective relays. Example:

*distance and resistance measurement.

We choose the same image and pilot current as at § 21311, and we solve the system
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u1 = R * i1 pilot +
  * i1 image + L * 
     ( i1 image)


(2)
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       dt
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u2 = R * i2 pilot +
* i2 image + L * 
     ( i2 image)
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       dt

 being the line time constant.

* direction (see § 21313)

We consider again the equation system (1) and we determine the downstream position of the fault thanks to the following truth table:
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downstream fault


upstream fault



L>0 et R>0





L<0 et R<0





L>0 et R<0 et L / R > tg2 


L>0 et R<0 et L / R < tg2 



L<0 et R>0 et L / R < tg1 


L<0 et R>0 et L / R > tg1 

* phase selection
It can be performed independently from the pick - up (see § 21122) This allows the use, for the pick up, of the same loops as for the distance measurements, and leeds to a simplification of the settings.
 * saturation detection, for example by comparing i and di/dt.

* the possibility of implementing different settings when the topology of the network changes, e. g. in following cases:

 
. double circuit lines, whether the neighbour circuit is in operation or earthed;


. teed line, whether one of the ends is dead or live (meshed or not);


. overhead line with a facts (series reactance or capacitance) whether this facts is operational or short circuited.


The digital relays , which can memorise several "setting files" and use the one or the other under an external order, meet this requirement, as far as the network control system is able to supply the good data.  

* other annex functions, added in some of them:

      
. fault location,

       
. disturbance recording.

 * finally, all these relays include a self inspection system.
However, these relays have a disadvantage in relation with the electronic protective relays: the operating time increase when the operating point is close to a zone limit. Indeed, the filtering of the input data leads to a slow convergence of the distance measurement algorithms. We find a behaviour similar to the one of the electromechanical protective relays.
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2 - 1 - 5  - Carrier aided distance schemes

These are systems in which protective relays , generally of distance type, located at the ends of a same line, exchange information using telecommunication systems in order to increase their performances. 

The main problems met in using these systems come from the fact that telecommunication systems do not operate in normal conditions:

- generally telecommunication terminal equipment exchanges messages and acknowledgements between themselves according to a protocol, X 25 for example, making it possible to verify permanently the validity of transmitted information;

- here, the required speediness does not allow this check - up. An unwanted or faulty message is not corrected. 

To obtain correct operation, it is thus necessary to:

- find schemes in which false messages do not have serious consequences,

- find reliable telecommunication systems.

In this particular application, they are called signalling channels.
2-1-5-1- Principle of various schemes 

They are described in the standard IEC 50 - 448
2-1-5-1-1- Transfer tripping
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 If the protective relay P1 sees a fault in the first zone, it emits a tripping order through a signalling channel to the circuit breaker, and vice versa.

The major disadvantage is that any unwanted order, due to the signalling channel, provokes an unwanted tripping.

This system is no longer used.

2-1-5-1-2- Permissive underreach transfer tripping

The same signal is emitted, but at reception tripping is only ordered if the relay has picked - up.

This system is not used by the EDF, but is common abroad, for long lines.

2-1-5-1-3- Permissive overreach transfer tripping.
There is no first zone. If a protective relay sees a fault in the second zone, i. e. beyond the remote substation, it sends a signal to the other relay. This second one only sends a tripping order if it sees a fault inside its second zone.

This system is not used at the EDF, but is common abroad, for short lines.



    P1







  P2







Signal from P2 to P1






second zone of P2




      X







    X





second zone of P1





Signal from P1 to P2


In case of loss of the signal, the protective relay orders the tripping immediately. If the loss of signal appears more than about 300 ms after pick - up, the relay operates normally, i. e.

 it sends its tripping order after a second step time.

2-1-5-1-4- Acceleration scheme (or accelerated intertrip)

When a protective relay sees a fault on the line, it emits a signal through a signalling channel which allows the relay located at the remote end to send immediately a tripping order if it sees a fault inside the second zone. Several variants exist:

. The emitting protective relay can send its signal if the fault is detected inside the first zone only. This scheme is in accordance with the standard IEC 50 448.  However it can be interesting, on the long links whose source impedance is too much unbalanced, that the relay sends also its signal if the fault is detected in the second zone. Indeed, let us consider the following case
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Fault phase r - earth beyond the P2 first zone limit

The functioning of P1, represented in the impedance plan Vr1 / (Ir1 + ko * Ig1), is the following: 
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Ir1 + ko * Ig 1= 1

The impedance measured from P1 is:

Vr1 / (Ir1 + ko * Ig1) = zd (P1-F) + Rf * (Ir1 + Ir2 ) / (Ir1 + ko * Ig)

Zd (P1 - F) is the positive sequence impedance of section P1 - F. It is represented by the vector V
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     is approximately equal to Rf *  
         . It is represented by the vector V1,
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which has practically the same phase as the unit vector Ir1 + ko * Ig1.
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       is represented by the vector V2, which leads the current Ir1 + ko * Ig1 
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The functioning at P2, represented in the impedance plan by Vr2 / (Ir2 + ko * Ig2), is as follows: 
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In this example, both relays see the fault in the second zone.

The advantage of elaborating the acceleration only when the fault is inside the first zone will be seen subsequently, when we study the case of the teed lines (see  § 2-1-5-2-1).

On the EDF network, the acceleration by the second zone can be found on the 400 kV links, and the acceleration by the first zone on the other links.   

. The receiving relay may wait for the acceleration signal to start the measurement if the second zone. It may also perform in parallel the measurement of the first zone and the one of second zone , in order to be ready to send its tripping order as soon as the signal is received. The second method, which requires more comparators than the first method, and which is thus better adapted to electronic protective relays, gives faster tripping. 

2-1-5-1-5- Zone extension, or overreach
This is a system which make it possible to avoid using signalling channels. The principle is as follows: 
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The relay P2 immediately trips its circuit breaker D2 upon a fault in its second zone, thus simultaneously with D1. Both circuit breakers are tripped simultaneously, but, after reclosing, P2 no longer emits its instantaneous tripping order but for a fault in the first zone.

- Advantage: no signalling channel.

- Disadvantage:
    . systematic unwanted tripping;                                                                 

    . second tripping in a time of second step for a solid state fault located in the second zone.

    . risk of loss of the busbar voltage. This may forbid certain slow three phase reclosures (see fourth part, § 52122)

This system can only be used on lines subject to very few faults: zone little struck by lightening, high level isolated lines. It is used mainly in north Europe, where the keraunic level is very low. Even in that case, only a part of the lines arriving at a substation are protected with this system, the other using a scheme with a signalling channel. By this way, the substation undergoes no outage in case of close fault.

2-1-5-1-6- Blocking overreach.

- Problem encountered:

For short lines, distance measurement may  lack precision. A setting to 80 % of the first zone does not guarantee the insensitivity to an external fault. The causes for error are:

    
. a high ratio between the source impedance and the impedance of the line first zone. Indeed, in this case, the voltage foreseen by the relay is low, and relative errors in the voltage measurement become very large.

For example, if this ratio is equal to 19, the value of the voltage is Un / 20. An error of 3 % on this value thus corresponds to 0.15 % of the rated voltage. The maximum admissible value of this ratio is specified for each type of protective relay. It is about 25 to 30. Beyond this value, selective operation of the relay is no more guaranteed.

This ratio is called, in international literature, S. I. R. (source impedance ratio)
     
. Saturation of current reducers. 

They saturate that much faster when the product of the r.m.s. value by the time constant is higher. Now, power transformers generally have high time constants, for example 200 ms, and overhead lines have lower constants, for example 8 ms for 63 kV lines. Thus, the shorter the line, the higher the time constant in the zone limit. (see  second part, § 1 and appendix 4)

These constraints generally lead to admit that the minimum length of lines which can be protected without signalling channels or with acceleration schemes is:

          
. 15 km for 400 kV overhead lines,

          
. 12 km for 225 kV overhead lines,

          
. 10 km for 63 kV overhead lines.

  For shorter lengths, the blocking scheme is used.

 - Principle of blocking
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The first zone of P2 overcomes the end of the line, but not the P1 upstream zone. 

P1 sends a signal towards P2 if it sees a fault inside its upstream zone. P2 is then blocked by this signal and cannot emit a tripping order. If P2 does not receive a signal, it emits a tripping order, since the fault is on the line. If it is blocked but not release, it emits a tripping order after a second step time. 

 So the system operates correctly, the P2 tripping order must be delayed to wait for a possible blocking from P1. This time is about 50 ms.

2-1-5-1-7- Unconditional remote tripping

Ordering a remote circuit breaker to open using a carrier aided protection scheme may occur, without the possibility of close control. This system is called:

                                                unconditional remote tripping

To be reliable, it must include a dialog procedure. Because of this, it is much slower than a signal used in a scheme with close control.

It may be used in a back - up, in case of circuit breaker failure for example.

It must never be used to save on a circuit breaker.

2-1-5-1-8- "Echo" mode and "weak infeed" mode

 If a line is open at one end, the protective relay P2 placed on this end cannot send a signal. To obtain a quick tripping at the live end by P1 when it sees a fault beyond the first zone,  P1 sends an acceleration signal on second zone, which is sent back by P2, if its circuit breaker is open. It is the "echo" mode.    
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If both circuit breakers are closed, and if the source, on P2 side may sometimes supply a low power, a fault on the line yields, on P2 side, a weak current. On the contrary, a fault placed beyond P2 yields, on P2 side, a high current. P2 sends then towards P1 a signal if its current is lower than the threshold allowing its protective relay to operate. It is the "weak infeed" mode.

Presently, this mode is not used at the EDF.    
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2-1-5-2- Application of these systems to three - ended lines

2-1-5-2-1- 225 KV overhead lines, short symmetric dead end tee point.

This case continues the one of dead end lines, seen at § 1-5.

- Quick clearance

         Acceleration signal
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The first zones of P1 and P2 reach more than the middle of the line.

A remote tripping order is sent from P1, or the zero sequence protective relay H1 (see third part, §24),  towards the phase selector S3, and another one from P2 or H2 towards S3. These orders are sent simultaneously to their close tripping orders. The selector S3 make then open the higher voltage circuit breaker of the power transformer on the phase on which it notes a voltage drop. If it notes a voltage drop on 2 or 3 phases, it orders the opening of the three phases of the higher voltage and lower voltage circuit breakers  

The protective relays P1 and P2 exchange their acceleration signals.

 All the faults on the line are cleared in a first step time, but a fault on the power transformer provokes an unwanted tripping of both remote ends of the line.

 If the second zone overcomes the lower voltage terminals of the power transformer, the signal must be sent by the first zone only.     


Please note, finally, that the faults on the transformer which are not cleared by its higher voltage circuit breaker, following a failure of this circuit breaker, are cleared by opening of the circuit breakers placed on the live ends of the line, by means of slow unconditional remote tripping orders.      

      
- Low clearance.

The first zones of the live ends do not reach the middle of the line. The faults located close to the power transformer are thus cleared only after a second step time, but a fault on the transformer does not lead to the loss of the line.

The acceleration signal must be sent only by the first zone of the relay.   

The operator has in charge the choice between these schemes, in relation with its constraints.

2-1-5-2-2- 225 kV overhead line, short live ended tee point.

The tee point is called dead if the power coming from the lower voltage side of the transformer is null.

The tee point is called live if the power coming from the lower voltage side of the transformer is enough to make a distance protective relay operate. If it is not, the tee point is called weakly live.
 Opening D1 an D2 makes no longer disappear the voltage on the line, which remain supplied by a source  located on the lower voltage side of the power transformer.

 In most cases, it is admitted that, on a multiphase fault, generally solid, the phase selector always works. But in some cases, i. e. when this source is very powerful, a distance protective relay must be installed.

 On a resistive phase - to - earth fault, the selector can note a voltage drop which is too small to be taken into account. In that case, if after the 500 ms that follow the reception of one of the remote tripping, a residual current is present, the selector controls the three - phase tripping of both transformer circuit breakers.     


