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NINTH  PART
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QUALITy  of  energy  supply
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Conclusion
(by clicking here you return to the general summary)
The french ecxceptions
The quality of energy supply to the customers basically concern the form of the voltage wave supplied to them. This voltage, which must be sinusoidal, can be disturbed by several phenomena. For each of them are implied, on one hand, a part of the EDF generation - transmission system and, on the other hand, the customers themselves, who are a source of pollution concerning certain of these phenomena. We may distinguish the quality level that the EDF guarantees it customer and the maximal pollution the EDF allows. 

1 - HARMONICS

1 - 1 - DEFINITIONS

A periodic voltage v with a frequency f, and thus with the angular frequency  = 2 *  * f  is broken down into a series of sinusoidal voltages with frequencies f, 2f, 3f, .... The first one is the root voltage. The others are harmonic voltages. Let:

            

v = V1*sin *t + V2* sin (2**t + 2) + ... + Vn* sin (n**t + n) + ...

The values V1, V2, ... Vn, ... are the maximum amplitudes of rank  1 (root), 2, ... n, ...

the distortion rate of each harmonic is given by n = Vn / V1

The total distortion rate is given by:
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t =         (n)
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and the distortion voltage is given by:

             

V = V1 *  

The same definitions may be given for the currents.
1 -  2 - ORIGIN  of  the  HARMONICS

1-2-1- Power transformers and rotating machines 

 Asynchronous motors or alternators generate periodic voltages. These machines behave like sources of odd rank harmonic voltage, on each phase. The internal impedance of these sources is relatively low, about the same magnitude as the negative sequence short circuit impedance. The harmonic voltage come from the not perfectly sinusoidal inductor field and its irregularities due to the magnetic circuit notches. For asynchronous machines, the frequencies are linked to the notches and slightly shifted with respect to multiples of 50 Hz because of slip. Machine design makes it possible to reduce the harmonic voltages to very low values.     


The power transformers can also be  assimilated to odd rank harmonic phase by phase voltage sources. Their  internal impedance is very high, about the same magnitude as the magnetising impedance of the transformer, when it concerns harmonic voltages of positive and negative sequence systems. The value of the electromotive forces of harmonic voltage sources is high and approximately proportional to their internal impedance. 

On the terminals of the power transformers, the harmonic voltages generally have very low values, since in practice the impedance seen outside of the transformer from  its terminal has a much weaker magnitude than the value of their internal impedance. 
 

1-2-2- Non linear loads.

 Experience proves, which i generally in agreement with theory, that the harmonic voltage of the network due to rotating machines and power transformers remain below 1 %, or a fraction of 1 % of the rated voltage. 

A more bothersome phenomena is the proliferation of customer appliances, behaving as an electric arc, such as arc furnaces, welders, fluorescent lighting. Other appliances include high power rectifiers, especially in iron and steel making, or electrochemistry.

Power bridge rectifiers are presently more harmful because of the increasing size of their power and number. Seen from  the network, they appear as sources of harmonics. The overall problem of the limitation of harmonic distortions must then be centred on the one of power rectifiers. 


Example: the one - phase single effect 
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In the diode bridge, only one was replaced by a thyristor .

       i
            




                 control of the thyristor gate



The harmonic of rank n is given by the formula:

                                     2 * 

Hn = ()  * (  (sin  * t) * (sin n *  * t) * dt



         

After reckoning we find:


H1 (basic)

= Is *[ 1 - ( / (2*)) +(sin 2*) / (4*)] 


H2



= Is * [1 / (6*)] * [ sin 3*  - 3 * sin ]


Hn



= Is * [1 / (2*)] * [ (sin (n+1) * ) / (n+1) - (sin (n-1)*) / (n-1)]

The same calculation how that with the double effect, i. e. with a control on both alternations, the harmonics of even rank are null.

The most spread rectifiers are the three phase rectifiers with simple effect, and the Grätz bridge half controlled rectifiers, for low power. They yield odd rank current harmonics. Their distortion rate is inversely proportional to the rank. 












three phase rectifier with simple 
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Half controlled Grätz bridge
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For large power, at least three phase symmetric Grätz bridge are used, and clever mounting make it possible to obtain symmetric six phase and twelve phase Grätz bridges. The harmonics     3, 9, 15, 21, 27, 33, ... are suppressed for the symmetric three phase bridge, and also the harmonics 5, 7, 17, 19, 29, 31, ... for the symmetric six phase bridge, and         11, 13, 35, 37, 59, 61, ... for the twelve phase symmetric bridge.
1 - 3 - disadvantages due to harmonic distortions

Harmonic distortions mean the deformation of the voltages and currents applied to the network equipment as well as to customer instrument. The inconvenience can be represented by the voltage distortion alone, which is generally admitted.  Each harmonic voltage of a given rank participates individually in the inconvenience.

        - Aspects of the inconvenience

Each rank n harmonic voltage causes 

. over - voltages by superposition of it peak value with the root voltage;

. offsets of the passage through zero of the voltage, which can disturb the operation of certain electronic devices synchronised by this voltage;

. unwanted heating by Joule effect; ... .    

It is admitted that several harmonic voltage act with respect to their square law sum, the latter being significant of parasite heating. It is also physically and statistically significant of other inconvenience phenomena due to voltage distortions. For example, the distortion voltage defined in § 1 - 1 is the most probable peak over - voltage.


- Harmfulness thresholds of harmonic voltages

The harmfulness threshold appears in two types of information:

. by experience: it is noted that the disturbances in network operation and customer complaints occur as soon as the harmonic voltage of a given rank exceeded a rate of 7 to 10 % at the connection point of a customer to the public network; 

. some elements of standard, or tests specific to various devices, always locate non - harmfulness threshold at a rate varying between 3 and 7 % per rank. The even frequencies are often more harmful than the odd ones.

Today, the critical level is located around 5 % per rank and slightly more in overall distortion.

Here are some aspects of the harmfulness due to harmonic distortion, concerning the main type of equipment and asset, for the generators as well as for the consumers.

1-3-1- Alternators

Let us consider a balanced three phase voltage system. The basic voltage, as well as the harmonics of rank 4, 7, 10, ... create a positive sequence field, rotating at the electric speed of the rotor, and in the same direction   (see appendix 1) . The harmonics  of rank 2, 5, 8, ... create a negative sequence field, rotating at the same speed, but in the opposite direction. The harmonics of rank 3, 6, , ... create a stationary zero sequence field. The last two fields make the rotor heat , and more especially the damper cage, by Eddy currents. In addition, all the harmonic currents create a heating of the magnetic circuit of the stator.

