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PROTECTION from abnormal situations in networks - 
automatic control devices 
                 
1 - Overload protective relay

           

2 - Out of step protective relay

                 
3 - Load shedding protective relay

                  
4 - Stuck breaker automatic device

                 
5 - Automatic recloser

                 
6 - Loss of voltage automatic device

                     
7 - Voltage control automatic device

                       
8 - Substation automatic device
1 - Overload PROTECTIve relay  

Preliminary remark: this relay is designed to operate in order to correct situations of abnormal but balanced transit. The measurements are always made on a single phase.     


1 - 1 - PROTECTION   of overhead lines
1-1-1- Presentation of the problem

The high voltage overhead lines must satisfy conditions relative to their insertion into the environment, which, in France, are grouped in an official document called "arrêté technique". In particular, the lines must never get down under a minimal height, below which the EDF will be held responsible for accidents that may occur. For example, this height is 8.5 m above farmland for a 400 kV line. 

      
Now a conductor run by a current heats up, and thus lengthens, and its lowest point lowers. For a given exterior temperature, we can thus reckon a maximum current beyond which, in steady state, the "arrêté technique" is no longer respected. The formulas and charts allowing these calculations can be consulted in the     " directives ligne ", § L13 and L14.

The persons in charge of operating the network thus are concerned by  not exceeding this limit. To help them, and to ensure the safety of the public, whatever may occur, equipment, called overload line protective relay, is installed.      


1-1-2- Principle of the line overload protective relay

For a given season, and for a given region, the statistical data provided by the weather bureau makes it possible to fix a maximal temperature  1 of the ambient air. 

For a given line, we know the conductor maximal temperature 3, beyond which the "arrèté technique" is no longer respected.

We fix an intermediate conductor temperature 2. This temperature is the one that the line must not exceed in steady state, the difference between 2 et 3 giving to the control centre the time to react in case of overload. To a pair of values  1 and 2 corresponds a permanent maximal admissible current noted PMAI. Operation is then the following, for a 400 kV line:

      
- If the current on the line exceeds the PMAI value, the control centre is warned, but only after 30 seconds. Indeed, if a transient fault make trip a line, the automatic reclosing system puts it back into service after a few seconds (see  § 5). During the time when this line is cut off, the load is carried over to neighbouring lines, where the current may then exceed the PMAI value during a few seconds, then everything goes back to normal. It is thus useless to trouble the control centre. 

      
- two other values are used, IS1 and IS2. The first one, higher than PMAI, is such that if the temperature of the line in steady state were previously 2, it reaches  3 at the end of 20 minutes, and the second, higher than the first, is such that in the same conditions the line reaches  3 after 10 minutes.

The control centre is thus warned by two alarms:
      
- the first one appears if the current is included between PMAI and IS1. The person in charge of operating the network knows that he has 20 minutes to make the overload cease. He tries to do it by acting on the network display and the set point value of the production groups. 

      
- the second one appears if the current is included between IS1 and IS2. The control centre then only has 10 minutes to make the overload cease. For this, it cuts off the supply to a part of the consumers by using the load shedding protective relays (see § 3).

 If, at the end of the available time, the overload has not ceased, the relay sends a tripping order to the line circuit breaker.    

 If the current is higher than IS2, the relay sends its tripping order after 1 minute.. The control centre has no more the time to act in this case.     
 

But everything must be used so that this situation never occurs, at least on 400 kV lines. Else tripping of the overloaded line make appear overloads on neighbouring lines which, step by step, can lead to a general collapse of the network.      


For the lower voltage lines, the principle is the same, but the design of the system is more simple.


1-1-3-Example

 Let us consider a 400 kV overhead line, almelec, with 3 bundled conductors.     


      
The setting table is the following:

	
	summer
	spring

autumn
	mild

winter
	cold

winter

	


	35 °
	25 °
	15 °
	5 °

	


	60 °
	60 °
	60 °
	60 °

	3


	75 °
	75 °
	75 °
	75 °

	Pmai


	2685 A
	3405 A
	3405 A
	3790 A

	Is1


	3490 A
	4090 A
	4090 A
	4360 A

	Is2


	4570 A
	5110 A
	5305 A
	5305 A


The relay has 12 thresholds, which are remote controllable from the control centre.
Remarks:

       
-  the temperature 3 = 75° is the generally admitted assumption for line building. But during its existence a line may slacken by creep.. The profile along the line must thus be checked periodically. If the line has slackened, the temperature thresholds, thus the current thresholds, must be lowered in a first step, and in a second step, the line must be re-tightened.

      
- A new line cools off less well than an old one. Indeed, its conductors behave like bright bodies and radiate weakly, while an old line comes closer to a black body.

- the determination of the PMAI, IS1, IS2 thresholds must be done on the weakest element of the link. This may be the line, or a section of the line if it is not homogeneous, or a high voltage device, i. e. a circuit breaker, an isolator, a current reducer, a line trap. 
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	t=0                          t = 10 mn                t = 20 mn


Before the time t = 0, the line runs a current equal to PMAI - , the external temperature is 35 ° and the conductor temperature is 60 °.

If a current  Is1 -  appears, the temperature increases to 75 ° after 20 minutes, then the line is tripped and gets cooler (yellow curve).

If a current  Is2 -  appears, the temperature increases to 75 ° after 10 minutes, then the line is tripped and gets cooler (purple curve).
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1 - 2 - Power transformer overload protective relay
1-2-1 Presentation of the problem

      
In the  IEC 76-1 standard, the following may be distinguished:

      
- dry type transformers,
with natural ventilation

                                                          with forced ventilation

      
- oil immersed type transformers,
with natural oil circulation and natural air ventilation (ONAN)

with natural oil circulation and forced air ventilation (ONAF)

with forced oil circulation and natural air ventilation (ODAN)

with forced oil circulation and forced air ventilation (ODAF)                                                                        

The high power transformers used by the EDF are of ODAF type. They allow the best cooling, but they require the most complete monitoring.      


1-2-2- Principle of the relay

      
The most complete ones use two input  variables:

       
- current

       
- oil temperature

Its settings, like the ones used to protect the overhead lines, depend on the maximal observable temperature during each period of the year. The following thresholds may be defined:

       
- the rated current In

This is the value under which the transformer undergoes no special deterioration. In these conditions, natural ventilation is enough, on the condition that the oil circulation pumps work normally. It has a fixed value, determined by taking into account the maximal exterior temperature.      

        
- the current Is. 

 If the current threshold In is exceeded, but the current Is is not reached, ageing of the transformer is accelerated but there are no immediate consequences. The control centre is warned, but the relay does not send a tripping order. 

If the current threshold Is is exceeded,   the transformer may deteriorate rapidly. The relay, after having sent immediately an alarm to the control centre, sends a tripping order to the two circuit breakers framing the transformer after 20 minutes.

This threshold depends on the season considered and on the type of transformer. The following are generally retained:

        Is = 1.15 * In 
in spring, summer

        Is = 1.25 * In 
in autumn and mild winter

        Is = 1.35 * In 
in cold winter


- the current Im = 1.5 * In

If this threshold is exceeded, the relay, after having sent an alarm to the control centre, sends a tripping order to the two circuit breakers framing the transformer after 5 minutes.

       
- the temperature 1: if the transformer oil temperature is higher than this value when the current threshold Is is crossed, the current Im is replaced by I'm = 1.1 * Is. This temperature depends on the transformer type. It is about 60°.

      
- the temperature s: this is the safety temperature beyond which the transformer must be immediately disabled. This temperature depends on the transformer type. It is about 90°. 

      
Operation is the following::

       
- the threshold In is overcome.

 The ventilators of the cooling system are started. A time meter is started, designed to total the number of hours the transformer has operated at a current higher than In. The control centre is warned, but only after 20 seconds in order to avoid unwanted alarms during the reclosing cycles. 

       
- the threshold Is is overcome.

The control centre is warned after 20 seconds. It has 20 minutes to try and stop the overload. At the end of this time, the protective relay orders tripping the circuit breakers framing the transformer

      
- the threshold Im, or I'm, is overcome.