2-1-5-2-3- 225 kV overhead line, long ended tee point, live or dead.


- quick clearance

The length of the tee point id notably lower than P1
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The higher voltage side circuit breaker is controlled by a distance protective relay P3 and a zero sequence power protective relay H3 if the tee point is live, by a phase selector S3 if the tee point is dead or weakly live.

The first zone of P2 do not overcome P1, but overcomes P3 (or S3).

The signalling and remote tripping is the same as in 2-1-5-2-1. P2 sends to P1 an acceleration signal, but P2 can pick - up only after opening of the circuit breaker of P2. The acceleration signal must be then extended at reception by a time that depends on the relay performances. 

A fault on the power transformer provokes a no delayed tripping of the circuit breaker of P2, but not of the one of P1.


- Slow clearance

The length of ZP3 is the same as, or greater than the one of  ZP1

The first zone of P2 does not reach P3 ( or S3). The faults close to P3 are cleared after a second step time by P2, then P1 picks up and trips its circuit breaker  after a second step time.


- blocking

If the teed point is live, and if a correct first zone setting is not possible (see bibliography), protective relays with blocking scheme can be installed on the three ends of the line. A fault close to P3 is then cleared after a 50 ms delay by P2 and P3, then P1 picks up and trips its circuit breaker after a 50 ms delay.

If the teed point is dead or weakly live, the blocking scheme is installed only between P1 and P2.

2-1-5-2-4- 63 KV or 90 kV overhead lines

As we do not use the one phase reclosing on these lines, there is no phase selector at P3.      

If the teed point is dead, no protective relay is installed on this end.      


If there are production groups downstream from D3, zero sequence power protective relays and, depending on the case, overcurrent or distance relays are installed. We can then meet the same case as the one found at the end of the preceding paragraph above, and be led to installing relays with blocking scheme.      


Note: these few examples are not exhaustive. Their purpose is only to show that each link, especially when it has three ends, must be studied more particularly, by taking into account the exact lengths of each section and the short circuit power at each end. 
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2-1-5-3- 400 KV double circuit lines
2-1-5-3-1- Distance protective relay with an acceleration scheme
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The first zone is set at 70%, and the second zone at 140%, because of the mutual induction between both lines (see sixth part).

Problem: a phase to earth fault appears on both lines, at the same place, but on two different phases, beyond the first zone of the relays P11 and P12, in conformity with the scheme above. The relay P11 sees a fault at less than 100% on the phase b, and more than 100%, but always inside the second zone, on the phase r. It receives from P1 an acceleration signal and orders immediately a three phase tripping to its circuit breaker. So does P12.

The loss of a 400 kV double circuit line can modify the distribution of burdens on the 400 kV network, so as the voltage discrepancy between ends makes live line reclosing (see  fourth part, § 5). Thus a risk of network disorganisation, very little probable, but serious enough to be taken into account.

Possible solutions: acceleration signals could be sent phase by phase. Thus, the relay P21 would send a signal to P11 on the phase b, and P22 to P12 on the phase r. Such a solution was not retained. The installation of a differential line protective relay with superior performances, has been preferred. 

2-1-5-3-2- Differential line protective relay (see § 2-3-1).

These relays answer the problem. However, since they do not ensure remote back - up, (see fifth part, §1), distance protective relays must be added as back - up. For the faults described above, they must be delayed of one selective interval, failing which they will send a three phase tripping order at he same time as the one phase tripping order of the differential protective relays. 

The simplest way would be not to use an acceleration signal. But two selective intervals would then be waited for (see sixth part), and a so long clearance time was considered dangerous for the network in case of a multi - phase fault. Thus the following system: 
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An acceleration scheme is installed, but the tripping happens only after one selective interval. Now the relay emitting the signal releases before the receiving relay has sent its tripping order. This is why the emission of the signal is maintained for 200 ms. On the receiving end, after a transfer time of 30 ms, the signal is delayed 70 ms in an annex relaying to wait for a selective interval. 

Note: a similar analysis may be achieved for short overhead lines, protected by differential protective relays and carrier aided distance schemes. It shows that the blocking time of the first step tripping must be set to one selective interval.

2-1-5-4- Compatibility between protective relays.

 Using signalling channels depends on the internal logic of the protective relay. this can lead to incompatibilities in some systems if different relays are used at each of the ends of the same link. We will use the example of type PD3A electronic relay and RXAP electromechanical relay.  

2-1-5-4-1- Operation of PD3A in a blocking scheme.

When the relay picks up, a gate is opened at the end of the first step time delay if the relay is not released, then remains open for 20 ms. Thus the operation, for an external fault:       
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Let us consider the case of a fault very quickly cleared by P3. If P2 receives the blocking signal only while P1 picks up, and if the pick up of P2 is late in releasing, its gate risks to be still open after release of the blocking signal. Thus a time delay at release, adjusted at manufacturing to 150 ms, for other applications. In fact, 30 ms would be largely enough.       


2-1-5-4-2- Operation of RXAP  6755
 We saw that one of the design differences between PD3A and RXAP is operation in parallel of certain measurement modules of the first one, which operate in series in the second one. Thus, the directional relay of the RXAP only operates after the pick up module. 

In the blocking scheme, the RXAP pick up module first emits a blocking signal, which is then suppressed by the downstream information of the directional module. If the blocking order is lengthened at reception, the receiving relay operation is delayed. This is why the risk against which the PD3A is designed cannot be taken into account here.     
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2-1-5-4-3-Mixed operation

 We see on the preceding diagram that a blocking signal is temporarily emitted by a RXAP on a fault located on the protected link. If it is extended at reception by a PD3A, the first step time delay of this relay must be long enough to wait for release of this blocking signal, i. e. more than 150 ms. This time cannot be accepted, but would become acceptable if the extension time delay would be only 30 ms.     


But the decision was made to forbid the protection of short lines by different type relays.

This example was treated to show the precautions to be taken for having various relays operate in the same signalling scheme

2-1-5-5- Reliability of signalling channels

     
- Principle of former signalling channels.

The old fashioned signalling channels send, when at standby, wave trains alternatively at frequency F1 and frequency F2, each of them having an identical duration. When a signal is sent, these wave trains are replaced by wave trains having a duration twice as short. Signal detection is done by measuring the duration of their wave trains which must be located in a specified time window.      



     standby                  F1                                  F2                             F1



       signal            F1              F2                F1               F2               F1               F2


      
- Principle of signalling channels with coding.

They were developed to improve the reliability of the preceding ones, which was considered as insufficient. Their principle is the following: The equipment emits, by means of wave trains similar to those described above, 8 bit words. These words mean "standby", "order", "test", "alarm".

At reception, so that a word "order" may be recognised, it is necessary that:    

. the receiver has formerly recognised 6 words "standby", 

. there is no reception fault due to the line, i. e. the signal / noise ratio is higher than 6 db,

. the signal is not too strong, and does not risk to saturate the receiver. It is then necessary that the signal / noise ratio does not exceed 12 db,

. the word that follows the six words "standby" is recognised as a word "order" to within 0 bit, or it is recognised within 1 bit, but the following one is recognised within 0 bit, 

. there is neither emitting alarm, nor receiving alarm,

. the channel is not being tested.

We may consider that coding the information and permanent monitoring of the line and the end equipment make it possible to avoid the transfer of unwanted orders. Automatic tests make it possible to avoid failures.

The requested quality is:

. for acceleration scheme, an unwanted order every 10 years, and a failure per 100 orders.

. for blocking scheme, an unwanted order every 50 years, and a failure per 1000 orders.. 

In fact, the quality promised by the manufacturer of the material is the same in both cases, i. e. the one requested for blocking schemes. 


     
- transfer time.

The maximum asked transfer time is generally 15 ms for the acceleration schemes installed on the 400 kV grid, for a number of acceleration schemes installed on the 90 kV or 63 kV network and aimed to answer needs in energy supply of particular customers, and for most of the blocking schemes. In the other cases, a time of 30 ms is enough.   
 

 The transfer time of 15 ms allows no dialog between the ends. The bandwidth must be large enough to obtain a good discrimination of the signals.     
 

The transfer time of 30 ms allows a repetition.


Unconditional remote tripping, as used to solve the case of circuit breaker failure on dead or teed lines, have a transfer time of 100 ms and include a dialogue procedure

2-1-5-6- Telecommunication supports

2-1-5-6-1- Power line carrier

This system uses a high voltage overhead line for transferring the signal.
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The frequencies used in France are:

. 40 - 100   kHz, split into bands of 2 kHz, and used for protective relays, 


          . 100 - 348 kHz, split into bands of 8 kHz, and used for telephone and remote control.

Generally, the phase - to - earth loop is used for telephone, and the phase - to - phase loop for protective relays, the latter being less disturbed during faults  appearing on its route.    


. Advantage: 
very low attenuation, especially in phase - to - phase mode.

. Disadvantage: the line traps are not 100 % efficient, and it is not possible to use the same frequency on two lines close to each other. Two overhead lines in series at least must separate two power line carrier systems using the same frequency. This limits use and forbids them for systems too greedy in bandwidth, i. e. differential line protective relays.
2-1-5-6-2- Earth wire with incorporated coaxial cable.
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. advantage: 

no constraints on frequencies

. disadvantages: 
attenuation leading to installing repeaters every 30 km

                            
necessity of foreseeing its installation at line building.

                            
bandwidth too reduced for differential line protective relays. 

2-1-5-6-3- Earth wire with incorporated optic fibre.

 This technique is similar to the above, but is more recent.

. advantages: 

greater bandwidth, especially with emission by laser,

                           
insensitivity to exterior disturbances, thus 100 km between two repeaters,

                          
possibility of tying a fibre on an earth wire, even on a phase wire. 

 . disadvantages: 
very special technique.

2-1-5-6-4- Microwave relay system.

      
A network, dedicated to the EDF, in the 7 gigahertz bandwidth, has been installed. 

2-1-5-6-5-Specialised links.

France - télécom make telecommunication links available to the EDF, for which it guaranties a high quality level. This solution is rather expensive, and has, probably wrongly, a bad reputation. It has also the disadvantage of having a not guaranteed transfer time, which is not constraining for the signalling schemes, but becomes constraining for the differential or phase comparison protective relays.  

Let us note the recent availability of 64 kilobit links, which could be interesting for some differential line protective relays.
2-1-5-6-6-Use of these supports for carrier aided schemes.

There are two different modes of use, corresponding to different telecommunication links:

 - low frequency signalling channel end equipment.

 The equipment linked to the relay sends its signal to an equipment located in the control building of the substation, by using a part of the speech frequency bandwidth (2400 to 3400 cycles). This equipment then adapts the signal to the telecommunication support available: specialised link, power line carrier (rarely), coaxial cable, optic fibre, microwave,   

 - high frequency signalling channel end equipment.. 

The equipment linked to the protective relay uses directly the power line carrier link of the overhead line it protects, or of a neighbour line.
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2  -  2  -  PHASE COMPARISON PROTECTIve  relay
2 - 2 - 1 - Principle

This relay, used on overhead lines, compares the currents at each end of the line. However, in order not to use a bandwidth with a too high frequency, it only compares the current phases and not the amplitudes: if the currents, counted positively from the substation to the line, are in antiphase, there is no fault on the line. If they are in phase, there is a fault on the line.

 In addition, in order to reduce this bandwidth even further, the comparison only concerns a single current, obtained by adding the three phasor currents, each one assigned with a real or complex factor. Indeed, a simple sum would make the relay insensitive to solid three phase faults. But this unbalanced sum leads to a different sensitivity from one loop to another.     