 For large machines, the overall total distortion must not exceed 5 %, which is practically equal to a distortion threshold of  1/n  % for each voltage harmonic of rank n.

For small machines, the overall total distortion can reach 10 %.
1-3-2- Transformers

Harmonic current create additional losses in the magnetic circuit by Eddy currents which are approximately proportional to the square of the total distortion rate. 

They also create additional heating in the windings, which does not correspond to an energy transfer. For example, harmonic of rank 3 on the higher voltage side create, on the lower voltage coils, three equal voltages which, in case of star - delta coupling, make circulate a parasite current whose only effect is to heat the transformer. 

1-3-3- Synchronous and asynchronous induction motors 

The harmonics of the voltages supplying these motor create, here too, additional losses, in iron as well as in copper. These losses are proportional to:



2

           

( n / n)²



n

 They can also intervene by provoking parasite oscillations, which can become bothersome when they enter into resonance with the eigen-frequencies of the mechanical oscillations of these motors.

1-3-4- Cables

We find:

  
- additional resistive losses, especially in the neutral return  cables, or the sheaths, where harmonic 3 currents circulate. Indeed, the harmonic 3 current coming from each phase add together, forming a zero sequence system. 

      
- dielectric losses linked to voltage distortion. These losses can lead to deterioration.

The overall distortion rate must not exceed 10 %. It must remain less 7 % on each harmonic.

1-3-5- Power capacitors.

The voltage applied to their terminals creates additional dielectric losses, leading to accelerate ageing. They are especially sensitive to high rank harmonics, for which the capacitor is seen as an impedance inversely proportional to the harmonic rank. 

The admissible harmonic rate is given by:

            

n = 83% / n

1-3-6- Computers and industrial electronics

The distortion on their supply may create functional problems. The admissible distortion threshold is: 

            

 = 5%

1-3-7- Bridge rectifiers

They are both generators of harmonic currents and disturbed by them. They are sensitive to the sum of the distortion rates of each rank. The threshold which must not be exceeded is given by:

            

n = 5%

1-3-8- Small devices

      
- Televisions

Risk of image deformation linked to voltage distortion.

- Discharge lamps for lighting

Risk of jitters under the effect of rank 2n harmonic voltage. The admissible disturbance threshold is:












2=3 % 

      
- Medical equipment for X - rays.

Disturbances by the over - voltage peak value. The threshold is:



 = 10 %

1-3-9- Protection and control equipment on the 20 kV networks

      
- Customer protection equipment

Risk of unwanted tripping attributed to voltage distortions. These risks are due to the particularities of the supplied circuits, which may, for example, lead to internal resonances. The threshold is given by: 

            










= 6 à 12 %

      
- Comparators of voltage controllers.

The measured voltage is falsified by voltage distortions. The voltage is then badly controlled. The threshold is:

            








(odd ranks) = 1,5 à 2 / n %

     
- Special relays

Risks of unwanted tripping of relays with low threshold under the effect of current, voltage or power distortions. The corresponding thresholds of the various equipment are:

electronic relays 


3 = 5%;  


5 = 5 %,

175 Hz  remote control

3 = 7%;    
4 = 4 %;  
5 = 12 %

      
- Electromechanical (induction) energy meters

Lower sensitivity of metering at harmonic frequencies than at 50 Hz, thus a deterioration in the class of accuracy.
1 - 4 - How may harmonic voltages be limited ?
1-4-1- How are they created?

Each customer contribute partially to the general distortion, notably when his installation include rectifier. The voltage distortion of the network is done in two steps:


- individually, a rectifier behaves approximately like a source of harmonic currents. These current, injected into the network, will locally cause harmonic voltages which depend on the harmonic impedance of the network at the connection point; 


- globally, the harmonic voltages created by the rectifiers on all connection points may come together and  propagate often quite far from these connection points. This creates, at each of them, a resulting harmonic voltage which may notably be higher than the preceding one.  

1-4-2- Connection of disturbing customers

1-4-2-1- Prevention from harmonic distortions at their source in the disturbing installation.

Several simple precautions may be used, separately or combined, namely:

      
- to limit the number of harmonic frequencies
. by reserving the use of three phase single effect bridges and of mixed, half - controlled Grätz bridges to low power installations so that even rank disappear;

. by supplying separated or associated three phase symmetrically controlled rectifier bridge by transformers shifted every 30 °, and even every 15 °, by association of Y transformers with YY and YZ transformers;

      
- to favour phase shift and lamination between the harmonic currents coming from several bridges

 by using different couplings to supply two neighbouring rectifier bridges and by staggering the thyristor control;  

      
- to absorb, as close to their source as possible, the excess harmonic currents 

by using resonant shunts tuned to each bothersome frequency. these filter make it possible to absorb simultaneously the excess harmonic currents and to create reactive energy, which increases their economic interest., 

At the contractual level, the three - phase rectifier bridges cannot be connected without an harmonic compensation device if the power is lower than or equal to 1 % of the minimum short circuit power, in case of normal operation of the network, at the common coupling point. 

Conversely, the EDF guarantees that this short circuit power is higher than 1500 MVA in 225 kV, 400 MVA in 90 kV and 63 kV, 50 MVA in 20 kV, et 4 MVA in 220 / 380 V. 

If this is not the case, the EDF may take in charge the customer's costs of desensitisation caused by a too low short circuit power. 

1-4-2-2- Overall prevention of harmonic distortions

Any public electric energy network has two possibilities of action.

      
- Intervention on the harmonic impedance of the network:

. when on a point of the network the short circuit power increases, the harmonic impedance decreases - but in case of resonance - and this make the harmonic voltage decrease, generally generated by harmonic current sources;

. the resonance between the inductance and the capacitance of  the different assets of a network may be eventually damped by modifying the distribution of the capacitor banks or the network operational scheme;

. the windings  connected in  in the power transformers are filters for the harmonic voltages of rank multiple of 3.

      
- Rational use of the absorption faculty of the network:

it makes it possible to install a certain number of industry generating harmonic currents, before the level of harmful harmonic voltage level is reached on at least one point of the network. The limit rate of tolerable harmonics on the network in normal situation i given approximately by the following table:

	
	(%)

	           rank
	        ( 63 kV
	              20 kV
	          220 / 380 V

	             3
	             2
	                 6                                         
	                 7

	        odd > 3
	           10 / n
	            27 / n
	              35 / n

	             even
	            2 / n
	              3 / n                         
	                3 / n
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2 -  FLICKER 

Starting or topping instruments using electric energy, or operation of some of them, leads to high peed voltage changes. These changes are especially felt on the luminous flux of incandescent lamps by creating a flicker of the light, highly unpleasant for users. 