The control centre is warned after 20 seconds. It has 5 minutes to try and stop the overload. At the end of this time, the protective relay orders tripping the circuit breakers framing the transformer

       
- the temperature s is overcome. The relay sends an alarm to the control centre, but does not order automatic tripping. Indeed, this situation is not necessarily due to an overload, but may come from a stop of the oil circulation pumps, itself following a break - down of the auxiliary supply transformers. (see eight part, §3) In this case, going back to normal may sometimes be obtained without disabling the power transformer  

      
Such relays are used for the power transformers connected to the 400 kV network. The overload protection system of power transformers connected to the 225 kV and below have no temperature measurement. 

Bibliography [42]

1 - 3 - Protection  from  overload of  the  underground  cables
The time constant describing the heating of the underground cables are much longer than the ones describing the heating of the overhead lines. It has thus not been judged useful to install overload protective relays on these assets.


2 - PROTECTION   against  out - of - step
2 - 1 -  Presentation of the problem

When the network works correctly, all the alternators rotate at the same electric peed, (mechanical speed multiplied by the number of pole pairs), but their electromotive forces are shifted among themselves at an angle which depends on their setting instructions and the topology of the network on which they deliver. The system is stable.

 If there is incoherence between these orders and the topology of the network, the system can become unstable and one or several machines may rotate at a speed different from all the other ones. This is the loss of static stability.

When a short circuit appears, the alternators near this short circuit then deliver on a low impedance , but mainly made of  inductive elements as lines, power transformers, ... . The active power is then paradoxically decreased and the alternators which, before action of their control systems, still receive the same mechanical power, accelerate and can rotate at a speed higher than the one of the alternators further from the fault. This is the dynamic  loss of  stability.       


In both cases it is necessary to:

       
- avoid anarchic tripping of the circuit breakers by distance protective relays. This is the role of their out - of - step module; 

      
- create, by opening predetermined circuit breakers, zones where production and consumption balance each other in order to isolate the « sick » zone from the healthy ones. After which, if the alternators of the sick zone cannot resynchronise, the power plants are « islanded », i. e. they supply only their auxiliary transformers , then the network is progressively re - built from the « healthy » zones. 

To create these zones, the synchronisation losses are detected by voltage beats, which may be schematically represented as follows: 
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These beats are used for segmenting into three successive stages, in order to surround the sick zone progressively ( see fifth part, §3).

2 - 2 - DESCRIPTION   of the relay
A reduction in the peak value of the voltage, equal or higher than Vn / 50, between two consecutive half waves gives a pulse indicating a reduction. A rise in the same peak value, equal or higher than Vn / 50, between two consecutive half waves, gives a pulse indicating a rise. A beat is identified as a sequence of more than 10 reduction pulses followed by at least 4 rise pulses. It is confirmed only if the minimal value of the peak voltage is less than 0.65 times (400 kV and 225 kV networks) or 0.80 times (90 kV and 63 kV networks) the maximal value, in order to avoid operating the relay on simple power swings.       

The tripping order is sent when the voltage rises again, and when it is higher than the average between the maximal and the minimal voltage, so that the current to be cut off is not too high. 
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3 - load shedding protective relay
3 - 1 - presentation of the  PROBLEM

When the production is not enough with respect to consumption, the alternators slow down, and the frequency falls down. Normally this frequency reduction is used by the group governors to restore the balance. But if the available power is not enough, the groups reach their maximal power and the frequency continues to fall.  

 If it falls below 49 hz, value fixed in France by ministerial decree, the EDF is authorised to make customer      cut -off, called load shedding, to restore the balance.

 If the frequency continues to fall, other customers are cut - off. Priority customers are the last ones cut off. Then the power plants are separated from the network, but continue to supply only their auxiliary transformers, in order to be able to return to normal operation rapidly, as soon as the control centre regains control of the situation. We say that they are « islanded ». 

We saw at §1 that the control centre can also be led to order load shedding to stop overload.

3 - 2 - PRINCIPLE   OF LOAD SHEDDING PROTECTIVE RELAYS

They are installed in the transformation substations 225 / 20 kV; 90 / 20 kV; 63 / 20 kV.

       
- measurement  circuits:


. each of these circuits are supplied by the highest busbar voltage of the substation;  


. the corresponding sinusoidal value is transformed into square signals with the same period;


. a derivator creates a pulse at each passage through zero of the preceding values;


. the time interval separating each pulse is compared to a time base set to the threshold frequency;


. a temporary memory transforms the transient information obtained by the preceding comparison into a logical order.

The total operating time is 200 ms.


- thresholds used
There are 4 measurement circuits, corresponding to the following thresholds:


. 49    hz  -  
opening of the ends corresponding to 20% of the burden


. 48.5 hz  -  
opening of the ends corresponding to 20% more


. 48    hz  -  
opening of the ends corresponding to 20% more


. 47.5 hz  -  
opening of the ends corresponding to 20% more

Below this value, only priority customers, as hospitals, fire brigade, police, traffic lights, remain supplied.

The four load shedding thresholds are periodically interchanged, so that the first customers cut off are not always the same ones.

This equipment has, in addition, an exterior order acquisition relay for voluntary load shedding ( §1 ).

The power plants have a frequency relay with a single measurement circuit, set to 47 hz, and which « islands »  it on its auxiliary transformers.
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4 - stuck breaker automatic device
Its function is the detection of the non - opening of a circuit breaker by noting that the order sent is not released at the end of a selective interval after the beginning of its emission. It then sends a tripping order to all the circuit breakers connected to the same busbar as the faulty one.

4 - 1 - THE  PROBLEMS  

       
- An unwanted tripping order has serious consequences: a whole electric node is lost.

       
- The tripping orders must be routed by circuits identical to those of the differential busbar protective relay.



       
- non - releasing of the protective relay which sends the tripping order risks to make the automatic device operate. In particular, a line differential protective relay only releases when both circuit breakers are open.

4 - 2 - SOLUTIONS

       
- The tripping order is sent only if  overcurrent relays check that a current always exists in the phases of the end.

- When a busbar differential protective relay exists, the stuck breaker automatic device is associated with it: the automaton uses the routes of the protective relay, which uses the tripping circuits of the automaton.
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If there is no busbar differential protective relay, routing circuits must be added to the automaton.

       
- The Buchholz relay does not release, and in addition it can function for a weak current. The opening of the circuit breaker is checked, in that case, by the position contact of this circuit breaker.

Bibliography [45], [46]

5 - automatic reclosers

5 - 1 - presentation of the problem
5-1-1- Transient faults

Short circuits appearing on overhead lines are, in most cases (about 95%), transient faults.
Let us take an example: lightening creates, between the metallic structure of a transmission tower and a conductor, a potential difference enough to trigger an arc. the arc generally appears between the arcing ring and the arcing horn of an insulator. The air then becomes ionised, and the arc subsists until the voltage disappears. After disabling of the line, the air de - ionise.
The arc resistance is given by an empirical formula due to Van Warrinton:


         28700 * d


d is the length of thr arc, given in meter


R =  —————



I 1,4


I is the current running through the arc, given in amper

i. e., for a distance of 3.85 m, which is the length of a 400 kV insulator chain :

	200 A
	1 kA
	10 kA
	63 kA

	66 
	7  
	0,3  
	0,02  


We see that it is neglectible on the powerfull networks.
 The de - ionisation time is given by another empirical formula due toVan Warrington: 

        N = 10,5 + Un / 34,5        n    being the number of periods and U the rated voltage between phases, in kV. 

that is for example 0.44 seconds for a 400 kV line at 50 hz. 

Once this time lag has ended, the line can be made live again. However this time must be increased to take into account that:

       
- both ends of the line do not trip always simultaneously. The time difference depends on the presence or not of signalling channels, and on the possibility of sequential starting of one of the protective relays ( a relay starts only when the other end has tripped),

       
- If a single phase is tripped at both ends, the other phases create, by capacitive coupling, a voltage on this phase, and the clearance time of the arc is lengthened. This phenomena is especially sensitive on long double circuit lines, where the arc may, in certain cases, not go out. 