Such a relay can only correctly operate if the associated telecommunication system is perfectly available. It may be admitted that there is only a low probability that a bad transfer appears during a fault. But it is necessary to provide against unwanted tripping due to a bad transfer when the link is safe. This requires adding a pick up which only makes the comparison live if there is a presumption of fault.  This is why, while the principle of phase comparison should allow a sensitivity very much higher than the one of distance protective relay, the increase in performance is in fact relatively low.       

2 - 2 - 2 - Example of two types of protective relay.

Let us study two relays of such a type:

. GEC   P10 from GEC-Alsthom


. 7SD31 from Siemens
They are different on following points:

- GEC pick up

. positive, negative and zero sequence overcurrent module, 

. detection of abnormal variation of the positive, and negative sequence current,

which theoretically could make it possible to avoid the installation of voltage transformers. 

- 7SD31 pick up

. overcurrent module 

. voltage drop relay

In the distance relays such criteria presents us with selectivity problems for the back up clearance of the faults. So is not the case here. Indeed the phase comparison protective relays do not insure the remote back up (see fifth part, § 112), and that is why the pick up modules never send alone a tripping order. 

- Sum used in GEC relay

The transferred current is obtained by adding the positive sequence current and  times the negative sequence current:




It = I + +  * I - 

 is a settable factor, generally set to 5. We may also write:

 

It = [Ir * (1+ ) + Iy * a * (1+a * ) + Ib * a * (a + )] / 3

- Sum used in the relay 7SD31

The transferred current is obtained by elaborating the sum:
I + + 3 * I - + 5 * Io. 

which may be also written:
[9 * Ir + (a+3 * a² +5) * Iy + (a² +3 * a + 5) * Ib] / 3.

- Fault detection 

For both relays, a fault is detected on the line if the phase discrepancy between the compared currents is higher than 30°.

- Emission of the GEC relay signal.

It only happens when one of the pick up relays starts. These relays have two thresholds: 

. a low threshold which controls the emission,

. a high threshold which controls the phase comparator functioning.

The overcurrent modules control the emission as long as the threshold is overcome.

The abnormal variation modules control the emission during 600 ms, and the phase comparison during 500 ms.

- Emission of the  7SD31 relay signal.

The signal is sent continuously. This may be a disadvantage if the telecommunication link used is a power line carrier. Indeed these emissions have been suspected to disturbing aerial navigation radio beacons and it is preferable to use them only in case of fault presumption i. e. rarely and during a very short time. 

 - Elaboration time of the tripping order..

It is from 20 to 30 ms for both relays. Siemens offers in addition the possibility of increasing operation safety while waiting one period more for confirming the tripping order.

- Elaboration of one phase tripping orders.

In the 7SD31, the pick up relays may be used as phase selectors. On the contrary, the GEC relay cannot. A phase selector must be added, which operates on the same principle as the distance relays, and thus need voltage transformers.

- Bandwidth.

Both relays nee two 4 khz channels.

2 - 2 - 3 - Limits of performance

      
- Those relays must not be on teed lines, since in that case the three currents may be mutually out of phase, even if their algebraic sum is null.

      
- They are, in principle, insensitive to power swings. This makes it possible to use pick up characteristics closer to the operating zone, and thus to increase the sensitivity to resistive faults. 

     
- They are not able of discriminating phase to earth double faults on parallel lines. Indeed, the phase selector operate by the same way as the distance protective relays. They might indicate a phase - to - phase fault on each line and provoke a three phase tripping (see § 2-1-5-3). But a protective relay elaborating a phase comparison on each phase should solve the problem.

      
- They are faster than the distance protective relays using acceleration or blocking schemes,, since the latter two may emit their signal only after having elaborated their tripping order. The saving in time is especially perceptible in the blocking scheme.    

       
- Statistic studies showed that relays using a sum of currents in which the zero sequence current has a relatively great importance have a greater sensitivity towards resistive faults than relays comparing the currents of each phase.

2 - 2 - 4 - Evolution.

Digital protective relays, making phase by phase comparison with telecommunication bandwidths similar to the above, are available. The Siemens SD 510 relay may be mentioned as an example.
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2 - 3 - differential protective relays.

2 - 3 - 1 - Overhead line differential protective relay.

2-3-1-1- Principle.

If the algebraic sum of the currents entering the line is null, the line is healthy. If not, there is a fault on this line. To elaborate this sum the currents must be sent, in amplitude and in phase, towards one of the ends of the line.        


This principle is similar to the one used in the phase comparison relay, but it requires a much larger information transfer. However, the comparison, which is done on all points of the period, and not during passage through zero, is more reliable. This make it possible to protect teed lines.   

But it remains dependant on telecommunication, and must always be controlled by a pick up stage. It also keeps the same advantages, namely speediness and insensitivity to power oscillations. 

2-3-1-2- Example: DIFL of Alstom. 

- Pick up is done by one or the other of the following thresholds:
          
. zero sequence current maximum, 

          
. negative sequence current maximum, 

          
. zero sequence voltage maximum, 

          
. negative sequence voltage maximum,

          
. positive sequence voltage minimum,

          
. positive sequence impedance minimum.

- The differential comparison is made on each of the three currents Ir, Iy, Ib at each end. this make it possible to perform, without additional equipment, one phase tripping, and to ensure correctly the protection of double circuit lines against one phase double faults (see § 2-1-5-3). 

For each one, two threshold modules are used, connected into series:

          
. absolute threshold,

          
. percentage threshold. 

Thus the characteristic:




       ir + i'r









ir = current on the close end









i'r = current on the remote end



                       






Ir

- The operating speed is 20 to 30 ms.

- The necessary bandwidth is 4 channels of 4 khz in each direction, between each end, that is 8 channels for a two ended line, and 12 channels for a teed line.
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 The requirement of having important telecommunication means leads to installing such a relay only when optical fibre connections incorporated inside the earth wire, or microwave links, are available. It is reserved, for now, to new links of the 400 kV grid.  

- It requires identical current transformers at each end. 

2-3-1-3- Other example::  LFCB

This relay uses digital transfer of sampled information according to the HDLC code, with permanent monitoring of the transfer time. This is designed to allow it to adapt to public digital links, where this transfer time may vary unexpectedly. A relay using this type of telecommunication link is being checked presently. Other relays using optical fibre links incorporated inside the earth wire have been checked previously. 

This relay contains no pick up module.

The amount of information to be transferred is 64 kbit / s in each direction.
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2 - 3 - 2 - Underground cable protective relay.
2-3-2-1- Principe.

It is the same as above, but the performances required are lesser:

          
. no single phase tripping,

          
. no resistive fault.

Thus, it is possible to use a protective relay with current combination.

Moreover, the problem of the telecommunication link may be solved more easily than for overhead lines. Indeed, underground cables is always laid with a telephone quad cable designed for telecommunications, and called control cable. A quad can be assigned to protective relays. This is why, while in all strictness a phase comparison would be enough, a differential relay is used, which make it possible to increase the reliability and makes easier the setting.

2-3-2-2- Example: DL  323

he sum of the currents used is: 

It = Ir + 1,2 * Iy + 1,5 * Ib
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2 - 3 - 3 - Short link differential protective relay.

2-3-3-1- Principle

This is a relay simplified with respect to the above, which may be used when the distance between both ends of the protected asset is small enough so that it is possible to send the currents directly from one end to the other. It is mainly used to protect the link between the lower voltage terminals of a power transformer and the busbar located inside the same substation.

2-3-3-2- Example: PDLC 10 of ICE
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The measurement of the difference between the currents is elaborated on each phase by using a fixed threshold module in series with a percentage module:

         

I1 -  I2  > k * (I1 + I2  ) / 2 

      

I1 - I2  >  I threshold 
The length limits of the protected asset are, with current reducers corresponding to the specification MA 103, for the core dedicated to the differential relays: 

 

L < 500 m for a 63 kV asset,

L < 1000m for a  225 kV asset.

These limits, obtained experimentally, come from the k factor of the percentage threshold module:


 
25 % for a 63 kV asset, 

40 % for a 225 kV asset. 

These values are different because the sensitivity asked to the relay 63 kV. Indeed, for this voltage level, the phase to earth short circuit currents are limited by the neutral point reactance to:

 
8   kA on lower voltage terminals of the power transformers 225 / 63 kV, 

10 kA on lower voltage terminals of the power transformers 400 / 63 kV. 

On the 225 kV network, on the contrary, i.e. on the lower voltage terminals of the self transformers 400 / 225 kV, they may reach 31,5 kA. 

2 - 3 - 4 - Differential busbar protective relay

2-3-4-1- General principle

The algebraic sum of the instantaneous currents supplying an electric node is performed (see first part, §1, note 1). If this sum is null, there is no fault on the electric node.

The problems encountered are:

 
- necessity of knowing the position of the switching isolators to know the assets which supply a given node. 

 Note: The currents are measured positively towards the electric node.

. Normal operation

The differential protective relay is split into as many modules as electric nodes.

The module of the busbar 1 receives the currents coming from the reducers of the assets linked to it, and from the coupling reducer located on busbar 2. It controls the corresponding circuit breakers (CBx and CBc on the scheme).

The module of the busbar 2 receives the currents coming from the reducers of the assets linked to it, and from the coupling reducer located on busbar 1. It controls the corresponding circuit breakers (CBy and CBc on the scheme).
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 busbar 1 module

busbar 2 module 

S1x, ... are the isolators

. Operation when the coupling circuit breaker is open
The modules ignore the currents coming from the reducers framing the coupling circuit breaker, so as a fault appearing between the coupling circuit breaker and one of its reducers makes the safe busbar trip, and not the faulty one.

This display allows the clearance of faults even when the coupling circuit breaker is closed: the healthy busbar trips at first, and then, when the coupling circuit breaker is open, the faulty busbar trips.

To offset the failure of the coupling circuit breaker, when a tripping order is sent to it , an information "circuit breaker open" is elaborated after one selective interval, and sent to the modules 1 and 2.

Busbar changing manoeuvre.

During this manœuvre, the coupling circuit breaker is closed, but it is short circuited by each of the ends, the one after the other, in which the isolators are both closed. If the isolators of one end are both closed, every current is sent to the same module, and the tripping orders are sent to all the circuit breakers. 
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- Switching of current circuits during isolator manoeuvres.

It is forbidden to open a current circuit when the current inside is not null. (see second part, § 4). Switching is thus performed without cut-off, thanks to bistable relays, i. e. without changing position in case of auxiliary supply loss. They are themselves controlled by a system of relays interlocking so that a bistable relay can only open if another one is previously closed. 

      
- Saturation of current transformers.

During an external fault on an electrical node, the reducer located on the end which supplies the fault may be saturated. From then on, the sum of the currents is no longer null, and the relay orders an unwanted tripping to all the ends of the electric node.

Various solutions, given in the following pages, have been proposed to solve this problem.
2-3-4-2- High impedance and fixed threshold protective relay
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2-3-4-2-1- Operating principle

The current transformers supply in parallel a threshold tripping relay Rd. If the sum of the currents exceeds a threshold I, the relay sends a tripping order. 

2-3-4-2-2- Determination of tripping relay characteristics.

If, during an external fault, the corresponding current transformer (c.t. n°1), is saturated, it no longer injects some current into its secondary circuit, but behaves like a resistor in parallel with the one of the relay Rd. The stability condition of the protective relay that is non tripping on the external fault, is obtained in the following way:

     
- Icc is the sum of currents coming from all the current transformers except from n°1,

     
- rd is the resistance of relay Rd,

     
- rc is the resistance of the circuit formed by the reducer n°1 and the wiring drawn between it and the protective relay.

The current Icc coming from the other current transformers splits into Id towards the relay Rd, and (Icc - Id) towards the reducer n° 1, with:

              
Id * rd = (Icc - Id) * rc

which may also be written: 

          

Id = Icc * rc / (rd + rc)

The protective relay is stable, i. e. does not operate on an external short circuit, if the current Id remains lower than the threshold I when the short circuit current is maximum, thus:





  rc

                    
I > Icc max *





rd + rc

Iccmax is the maximum three phase short circuit current if the ratio Zo / Zd is higher than 1 (see 5th part, § 111, and end of this §), and the maximum phase to earth short circuit current else.