The means to be used to protect against this flicker result from the estimation of the voltage disturbances that connecting the instrument at a given point of the network will lead to.

High speed voltage changes can appear in two main forms:

      
- periodic or random changes leading to a special composition of the frequency located inside the 0.5 to 25 hz band,

      
- voltage surges, occurring systematically or randomly at time interval higher than a few seconds.

2 - 1 - deviation  inside  the  0.5  to 25 hz  band

2-1-1- Basic principle

Lighting flicker caused by this type of disturbance is directly felt by all the users. If it come from incandescent lamps, which are the most sensitive appliances, it may be perceptible for voltage changes of less than 1 %. 

Other devices, lighting or not, are generally only disturbed by voltage changes higher than a few percents.

Incandescent lamp flicker thus constitutes the main disadvantage due to high speed voltage fluctuations.

Its experimental study started by the examination of the effects of a sinusoidal fluctuation of the voltage on a commonly used incandescent lamp. The following results were deduced: 

      
- the sensation of discomfort felt by an average observer is a function of the square of the fluctuation amplitude and its duration;

      
- at constant amplitude, the maximal discomfort is felt when the fluctuation frequency is very close to 10 hz;

      
- there is a threshold of perception under which flicker is not visible. The amplitude of voltage fluctuation a 10 hz corresponding to this threshold is equal to 0.3 %. This is the minimal value;

      
- for an identical sensation of discomfort, it is possible to substitute to a voltage fluctuation of frequency f and amplitude  a(f),  expressed in %, a voltage fluctuation equivalent at  10 Hz, of amplitude  a(10)  =  g(f) * a(f) .The term g(f) is only a function of the frequency The curve representing this function is shown in diagram below.


- the superposition of several sinusoidal voltage fluctuations of amplitude  a (fi)  and frequency fi leads to the same sensation of discomfort as a sinusoidal fluctuation at 10 hz with amplitude: 




i = n

         a(10) =             a(fi)²  *  g(fi)²                         (1)


              i =1

      - the sensation of discomfort is given by

                       T      

        H =     (           a (10)² * dt                            (2)


T being the duration of the disturbance.

                        0 

These experimental results make it possible to conclude that the lamp observer group can be represented by an mock up, made of a linear filter, whose response curve g(f) is given in diagram below. The input magnitude of this filter is the voltage fluctuation and the output magnitude, raised to the square then integrated as a function of the time, provides an expression which is a function of the perceived discomfort. 

Complementary experiment have shown that this representation also remain valid in cases where the voltage fluctuation is no longer sinusoidal, but periodic or random.

Any no intermittent flicker i thus comparable, from a discomfort view point, to an equivalent flicker provoked by a sinusoidal voltage fluctuation at 10 hz which produces the same sensation of discomfort a the one resulting from real voltage disturbances.

Expression (2) , named dose of flicker, evaluated in square percent . minute, (10 -4. minute), is representative of the observed flicker.




In short, flicker is thus a function of the following parameters:

       
- amplitude of voltage fluctuations,

        
- frequency of surge repetition,

        
- duration of the disturbance
2-1-2- Measurement methods

The measuring principles can be deduced from all the preceding consideration, making it possible to appreciate the discomfort due to flicker. Two cases may be distinguished:

        - the flicker coming from non intermittent voltage fluctuations,

        - the flicker coming from a succession of voltage urges at low repetition frequency. 

In the first case, the measurement may be done using an instrument called flicker-meter, made of the following elements:

- an input circuit including a transformer and a rectifier,

- a filter whose response curve is identical to the function g(f),

- a linear amplifier,

- a square law device,

- an integrator system,

        - a recording device on magnetic tape.

The disturbed voltage is applied on the input transformer, and the flicker-meter elaborates, for each minute, a value proportional to the integral of equation (2). 

By adding successively the values thus found, it is then possible to trace, minute by minute, the curve of the flicker doses accumulated during the whole duration of the disturbance.

2-1-3- Admissible limits.

These limits were estimated from the tolerance of users of incandescent lighting  to the effects of voltage disturbances.

To do this, the cumulative flicker dose curve, measured at a point of the network, was compared to the one relative to the sinusoidal fluctuation at 10 hz, with constant amplitude of 0.3 % and which corresponds to the flicker perceptibility threshold. This last curve is a straight line. 

Now, it was noted experimentally that the discomfort was tolerable in the following conditions:

        
- in the case where the flicker duration i ordinary, where its amplitude is constant and where the slope for the curve of the flicker dose is constantly equal to or less than the one of the perceptibility threshold line. In this case, the limit curve is the perceptibility threshold line;

        
- in the case where the flicker amplitude is not constant and where the average slope of the flicker dose curve is slightly higher than the one of the perceptibility threshold line. But this has a double condition: 

. on one hand, the time intervals, during which the flicker dose is slightly higher than the one corresponding to the perceptibility threshold line, must have a duration less than or equal to 15 minutes;

. on the other hand, they must be separated by periods at least equal to 10 minutes, during which the flicker must be absolutely not perceptible. The equivalent voltage fluctuation must then be less than 0.2 % for 10 hz.

 It could then be admitted, during time interval of 15 minutes, that some voltage fluctuations produce, for short time, a clearly perceptible flicker.     


limit curve of tolerable flicker dose


Flicker dose H



2 - 2 - isolated surges with several seconds interval  

When the voltage variation are in the form of surges, occurring at time interval greater than about 0.5 seconds, the assimilation of the lamp observer group to the filter mentioned above is no longer as satisfactory as in the case of non intermittent voltage fluctuations. This is certainly due to the fact that the observer ha a memory whose time constant is greater than the one of the filter for transient states coming the one after the other at very low frequency.  

 In this case, the most valid measurement method to free oneself from the possible presence of harmonics consists in making an oscillographic recording of the active and reactive powers absorbed by the disturbing device. Knowing the short circuit impedance of the network at the connecting point of this machine, it is possible to calculate the amplitude of voltage surge produced. Their frequency is obtained by a recording of the powers made at low speed. 

The tolerable limits are indicated by the curve below. This curve, determined experimentally, gives the maximum acceptable amplitude for isolated voltage surges, with respect to their repetition frequency.

note: a voltage variation in the form of a square signal must be considered as two consecutive isolated voltage surges.