Other causes of transient faults are (non exhaustive list)

       
- swaying of conductors under the influence of the wind,

       
- various objects carried by the wind,

       
- frozen fog,

       
- rain in a polluted zone,

        
- branch of a tree near the line, burned by the arc,

5-1-2- Steady state faults

They may be due to the following causes (non exhaustive list) 

       
- rupture of a conductor, or its anchor clamp, and falling to the ground,

       
- falling of a tree, or a crane, onto the line, 

       
- vandalism leading, for example, to the collapse of a tower,

       
- an untwisted conductor strand approaches another metallic mass.

Such incidents, fortunately rather rare, may be dangerous for third parties, and the risks must be minimised.

A protective relay cannot know if a fault is steady state or transient. To know it, voltage must be sent back onto the line.

Now it has been noted that , when a conductor falls on a road, the persons present do not dare, and rightly so, touch it during the few minutes that follow. Then after may be ten minutes, the most impatient ones think that the cable is dead and take the initiative to move it if it disrupt traffic. At that time, it is dangerous to attempt putting the line back under voltage. 

Thus the idea of performing automatic reclosing devices that manage, in a time lag generally less than one minute, to put lines back under voltage after a transient fault, whatever the situation may be. So, if  reclosing fails, the operator may be almost certain that the fault is steady state and he orders a line inspection. 

Note: faults on power transformers and underground cables are always steady state. We endeavour never to send back voltage on these assets. Busbar faults, even though they may be transient, are treated like steady state faults on the 400 kV and 225 kV networks.

5 - 2 - FUNCTIONS   OF RECLOSERS

5-2-1- Precautions before sending back the voltage on a line

5-2-1-1- Phase to earth faults.

 If the protective relay trip both ends of one phase, the two other phases of the line maintain a sufficient link between the networks located at each end, so that the voltages at the end substations are disturbed very little. Reclosing can then be tried with no special precaution. However, if reclosing does not succeed, i. e. if  the circuit breaker remains open on one pole only, it is tripped on the two other poles after 2.5 seconds by a module that notes the pole discrepancy. 

If reclosing fails, i. e. the protective relay finds again a fault, this is probably a steady state fault. The circuit breaker then receives a three phase tripping order. The recloser receives an information of tripping from the protective relay, but does not send a second reclosing order, except in particular cases (see § 5223).

      Single phase reclosing is used at the EDF on 400 kV and 225 kV lines only. On these lines, indeed, the proportion of phase to earth faults is respectively 90 % and 84 %. On lower voltage lines,  where this proportion is less favourable, and where the consequences of a three phase cut - off is less serious, this practice is not used. 

5-2-1-2- Phase to phase or three phase faults.     

 They provoke opening circuit breakers of the line on the three poles. 

From this moment, the voltages on the end substations can turn rapidly the one in relation with the other, as the network has just been disturbed by a short circuit. If reclosing is ordered without checking, the voltages may be in phase inversion when it occurs. This would have the same consequences as a short circuit. Thus the two possible methods:

5-2-1-2-1- High speed automatic reclosing

It is performed, at both ends, without voltage checking, at the end of a time as short as possible, generally about 0.6 seconds on 400 kV grid, 0.4 seconds on 225 kV grid and below. For this, it must be admitted that during this time, the voltages have not had the time to vary notably.

Such a system supposes that the network lends itself to this. It is the case when the unit power of the generators   are weak with respect to the total power of the network and when the network is well meshed. Stability studies are necessary to validate it. Moreover, tripping both ends must be well synchronised. This supposes the systematic use of  protection systems allowing that synchronisation: phase comparison or differential relays, or distance relays functioning with signalling systems as permissive intertrip overreach , blocking overreach, or zone extension (see § 2151 of the third part). This system can operate neither if the pick up of the protective relays may be sequential (a relay picks up only after tripping of the other end) nor if it the tripping order comes from zero sequence power protective relays.

It is used in many countries, which do not use the single phase reclosing. The distance protective relais are more simple than the ones of the french network, as the phase selection errors have not so much importance. Especially the measuring loops of some digital protective relays use the same input data for the distance and the resistance measurements   
In France difficulties that existed in the past to install signalling channels led us to choose the following system:      

5-2-1-2-2- Slow automatic reclosing.

We choose, for a line, a priority end, through which the line becomes live. 

This is the  «three phase reclosing order by dead line charging»

At the other end, we wait until the voltage has come back onto the line , and we then compare it , in amplitude and in phase, for a time of about 5 seconds called slip time, to the voltage measured on the busbar to be connected to the end. If the deviation is low enough, reclosing is ordered. If not, the control centre, which is warned, acts on the network to reduce the deviation.

This is the «three phase reclosing order by live line meshing »

The choice of end charging and end meshing takes into account the nearness of the generation groups. We try not to charge the line at the end close to a group in order not to have it undergo a torque that might damage it. If this situation cannot be avoided, for example when  groups are located near to both ends, charging is shifted in time between the line and the other lines of the substation, to avoid urges too close on the shafts of the alternators.  

This method is used on the EDF network. However it must be noted that on dead end lines, basically 90 kV and 63 kV, we use the high speed dead end line charging (0.3 seconds) between the release of the protective relay and the emission of the reclosing order, which is followed by a delayed automatic reclosing, at the end of the circuit breaker recovery time.

For lines supplying a customer with self generation, this generation having generally a weak power with respect to the short circuit power of the network, the customer end can be tripped by a zero sequence power protective relay, i. e. after several seconds. After this time the generator has tripped, and the busbar of the customer is dead. It must be possible to charge the busbar from the line. 

It is the  «three phase reclosing order by dead busbar charging»

5-2-2- Causes of reclosing failure - remedies.

5-2-2-1- Appearance of two faults at less than one minute interval.

When a circuit breaker receives a reclosing order, it must be able to be tripped again immediately if the fault is steady state. Now, if it has been tripped on a short circuit, then reclosed, it is no longer able to be tripped again, then closed, then tripped. It is then necessary to wait until the pressure restoration pumps, located in its control cabinet, have rebuilt the energy reserve necessary for its operation (spring or nitrogen under pressure). The time necessary is called recovery period. In actual circuit breakers, it is about one minute, but may vary from one type to another.   

Thus the following dispositions:

      
- fault appearing less than 3 seconds after a reclosing on single or poly - phase fault. 

The recloser considers that it is the same fault, which is steady state, and does not send a reclosing order, unless it is a long line with two circuits (see below). This time is called blocking period;

      
- phase to earth fault appearing less than one minute after reclosing on a first phase to earth fault, on the same phase. 

The circuit breaker is tripped on the three phases, then closed at the end of one minute by three phase reclosing order by dead line charging or by live line meshing, in compliance with local instructions,

       
- three phase fault appearing less than one minute after reclosing on a phase to earth or three phase fault. Same sequence,

- phase to earth fault appearing after a phase to earth fault, but on another phase. The one-phase reclosing cycle is performed normally.

Note: If, at the end of the recovery time, the pressure of the circuit breaker control is not restored, the recloser waits until the pressure becomes correct again to send its order.
5-2-2-2- Non functioning of a recloser at one end.

.A line which remains dead after a fault is very straightening for the control of the network. Indeed, it is necessary, in that case, to visit the line to ensure that there is no damage that may endanger the life of nearby inhabitants. A successful line charging by one end is thus very interesting, even if the line cannot be used immediately for energy transmission.


Thus the function « instruction inversion »:

If, at the end chosen  for dead line charging, reclosing has not happened, this function authorises , at each end and after a given time, dead line charging and live line meshing. This allows at least recharging the line from the end initially chosen for a live line meshing 

But this function is only used if the topology of the network allows it.

5-2-2-3- Long double circuit line

 On such lines, we saw that , when a phase is made dead, the capacitive voltage obtained by coupling with the other conductors can maintain the arc. Single phase reclosing thus fails. The line is then tripped on the three phases at both ends, but the « double reclosing » function allows a new attempt, after the end of the recovery time.