On an other hand, when a fault appears on the electric node, the relay must trip even if the current is minimum:

I < Iccmin1

Iccmin1 is the minimum phase to earth current if the ratio Zo / Zd is higher than 1, and the minimum three phase short circuit current else.

From these inequations we find:  


    Icc max - Icc min1 



rd > rc *




(condition n° 1) 





Iccmin1

More, if the short circuit is on the electric node, the sum of the currents must give a current higher than I in the relay Rd. Now, if a reducer is saturated, the protective relay cannot determine a fault on an electric node from a fault on an outgoing line on the end of which this reducer is located. For this, it is necessary that no reducer is saturated.

We admit that the minimum short circuit current running through each end is equal to the minimum short circuit current of the substation. But the current to be considered is now Iccmin2, which is chosen as the higher value between the phase to earth, and the three phase short circuit current, i. e. the three phase current if Zo / Zd >1, and the phase to earth short circuit current else. 

This hypothesis has to be checked for each case.

Let us consider the most constraining case, i. e. when an end is run by the short circuit current Iccmin2, and the total short circuit current is Iccmax. Let us call rf the resistance of the wiring between the reducer of this end and the protective relay. The voltage on the terminal of the reducer is: 



V = rf * Iccmin2 + rd * Iccmax

This voltage must be lower than the reducer knee point voltage. Then:



          Vf - rf * Iccmin2


                 
rd <  





(condition n° 2)




    Iccmax

Safety margins must of course be added.

Practically, these conditions may be satisfied only if Icc max, Icc min1 and Icc min2 are close to each other. The ratio  Zo / Zd must be close to 1. 

Remember: 

The phase to earth short circuit current is linked to the three phase one by:




         1

   Zo



Icc mono = Icc tri *        * ( 2 + 
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         3

    Zd

2-3-4-2-3- Implementation.

The relay resistance is high with respect to the precision burden of the reducers, which are easily saturated. Now, if the design of this protective relay makes it insensitive to saturation, other protective relays installed in series on the same current circuits could be troubled by it. That is why the differential protective relay must be supplied by reducers having a winding - and a magnetic core - which are strictly reserved for it. This can lead to a large overcost when it means adding a busbar differential protective relay in a substation already installed with reducers which do not include this winding. For a new substation the overcost is, however, acceptable.       

2-3-4-3- Middle impedance and percentage differential protective relay

The major disadvantage of the above system is the independence between the real short circuit current and the relay tripping threshold. An improvement was brought by using a percentage relay, in which the threshold current is a fraction of the short circuit current.

The principle is the following:
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     Let us take the example of the relay RADSS from ABB
The current paths for an alternation and the phase r are represented above. In the other alternation, the currents coming from each end run through the other diodes, in the same direction, and the differential current Id runs in the reverse direction. The voltage between the points z and w is proportional to Id. The currents in full line correspond to a fault external to the busbar, the currents in doted line to an internal fault

The resistance ra1 and ra2 are equal to the same value, noted rs / 2.

The voltage between the points x and y  is then proportional to the sum of the modules of the currents coming from each end. The detection is made by comparing the voltage Vwz rectified and the voltage Vxy, always positive.
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Percentage relay and alarm elaboration

      - Solid internal fault

In that case, the reducers are generally not saturated. All currents have then approximately the same phase. On the considered alternation, the current Id1 is null, and Id2 is the sum Ir1 + Ir2 + Ir3 + Ir4, then: 

                                                       Id2 = Id

For taking into account the measurement errors, the tripping condition is:

                                                         
Id > S * Id2                         S<1

that we can also write:


Vwz / rd > S * Vxy / ra2

The tripping order appears when:   
Vwz > Vxy

then:                                           
ra2 = rs / 2 = S * rd                (1)  


(on the other alternation, ra1 is run by Id1 = Id)   

- Fault external to the electric node

Let us assume that it appears on the outgoing line n° 1, outside of the electric node.

If the reducer of this end is not saturated , its secondary current Ir1 is equal to Id1. It is in antiphase with the sum Id2 of the ones of the other reducers, and the current running in the relay Rd is null.

 If the reducer is saturated, it supplies no more the current Ir1. The current Id2 is then split into two parts, between the points w and z, the one through the resistor rd, the other through the resistor ra1 and the secondary circuit of the reducer n° 1, which behave then almost as a resistance. The non tripping condition is:

                                                           
Vwz < Vxy

thus:                                               
rd * Id < (rs / 2) . (Id2 + Id1)

that gives, following (1)             
Id < S (Id2 + Id1)                                 (2)      

The currents Id1 and Id are split following the equation:

(rf1 + rs / 2) * Id1 = rd * Id           (3)

rf1 being the sum of the secondary circuit resistance of the reducer n° 1 and of the resistance of the wiring linking it to the protective relay.

      as                                     

Id2 = Id1 + Id

      the equation (2) becomes:

Id < S * (2 * Id1 + Id)

      or                                            
Id < 2 * S * Id1 /  (1-S)                           (4)
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      thus, following (3) and (4):             
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The percentage S is set to 0.8 at the EDF. A lower value would make it possible to clear resistive faults, due for example to a bad resistance of the ground of the substation, but would only allow lower wiring resistance. 

The resistance rf1 is measured at commissioning, on each current transformer.

The values of Rd are always high enough to make it necessary to use specific reducers, as seen for the fixed threshold differential protective relays -                   see § 2-3-4-2-4.
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2 - 3 - 4 - 4 - Low impedance protective relay supplied by performing reducers

When all the reducers of a substation are specified to remain unsaturated  on the aperiodic component,        it is no longer necessary to respect the condition noted (5) in the previous §. On the contrary, the impedance of the differential threshold relay Rd must be as low as possible, so that the measurements of the other protective relays using the same current secondary circuits are not unacceptably distorted, and the voltage limiter devices do not get through (see 2nd part, § 4).These protective relays may then be used in substations which do not contain measurement reducers with a specialised winding.  

 The only application which exists in France is the 400 kV network, where performing reducers were installed when the installation of busbar differential protective relays was not yet foreseen.

2-3-4-5- Low impedance protective relays supplied by saturable non specialised reducers.
Generally, busbar differential protective relays use, between the reducers and the relay itself, auxiliary transformers located as close as possible to the main reducers. They make it possible to recover different reducer ratios, from one end to another, and to transmit over relatively long distances currents of lower rated amplitude, e. g. 0.1 A instead of 1A or 5A. But these auxiliary transformers can thanks to their characteristics participate in relay operation. 

Example: INX 5 from the ABB company

their internal circuit has a high impedance, which means that in the auxiliary transformers the currents are transformed into voltages out of phase by 90° with respect to their primary currents. In this way these primary currents, which are secondary currents if the main reducers, do not interact between each other.      
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Saturation detection of the main reducer is done by comparing the current and its derivative, or rather the voltage v and its primitive. During the time when the reducer is saturated, the detection of a fault is not taken into account. The only one used is the one that was elaborated during the few milliseconds preceding saturation. The tripping order is only emitted if detection takes place on two consecutive alternations. 

2 - 3 - 4 - 6 - Middle impedance and low consumption differential protective relay

This relay may be used on saturable reducers without specialised windings. Its principle is the use of auxiliary transformers saturating before the main reducers. At that moment, the auxiliary transformers behave practically like short circuits towards the main reducers, and do not saturate them.  

The busbar differential protective relay then has, towards the auxiliary transformers, a behaviour identical to the one seen in §2343. 

The most critical point is the coupling cell, where the main reducer supplies two auxiliary transformers, one per electric node. The knee point voltage of the main reducer, that is the secondary voltage that corresponds to the induction saturating it, must then be higher than the sum of the ones of each auxiliary transformer. The voltage drop in the auxiliary transformers themselves must be added, and also the voltage drops in the other equipment. Practically the knee point voltage of the main reducer must be four times the one of each auxiliary transformer. This imposes a low knee point voltage for the latter and thus a low auxiliary winding resistance, and a low resistance of the connecting wires between the auxiliary transformers and the differential protective relay.       

2-3-4-7- Differential protective relay with a linear combination of the currents

It is a protective relay which contains only one module for the three phases. This display simplifies the detection, and also the switching elaborated from the position of the isolators, as only one current must be switched when an asset is changed of busbar.

Let us take as an example the DIFLCL of Alstom. It is a middle impedance and low consumption differential protective relay. The linear combination used is :





I = 2.5 * Ir + 1.5 * Iy + 2 * Ib

We ask the relay to stay stable, i. e. to send no tripping order, if consequently to a false manoeuvre the current of the phase r is not sent to the relay ( current short circuiter forgotten close), even when the current reaches the value Itmax on this phase. The detection threshold must then be higher than: 

     



2.5 * Itmax.

We ask the relay to be sensitive to a phase to earth short circuit on the phase y. The detection threshold must be lower than: 

1.5 * Iccmono

Thus the condition:

1.5 * Iccmono > 2.5 * Itmax

although the condition is, for a separate phases relay:





Icc mono > Itmax 

Thus we see that the linear combination relay is a little less sensitive than the separate phases relay. This may limit its use in the substations where the ratio Zo / Zd is high. 

2 - 3 - 4 - 8 - Particular precautions 

he current transformers used on the power transformer cells are rings placed on their bushings. Thus the following particularities:


- If, on the higher voltage side, these transformers are protected against surges by spark gaps located between the top of each bushing and the tank, the connection between the lower electrode of the spark gap and the tank must run inside the ring, instead of what a flashover, which must be detected by the earth - tank protective relay only, should be also detected by the busbar differential protective relay. Then all the circuit breakers framing the busbar could be tripped, and not only those framing the power transformer,  


- even on the higher voltage side, a fault on the connection between the bushing and the circuit breaker is seen as a busbar fault. But the opening of the circuit breakers framing the busbar does not clear the fault, which remain supplied by the lower voltage side of the power transformer. The opening of the lower voltage circuit breaker must be ordered, one selective interval later, for example by the breaker failure automatic device.
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2 - 3 - 4 - 9 - Digital differential busbar protective relay
In each bay the current is digitised thanks to an analogic - digital converter. An optical fibre make it possible to transfer this current, and the position of the isolators, to a central equipment . This allows:


- a low impedance on the secondary circuit of the current transformers. The same windings can be used for the distance - and for the differential busbar - protective relays; 


- higher distances between the bays and the central equipment, till 1200 m;


- no interaction between reducers;


- no wiring burden problems;


- no current switching problem;


- systematic use of a separate phase detector, the linear current combination detector being no more interesting;


- No susceptibility of the wiring to interference;


- later, easier adaptation to optical reducers.

But this relay is a little slower than the electronic ones.

2 - 4 -  zero sequence power inverse time protective relay

2 - 4 - 1 -  Purpose of this relay

When a phase to earth fault is too resistive, the point representing the impedance seen by the distance protective relay may be confused with a normal operation point. However, the zero sequence power inverse time protective relay, described under, can detect this fault.

2 - 4 - 2 - Principle  of the relay

the reasoning is the following:

operation n° 1 - healthy network.
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       (zol1 - zdl1) / 3 = 3,33
     (zol2 - zdl2) / 3 = 3,33

this network is not modified by adding to point F an electromotive force Vf equal to the voltage on f, in series with a resistor Rf.

operation  2:

An electromotive force Ef equal to - Vdf is applied to the faulty point F and the electromotive forces are short circuited without modifying the network. A current, shown by the purple lines, circulates on either sides of F, thus:

                               -Vf = R* (Ir1 + Ir2) + (zdL1 + zds1) * I1 + (zoL1 -zdL1) / 3) * Ir1

                               -Vf = R* (Ir1 + Ir2) + (zdL2 + zds2) * I2 + (zoL2 - zdL2) / 3) * Ir2 

The current is null in the healthy phases if the ratio (zos + zoL) / (zds + zdL) is the same on the left  and on the right side of the fault. If not, the phasor components can be obtained by solving the network above, or the symmetric components can be obtained by using the representation of    appendix 1, § 34.

operation 3

Operation 1 and 2 are superimposed and the fault operation is obtained.