Isolated voltage surges - limit curve

2 - 3 - APPLICATION:   connecting  electric  arc  furnaces  to  a  network.
2-3-1- Diagnostic

An electric arc furnace is generally supplied by a network whose short circuit impedance can be considered like a reactance. It is deduced that the voltage surges, created on this network, during furnace operation,, are due to calls for reactive power. The corresponding flicker dose H is then represented by the following equation:    

                       T

            H =   (          k * ( X ²* Q² / Un4 ) * dt





in which:

                       0

        
- X is the short circuit reactance of the network,

        
- DQ is the reactive power variation, due to the furnace, at time t,

        
- k is the factor making it possible to find, at each instant, the amplitude of a sinusoidal voltage modulation at 10 hz, producing a flicker equivalent to the real flicker,

        
- T is the integration time.

In the case of two identical electric arc furnaces connected on two different networks, the corresponding flicker doses H1 and H2 are proportional to the square of the short circuit impedance of the networks at the connection points, i. e.::

          

H1 / H2 = ( X1 / X2)²                              (3)

We assume, in addition, that as a first approximation the reactive power surges brought about by electric arc furnaces with similar power are proportional to their short circuit powers. 

It may be deduced that if, for a furnace, we know:

        
- its short circuit power Sccf1,

        
- the short circuit power of the network Scc1, at the connection point of the furnace,

        
- the average cumulative flicker doe curve  H1(t) deduced from measurements made at this point, 

we can determine in advance the curve of the cumulative average dose  H2(t) which will give another furnace with a short circuit power Sccf2, to be connected at a point of the network where the short circuit power is Scc2, by the relation:


 Scc1
       Sccf2

            H2(t) = ( 
            )² * (  
    )² * H1(t)                                  (4)



 Scc2
       Sccf1

To obtain the curve H(1), we make, at the connection point of an electric arc furnace, already in service, with rated  power close to the one of the furnace which is to be installed, and for which the operating conditions are similar, measurement for 20 to 25 periods of melting. This makes it possible to trace the curve of the average cumulative flicker dose H1 (t) for each melting period. 

The curve H2 (t) is deduced from equation (4). If it ids found below the limit curve drawn on diagram of § 213, furnace installation must be foreseen with no special precaution. In the contrary case, a compensation system must be installed.

Note: generally, there is no connection problem if the short circuit impedance of the furnace Zccf is higher than 36  times the short circuit impedance Zcc at the connection point of the network.

2-3-2- Compensation of a furnace.

One or another of the following solutions, classified by order of decreasing simplicity, may be used:

- installation of a reactance in series with the furnace,

- connection to a network with higher voltage, or specialisation of a transformer to supply the furnace,

        
- installation of a serial capacitor bank immediately upstream from the common connection point to the furnace and the other customers.

All this procedures amount, in fact, to increasing the short circuit power Scc2 of the network, or in decreasing the short circuit power Sccf2 of the furnace, by a quantity such that the curve H2 (t) is found below the limit curve of § 213 (see § 234  "determination of the characteristics of a serial reactance coil to reduce flicker caused by an electric arc furnace")

static compensators can also be used to reduce flicker caused by electric arc furnaces. They are designed so that the whole they form with the furnace (s) that they compensate calls for a practically constant reactive power, which is then possible to compensate by a capacitor bank. There are two types:

        
- a reactance coil is put into serial with two thyristors mounted head to tail ( diagram below). By the variation of the thyristor staring angle, we can vary the reactive power consumed by the reactance, so that the reactive power of the whole is constant. 

However, the current circulating in the coil is not sinusoidal, which creates large voltage harmonics at its terminal. It is then necessary to foresee harmonic attenuation devices;

        
- a capacitor bank, split up into steps. Each of these elements can be made live or dead by the thyristors mounted head to tail (diagram below). The thyristors play the role of switches and the compensation is done by discrete values, equal to the reactive power of a step.

 To avoid transient states, the capacitors are preloaded permanently to a direct voltage equal to the peak voltage of the network, and are closed when the voltages are equal on each side of the thyristors. They operate at 1000 V and are connected to the network through a transformer, the electric arc furnace generally operating at a voltage of about 20 kV.
2-3-3-Compensation of a set of several furnaces.

When there are several electric arc furnaces in a same installation, and one of them i much more powerful than the others, it alone is taken into consideration. But if the furnaces have approximately the same power, some precautions must be taken. Two cases must be considered:

        
- the furnaces are synchronised amongst themselves so that the beginning of the melting period of each of them corresponds to the refining periods of the others, period during which the metal is completely melted and where the arcs are no longer necessary. The flicker of each furnace is then studied independently from the others.

        
- several furnaces operate simultaneously in melting. Following tests done on an installation having four furnaces, the overall flicker doe curve could be estimated from the one relative to each of them operating independently using the following empirical relation:

                                       

      i=n

           

H = ( 1,2 - 0,1 * n ) *     H(i)     
with 

2 < n < 4

                                       

       i=1
If we consider e. g. an installation made of two identical furnaces, the overall flicker dose is the double of the one relative to one of them. It may be noted that this amounts to saying that the amplitude of the equivalent voltage fluctuations at 10 hz produced by the set of these two furnaces is ( 2  times stronger than the ones produced by the operations of a single furnace, or equal to the ones produced by a furnace with power ( 2 time higher. 

            Static compensator with reactors                     
     static compensator with capacitors    
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2 - 3 - 4 - Determination of the characteristics of a serial reactance coil to reduce the flicker coming from an electric arc furnace.

The basis of the problem is:

        - the rated voltage Un of a network, at the common connection point with other users;

        - the short circuit power Sccf of the set formed by the furnace transformer and the furnace;

        - the curve H(1) of the average cumulative flicker dose obtained for example by the method seen in § 231.

So that the flicker produced by the furnace is tolerable, the effect of the reactor must be such that a cumulative flicker dose curve H (2) is obtained, cutting the line corresponding to the perceptibility threshold at the end of 15 min (see § 232). That is k the ratio H(2) / H(1)  at that instant. 

The short circuit impedance of the furnace installation, assimilated to a reactor, is equal to:

            

Xccf = Un²  / Sccf

If Xs is the reactance per phase of the coil, the reactance of the set formed by the furnace and the coil is thus         Xccf + Xs . Thus, from equation (3) of  § 2-3-1:



H(1)

      Xccf²

            


 = k = 










H(2)

(Xccf + Xs)²








which is also written:

            

Xs = Xccf * ( 1 -  ( k ) / (  k

which allow us to determine the coil reactance. It is then recommended to ensure that the value thus obtained does not correspond to an impossibility, either in the technological domain of coil construction or in the one of furnace operation. 