5-2-3-  Information exchanges between protective relays, recloser and circuit breaker.

       
- Start up of the recloser:
depending on the type of reclosing device, it is controlled by the appearance (beginning) or the release (end) of the tripping order sent by the protective relay.

      
- Single phase forbidden on phase to earth fault:

 the protective relay sends a single phase tripping order to the circuit breaker, and starts up the recloser. The latter, which has information forbidding single phase reclosing, sends to the circuit breaker a tripping order on the two other phases, then if  it has information allowing it, starts up a three phase reclosing.      
 

       
- Closing on fault:
after automatic reclosing of a line,  or closing by an operator,  by dead line charging, a fault detected at any distance must be cleared without delay. In addition, the directional function of the protective relay is not reliable in case of closing on three phase solid fault (case of forgotten grounding braids) and, in addition, the tripping is always three phase.

The recloser then informs the protective relay that it sends a closing order. As soon as the relay picks up, it sends a three phase tripping order, sometimes delayed of about 50 milliseconds, to avoid unwanted tripping due to the current harmonic 2, created by the power transformer asymmetric saturation on closing (see  appendix 5).

 Note: closing of a line by an operator is always performed by using the recloser, which checks that the voltages correspond to one of the following conditions:
     
dead line charging 

dead busbar charging


live line meshing

    
- overhead / underground links.

When a link has, at one of its ends, a section made of an underground cable, this section is protected by  an    earth - cable or a short link differential protective relay (see third part, § 16 et 232), functioning in parallel with the overhead line protective relays. If a fault appears on the underground cable, a dead line charging has no chance to succeed, and may be harmful for two reasons:

           
. additional heating of the cable sheath. But generally this heating does not lead to a more important deterioration of the cable, 

. danger for persons. As an example, if the fault is due to a machine accidentally ripping out the cable, the machine driver may decide to get down into the trench. Recharging after several seconds could then hurt him. On the other hand, recharging after less than one second is much less dangerous. 

Thus the following disposition is adopted:

      
. In all case the cable protective relay disables the close end recloser.
. If there is a danger for people, i. e. if the cable crosses an inhabited or industrial area, we make sure that recharging cannot be performed by the remote end, by choosing the close end for line charging, and dis -abling instruction inversion. But the single phase reclosing must be also disabled.  If we want to keep the single phase reclosing, the remote recloser is disabled  by the cable protective relay thanks to a signalling channel.  

5-2-4- Use of reclosers by operators

 The recloser instructions must be quickly modifiable by the operators. The following cases may be mentioned as examples:

       
- Formation of files from the outputs of power plants.

On a link connecting a generation group to the nearest substation of the transmission network, the only reclosing possible are the single phase reclosing and the line charging from the busbars of the substation. On the generation side, where line charging is forbidden, a three phase reclosing order by live line meshing is performed by the synchro - coupler of the generation group which, upon order by the operator of the power plant, acts on the turbo - alternator control to synchronise it. 

If, for load distribution reasons, the control centre creates a generation file (see scheme below), the other lines of the file must be treated in the same way.   


(
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     generation group

       


      


subst A

         subst B

     subst C

the coupling circuit breakers of the substations A and B are open, and the whole of the generation group energy arrives to the substation C;

- live working

 When people work on live line equipment, it is imperative that, in case of incident or accident, fortunately extremely rare, dead line charging does not make the results worse, injuring the ones who come to help the casualties. The reclosers are then disabled.     


On these examples, it can be seen that the control centre must be able to remote control the recloser instructions. 

5 - 3 - IMPLEMENTATION - see § 6 - 2
6 - AUTOMATIC  LOSS - OF - VOLTAGE  DEVICE - ATRS

6 - 1 - POSITION OF  THE PROBLEME

It may occur that after a tripping due to protective relays against short circuit, or against abnormal situations of the network, the terminals of some circuit breakers become dead. This situation, which often correspond to cut - off  of customers, is corrected by automatic devices which generally, in a first step, open the circuit breaker, and, in a second step, use the voltage restoration on one or both terminals to reclose it again in conformity with predetermined instructions       

 Following situations may occur:

6-1-1- Flip flop substation

In normal situation, its topology is the following:

                                     substation  A                                        substation  B


                                     Ac      X                                           Bc         X

                                     Ca      X                                           Cb         X
                                                                                                                        63 kV or 90 kV

                                        


substation  C

 



X


X



                                                   consumption 20 kV                                             

A steady state fault appears on the line AC. The circuit breaker Ac opens, and the circuit breaker Ca is dead. We now wish to supply again the substation C   by the line BC.   

After failure of the line charging by the circuit breaker Ac, the loss of voltage automatic device of Ca orders its opening. Two systems are then used, as wished. 

        
- First system:  The standby of the device associated to Cb has been cocked by noting the  situation «circuit breaker open and voltage on its both terminals». When it notes the disappearance of voltage on the busbar of C, it orders the three phase reclosing by dead busbar charging, after a time delay covering the line charging from Ac and the opening of Ca. It is the function «back up voltage return by dead busbar charging» function.

       
- Second system: The device associated to Ca sends, when it opens its circuit breaker, an information to the device associated to Cb which, after having checked that it may do it, orders the closing of its circuit breaker by dead busbar charging. It is the« flip flop » function.

6-1-2- Substation  supplied by two meshed sources.

                                        substation A                                         substation B


                                     Ac      X                                           Bc          X
                                     Ca      X                                           Cb          X
                                                                                                                        63 kV ou 90 kV

                                        


substation C

 



X


X



                                                   consumption 20 kV                                             
The circuit breakers Ac and Bc are opened by their protective relays. We do not know if it is a busbar fault or a fault on line AC with failure of the protective relay of Ca, or a fault on line BC with failure of the protective relay of Cb. The problem is to supply the substation C again  as quickly as possible if the fault is located on one of the lines, and consequently to know as quickly as possible where the fault is located (if the fault is located on the busbar of the substation C, a human intervention is needed.

Three methods may be considered:      


- Slow tripping by loss of voltage

dead line charging at A, and line meshing at B 

If the fault is transient, the substation is supplied very quickly

If it is steady state, the relays associated to Ac an Bc find again the fault and the substation C remains dead. The devices of the substation C make open  the circuit breakers Ca and Cb. The device of the circuit breaker Ac trys a second line charging, and the device of the circuit breaker Bc orders also a line charging after inversion of the instructions. The substation is then charged by human intervention.

The substation C is not automatically re - supplied in case of a fault on a line and a failure of one of its protective relays.


- quick tripping by loss of voltage
Before any attempt of reclosing, the circuit breakers Ca and Cb are opened by loss of voltage. Then Ac and Bc are closed by dead line charging. Then, the circuit breakers Ca and Cb are closed, the one after the other, by dead busbar charging. 

The substation C is automatically re - supplied in case of a fault on a line and a failure of one of its protective relays.      

However this system has a disadvantage:

In case of busbar fault, the circuit breakers Ca and Cb have both made an opening - closing - opening cycle, and their pressure restoration pumps are no longer supplied by the auxiliary transformers of substation C. It is thus necessary to restore pressure to the circuit breaker manually with a crank, which can take half an hour, and lengthens substation re - supply by so much. 


- Asymmetric operation: 

Cb is tripped by loss of voltage.

Ac device sends to its circuit breaker an order of dead line charging, which make live the substation C if the fault is transient, or if it is steady state on the line BC.

If this dead line charging fails, the circuit breaker Ca is tripped by loss of voltage, then Bc device sends the voltage from B busbars to the line BC by dead line charging, then Cb device sends the voltage from the line BC to the busbar of the substation C by dead busbar charging.

In this way, the substation is not automatically re - supplied only in case of fault on the busbar of the substation C and, in this case, the circuit breaker Ca, which has made only one opening manoeuvre, can be closed manually without time delay.       
 