In the healthy network there is neither residual voltage nor residual current. They may thus be obtained directly from operation 2.

At point A, the residual power is::
                                  

PrA = VrA * IrA * cos 
 being the phase discrepancy between VrA et IrA, i. e. the argument of zds1.

The sign of PrA gives the direction of the fault: if PrA is negative, the fault is on the line, and the relay prepares a tripping order.

But the value of  PrA is generally very low, and its sign badly defined, as zos is often made of power transformer zero sequence reactance, and  is close to 90°. This is why, in order to increase the relay sensitivity and to guarantee its directional function, the following value is used:

                       
SrA = VrA * IrA * cos ()

o being generally set to 70°.

2 - 4 - 3 - Principle  of selectivity

The relay elaborates a tripping time which is the sum of a time Tf , (fixed time)  at least equal to the time of a single phase reclosing time and of a time inversely proportional to the power Sra (dependant time). As an example we use a formula as:

                    
T = Tf + 10 * i / srA 
for a rated current of 5 A,

                      
T = Tf +   2 * i / srA 
for a rated current of 1 A,

with: 

Tf = settable time, preferential value   2 s

                       
i = settable parameter

                      
srA= secondary value of the residual power at point P1, expressed in VA.      

 On other relays, the parameters shown are a power s and a reference time Td. This means that if the value of the power sra is s, the relay trips after the time Tf + Td. You go from one relay to the other by letting:

               
i = s * Td / 10  (calibre 5 A)

 The more the relay is far from the fault, the more the residual power crossing it is low and thus more time it makes to trip. Such a system operates correctly on 400 kV and 225 kV network, where the substations generally have many outgoing lines, and where the transformers are grounded. On the other hand, on 90 kV or 63 kV network, it is often badly fitted. Indeed, if we consider a file of 90 kV or 63 kV substations with two outgoing lines, where the 63 kV / 20 kV power transformers have their higher voltage side neutral point insulated, and where the 225 kV / 63 kV power transformers have a high zero sequence impedance, the residual current is quite the same on both sides of the substation, and the difference of voltage from one substation to the other is weak. The difference of residual power, which becomes proportional to the difference of voltage, may be too weak to insure a correct selectivity.



225 / 63 kV








    63 / 225 kV








Example of operation:

Given a 63 kV overhead line, with a 10  positive sequence impedance, which corresponds to about 25 km. We assume that its zero sequence impedance is triple, that is 30 W. The loop phase - to - earth impedance (zos + 2 * zds) / 3 on both sides of this line are both 15 W, that corresponds to phase - to - earth short circuit currents of about 3600 A on each end. The argument of the impedance is supposed equal to 70 °.

the ratio of the voltage reducers is 600. The one of the current reducers is 100 ( In = 5 A). The secondary residual power is thus equal to the primary residual power divided by 60 000.

The electromotive force Ed is equal to the phase to earth rated voltage, i. e. 36 373 V. This assumes that the voltage pre - existing at the fault point is equal to the rated voltage.

A fault with a resistance of 50  appears on the middle of the line. The residual electromotive force Ed supplies then an impedance of:

        

50 + ((15 + 5 + 3.33) / 2) * cos 70° + j * ((15 + 5 + 3.33) /2) * sin 70 °

whose module is 55 .

The current running in the fault is:  

           

36 373 / 55 = 660 A

This current splits equally on each side of the fault. In A it is thus 330 A, and the residual voltage has the value:

        

330 * 15 = 4 950 V

It leads by 70° on the residual current.

Thus the value of the primary residual power:  

SrA = 330 * 4950 * cos(70-70) = 1633 500 VA

and of the secondary residual power:

    

srA = 1 633 500 / 60 000 = 27.225 VA

If the setting chosen corresponds to a dependant time of 1 second for a primary residual power of 5.4 MVA, i. e. a secondary residual power of 90 VA, the parameter i must be set at 9. This gives, for a fixed time of 2 seconds:




        9

 

2 + 10 *
        = 5.3 seconds   




    27.225

note: the relay contains also, to avoid the unwanted tripping on a steady state unbalance  due to the non-transposition of the lines,, a residual overcurrent relay and a residual overpower relay.  
2 - 4 - 4 - Compensated zero sequence power protective relay

The matter is an improvement of the relay seen previously.. Let us consider again the scheme above. If the upstream impedance, zds1 e. g., is weak, a fault close to the end P2 gives a weak residual zero sequence power at point P1. To avoid this disadvantage, we use as zero sequence voltage the voltage which should be measured on the middle of the line:

 

Vo compensated      =       Vo - 
(ZoL / 2) * Io


ZoL being the zero sequence impedance of the line.

If the fault is upstream, the compensated zero sequence voltage is lower than the zero sequence voltage measured at point P1, but higher than the one measured at point P2. The selectivity is kept with the relays located at P2, but with a weaker margin. 

2 - 4 - 5 - Directional zero sequence protective relay with intertripping.

Let us consider the protective relay 7 SN 21   created by Siemens , by request of the Electricity  Supply  Board of Ireland. The principle is the following:  



Information «downstream fault »
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     Information «downstream fault»


Each relay is doted with two residual current thresholds, a high threshold, settable from 

     0.1 * In  to 0.85 * In, and a low threshold, settable from 0.7 to 0.85 times the high threshold, and also a directional module. If a fault appears on the line, the directional module of each relay sends, checked by the low threshold, a signal to the other relay. This relay emits a tripping order checked by the  high level threshold and the directional module. 

The sensitivity generally retained is: 

Ir = 0.2 *In

The operation time is 200 ms. However this relay cannot select the faulty phase and thus emits only three phase tripping. If we want to use the one phase tripping, the present relay must be delayed of one selective interval, so as the distance protective relays have time to operate.

2 - 4 - 6 - Directional inverse time negative sequence power protective relay

To offset the disadvantage seen at § 243 for the 63 kV network, it should be possible to use a relay using the negative sequence power SiA, instead of the residual power SrA:



SiA = ViA * IiA * cos ()

Indeed, on one hand the negative sequence current is derived in each 63 kV / 20 kV substation, and on the other hand the negative sequence power of the 225kV / 63 kV substation is weak. Thus the drop of voltage is more important along the lines. The power decreases then more significantly from one side of a 63 kV / 20 kV substation to the other side, and the selectivity is easier to ensure. 

Bibliography [100], [101], [103]

v





� EMBED Excel.Sheet.8  ���





� EMBED Excel.Sheet.8  ���





� EMBED Excel.Sheet.8  ���





� EMBED Excel.Sheet.8  ���





� EMBED Excel.Sheet.8  ���





� EMBED Excel.Sheet.8  ���





� EMBED Excel.Sheet.8  ���





V - z * I








V1





V'1








V'2





V'3





output





R /2+dr





- (R /2+dr)





R /2





-R /2





X2





X3





X4





X4 + dx





Route of the working point 





a





b









55
PAGE  
116

_1072968267.xls
Graph1

		0

		0.156434334

		0.309016742

		0.4539901451

		0.5877848229

		0.7071063121

		0.8090165265

		0.8910061025

		0.9510561883

		0.9876881538

		1

		0.9876885689

		0.9510570083

		0.8910073072

		0.8090180862

		0.7071081885

		0.5877869697

		0.4539925094

		0.3090192657

		0.1564369549

		0.0000026536

		-0.1564317131

		-0.3090142183

		-0.4539877807

		-0.5877826761

		-0.7071044357

		-0.8090149667

		-0.8910048978

		-0.9510553683

		-0.9876877387

		-1

		-0.987688984

		-0.9510578283

		-0.8910085119

		-0.8090196459

		-0.7071100648

		-0.5877891165

		-0.4539948738

		-0.3090217894

		-0.1564395758

		-0.0000053072

		0.1564290922

		0.3090116946

		0.4539854163

		0.5877805293

		0.7071025593

		0.809013407

		0.8910036931

		0.9510545483

		0.9876873235

		1

		0.9876893991

		0.9510586483

		0.8910097166

		0.8090212057

		0.7071119412

		0.5877912633

		0.4539972382

		0.3090243131

		0.1564421967

		0.0000079608

		-0.1564264712

		-0.3090091709

		-0.453983052

		-0.5877783825

		-0.707100683

		-0.8090118472

		-0.8910024884

		-0.9510537282

		-0.9876869084

		-1

		-0.9876898142

		-0.9510594683

		-0.8910109213

		-0.8090227654

		-0.7071138175

		-0.5877934101

		-0.4539996025

		-0.3090268368

		-0.1564448177

		-0.0000106144

		0.1564238503

		0.3090066471

		0.4539806876

		0.5877762357

		0.7070988066

		0.8090102874

		0.8910012837

		0.9510529082

		0.9876864933

		0.9999999999

		0.9876902293

		0.9510602882

		0.891012126

		0.8090243251

		0.7071156939

		0.5877955569

		0.4540019669

		0.3090293605

		0.1564474386

		0.0000132679

		-0.1564212294

		-0.3090041234

		-0.4539783232

		-0.5877740889

		-0.7070969302

		-0.8090087277

		-0.8910000789

		-0.9510520882

		-0.9876860781

		-0.9999999999

		-0.9876906444

		-0.9510611082

		-0.8910133307

		-0.8090258848

		-0.7071175702

		-0.5877977037

		-0.4540043312

		-0.3090318842

		-0.1564500595

		-0.0000159215





Graph2

		0

		0.156434334

		0.309016742

		0.4539901451

		0.5877848229

		0.7071063121

		0.8090165265

		0.8910061025

		0.9510561883

		0.9876881538

		1

		0.9876885689

		0.9510570083

		0.8910073072

		0.8090180862

		0.7071081885

		0.5877869697

		0.4539925094

		0.3090192657

		0.1564369549

		0.0000026536

		-0.1564317131

		-0.3090142183

		-0.4539877807

		-0.5877826761

		-0.7071044357

		-0.8090149667

		-0.8910048978

		-0.9510553683

		-0.9876877387

		-1

		-0.987688984

		-0.9510578283

		-0.8910085119

		-0.8090196459

		-0.7071100648

		-0.5877891165

		-0.4539948738

		-0.3090217894

		-0.1564395758

		-0.0000053072

		0.1564290922

		0.3090116946

		0.4539854163

		0.5877805293

		0.7071025593

		0.809013407

		0.8910036931

		0.9510545483

		0.9876873235

		1

		0.9876893991

		0.9510586483

		0.8910097166

		0.8090212057

		0.7071119412

		0.5877912633

		0.4539972382

		0.3090243131

		0.1564421967

		0.0000079608

		-0.1564264712

		-0.3090091709

		-0.453983052

		-0.5877783825

		-0.707100683

		-0.8090118472

		-0.8910024884

		-0.9510537282

		-0.9876869084

		-1

		-0.9876898142

		-0.9510594683

		-0.8910109213

		-0.8090227654

		-0.7071138175

		-0.5877934101

		-0.4539996025

		-0.3090268368

		-0.1564448177

		-0.0000106144

		0.1564238503

		0.3090066471

		0.4539806876

		0.5877762357

		0.7070988066

		0.8090102874

		0.8910012837

		0.9510529082

		0.9876864933

		0.9999999999

		0.9876902293

		0.9510602882

		0.891012126

		0.8090243251

		0.7071156939

		0.5877955569

		0.4540019669

		0.3090293605

		0.1564474386

		0.0000132679

		-0.1564212294

		-0.3090041234

		-0.4539783232

		-0.5877740889

		-0.7070969302

		-0.8090087277

		-0.8910000789

		-0.9510520882

		-0.9876860781

		-0.9999999999

		-0.9876906444

		-0.9510611082

		-0.8910133307

		-0.8090258848

		-0.7071175702

		-0.5877977037

		-0.4540043312

		-0.3090318842

		-0.1564500595

		-0.0000159215





Graph3

		