Determination of the ratio 
k = H(2) / H(1)

 flicker dose
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3 - Unbalance.

The unbalanced loads connected to the high voltage network are basically caused by the  Société Nationale des Chemins de fer Français, on the part of its railway network where the engines are supplied by 25 kV single phase voltage. Some unbalances can be caused by electric arc furnaces which, even though connected on three phases, have a random, operation on each of the phases. 

These loads produce unbalances on the voltage which disturb other customers, and even the producer. Indeed, as indicted in appendix 1, this unbalance creates, in rotating machines, negative sequence and zero sequence fields which induce Eddy currents.

The rate of steady state unbalance created by a customer, i. e. the ratio between the negative sequence voltage and the positive sequence voltage at the point where it i connected, is given by the equation:

            
i = Sn / Pcc

with:

            
i = rate of negative sequence voltage,

            
Sn = apparent power consumed by the single phase load connected between two phases,

            
Pcc = short circuit power at the connection point.

 If unbalances appear randomly, a rate of equivalent steady state unbalance is defined by the equation: 

                      1           t+T 

Vi           

          i²  = 
*   (
     ( 

)²   *  dt     

                      T          t
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 Neighbourliness rules were established between the disturbing and the disturbed customers:

        
- each disturbing customer can induce a rate of negative sequence voltage of 1%, for a reference short circuit power of 1500 MVA if he is connected to the 225 kV network, 400 MVA if he is connected  to the 63 or 90 kV network, 50 MVA if he is connected to the 20 kV network, and 2 MVA if he is connected to the 220 / 380 V network;

        
- each disturbed customer must be able to support a rate of negative sequence voltage of 2 %. If several disturbing customers located in a same zone provoke an overcoming of this rate, while each one remains within the admitted limits, the EDF takes in charge the corresponding reinforcement of the network.

note: if three neighbouring customers each induce a disturbance rate of 1%, and if they are located between different phases, the overall unbalance ratio that they create must never exceed 1%.
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4 - DISTURBANCES   CAUSED  BY SHORT - CIRCUITS.

4-1- WAVEFORM OF  A  CUSTOMER'S  VOLTAGE SUPPLY.                                      

In a first step, we study several cases of fault clearance in the vicinity of customers connected to the 63 kV network. Then from these examples , we classify these faults with respect to their frequency and seriousness. 

4-1-1-  Example of tie supply 

        
- case n° 1: 

The customer is tie supplied by a 63 kV line. A phase to earth fault appears on this line. It is transient but the line is not equipped with a high speed automatic recloser.
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At time 0, the short circuit appears. The voltage U represented here is the most disturbed phase to phase voltage. Indeed, customer installations are the most sensitive to this voltage. After the short circuit has appeared, U takes the value of the healthy phase to earth voltage.  

After the time t1, about 100 ms with static or digital relays, the line circuit breaker opens, and the voltage U disappear completely. 

After the time t2, about 10 to 15 seconds, the circuit breaker closes again by low speed automatic reclosing, and the voltage U is recovered. 

        
- case n° 2:

 Same situation, but the fault is steady state. The phase to earth voltage is recovered for a time of about 200 ms, when the recloser attempts to reclose.
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- case n°3

     The fault is transient, but the end is equipped with a high speed automatic recloser which succeeds its reclosing. 

     The diagram is the same as the one of case n° 1, but the time t2 value is then equal to t1 + 300 ms.

- case n°4

      The high speed automatic recloser fails, but the low speed automatic reclosing that follows succeeds.



Un

         
0.577 * Un


                                       0          t1             
       t2      t3                       

           t4 

      Here, t1 = 100 ms, t2 = t1 + 300 ms, t3 = t2 + 200 ms, t4 = 60 s (recovery time)

        
- case n° 5

The fault is steady state. The first diagram gives the voltage seen from the customer. The second one gives the voltage seen from other customers supplied by the same substation.  
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4-1-2- Example of meshed supply

 The customer is supplied by a substation located in a loop, and the short circuit appears on one line of the loop.
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- case n° 1

A steady state phase to earth short circuit appears inside the first zone of the B substation relay, and inside the second zone of the C substation relay. There is no acceleration scheme.  
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After the time t1 = 100 ms, the circuit breaker of the end c of substation B opens. A slight voltage drop subsists at substation B because of the network meshing between substation C and substation B. After the time t2, about 400 ms, the substation C circuit breaker open, and the voltage is restored. After the time t3 = 4 seconds, for example, the substation B circuit breaker attempt a dead line charging and trips again at t4, 200 ms later. After the time t5 = 15 seconds, for example, the substation C circuit breaker, after instruction inversion, attempts a dead line charging, and trips again at t6, 200 ms later. 


- cas n° 2

The fault appears in the middle of the line
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- case n° 3

the fault appears inside the second zone of the substation B relay.
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- case n° 4

The fault appears on a substation C busbar 

The diagram is the same up to t4. After what, there is no reclosing attempt from C substation.

4 - 1 - 3 - Classification of faults

 Phase to earth faults are the most frequent. In meshed network, they generally do not cause voltage dips of more than 30 %. Most of them are cleared in less than 300 ms, but the maximal clearance time can exceed 1 second for some high voltage network schemes including teed lines. The time of 300 ms could become the maximal clearance time on normal operation of the protective relays if the network is systematically equipped with differential relay on the busbars and signalling schemes on the lines, and if improvement were brought to the high voltage assets, as for example the suppression of teed lines which should be difficult to protect. 

 The other faults, less frequent, create much more severe voltage dips, with about the same clearance times.

The cut - off correspond to short circuits on the tie supplies and their duration mainly comes from the automatic devices: reclosers, loss of voltage devices, flip - flops, ... .

They are divided into short cut - off, from 1 second to one minute, and long cut off, longer than 1 minute. The first ones correspond to automatic reclosing, the others to manned reclosing. 
4 - 2 - BEHAVIOUR  OF  CUSTOMER  INSTALLATION.

4-2-1- Generalities.

Fast transient over-voltages, with atmospheric origin, are greatly damped by crossing the supply substation.  

Long cut - off leads to stoppage of all the customer equipment. The only solution to avoid these stoppage is to resort ot a back - up source that can substitute itself entirely for the public network. Long cut off from the public network are then felt by the customer like short cut off and they are treated as such in the rest of the study.  