6-1-3- Voltage recovery of a substation located in a file, when the substations are not meshed.
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Towards  20 kV supply

Subtations B and c are supplied by A, substation D is supplied by substation E, and the circuit breaker Cd is open. A fault appears on line AB.

The circuit breaker Ab is tripped by its protective relays, then its recloser attempts a dead line charging. If the fault is transient, the circuit breakers Ba, Bc, and Cb are tripped by their loss of voltage automatic device, then the device of  Cd sends a dead busbar charging order, according to one of the two systems described on § 6-1-1. The device of Cb elaborates a dead line charging, then the one of Bc a dead busbar charging. A dead line charging of Ba make then trip, if the fault is steady state, the tripping of Ba by its protective realy.  
6-1-4- Network re - building.

A part of the network can be made dead for various reasons: back - up tripping by protective relays against short circuits, successive tripping by overload protective relays, out - of - step, islanding of generators by under-frequency... When this part of the network is weakly extended, the incident is called localised and the part of the network is made live again automatically, is described above. But if the part of network is more extended, the incident is called generalised, and the control centre has better control by human manoeuvres the re - supplying of the customers in order to adapt it to the possibilities of energy supply at each point of the network. 

To do this, the control centre can send a disabling order to the device standby that have been cocked after having sent their loss - of - voltage tripping order. 

 During a localised incident, it may then be necessary to foresee a waiting time different from one end to another, after come back of the voltage, before sending a dead line charging, in order to avoid a too abrupt increase of the consumption.     


All the dispositions aimed to ensure the re - supply of the customers as quickly as possible after a localised or generalised incident is called re - building plan (see fifth part, §4).

6-1-5- Supply files of power plant auxiliary transformers.

During a generalised incident, some nuclear power plants can be stopped, following an unsuccessful islanding. Their auxiliary transformers must be re - supplied (108 MVA for a 1300 MW generator), to start up them again. But the closest live power plant may be rather remote, and phenomena such as the Ferranti effect or self excitation of alternators on capacitive load may occur. In that case, it is stated:

- to foresee and test these supply files,

- to be able to build, during a generalised incident, one or another of the validated files.

To do this, the control centre must be able to close the circuit breakers which have been opened by loss of voltage (see § 626). 

6-1-6- Working on live assets.

To minimise risks, tripping by loss of voltage is accelerated, and any form of automatic dead asset charging  is forbidden.    


6 - 2 - Implementation
The various functions described have appeared progressively, for the reclosers as well as for the loss of voltage devices. Electromechanical instruments were developed to perform a part of these functions. Then the ones already installed were modified to receive new functions, while the devices of following generation integrated these modifications into their design. Then, associations between these devices made it possible to meet new demands. All these evolutions have led to equipment, and exploitation principles, rather different from one region to another.      


 In 1988 a device appeared in which all functions asked, for the recloser as well as for the automatic loss of voltage device, were present. This is the bay automatic network rebuilding device, that we name in French ATRS, i. e. Automate de Tranche de Reprise de Service. This device was progressively installed on the network, replacing the old fashioned equipment.

6-2-1- Information acquired by the ATRS

       
- line voltage, on each phase,

       
- busbar voltage, on a single phase, 

       
- position of the circuit breaker, 

       
- pole discrepancy, elaborated in an other bay relaying,

        
- emission of a tripping order coming from the protective relays, for each phase,

       
- lack of pressure in the circuit breaker control cabinet, 

        
- human closing order,

        
- locking by the underground cable protective relay,

       
- cocking of the loss of voltage automatic device standby,

       
- disabling of the loss of voltage automatic device standby,

6-2-2- Elementary functions performed by the ATRS

- presence of voltage on the busbar side: if this voltage is higher than a threshold set from 30 to 55 V, 

- absence of voltage on the busbar side: if this voltage is lower than a threshold set from 5 to 30 V,

- presence of voltage on the line side: if all three line voltages are higher than a threshold set from 30 to 55 V,

- absence of voltage on the line side: if all three line voltages are lower than a threshold set from 5 to 30 V,

- deviation between the line and the busbar voltage module less than a threshold set from 10 to 60 V,

- deviation between the line and the busbar voltage phase less than a threshold set from 20 to 75°.

6-2-3- Remote controllable instructions

       
- enabled / disabled slow three - phase reclosing,

- enabled / disabled high speed three - phase reclosing,

- dead line charging / live line meshing,

- enabled / disabled loss of voltage tripping

- enabled / disabled back up dead line charging

- enabled / disabled live working state 

6-2-4- Non remote controllable instructions
      
- instruction inversion, 

      
- three phase reclosing after a single phase reclosing,

       
- dead busbar charging after tripping by a protective relay,

       
- dead line charging after tripping by loss of voltage,

       
- dead busbar charging after tripping by loss of voltage, 

       
- live line meshing after tripping by loss of voltage,

       
- human reclosing after tripping by loss of voltage.  

6-2-5- Main timers

       - locking time, 






settable from 1 to 15 s,

       - recovery time, 






settable from 20 to 300 s,

       - slip time, 







settable from 1 to 15 s,

       - single phase reclosing isolation time, 




settable from 0.5 to 7.5 s, 

       - slow three phase reclosing isolation time,



settable from 1 to 255 s,

       - instruction inversion time, 





settable from 1 to 255 s,

       - dead busbar charging after tripping by protective relay, 


settable from 1 to 15 s,

       - dead line charging after tripping by protective relay,
 

settable from 1 to 15 s,

       - quick three phase reclosing isolation time, 



settable from 50 to 750 ms,

       - loss of voltage tripping time, 





settable from 1 to 255 s, 

       - dead line charging time, after tripping by loss of voltage,
 
settable from 1 to 15 s,

       - dead busbar charging time, 





settable from 1 to 15 s,

       - waiting time before a live line meshing, 



settable from 1 to 15 s, 

- automatic disabling time of the loss of voltage automatic device standby
settable from 2 to 150 mn,

- back up voltage return by dead busbar charging time,


settable from 1 to 255 s,

- back up voltage return by dead line charging,



settable de 1 à 255 s

       - tripping time in case of working on a live line  



settable from 0.25 to 3.75 s.

Other timers  exist, designed to avoid problems internal to the device.

This device is modular, in order to adapt it to various types of networks. For example, we will neither order the single phase reclosing module for a 63 kV line, nor a high automatic reclosing module for a meshed 225 kV line.

6-2-6- Performed functions, recapitulation.

6-2-6-1- human closing,

      
- dead line charging,

      
- dead busbar charging,

these functions are always enabled,

      
- live line meshing,

      
- dead closing,


these function is enabled on instruction.

6-2-6-2- Function «recloser»,

      
- single phase reclosing,

      
- dead line charging after tripping by a protective relay,

      
- live line meshing after tripping by a protective relay,

      
- dead busbar charging after tripping by a protective relay, (exceptional).

6-2-6-3- function «loss of voltage automatic device» ,

      
- tripping by loss of voltage,

      
- dead line charging after tripping by loss of voltage,   

      
- dead busbar charging after tripping by loss of voltage,   


- live line meshing after tripping by loss of voltage,    


- back up dead line charging


- back up busbar charging.     


6-2-6-4- Joint function,

- live working disposition

Bibliography [47], [91]
7 - AUTOMATIC VOLTAGE  CONTROL   DEVICE
This device is in charge of sending "increase" or "decrease" orders, i. e. increase or decrease the number of coil turns on the lower voltage of a power transformer, to the tap changer of this transformer, so that it supplies its customers with the correct voltage.

7 - 1 - CASE  OF  A  LONESOME  TRANSFORMER 
When the voltage on the higher side of the transformer fluctuates, and also when the burden on its lower side varies, the voltage on the terminals of each customer must vary as little as possible.

7-1-1- Lonesome  customer
           transformer with its 
busbar
             link


      customer
        short circuit impedance



                    V

Zl

Va                       Z








I




(1)
We try to maintain a constant voltage on the terminal of this customer.

 For this an image voltage Va-image, equal to Va, is elaborated  by subtracting from the voltage V a voltage yielded by runing the current I in an image impedance  equal to ZL, and compared , in module, to a reference voltage Vc. A parameter allows the sensitivity to be adjusted. 