Graph4

		1

		0.9876883614

		0.9510565983

		0.8910067049

		0.8090173063

		0.7071072503

		0.5877858963

		0.4539913273

		0.3090180039

		0.1564356445

		0.0000013268

		-0.1564330235

		-0.3090154801

		-0.4539889629

		-0.5877837495

		-0.7071053739

		-0.8090157466

		-0.8910055002

		-0.9510557783

		-0.9876879462

		-1

		-0.9876887765

		-0.9510574183

		-0.8910079096

		-0.8090188661

		-0.7071091266

		-0.5877880431

		-0.4539936916

		-0.3090205276

		-0.1564382654

		-0.0000039804

		0.1564304026

		0.3090129564

		0.4539865985

		0.5877816027

		0.7071034975

		0.8090141868

		0.8910042955

		0.9510549583

		0.9876875311

		1

		0.9876891916

		0.9510582383

		0.8910091143

		0.8090204258

		0.707111003

		0.5877901899

		0.453996056

		0.3090230513

		0.1564408863

		0.000006634

		-0.1564277817

		-0.3090104327

		-0.4539842342

		-0.5877794559

		-0.7071016211

		-0.8090126271

		-0.8910030908

		-0.9510541383

		-0.987687116

		-1

		-0.9876896067

		-0.9510590583

		-0.891010319

		-0.8090219855

		-0.7071128794

		-0.5877923367

		-0.4539984203

		-0.309025575

		-0.1564435072

		-0.0000092876

		0.1564251608

		0.309007909

		0.4539818698

		0.5877773091

		0.7070997448

		0.8090110673

		0.891001886

		0.9510533182

		0.9876867008

		0.9999999999

		0.9876900217

		0.9510598783

		0.8910115237

		0.8090235452

		0.7071147557

		0.5877944835

		0.4540007847

		0.3090280987

		0.1564461281

		0.0000119412

		-0.1564225398

		-0.3090053853

		-0.4539795054

		-0.5877751623

		-0.7070978684

		-0.8090095076

		-0.8910006813

		-0.9510524982

		-0.9876862857

		-0.9999999999

		-0.9876904368

		-0.9510606982

		-0.8910127283

		-0.809025105

		-0.7071166321

		-0.5877966303

		-0.4540031491

		-0.3090306224

		-0.156448749

		-0.0000145947

		0.1564199189

		0.3090028615

		0.453977141

		0.5877730155

		0.707095992

		0.8090079478

		0.8909994766

		0.9510516782

		0.9876858706

		0.9999999999





Feuil1

		0		0		1		0		1		1		-0.4539948738		0		0

		1		0.156434334		1		0		0.9876883614		1		-0.3090217894		0		0

		2		0.309016742		1		0		0.9510565983		1		-0.1564395758		0		0

		3		0.4539901451		1		0		0.8910067049		1		0		0		0

		4		0.5877848229		1		0		0.8090173063		1		0.156434334		1		0

		5		0.7071063121		1		0		0.7071072503		1		0.309016742		1		0

		6		0.8090165265		1		0		0.5877858963		1		0.4539901451		1		0

		7		0.8910061025		1		0		0.4539913273		1		0.5877848229		1		0

		8		0.9510561883		1		0		0.3090180039		1		0.7071063121		1		0

		9		0.9876881538		1		0		0.1564356445		1		0.8090165265		1		0

		10		1		1		0		0.0000013268		0		0.8910061025		1		0

		11		0.9876885689		1		0		-0.1564330235		0		0.9510561883		1		0

		12		0.9510570083		1		0		-0.3090154801		0		0.9876881538		1		0

		13		0.8910073072		1		0		-0.4539889629		0		1		1		0

		14		0.8090180862		1		0		-0.5877837495		0		0.9876885689		1		0

		15		0.7071081885		1		0		-0.7071053739		0		0.9510570083		1		0

		16		0.5877869697		1		0		-0.8090157466		0		0.8910073072		1		0

		17		0.4539925094		1		0		-0.8910055002		0		0.8090180862		1		0

		18		0.3090192657		1		0		-0.9510557783		0		0.7071081885		1		0

		19		0.1564369549		1		0		-0.9876879462		0		0.5877869697		1		0

		20		0.0000026536		1		1		-1		-1		0.4539925094		1		1

		21		-0.1564317131		0		0		-0.9876887765		0		0.3090192657		1		0

		22		-0.3090142183		0		0		-0.9510574183		0		0.1564369549		1		0

		23		-0.4539877807		0		0		-0.8910079096		0		0.0000026536		0		0

		24		-0.5877826761		0		0		-0.8090188661		0		-0.1564317131		0		0

		25		-0.7071044357		0		0		-0.7071091266		0		-0.3090142183		0		0

		26		-0.8090149667		0		0		-0.5877880431		0		-0.4539877807		0		0

		27		-0.8910048978		0		0		-0.4539936916		0		-0.5877826761		0		0

		28		-0.9510553683		0		0		-0.3090205276		0		-0.7071044357		0		0

		29		-0.9876877387		0		0		-0.1564382654		0		-0.8090149667		0		0

		30		-1		0		0		-0.0000039804		0		-0.8910048978		0		0

		31		-0.987688984		0		0		0.1564304026		1		-0.9510553683		0		0

		32		-0.9510578283		0		0		0.3090129564		1		-0.9876877387		0		0

		33		-0.8910085119		0		0		0.4539865985		1		-1		-1		0

		34		-0.8090196459		0		0		0.5877816027		1		-0.987688984		0		0

		35		-0.7071100648		0		0		0.7071034975		1		-0.9510578283		0		0

		36		-0.5877891165		0		0		0.8090141868		1		-0.8910085119		0		0

		37		-0.4539948738		0		0		0.8910042955		1		-0.8090196459		0		0

		38		-0.3090217894		0		0		0.9510549583		1		-0.7071100648		0		0

		39		-0.1564395758		0		0		0.9876875311		1		-0.5877891165		0		0

		40		-0.0000053072		0		1		1		1		-0.4539948738		0		0

		41		0.1564290922		1		0		0.9876891916		1		-0.3090217894		0		0

		42		0.3090116946		1		0		0.9510582383		1		-0.1564395758		0		0

		43		0.4539854163		1		0		0.8910091143		1		-0.0000053072		0		0

		44		0.5877805293		1		0		0.8090204258		1		0.1564290922		1		0

		45		0.7071025593		1		0		0.707111003		1		0.3090116946		1		0

		46		0.809013407		1		0		0.5877901899		1		0.4539854163		1		0

		47		0.8910036931		1		0		0.453996056		1		0.5877805293		1		0

		48		0.9510545483		1		0		0.3090230513		1		0.7071025593		1		0

		49		0.9876873235		1		0		0.1564408863		1		0.809013407		1		0

		50		1		1		0		0.000006634		0		0.8910036931		1		0

		51		0.9876893991		1		0		-0.1564277817		0		0.9510545483		1		0

		52		0.9510586483		1		0		-0.3090104327		0		0.9876873235		1		0

		53		0.8910097166		1		0		-0.4539842342		0		1		1		0

		54		0.8090212057		1		0		-0.5877794559		0		0.9876893991		1		0

		55		0.7071119412		1		0		-0.7071016211		0		0.9510586483		1		0

		56		0.5877912633		1		0		-0.8090126271		0		0.8910097166		1		0

		57		0.4539972382		1		0		-0.8910030908		0		0.8090212057		1		0

		58		0.3090243131		1		0		-0.9510541383		0		0.7071119412		1		0

		59		0.1564421967		1		0		-0.987687116		0		0.5877912633		1		0

		60		0.0000079608		1		1		-1		-1		0.4539972382		1		1

		61		-0.1564264712		0		0		-0.9876896067		0		0.3090243131		1		0

		62		-0.3090091709		0		0		-0.9510590583		0		0.1564421967		1		0

		63		-0.453983052		0		0		-0.891010319		0		0.0000079608		0		0

		64		-0.5877783825		0		0		-0.8090219855		0		-0.1564264712		0		0

		65		-0.707100683		0		0		-0.7071128794		0		-0.3090091709		0		0

		66		-0.8090118472		0		0		-0.5877923367		0		-0.453983052		0		0

		67		-0.8910024884		0		0		-0.4539984203		0		-0.5877783825		0		0

		68		-0.9510537282		0		0		-0.309025575		0		-0.707100683		0		0

		69		-0.9876869084		0		0		-0.1564435072		0		-0.8090118472		0		0

		70		-1		0		0		-0.0000092876		0		-0.8910024884		0		0

		71		-0.9876898142		0		0		0.1564251608		1		-0.9510537282		0		0

		72		-0.9510594683		0		0		0.309007909		1		-0.9876869084		0		0

		73		-0.8910109213		0		0		0.4539818698		1		-1		-1		0

		74		-0.8090227654		0		0		0.5877773091		1		-0.9876898142		0		0

		75		-0.7071138175		0		0		0.7070997448		1		-0.9510594683		0		0

		76		-0.5877934101		0		0		0.8090110673		1		-0.8910109213		0		0

		77		-0.4539996025		0		0		0.891001886		1		-0.8090227654		0		0

		78		-0.3090268368		0		0		0.9510533182		1		-0.7071138175		0		0

		79		-0.1564448177		0		0		0.9876867008		1		-0.5877934101		0		0

		80		-0.0000106144		0		1		0.9999999999		1		-0.4539996025		0		0

		81		0.1564238503		1		0		0.9876900217		1		-0.3090268368		0		0

		82		0.3090066471		1		0		0.9510598783		1		-0.1564448177		0		0

		83		0.4539806876		1		0		0.8910115237		1		-0.0000106144		0		0

		84		0.5877762357		1		0		0.8090235452		1		0.1564238503		1		0

		85		0.7070988066		1		0		0.7071147557		1		0.3090066471		1		0

		86		0.8090102874		1		0		0.5877944835		1		0.4539806876		1		0

		87		0.8910012837		1		0		0.4540007847		1		0.5877762357		1		0

		88		0.9510529082		1		0		0.3090280987		1		0.7070988066		1		0

		89		0.9876864933		1		0		0.1564461281		1		0.8090102874		1		0

		90		0.9999999999		1		0		0.0000119412		0		0.8910012837		1		0

		91		0.9876902293		1		0		-0.1564225398		0		0.9510529082		1		0

		92		0.9510602882		1		0		-0.3090053853		0		0.9876864933		1		0

		93		0.891012126		1		0		-0.4539795054		0		0.9999999999		1		0

		94		0.8090243251		1		0		-0.5877751623		0		0.9876902293		1		0

		95		0.7071156939		1		0		-0.7070978684		0		0.9510602882		1		0

		96		0.5877955569		1		0		-0.8090095076		0		0.891012126		1		0

		97		0.4540019669		1		0		-0.8910006813		0		0.8090243251		1		0

		98		0.3090293605		1		0		-0.9510524982		0		0.7071156939		1		0

		99		0.1564474386		1		0		-0.9876862857		0		0.5877955569		1		0

		100		0.0000132679		1		1		-0.9999999999		-1		0.4540019669		1		1

		101		-0.1564212294		0		0		-0.9876904368		0		0.3090293605		1		0

		102		-0.3090041234		0		0		-0.9510606982		0		0.1564474386		1		0

		103		-0.4539783232		0		0		-0.8910127283		0		0.0000132679		0		0

		104		-0.5877740889		0		0		-0.809025105		0		-0.1564212294		0		0

		105		-0.7070969302		0		0		-0.7071166321		0		-0.3090041234		0		0

		106		-0.8090087277		0		0		-0.5877966303		0		-0.4539783232		0		0

		107		-0.8910000789		0		0		-0.4540031491		0		-0.5877740889		0		0

		108		-0.9510520882		0		0		-0.3090306224		0		-0.7070969302		0		0

		109		-0.9876860781		0		0		-0.156448749		0		-0.8090087277		0		0

		110		-0.9999999999		0		0		-0.0000145947		0		-0.8910000789		0		0

		111		-0.9876906444		0		0		0.1564199189		1		-0.9510520882		0		0

		112		-0.9510611082		0		0		0.3090028615		1		-0.9876860781		0		0

		113		-0.8910133307		0		0		0.453977141		1		-0.9999999999		-1		0

		114		-0.8090258848		0		0		0.5877730155		1		-0.9876906444		0		0

		115		-0.7071175702		0		0		0.707095992		1		-0.9510611082		0		0

		116		-0.5877977037		0		0		0.8090079478		1		-0.8910133307		0		0

		117		-0.4540043312		0		0		0.8909994766		1		-0.8090258848		0		0

		118		-0.3090318842		0		0		0.9510516782		1		-0.7071175702		0		0

		119		-0.1564500595		0		0		0.9876858706		1		-0.5877977037		0		0

		120		-0.0000159215		0		0		0.9999999999		1		-0.4540043312		0		0
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		0		0		1		0		1		1		-0.4539948738		0		0