Towards voltage dips, short cut off and other disturbances, two type of equipment must be distinguished:

        
- protection, control, regulation systems which often make use of computer technology and are very sensitive to all voltage disturbances,

        
- high power machines, sensitive to relatively long voltage dips, cut off and steady state disturbances.

However, it must be noted that these two types of equipment are closely linked, and that the stoppage of a high power motor may be due to tripping of an auxiliary equipment such as:

- power contactor,

- contactor or auxiliary relay,

- greasing or ventilation system, 

        
- protection of the sensitive part,

- excitation 

Voltage dip with amplitude less than or equal to 30 % of Un, on one of the three phase to phase voltages, generally do not cause an inconvenience  for industrial operation, insofar as they induce neither release of contactor or relays, nor great lowing of the motors. They may, however, raise a problem for computerised controls and for converter if they are not protected. This is especially the case if the latter can operate as inverters.

The largest voltage dips can, if no de - sensitisation means equip the customer's installation, stop the control system, as well as make release contactors and trip static converters. These disturbances also make the motors slow, more or less according to their duration.

Short cut off has the same consequences, but more serious. The risk of false coupling of the synchronous or asynchronous machines at voltage come back must be added.
4-2-2- Behaviour of cage asynchronous motors.

        
- Voltage dips

Generally, voltage dips less than 30 % have a low influence on the behaviour of asynchronous motors.

Indeed, driving torques subsisting during this disturbance remain generally higher than or equal to resistive torques of driven machines. Consequently, this type of disturbance leads to a weak lowing down of the motor.

On the contrary, for all dips with amplitude higher than 30 % of Un, the driving torque generally becomes lower than the resistant torque of the driven machines. The motor - machine set is then subject to slowing which is a function of the amplitude and duration of the dip a well as the inertia momentum of this set. 

During normal voltage recovering, all the motors tend to re - accelerate and go back to a normal speed. This re - acceleration causes, for each motor, currents that much closer to start - up currents as the slowing was important.

When the asynchronous loads represent a large proportion of the installed power, these re - acceleration currents can reach on the supplying network, for voltage disturbances with high amplitude (80% dip on the three voltages, corresponding to a three phase short circuit rather close to the substation), the following values: 
          
. 3.5 * In, and cos  = 0,53, for a disturbance duration of about 0.5 seconds; 

          
. 5 * In, and cos   = 0,35, for a disturbance duration of about 1 seconds; 

         
. 6 * In, and cos  = 0,3, that is a current equal to the start - up current on each of the phases, for a disturbance duration of about 1.5 seconds.

These values can be considered as the average values representative of mot industrial cases.

The re - acceleration currents lead to large voltage drops in the various assets making up the network. In the best case, when the network is correctly sized, they only prolong the re - acceleration duration. But if the network is not designed to allow these re - accelerations, these currents and voltage drops can lead to motor creeping, perpetual or not, with corresponding thermal consequences and the tripping of the electric protective relays. 

        
- supply cut - off.

During short cut off of the supply network, the motors keep a voltage at their terminals due to the rotor residual flux. This voltage decreases exponentially with the rotor time constant and the frequency decreases, of course, like the slowing (see diagram below).      
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If the residual voltage of the motors on the whole network does not supply a multi - phase short circuit located upstream, the flux suppression duration is about 1 to 2 seconds.

During supply voltage recovery, the motor fluxes can yield an important voltage, close to the rated voltage and which may be, because of motor slowing, in phase opposition with respect to the supply network voltage.
Depending on the type of machine and its inertia momentum, this phase opposition is susceptible to appear after 100 to 200 ms. Other than, the re - acceleration phenomena described for voltage dips, this abrupt re - synchronisation creates very high transient current that may reach 12 to 15 times the rated current of the motors for 10 to 20 ms. 

This could have the following consequences:

          
. heating and electrodynamic strains on the motors and other element of the network, 

          
. important mechanical strain, basically torque surges, on the driven machines, coupling and speed reducers, 

          
. protective relay tripping and fuses melting,

          
. possible deterioration or accelerated ageing of actuators.

In case of short cut - off on the supply of a plant equipped with a high speed recloser, reclosing concerns all the loads of the plant, which thus balance between themselves. The consequences of a false coupling are then admissible for the cage motors whose power is less than 100 kW. They provoke, however, a slightly faster ageing of the motors.

On the other hand, in case of short cut off due to the permutation of the normal - back up sources, the reclosing concerns a small number of motors and it is recommended to be very prudent. It is then preferable to cut voluntarily the supply of motors for at least one second, i. e. not to make permutations leading to a cut off time inside the range 0.1 sec to 1 sec, e. g.  

We can schematise the various zones found in case of disturbed operation as follows:
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The limit duration beyond which re - acceleration is no longer possible varies with respect to the amplitude of the dip, but for more simplicity, it is considered independent from the dip and equal to a value to which characterise the installation. This value can reach several seconds if simultaneous start up of all the motors is possible.

4-2-3- Behaviour of asynchronous slipring motors.

It is similar to the one of cage motors for low amplitude voltage dips. However, these motors are much more sensitive to over-current, and they cannot always be subjected to a direct start - up.

The limit beyond which maintaining the motor connected to the network is dangerous depends on the current admissible by the motor and the torque admissible by the driven machine. Exceeding this limit lead to a faster ageing of the motor, then to a risk for deteriorate the motor or the machine. 

The various operating zones may be schematised as follows:
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4-2-4- Variable speed equipment for direct current motors.

Supply disturbances on variable speed equipment mean, for the most existing equipment, stopping the equipment. These stops are generally due, not to their power supply, but to their control when it has not been originally designed to be insensitive to short term disturbances, that is less than one second. Machine behaviour is however variable and different types of equipment must be distinguished: 

        
- Thyristor bridge in rectifier mode.

 During a low amplitude voltage dip, the regulation of a thyristor bridge lead to an increase in the current which ails at maintaining the torque on the machine. This current increase due to a low amplitude voltage dip can lead to exceeding the values admissible on equipment and a tripping of their protective relays. The limit not to be overcome depends on the factors of over - dimensioning, which vary for each machine. It i often higher than 30 % of Un.

In case of voltage dip, the firing angle of the thyristor decreases inn order to maintain constant the direct voltage. If the dip is enough for firing to reach the limit, the direct voltage is no more enough to maintain the speed. The motor lows and the speed and current regulation instructions can no more be observed. When the correct network voltage comes back, an over-current occur which can make trip the protective relays of the thyristors, or melt their protection fuses. 

The operating zone can be schematised very simply:
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- Thyristor bridge in inverter mode

In certain cases, e. g. for the last drier sections of  paper manufacturing machines, reversible bridges may be used that may operate in energy recovery mode. The converter then allows it to operate as an inverter to brake the machine.