      
If the  condition


Va-image  > Vc * (1 + ) 


is true, the device sends an order "decrease" , which makes change the first tap after 30 seconds, and each of the following taps 10 seconds later. The order stops when Va-image  becomes lower than Vc. 


If the condition: 


Va-image  < Vc * (1 - )

is true, the device sends an order "increase" and the follow is the same..

The range of voltage between  Vc * (1 + ) and Vc * (1 - ) is the insensitive range. The parameter   is generally about 1,5 %. Lower that value is, more often the tap changer operates and more it wears, but better the voltage is controlled.

The voltage gap yielded by the change of one tap is about 1,2  %.









V








           Zl* I



(2)





       I


Va=Va -image

Remark: If  Va and I have the same phase, i. e. if the customer is purely resistive, the gap between the module of Va and the module of V is mostly due to the  resistive component R1 of ZL. This particularity will be used on  § 722.
7-1-2- Multiple customer
Let us define an equivalent customer obtained by adding between them the voltage drops between the transformer  and each customer, balanced by the power of each customer. If, as an example, we consider two customers, the equivalent voltage drop is equal to
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(3)
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ZL*I = ZL1*I1 *                 +  ZL2 * I2 *  


 P1 + P2


P1 + P2

Va-image = V - ZL*  I

Thanks to that "cooking",  the voltage  on the terminals of each customer remains lowly different from the image voltage

Va-image ~ Va1


Va-image ~ Va2. 

If we have n customers, the equation becomes:

             n
            Pi
            
    n


ZL*I = ZLi * Ii  *           
with    P = Pi
     







              i = 1
              P

      i = 1

that we use as previously.

7 - 2 -   CASE  OF  TWO  TRANSFORMERs IN  PARALLEL.
7-2-1- Problem

Let us consider the scheme (1), with two transformers
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transfo n° 1
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(4)

V1 and V2 are the no load running voltages on the lower terminals of the transformers, X1 and X2 theire positive sequence  short circuit impedances. 
- case of a balanced working.
We meet this case when both transformers are on the same tap, and connected to the same busbar.
               
V1 = V2

                
I    = I1* (X1 + X2) / X2 = I2 * ( X1 + X2) / X1

Each transformer has its own voltage control device, which reckons its own image voltage, i. e. respectively
 Vat1-image and Vat2-image

               
Va  = 
V- (Rl + j * Xl) * I

                     
Vat1-image = 
V - I1 * (Rl + j * XL ) * (X1 + X2) /X2        ( first transformer)    (1)

                     
Vat2-image  = 
V - I2 * (Rl + j * XL ) * (X1 + X2) /X1       
(sevond transformer)  (2)

As the system is balanced, Vat1-image = Vat2-image = Va

If Z is purely resistive, the voltage diagram is:
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- apparition of a loss of balance
As an example, both transformers, connected to the same busbar, are not on the same tap. That case can be found  when one transformer is already connected, and when we connect the second. Let us suppose that the voltage  V'1 on the lower side of the transformer  n° 1 is higher than the voltage V'2 on the lower side of the transformer 

 n° 2, that both voltages have the same phase, and that Va and I have not changed.
      
A current I runs between both transformers, so that::                                                                                                          

               

V'1 - V'2 = j * (X1 + X2) * I 

      
The currents running in the lower voltage windings of the transformers are respectively 

          

I'1 = I1 + I     et     I'2 = I2 - I     
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                    The voltages  V’at1-image  and  V’at2-image  are no more equal. For the transformer n° 1, the equations n° 1 and n° 2 become:

          
V’at1-image            = V - (Rl + j * Xl) * ((X1 + X2) / X2) * ( I + I1)

                             
      = Va  - I * (Rl + j * Xl) * ( X1 + X2) / X2


Vat2-image     
      = Va  + I * (Rl + j * Xl) * ( X1 + X2) / X1

      
On the voltage diagram, it can be seen that the module of  V’at1-image is lower than the module of Va. Even, if before the unbalance the module of Va was equal to the reference voltage Vc, the voltage control device of the transformer n° 1 sends an order "increase" on the tap changer of this transformer. Indeed its voltage is the higher. Symmetrically, the voltage control device of the transformer n° 2 sends an order "decrease" to the tap changer of its transformer.  
                                         The system is not stable.

7 - 2 - 2 - Adopted solution

      We saw, on § 712, that solely the module of Va, and not its phase, was used.
      We saw, on § 721, that the use of a reactance XL led to a loss of stability.

      Then following solutions
      - in case of balanced working, we control the voltage V by observing that essentially the resistive term creates a variation of Va module. Then we choose:
          

Va-image  = V - R image * I

R image is equal to Rl if there is only one transformer.

If they are two, R1 image = Rl * (X1 + X2) / X2 on the transformer n° 1 ;  Vat1image =    V – R1 image * I1  

 
           R2 image = Rl * (X1 + X2) / X1 on the transformer n° 2 ;  Vat2 image =    V – R2 image * I2
This is called the active compounding.
In case of balanced working the voltage diagram is:
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with 
R1 image * I1 = R2 image * I2

Va image =  Vat1image = Vat2 image

In case of unbalanced working, the voltage diagram is
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The image voltage modules remain close to Va . This system may work if the transformers are on the same tap. If they are different, the system does not allow returning to the same tap. 
This system is generally used only if the networks located downstream  the transformers  are separated

To improve it, another image voltage is yielded 

Va-image = V - Rimage * I + j*Ximage* I

The reactance is inverted towards the one seen at § 7-1. It can be made with a capacitor. Its value is lower, e. g. the third:

Ximage  = - XL / 3
It is the reactive subtractive compounding
The diagram corresponding to the balanced working of both transformers is:
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In case of unbalanced  working the diagram becomes
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If the voltage Va is equal to the reference voltage Vc, the voltage Vat1-image has a module higher than Vc, and the transformer 1 voltage control device sends an order "decrease". Reciprocally, the voltage Vat2-image has a module lower than  Vc, and the transformer 2 control device sends an order "increase". When both transformers are on the same tap, both image voltages have the same value Va-image, and the system works as if there were only one transformer

We  define the rated impedance  Zn as the ratio between the rated voltage of the voltage reducer and the rated current  of the current transformer.  

The ratio between the image resistance and the module of the rated impedance Zn is called
"active  compounding  ratio".

The ratio between the image reactance and the module of the impedance Zn is called
"reactive  compounding  ratio".

      
The insensitivity range  defined at § 711 becomes increased by the ratio X1L / XL image

example:
Zn = rated impedance of the power transformer (it is not necessary the case)
      

X1 = 0,15 * Zn, 

that corresponds to a short circuit voltage of 15%,

      

X image = 0,05 * Zn, 
that is a compounding ratio of 5 %,

      
The tap changer works           if 

Va1   > Vc + 1,5 %,





or if  

Va2   < Vc - 1,5%

      
Then, if V'1 > Vc + 4,5%, or V'2 < Vc - 4,5%

 It may have a difference until 8 taps between the transformers when the tap changer starts.

Note please: when the current has no more the same phase as the voltage Va, the control is disturbed: if the load becomes inductive,  the Va image voltage increases, while the voltage V remains constant, and the voltage control device lowers it. To avoid this disadvantage, the reference voltage may be changed by remote control.

                                                                                  I                                     Va image
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                                                                                                                         j * X image * I1

                                                                                                                          V

       
Va image and I have the same phase,‌ ‌| Va image|‌ ‌ is lower than | V |‌ 









Va image
                                                                       I
                                                                                                                j * X image * I1









         V

          The burden is inductive. Va leads before I, ‌| Va Image|‌‌ is greater than  | V |‌.

8 - substation automatic device
8 - 1 -  THE  PROBLEM

It may occur that, on a portion of the network, some events lead to modifying by a simple and foreseeable way the exploitation diagram, but in time delays that are too short to be performed by the control centre. If these modifications can be obtained without information exchanges between the bays, the ATRS can perform it. But when information exchanges are necessary between bays, we use a special device, easily adaptable to all demands that may appear.