		1		0.156434334		1		0		0.9876883614		1		-0.3090217894		0		0

		2		0.309016742		1		0		0.9510565983		1		-0.1564395758		0		0

		3		0.4539901451		1		0		0.8910067049		1		0		0		0

		4		0.5877848229		1		0		0.8090173063		1		0.156434334		1		0

		5		0.7071063121		1		0		0.7071072503		1		0.309016742		1		0

		6		0.8090165265		1		0		0.5877858963		1		0.4539901451		1		0

		7		0.8910061025		1		0		0.4539913273		1		0.5877848229		1		0

		8		0.9510561883		1		0		0.3090180039		1		0.7071063121		1		0

		9		0.9876881538		1		0		0.1564356445		1		0.8090165265		1		0

		10		1		1		0		0.0000013268		0		0.8910061025		1		0

		11		0.9876885689		1		0		-0.1564330235		0		0.9510561883		1		0

		12		0.9510570083		1		0		-0.3090154801		0		0.9876881538		1		0

		13		0.8910073072		1		0		-0.4539889629		0		1		1		0

		14		0.8090180862		1		0		-0.5877837495		0		0.9876885689		1		0

		15		0.7071081885		1		0		-0.7071053739		0		0.9510570083		1		0

		16		0.5877869697		1		0		-0.8090157466		0		0.8910073072		1		0

		17		0.4539925094		1		0		-0.8910055002		0		0.8090180862		1		0

		18		0.3090192657		1		0		-0.9510557783		0		0.7071081885		1		0

		19		0.1564369549		1		0		-0.9876879462		0		0.5877869697		1		0

		20		0.0000026536		1		1		-1		-1		0.4539925094		1		1

		21		-0.1564317131		0		0		-0.9876887765		0		0.3090192657		1		0

		22		-0.3090142183		0		0		-0.9510574183		0		0.1564369549		1		0

		23		-0.4539877807		0		0		-0.8910079096		0		0.0000026536		0		0

		24		-0.5877826761		0		0		-0.8090188661		0		-0.1564317131		0		0

		25		-0.7071044357		0		0		-0.7071091266		0		-0.3090142183		0		0

		26		-0.8090149667		0		0		-0.5877880431		0		-0.4539877807		0		0

		27		-0.8910048978		0		0		-0.4539936916		0		-0.5877826761		0		0

		28		-0.9510553683		0		0		-0.3090205276		0		-0.7071044357		0		0

		29		-0.9876877387		0		0		-0.1564382654		0		-0.8090149667		0		0

		30		-1		0		0		-0.0000039804		0		-0.8910048978		0		0

		31		-0.987688984		0		0		0.1564304026		1		-0.9510553683		0		0

		32		-0.9510578283		0		0		0.3090129564		1		-0.9876877387		0		0

		33		-0.8910085119		0		0		0.4539865985		1		-1		-1		0

		34		-0.8090196459		0		0		0.5877816027		1		-0.987688984		0		0

		35		-0.7071100648		0		0		0.7071034975		1		-0.9510578283		0		0

		36		-0.5877891165		0		0		0.8090141868		1		-0.8910085119		0		0

		37		-0.4539948738		0		0		0.8910042955		1		-0.8090196459		0		0

		38		-0.3090217894		0		0		0.9510549583		1		-0.7071100648		0		0

		39		-0.1564395758		0		0		0.9876875311		1		-0.5877891165		0		0

		40		-0.0000053072		0		1		1		1		-0.4539948738		0		0

		41		0.1564290922		1		0		0.9876891916		1		-0.3090217894		0		0

		42		0.3090116946		1		0		0.9510582383		1		-0.1564395758		0		0

		43		0.4539854163		1		0		0.8910091143		1		-0.0000053072		0		0

		44		0.5877805293		1		0		0.8090204258		1		0.1564290922		1		0

		45		0.7071025593		1		0		0.707111003		1		0.3090116946		1		0

		46		0.809013407		1		0		0.5877901899		1		0.4539854163		1		0

		47		0.8910036931		1		0		0.453996056		1		0.5877805293		1		0

		48		0.9510545483		1		0		0.3090230513		1		0.7071025593		1		0

		49		0.9876873235		1		0		0.1564408863		1		0.809013407		1		0

		50		1		1		0		0.000006634		0		0.8910036931		1		0

		51		0.9876893991		1		0		-0.1564277817		0		0.9510545483		1		0

		52		0.9510586483		1		0		-0.3090104327		0		0.9876873235		1		0

		53		0.8910097166		1		0		-0.4539842342		0		1		1		0

		54		0.8090212057		1		0		-0.5877794559		0		0.9876893991		1		0

		55		0.7071119412		1		0		-0.7071016211		0		0.9510586483		1		0

		56		0.5877912633		1		0		-0.8090126271		0		0.8910097166		1		0

		57		0.4539972382		1		0		-0.8910030908		0		0.8090212057		1		0

		58		0.3090243131		1		0		-0.9510541383		0		0.7071119412		1		0

		59		0.1564421967		1		0		-0.987687116		0		0.5877912633		1		0

		60		0.0000079608		1		1		-1		-1		0.4539972382		1		1

		61		-0.1564264712		0		0		-0.9876896067		0		0.3090243131		1		0

		62		-0.3090091709		0		0		-0.9510590583		0		0.1564421967		1		0

		63		-0.453983052		0		0		-0.891010319		0		0.0000079608		0		0

		64		-0.5877783825		0		0		-0.8090219855		0		-0.1564264712		0		0

		65		-0.707100683		0		0		-0.7071128794		0		-0.3090091709		0		0

		66		-0.8090118472		0		0		-0.5877923367		0		-0.453983052		0		0

		67		-0.8910024884		0		0		-0.4539984203		0		-0.5877783825		0		0

		68		-0.9510537282		0		0		-0.309025575		0		-0.707100683		0		0

		69		-0.9876869084		0		0		-0.1564435072		0		-0.8090118472		0		0

		70		-1		0		0		-0.0000092876		0		-0.8910024884		0		0

		71		-0.9876898142		0		0		0.1564251608		1		-0.9510537282		0		0

		72		-0.9510594683		0		0		0.309007909		1		-0.9876869084		0		0

		73		-0.8910109213		0		0		0.4539818698		1		-1		-1		0

		74		-0.8090227654		0		0		0.5877773091		1		-0.9876898142		0		0

		75		-0.7071138175		0		0		0.7070997448		1		-0.9510594683		0		0

		76		-0.5877934101		0		0		0.8090110673		1		-0.8910109213		0		0

		77		-0.4539996025		0		0		0.891001886		1		-0.8090227654		0		0

		78		-0.3090268368		0		0		0.9510533182		1		-0.7071138175		0		0

		79		-0.1564448177		0		0		0.9876867008		1		-0.5877934101		0		0

		80		-0.0000106144		0		1		0.9999999999		1		-0.4539996025		0		0

		81		0.1564238503		1		0		0.9876900217		1		-0.3090268368		0		0

		82		0.3090066471		1		0		0.9510598783		1		-0.1564448177		0		0

		83		0.4539806876		1		0		0.8910115237		1		-0.0000106144		0		0

		84		0.5877762357		1		0		0.8090235452		1		0.1564238503		1		0

		85		0.7070988066		1		0		0.7071147557		1		0.3090066471		1		0

		86		0.8090102874		1		0		0.5877944835		1		0.4539806876		1		0

		87		0.8910012837		1		0		0.4540007847		1		0.5877762357		1		0

		88		0.9510529082		1		0		0.3090280987		1		0.7070988066		1		0

		89		0.9876864933		1		0		0.1564461281		1		0.8090102874		1		0

		90		0.9999999999		1		0		0.0000119412		0		0.8910012837		1		0

		91		0.9876902293		1		0		-0.1564225398		0		0.9510529082		1		0

		92		0.9510602882		1		0		-0.3090053853		0		0.9876864933		1		0

		93		0.891012126		1		0		-0.4539795054		0		0.9999999999		1		0

		94		0.8090243251		1		0		-0.5877751623		0		0.9876902293		1		0

		95		0.7071156939		1		0		-0.7070978684		0		0.9510602882		1		0

		96		0.5877955569		1		0		-0.8090095076		0		0.891012126		1		0

		97		0.4540019669		1		0		-0.8910006813		0		0.8090243251		1		0

		98		0.3090293605		1		0		-0.9510524982		0		0.7071156939		1		0

		99		0.1564474386		1		0		-0.9876862857		0		0.5877955569		1		0

		100		0.0000132679		1		1		-0.9999999999		-1		0.4540019669		1		1

		101		-0.1564212294		0		0		-0.9876904368		0		0.3090293605		1		0

		102		-0.3090041234		0		0		-0.9510606982		0		0.1564474386		1		0

		103		-0.4539783232		0		0		-0.8910127283		0		0.0000132679		0		0

		104		-0.5877740889		0		0		-0.809025105		0		-0.1564212294		0		0

		105		-0.7070969302		0		0		-0.7071166321		0		-0.3090041234		0		0

		106		-0.8090087277		0		0		-0.5877966303		0		-0.4539783232		0		0

		107		-0.8910000789		0		0		-0.4540031491		0		-0.5877740889		0		0

		108		-0.9510520882		0		0		-0.3090306224		0		-0.7070969302		0		0

		109		-0.9876860781		0		0		-0.156448749		0		-0.8090087277		0		0

		110		-0.9999999999		0		0		-0.0000145947		0		-0.8910000789		0		0

		111		-0.9876906444		0		0		0.1564199189		1		-0.9510520882		0		0

		112		-0.9510611082		0		0		0.3090028615		1		-0.9876860781		0		0

		113		-0.8910133307		0		0		0.453977141		1		-0.9999999999		-1		0

		114		-0.8090258848		0		0		0.5877730155		1		-0.9876906444		0		0

		115		-0.7071175702		0		0		0.707095992		1		-0.9510611082		0		0

		116		-0.5877977037		0		0		0.8090079478		1		-0.8910133307		0		0

		117		-0.4540043312		0		0		0.8909994766		1		-0.8090258848		0		0

		118		-0.3090318842		0		0		0.9510516782		1		-0.7071175702		0		0

		119		-0.1564500595		0		0		0.9876858706		1		-0.5877977037		0		0

		120		-0.0000159215		0		0		0.9999999999		1		-0.4540043312		0		0
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		0		0		1		0		1		1		-0.4539948738		0		0