 In case of voltage dips such that the network voltage is lower than the electromotive force delivered by the rectifier bridge, this later then operates as a generator and there may be, depending on he amplitude and the duration of the dip, a commutation shortcoming, and then a short circuit in the bridge. This phenomena leads to melting the thyristor protection fuses and sometimes even destruction of the thyristors themselves.  

        
- Diode bridges.

 Direct current motor supplied by diode bridges, with speed regulation on the excitation, are very sensitive to voltage dip and cut off.

In case of voltage dip, at its restoration, the direct current increases. The over-current depend on the voltage drop, the motor speed drop, and the impedance of the direct current circuit. Beyond this limit, we risk a tripping, and even a deterioration of the motor.   

4-2-5- Variable speed equipment for asynchronous motors.

 Only the indirect type frequency converters, the mot used in industry, are discussed in this paragraph. We can distinguish frequency converters with thyristor bridge on the network side, entirely controlled, from converters with diode bridge on network side, not controlled.

        
- converters with thyristor bridge:
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The problems raised above in the case of direct current machines (§ 4-2-4-, first and second indented line) are found in a similar way with this type of equipment.

        
- Converters with diode bridges:

They are mainly frequency converters with modulation of pulse width. In this case, the entry diode bridge i not controllable. There is thus a risk, at network voltage come back, of  large over-currents harmful to the equipment, at the bridge output, depending on the amplitude and duration of the disturbance.

In practice, converter with pulse width modulation systematically trip on voltage dip or short cut off. This tripping is more or else selective depending if the tripping criteria is the network voltage or the voltage at the filtering stage terminal, the latter solution being the most selective. The duration of insensitivity generally does not overcome a few tens of milliseconds. 

4-2-6- Other equipment

        
- Computer or electronic type equipment.

In general, whether they are used for administration or production management or for the control, protection and monitoring systems of installations, all digital equipment is sensitive to disturbance whose amplitude is higher than 10% of Un, i. e. to the voltage dips caused by all types of short circuit appearing in an extended zone of the network supplying the customer. The only answer is the installation, as a buffer, of a rectifier - battery - inverter set. 

       
- Motor or network actuators

In general, they are motor contactors, but they may also be circuit breakers equipped with loss of voltage tripping coils.

 The contactors supplied in alternating voltage directly coming from the network and not provided with coils having a magnetic latching are sensitive to disturbances whose amplitude overcomes 30 % of Un, even though they can sometimes be insensitive to dips of 50 to 60 %.

.  If the contactor is in 3 wire control, by stop start push button, they fall during the disturbance and can lead to large operating losses linked notably to re - starting time.








.  if the contactor is in 2 wire control, it falls during disturbances and instantaneously rise again at the voltage come back with all the disadvantages of supply cut ff described above. 

        
- Regulation device

Generally, and other than for digital equipment that we have already mentioned, traditional equipment as process regulators, relays, actuators, sensors, ... are sensitive to amplitude disturbances higher than 30 % Un. 

        
- Lighting

Other than premature ageing, incandescent lamps and fluorescent tubes are not affected by short duration disturbances. Only discharge lamps are sensitive to supply disturbances. A voltage drop of about 50 % light them out . Re - lighting is only done a few minutes after the voltage come back. 


- Electric heater

In case of voltage dip, the power absorbed by the heater decreases. The regulation of the heater acts in order to maintain the set point value. This action has variable consequence depending on the initial state of the heater and its construction characteristics. It can lead to tripping one of the following protective relays: 

. over-current on the higher voltage side,

. over-current on the lower voltage side,

.  very high water level, for electrode heaters or jet heaters with basket, or very high mask position for jet heater with mask, 

. under-voltage.

The under-voltage relay is designed to stop the heater in case of voltage loss on the network. It is normally time delayed in order to allow disturbances of less than one second pass.

        
- "Ward- Leonard" groups.

A "Ward- Leonard" group is a set formed of a synchronous motor, a dynamo, and a direct current motor. They were used, before the power rectifier were available, every time a direct current motor was necessary in a manufacturing process. For example they were, and sometimes are still used in the rolling mills. They are quite insensitive to voltage dip and to short cut off .Indeed they have a great inertia which allows them to keep a sufficient speed during the disturbance, and to pick up again at voltage come back. 

However, the risks of false coupling remain the same as for a classical asynchronous motor.

Bibliography [81], [84]

5 - CONTRACTUALISATION   OF  ENERGY  SUPPLY
5 - 1 - VALORISATION   OF  THE  DISTRIBUTED  ENERGY

As seen in the foreword  cutting off a customer during a given time corresponds to a cost very much higher than the cost of energy alone which could not be supplied to the customer during the cut off.

The following costs are generally taken into account in investment studies:

     
- 16 F (2.4 euros)  / kwh  for long cut off leading to a non distributed energy less than 30 MWh,

      
- 150 F ( 22.5 euros) / kwh for long cut off leading to a non distributed energy higher than 100 Mwh , a linear interpolation ensuring the continuity between these two values,

     
- the cut off power is valorised at 2 F (0.3 euros) / kW in the general case, and at 4 F (0.6 euros) / kW if it only concerns industries.

As a comparison, the cost of kwh, "very high consumption day" option, winter hours, very long use, is  0.30 F (0.045 euros).

5 - 2 - NORMAL  GUARANTEEE

       It is defined in the "contrat Emeraude". In this contract, it is mentioned that:

     
- the voltage of the 63 kV network must remain inside of a range of  Un ± 5%. Reciprocally, motor start up of a customer must not provoke a voltage drop greater than 3%,

      
- Voltage dip and very short cut off ha a duration of less than one second, 

     
- short cut off is supply cut off included between 1 second and 60 seconds. Each customer connected to the 63 kV network, or more, must not undergo more than 7 per year. Each customer connected to the 20 kV network must not undergo more than 15 per year, in the cities,

     
- long cut off is supply cut off longer than one minute. Each customer connected to the 63 kV network, or more, must not undergo more than 2 per year. Each customer connected to the 20 kV network must not undergo more than 5 per year, in the cities, 

     
- harmonic rates authorised are the ones defined in § 13,

     
- flicker rate authorised are the ones defined in § 213,

- unbalance rates authorised are the ones defined in §3.