      
Example of wished function:


      end B


                                                           63 kV                 
 20 kV

       end C                                      


        end D


                                                   substation A                                                               

At substation A, if the end B is run by a current higher than a value Ibe in summer and a value Ibh in winter, or if the end C is run by a current higher than Ic for any season whatsoever, then the end D must be tripped after 30 seconds, and, if one or the other of these conditions remains filled, a 20 kV end must also be tripped after 5 minutes.      


8 - 2 - implementation
 We use either an automatic wired device or an automatic programmable device. The automatic wired device contains a supply card, input - output cards, a clock, an instruction input card and elementary function cards such as NOR circuits, NAND circuits and timers, on which we may, by wiring, complete the demanded functions. The programmable device receives the same instructions by programming.      


 In both cases, the automatic device is considered as a special unit, with its own direct current supply, disabling medium, and isolation relays allowing it on the one hand to gather information from the equipment of the different bays and on the other hand  to send orders towards these bays. It can also receive orders from the remote control unit, and use signalling channels.
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		0.036		-2.4130371947

		0.038		-1.5164579009

		0.04		-0.0164633782

		0.042		1.5195636699

		0.044		2.4990865231

		0.046		2.5334559616

		0.048		1.5922448883

		0.05		0.0215267108

		0.052		-1.5834685474

		0.054		-2.6044371416

		0.056		-2.6387564344

		0.058		-1.6584994268

		0.06		-0.0268057914

		0.062		1.6368591453

		0.064		2.6924887595

		0.066		2.7263871351

		0.068		1.7136285052

		0.07		0.0321914025

		0.072		-1.6784241377

		0.074		-2.7610971419

		0.076		-2.7942235125

		0.078		-1.756303414

		0.08		-0.0375646118

		0.082		1.7071450377

		0.084		2.8085924681

		0.086		2.8406200344

		0.088		1.7854932897

		0.09		0.0428012515

		0.092		-1.7223196315

		0.094		-2.8338193885

		0.096		-2.864450681

		0.098		-1.8004915324

		0.1		-0.0477766596

		0.102		1.72357762

		0.104		2.8361645384

		0.106		2.8651368414

		0.108		1.8009344227

		0.11		0.0523705255

		0.112		-1.7108881247

		0.114		-2.8155708513

		0.116		-2.842661922

		0.118		-1.7868114479

		0.12		-0.0564716777

		0.122		1.6845589095

		0.124		2.7725383403

		0.126		2.7975723003

		0.128		1.7584670532

		0.13		0.059982654

		0.132		-1.645227375

		0.134		-2.7081113411

		0.136		-2.7309645848

		0.138		-1.7165937367

		0.14		-0.0628238944

		0.142		1.593843582

		0.144		2.623852543

		0.146		2.6444594799

		0.148		1.6622166214

		0.15		0.0649374134

		0.152		-1.5316457526

		0.154		-2.5218044529

		0.156		-2.5401628772

		0.158		-1.5966698462

		0.16		-0.0662898192

		0.162		1.4601288775

		0.164		2.404439243

		0.166		2.4206151091

		0.168		1.5215653162

		0.17		0.0668745667

		0.172		-1.3810072274

		0.174		-2.2745982141

		0.176		-2.288729586

		0.178		-1.4387545454

		0.18		-0.0667133556

		0.182		1.2961717037

		0.184		2.1354223565

		0.186		2.147722302

		0.188		1.3502844939

		0.19		0.0658566084

		0.192		-1.2076430941

		0.194		-1.990275708

		0.196		-2.0010339141

		0.198		-1.2583484535

		0.2		-0.0643829938

		0.202		1.1175223844

		0.204		1.8426633778

		0.206		1.8522462837

		0.208		1.1652331603

		0.21		0.0623979876

		0.212		-1.0279393524

		0.214		-1.6961462359

		0.216		-1.7049955068

		0.218		-1.0732634098

		0.22		-0.0600314945

		0.222		0.9410006985

		0.224		1.5542543453

		0.226		1.5628835441

		0.228		0.984745517

		0.23		0.0574345856

		0.232		-0.8587389804

		0.234		-1.4204012417

		0.236		-1.4293906003

		0.238		-0.9019109971

		0.24		-0.0547754322

		0.242		0.7830635871

		0.244		1.2978011439

		0.246		1.3077903845

		0.248		0.8268618417

		0.25		0.0522345443

		0.252		-0.7157149373

		0.254		-1.1893911026

		0.256		-1.2010703171

		0.258		-0.7615187338

		0.26		-0.0499994466

		0.262		0.6582229995

		0.264		1.0977599753

		0.266		1.1118586264

		0.268		0.7075734785

		0.27		0.0482589443

		0.272		-0.6118711245

		0.274		-1.0250859446

		0.276		-1.0423601175

		0.278		-0.6664468246

		0.28		-0.0471971454

		0.282		0.5776660425

		0.284		0.9730840888

		0.286		0.9943021817

		0.288		0.639252732

		0.29		0.0469874199

		0.292		-0.5563147281

		0.294		-0.9429652672

		0.296		-0.9688923703

		0.298		-0.6267699804

		0.3		-0.0477864803

		0.302		0.5482086609

		0.304		0.9354073057

		0.306		0.9667885738

		0.308		0.6294218421

		0.31		0.0497287685

		0.312		-0.5534158315

		0.314		-0.9505391693

		0.316		-0.9880825447

		0.318		-0.6472643479

		0.32		-0.0529213295

		0.322		0.5716806489

		0.324		0.9879384892

		0.326		1.0322971753

		0.328		0.679983466

		0.33		0.0574393419

		0.332		-0.6024317146

		0.334		-1.0466424899

		0.336		-1.0983976076

		0.338		-0.7269012969

		0.34		-0.0633224587

		0.342		0.6447972354

		0.344		1.1251720336

		0.346		1.18481592

		0.348		0.7869911707

		0.35		0.0705720922

		0.352		-0.6976276654

		0.354		-1.2215681828

		0.356		-1.2894887989

		0.358		-0.8589013111

		0.36		-0.0791497515

		0.362		0.7595249878

		0.364		1.3334403754

		0.366		1.4099072906

		0.368		0.9409865234

		0.37		0.0889765119

		0.372		-0.8288778958

		0.374		-1.4580250294

		0.376		-1.5431774349

		0.378		-1.0313471631

		0.38		-0.0999336661

		0.382		0.9039019856

		0.384		1.5922531381

		0.386		1.6860903118

		0.388		1.1278744638

		0.39		0.1118645704

		0.392		-0.9826839591

		0.394		-1.7328252037

		0.396		-1.8351998081

		0.398		-1.228301141

		0.4		-0.1245776671

		0.402		1.0632287436

		0.404		1.876291677

		0.406		1.9869062161

		0.408		1.3302560585

		0.41		0.1378506289

		0.412		-1.1435083648

		0.414		-2.0191369434

		0.416		-2.137543637

		0.418		-1.4313216379

		0.42		-0.1514355362

		0.422		1.221511378

		0.424		2.1578648079

		0.426		2.2834690647

		0.428		1.5290926214

		0.43		0.1650649676

		0.432		-1.2952916504

		0.434		-2.2890834004

		0.436		-2.4211509863

		0.438		-1.6212347585

		0.44		-0.1784588535

		0.442		1.3630153119

		0.444		2.4095874388

		0.446		2.5472553409

		0.448		1.705541984

		0.45		0.1913319173

		0.452		-1.4230047409