		1		0.156434334		1		0		0.9876883614		1		-0.3090217894		0		0

		2		0.309016742		1		0		0.9510565983		1		-0.1564395758		0		0

		3		0.4539901451		1		0		0.8910067049		1		0		0		0

		4		0.5877848229		1		0		0.8090173063		1		0.156434334		1		0

		5		0.7071063121		1		0		0.7071072503		1		0.309016742		1		0

		6		0.8090165265		1		0		0.5877858963		1		0.4539901451		1		0

		7		0.8910061025		1		0		0.4539913273		1		0.5877848229		1		0

		8		0.9510561883		1		0		0.3090180039		1		0.7071063121		1		0

		9		0.9876881538		1		0		0.1564356445		1		0.8090165265		1		0

		10		1		1		0		0.0000013268		0		0.8910061025		1		0

		11		0.9876885689		1		0		-0.1564330235		0		0.9510561883		1		0

		12		0.9510570083		1		0		-0.3090154801		0		0.9876881538		1		0

		13		0.8910073072		1		0		-0.4539889629		0		1		1		0

		14		0.8090180862		1		0		-0.5877837495		0		0.9876885689		1		0

		15		0.7071081885		1		0		-0.7071053739		0		0.9510570083		1		0

		16		0.5877869697		1		0		-0.8090157466		0		0.8910073072		1		0

		17		0.4539925094		1		0		-0.8910055002		0		0.8090180862		1		0

		18		0.3090192657		1		0		-0.9510557783		0		0.7071081885		1		0

		19		0.1564369549		1		0		-0.9876879462		0		0.5877869697		1		0

		20		0.0000026536		1		1		-1		-1		0.4539925094		1		1

		21		-0.1564317131		0		0		-0.9876887765		0		0.3090192657		1		0

		22		-0.3090142183		0		0		-0.9510574183		0		0.1564369549		1		0

		23		-0.4539877807		0		0		-0.8910079096		0		0.0000026536		0		0

		24		-0.5877826761		0		0		-0.8090188661		0		-0.1564317131		0		0

		25		-0.7071044357		0		0		-0.7071091266		0		-0.3090142183		0		0

		26		-0.8090149667		0		0		-0.5877880431		0		-0.4539877807		0		0

		27		-0.8910048978		0		0		-0.4539936916		0		-0.5877826761		0		0

		28		-0.9510553683		0		0		-0.3090205276		0		-0.7071044357		0		0

		29		-0.9876877387		0		0		-0.1564382654		0		-0.8090149667		0		0

		30		-1		0		0		-0.0000039804		0		-0.8910048978		0		0

		31		-0.987688984		0		0		0.1564304026		1		-0.9510553683		0		0

		32		-0.9510578283		0		0		0.3090129564		1		-0.9876877387		0		0

		33		-0.8910085119		0		0		0.4539865985		1		-1		-1		0

		34		-0.8090196459		0		0		0.5877816027		1		-0.987688984		0		0

		35		-0.7071100648		0		0		0.7071034975		1		-0.9510578283		0		0

		36		-0.5877891165		0		0		0.8090141868		1		-0.8910085119		0		0

		37		-0.4539948738		0		0		0.8910042955		1		-0.8090196459		0		0

		38		-0.3090217894		0		0		0.9510549583		1		-0.7071100648		0		0

		39		-0.1564395758		0		0		0.9876875311		1		-0.5877891165		0		0

		40		-0.0000053072		0		1		1		1		-0.4539948738		0		0

		41		0.1564290922		1		0		0.9876891916		1		-0.3090217894		0		0

		42		0.3090116946		1		0		0.9510582383		1		-0.1564395758		0		0

		43		0.4539854163		1		0		0.8910091143		1		-0.0000053072		0		0

		44		0.5877805293		1		0		0.8090204258		1		0.1564290922		1		0

		45		0.7071025593		1		0		0.707111003		1		0.3090116946		1		0

		46		0.809013407		1		0		0.5877901899		1		0.4539854163		1		0

		47		0.8910036931		1		0		0.453996056		1		0.5877805293		1		0

		48		0.9510545483		1		0		0.3090230513		1		0.7071025593		1		0

		49		0.9876873235		1		0		0.1564408863		1		0.809013407		1		0

		50		1		1		0		0.000006634		0		0.8910036931		1		0

		51		0.9876893991		1		0		-0.1564277817		0		0.9510545483		1		0

		52		0.9510586483		1		0		-0.3090104327		0		0.9876873235		1		0

		53		0.8910097166		1		0		-0.4539842342		0		1		1		0

		54		0.8090212057		1		0		-0.5877794559		0		0.9876893991		1		0

		55		0.7071119412		1		0		-0.7071016211		0		0.9510586483		1		0

		56		0.5877912633		1		0		-0.8090126271		0		0.8910097166		1		0

		57		0.4539972382		1		0		-0.8910030908		0		0.8090212057		1		0

		58		0.3090243131		1		0		-0.9510541383		0		0.7071119412		1		0

		59		0.1564421967		1		0		-0.987687116		0		0.5877912633		1		0

		60		0.0000079608		1		1		-1		-1		0.4539972382		1		1

		61		-0.1564264712		0		0		-0.9876896067		0		0.3090243131		1		0

		62		-0.3090091709		0		0		-0.9510590583		0		0.1564421967		1		0

		63		-0.453983052		0		0		-0.891010319		0		0.0000079608		0		0

		64		-0.5877783825		0		0		-0.8090219855		0		-0.1564264712		0		0

		65		-0.707100683		0		0		-0.7071128794		0		-0.3090091709		0		0

		66		-0.8090118472		0		0		-0.5877923367		0		-0.453983052		0		0

		67		-0.8910024884		0		0		-0.4539984203		0		-0.5877783825		0		0

		68		-0.9510537282		0		0		-0.309025575		0		-0.707100683		0		0

		69		-0.9876869084		0		0		-0.1564435072		0		-0.8090118472		0		0

		70		-1		0		0		-0.0000092876		0		-0.8910024884		0		0

		71		-0.9876898142		0		0		0.1564251608		1		-0.9510537282		0		0

		72		-0.9510594683		0		0		0.309007909		1		-0.9876869084		0		0

		73		-0.8910109213		0		0		0.4539818698		1		-1		-1		0

		74		-0.8090227654		0		0		0.5877773091		1		-0.9876898142		0		0

		75		-0.7071138175		0		0		0.7070997448		1		-0.9510594683		0		0

		76		-0.5877934101		0		0		0.8090110673		1		-0.8910109213		0		0

		77		-0.4539996025		0		0		0.891001886		1		-0.8090227654		0		0

		78		-0.3090268368		0		0		0.9510533182		1		-0.7071138175		0		0

		79		-0.1564448177		0		0		0.9876867008		1		-0.5877934101		0		0

		80		-0.0000106144		0		1		0.9999999999		1		-0.4539996025		0		0

		81		0.1564238503		1		0		0.9876900217		1		-0.3090268368		0		0

		82		0.3090066471		1		0		0.9510598783		1		-0.1564448177		0		0

		83		0.4539806876		1		0		0.8910115237		1		-0.0000106144		0		0

		84		0.5877762357		1		0		0.8090235452		1		0.1564238503		1		0

		85		0.7070988066		1		0		0.7071147557		1		0.3090066471		1		0

		86		0.8090102874		1		0		0.5877944835		1		0.4539806876		1		0

		87		0.8910012837		1		0		0.4540007847		1		0.5877762357		1		0

		88		0.9510529082		1		0		0.3090280987		1		0.7070988066		1		0

		89		0.9876864933		1		0		0.1564461281		1		0.8090102874		1		0

		90		0.9999999999		1		0		0.0000119412		0		0.8910012837		1		0

		91		0.9876902293		1		0		-0.1564225398		0		0.9510529082		1		0

		92		0.9510602882		1		0		-0.3090053853		0		0.9876864933		1		0

		93		0.891012126		1		0		-0.4539795054		0		0.9999999999		1		0

		94		0.8090243251		1		0		-0.5877751623		0		0.9876902293		1		0

		95		0.7071156939		1		0		-0.7070978684		0		0.9510602882		1		0

		96		0.5877955569		1		0		-0.8090095076		0		0.891012126		1		0

		97		0.4540019669		1		0		-0.8910006813		0		0.8090243251		1		0

		98		0.3090293605		1		0		-0.9510524982		0		0.7071156939		1		0

		99		0.1564474386		1		0		-0.9876862857		0		0.5877955569		1		0

		100		0.0000132679		1		1		-0.9999999999		-1		0.4540019669		1		1

		101		-0.1564212294		0		0		-0.9876904368		0		0.3090293605		1		0

		102		-0.3090041234		0		0		-0.9510606982		0		0.1564474386		1		0

		103		-0.4539783232		0		0		-0.8910127283		0		0.0000132679		0		0

		104		-0.5877740889		0		0		-0.809025105		0		-0.1564212294		0		0

		105		-0.7070969302		0		0		-0.7071166321		0		-0.3090041234		0		0

		106		-0.8090087277		0		0		-0.5877966303		0		-0.4539783232		0		0

		107		-0.8910000789		0		0		-0.4540031491		0		-0.5877740889		0		0

		108		-0.9510520882		0		0		-0.3090306224		0		-0.7070969302		0		0

		109		-0.9876860781		0		0		-0.156448749		0		-0.8090087277		0		0

		110		-0.9999999999		0		0		-0.0000145947		0		-0.8910000789		0		0

		111		-0.9876906444		0		0		0.1564199189		1		-0.9510520882		0		0

		112		-0.9510611082		0		0		0.3090028615		1		-0.9876860781		0		0

		113		-0.8910133307		0		0		0.453977141		1		-0.9999999999		-1		0

		114		-0.8090258848		0		0		0.5877730155		1		-0.9876906444		0		0

		115		-0.7071175702		0		0		0.707095992		1		-0.9510611082		0		0

		116		-0.5877977037		0		0		0.8090079478		1		-0.8910133307		0		0

		117		-0.4540043312		0		0		0.8909994766		1		-0.8090258848		0		0

		118		-0.3090318842		0		0		0.9510516782		1		-0.7071175702		0		0

		119		-0.1564500595		0		0		0.9876858706		1		-0.5877977037		0		0

		120		-0.0000159215		0		0		0.9999999999		1		-0.4540043312		0		0
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		101		-0.1564212294		0		0		-0.9876904368		0		0.3090293605		1		0

		102		-0.3090041234		0		0		-0.9510606982		0		0.1564474386		1		0

		103		-0.4539783232		0		0		-0.8910127283		0		0.0000132679		0		0

		104		-0.5877740889		0		0		-0.809025105		0		-0.1564212294		0		0

		105		-0.7070969302		0		0		-0.7071166321		0		-0.3090041234		0		0

		106		-0.8090087277		0		0		-0.5877966303		0		-0.4539783232		0		0

		107		-0.8910000789		0		0		-0.4540031491		0		-0.5877740889		0		0

		108		-0.9510520882		0		0		-0.3090306224		0		-0.7070969302		0		0

		109		-0.9876860781		0		0		-0.156448749		0		-0.8090087277		0		0

		110		-0.9999999999		0		0		-0.0000145947		0		-0.8910000789		0		0

		111		-0.9876906444		0		0		0.1564199189		1		-0.9510520882		0		0

		112		-0.9510611082		0		0		0.3090028615		1		-0.9876860781		0		0

		113		-0.8910133307		0		0		0.453977141		1		-0.9999999999		-1		0

		114		-0.8090258848		0		0		0.5877730155		1		-0.9876906444		0		0

		115		-0.7071175702		0		0		0.707095992		1		-0.9510611082		0		0

		116		-0.5877977037		0		0		0.8090079478		1		-0.8910133307		0		0

		117		-0.4540043312		0		0		0.8909994766		1		-0.8090258848		0		0

		118		-0.3090318842		0		0		0.9510516782		1		-0.7071175702		0		0

		119		-0.1564500595		0		0		0.9876858706		1		-0.5877977037		0		0

		120		-0.0000159215		0		0		0.9999999999		1		-0.4540043312		0		0
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