		0.454		-2.5164358532

		0.456		-2.658726746

		0.458		-1.7799906871

		0.46		-0.2034015089

		0.462		1.4737785304

		0.464		2.6070228909

		0.466		2.7528630101

		0.468		1.842789735

		0.47		0.2143956171

		0.472		-1.5140864808

		0.474		-2.6791409825

		0.476		-2.8273811146

		0.478		-1.8924250151

		0.48		-0.2240608389

		0.482		1.542938795

		0.484		2.731033852

		0.486		2.880473053

		0.488		1.9276973886

		0.49		0.2321700788

		0.492		-1.5596287935

		0.494		-2.7614385921

		0.496		-2.910850161

		0.498		-1.9477531033

		0.5		-0.2385297539

		0.502		1.5637486299

		0.504		2.7696156974

		0.506		2.91777485

		0.508		1.9521058973

		0.51		0.2429862877

		0.512		-1.5551976613

		0.514		-2.7553663403

		0.516		-2.9010789635

		0.518		-1.9406502209

		0.52		-0.2454316927

		0.522		1.534183305

		0.524		2.7190364875

		0.526		2.8611682979

		0.528		1.9136652243

		0.53		0.24580806

		0.532		-1.5012144026

		0.534		-2.6615077733

		0.536		-2.7990131691

		0.538		-1.8718093756

		0.54		-0.2441108021

		0.542		1.4570872883

		0.544		2.5841753699

		0.546		2.7161252422

		0.548		1.8161058103

		0.55		0.2403905252

		0.552		-1.4028649405

		0.554		-2.4889134095

		0.556		-2.6145211789

		0.558		-1.7479187322

		0.56		-0.2347534432

		0.562		1.3398497582

		0.564		2.3780288148

		0.566		2.4966739766

		0.568		1.6689214103

		0.57		0.2273602825

		0.572		-1.2695506591

		0.574		-2.2542046768

		0.576		-2.3654531738

		0.578		-1.581056522

		0.58		-0.2184236696

		0.582		1.193645329

		0.584		2.1204345678

		0.586		2.2240553674

		0.588		1.4864897814

		0.59		0.2082040321

		0.592		-1.1139385663

		0.594		-1.9799494013

		0.596		-2.0759267274

		0.598		-1.3875579609

		0.6		-0.197004088

		0.602		1.0323177569

		0.604		1.836138623

		0.606		1.9246793847

		0.608		1.2867125527

		0.61		0.1851620366

		0.612		-0.9507065763

		0.614		-1.6924676597

		0.616		-1.7740037243

		0.618		-1.1864604298

		0.62		-0.1730436041

		0.622		0.8710180574

		0.624		1.5523936343

		0.626		1.6275787128

		0.628		1.0893029435

		0.63		0.1610331295

		0.632		-0.7951081665

		0.634		-1.4192813994

		0.636		-1.4889824408

		0.638		-0.9976749367

		0.64		-0.1495239103

		0.642		0.724731018

		0.644		1.2963219291

		0.646		1.3616050557

		0.648		0.9138851615

		0.65		0.1389080474

		0.652		-0.6614968051

		0.654		-1.1864550502

		0.656		-1.2485662052

		0.658		-0.8400595593

		0.66		-0.1295660539

		0.662		0.6068334594

		0.664		1.0922983822

		0.666		1.152639002

		0.668		0.7780887969

		0.67		0.1218564988

		0.672		-0.5619529497

		0.674		-1.0160842072

		0.676		-1.0761823643

		0.678		-0.729581354

		0.68		-0.1161059649

		0.682		0.5278230159

		0.684		0.9596057909

		0.686		1.021083383

		0.688		0.6958233261

		0.69		0.1125995981

		0.692		-0.5051449973

		0.694		-0.9241744466

		0.696		-0.9887111239

		0.698		-0.6777459459

		0.7		-0.1115725143

		0.702		0.4943382602

		0.704		0.9105883706

		0.706		0.9798829981

		0.708		0.6759016441

		0.71		0.1132023118

		0.712		-0.4955315686

		0.714		-0.9191139891

		0.716		-0.9948445239

		0.718		-0.6904492626

		0.72		-0.1176029168

		0.722		0.5085615697

		0.724		0.9494802523

		0.726		1.0332629844

		0.728		0.7211488119

		0.73		0.1248199535

		0.732		-0.5329783919

		0.734		-1.0008859963

		0.736		-1.0942351415

		0.738		-0.7673659352

		0.74		-0.1348277991

		0.742		0.5680581795

		0.744		1.0720201738

		0.746		1.1763088302

		0.748		0.8280860025

		0.75		0.1475284375

		0.752		-0.6128222206

		0.754		-1.1610944443

		0.756		-1.277517914

		0.758		-0.9019375255

		0.76		-0.1627521847

		0.762		0.6660621658

		0.764		1.2658873138

		0.766		1.3954297628

		0.768		0.9872243522

		0.77		0.1802603061

		0.772		-0.7263706902

		0.774		-1.3837987334

		0.776		-1.5272041042

		0.778		-1.0819658883

		0.78		-0.1997495012

		0.782		0.7921768208

		0.784		1.5119138156

		0.786		1.669661824

		0.788		1.1839443902

		0.79		0.2208581765

		0.792		-0.8617850449

		0.794		-1.6470741061

		0.796		-1.8193620503

		0.798		-1.2907582009

		0.8		-0.2431743814

		0.802		0.9334172231

		0.804		1.7859546673

		0.806		1.972685649

		0.808		1.3998796498

		0.81		0.2662452357

		0.812		-1.0052562745

		0.814		-1.9251450919

		0.816		-2.1259231061

		0.818		-1.508716221

		0.82		-0.2895876324

		0.822		1.0754905574

		0.824		2.0612324724

		0.826		2.2753646601

		0.828		1.6146735088

		0.83		0.3126999634

		0.832		-1.1423578627

		0.834		-2.1908843059

		0.836		-2.4173904947

		0.838		-1.7152184304

		0.84		-0.3350745836

		0.842		1.2041879509

		0.844		2.3109293207

		0.846		2.5485587969

		0.848		1.8079411562

		0.85		0.3562107035

		0.852		-1.2594426052

		0.854		-2.4184342626

		0.856		-2.6656895394

		0.858		-1.8906142419

		0.86		-0.3756273839

		0.862		1.3067522411

		0.864		2.5107747821

		0.866		2.7659419452

		0.868		1.9612475119

		0.87		0.3928762952

		0.872		-1.3449481993

		0.874		-2.5856987067

		0.876		-2.846883747

		0.878		-2.0181373403

		0.88		-0.4075539069

		0.882		1.3730899625

		0.884		2.641380175

		0.886		2.9065505528

		0.888		2.0599091106

		0.89		0.4193127793

		0.892		-1.3904866627

		0.894		-2.676463328

		0.896		-2.943493868

		0.898		-2.0855517948

		0.9		-0.4278716447

		0.902		1.3967123882

		0.904		2.6900945148

		0.906		2.9568165987

		0.908		2.0944437836

		0.91		0.4330239969

		0.912		-1.3916149547

		0.914		-2.6819422454

		0.916		-2.9461951668

		0.918		-2.0863693088

		0.92		-0.434644934

		0.922		1.3753179661

		0.924		2.6522044261

		0.926		2.9118876916

		0.928		2.0615250264

		0.93		0.4326960462

		0.932		-1.3482161534

		0.934		-2.6016027214

		0.936		-2.8547280298

		0.938		-2.0205165687

		0.94		-0.427228184

		0.942		1.310964146

		0.944		2.5313641988

		0.946		2.7761058135

		0.948		1.9643451161

		0.95		0.4183819949

		0.952		-1.2644589883

		0.954		-2.4431907233

		0.956		-2.6779329622

		0.958		-1.8943842839

		0.96		-0.4063861728

		0.962		1.2098168643

		0.964		2.3392168649

		0.966		2.562597477

		0.968		1.812347857

		0.97		0.3915534219

		0.972		-1.1483446323

		0.974		-2.2219573595

		0.976		-2.4329056342

		0.978		-1.7202491291

		0.98		-0.3742741968

		0.982		1.0815068939

		0.984		2.0942454169

		0.986		2.2920139779

		0.988		1.6203528117

		0.99		0.3550083374

		0.992		-1.0108894267

		0.994		-1.9591633909

		0.996		-2.1433527601

		0.998		-1.5151206615

		1		-0.3342747769
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