5 - 3 - ADDITIONAL  GUARANTEE

It was foreseen that customers particularly sensitive to these phenomena can require special conditions, e. g. voltage dips of less than 0.5 seconds. These conditions are negotiated case by case between the EDF and the customer, with respect to investments such as protective relays and signalling channels in the simplest case, but also sometimes high voltage gears, and even additional links that the EDF must install to satisfy these conditions. This is the "network plus" optional contract. Let u note, however, that this contract meet a weak success near the customers, who should prefer an engagement of the EDF to clear the most current faults in less than 200 ms (see  fifth part, § 116).  

fifth part, § 116

5 - 4 - CONTRACTUAL  QUALITY  MEASUREMENT 

It is performed by a quality meter placed in the customer's supply substation (see  seventh part, § 6).

Bibliography [82]

Conclusion
The french exceptions

1 – The practice of one phase tripping and reclosing, and slow three-phase reclosing.

That practice is a consequence of a policy of economy on the building of the overhead lines. Indeed, most of the foreign utilities use the three phase tripping and fast reclosing. Let us note two points which led to this situation : 

-The late use of earth cables.  

The first high voltage overhead lines (225 kV) were built with earth cables, which protected the phase cables against most of the claps of thunder. But the mechanical anchorage of these cables on the framework of the towers made up also an electrical contact. It followed a fast corrosion of these cables, which then felt on the phase cables. The solution, adopted during the seventies on the EDF network, was the separation between mechanical anchorage and electrical contact. But previously, during the after-war period, the high voltage overhead lines were built without earth cable, and on the existing lines the earth cables were took to pieces. This allowed also to economize on the mechanical resistance of the towers, which had no more to undergo the pressure of the wind on the earth cables. More, the climatic hypothesis were too permissive. The network built during this period (1945-1970), - and a part is still in service today- was on one hand mechanically fragile, and on the other hand the seat of an out-of-step high number of phase to earth short circuits    . 
-An inadequate insulation of the lines
The distances between phase and earth , as the length of the insulators, are reckoned from the phase-to earth voltages. This forbids the use of Petersen earth coils, which yield overvoltages corresponding to  a working with insulated neutral, i. e. phase-to-phase voltages. Now these coils allow the extinction of the most of phase –to – earth faults without tripping.
The frequency of phase-to-earth short circuits led to generalize the single phase reclosing, which allows to maintain a link on two phases during the reclosing cycle. But if this reclosing fails, a three phase reclosing cycle must be fulfilled. The network undergoes two times the short circuit, which forbids the fast three phase reclosing cycle: the energy sources supplying each end of the line have time to lose synchronism. The synchronism between these sources must be checked before reclosing. 
The single phase tripping requires from the protective relays a phase selection more performing then the three phase tripping : the tripping order must be sent to the good phase. For that reason, on the distance protective relays installed on the EDF network  the pick up loops used to perform the phase selection are different from the distance measuring loops. This make more complicated the setting reckonings. The program Umbrella was elaborated for this reason.More, the distance protective relay are a little slower (about 10 ms more). 

However, the digital distance protective relays   which use a phase selection based on a different principle ( comparison of the voltages and currents before and during the fault) may use the same impedance loops for the pick up and the distance measurement. 
2 – The earth –tank protective relay.

 Personally I find this kind of protection very simple, reliable, and more clever than the differential transformer protective relay, which is more complicated to work up. But it requires a special design for the transformer : the tank of the transformer must be insulated from its wheels. This is constraint for the international tenders.
3 – The weeding of the substations
It was decided, on the national level, tha the substations must be graveled and periodically wed with chemical weed killers. The alleged reason was that the seeds and twigs fly into the circuit breaker chambers and the coolers of the transformers and make them maloperate. Now at the foreigner the substations are sow in lawn and regularly mown, and it does not follow any disagreement. The real reason is an hypothetic economy on the mowing.
Today the EDF substations form big arid spots in the middle of the green country. The disputes with the neighbor peasants are frequent. The image that EDF, or RTE,  gives towards the people worried about the environment is deplorable.
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		-0.7901529143

		-0.8090149667

		-0.8270786204

		-0.8443260486

		-0.8607402305

		-0.876304967

		-0.8910048978

		-0.9048255159

		-0.9177531819

		-0.9297751378

		-0.9408795195

		-0.9510553683

		-0.9602926418

		-0.968582224

		-0.9759159342

		-0.9822865347

		-0.9876877387

		-0.9921142157

		-0.9955615975

		-0.9980264818

		-0.9995064362

		-1

		-0.9995066862

		-0.9980269817

		-0.9955623467

		-0.9921152135

		-0.987688984

		-0.9822880264

		-0.9759176707

		-0.9685842038

		-0.9602948628

		-0.9510578283

		-0.9408822161

		-0.9297780684

		-0.9177563435

		-0.9048289054

		-0.8910085119

		-0.8763088021

		-0.8607442828

		-0.8443303142

		-0.827083095

		-0.8090196459

		-0.7901577935

		-0.7705161521

		-0.7501141055

		-0.7289717881

		-0.7071100648

		-0.6845505104

		-0.6613153885

		-0.6374276292

		-0.6129108068

		-0.5877891165

		-0.5620873503

		-0.5358308727

		-0.5090455956

		-0.4817579528

		-0.4539948738

		-0.4257837575

		-0.3971524447

		-0.3681291911

		-0.338742639

		-0.3090217894

		-0.2789959731

		-0.248694822

		-0.2181482395

		-0.1873863714

		-0.1564395758

		-0.1253383936

		-0.0941135177

		-0.0627957633

		-0.0314160371

		-0.0000053072





Feuil1

		0		0		0.01

		0.0314159		0.0314107326		0.01

		0.0628318		0.0627904666		0.01

		0.0942477		0.0941082341		0.01

		0.1256636		0.1253331283		0.01

		0.1570795		0.156434334		0.01

		0.1884954		0.1873811582		0.01

		0.2199113		0.2181430601		0.01

		0.2513272		0.2486896815		0.01

		0.2827431		0.2789908767		0.01

		0.314159		0.309016742		0.01

		0.3455749		0.3387376456		0.01

		0.3769908		0.3681242566		0.01

		0.4084067		0.397147574		0.01

		0.4398226		0.4257789554		0.01

		0.4712385		0.4539901451		0.01

		0.5026544		0.481753302		0.01

		0.5340703		0.5090410275		0.01

		0.5654862		0.5358263917		0.01

		0.5969021		0.5620829609		0.01

		0.628318		0.5877848229		0.01

		0.6597339		0.6129066133		0.01

		0.6911498		0.6374235399		0.01

		0.7225657		0.6613114075		0.01

		0.7539816		0.6845466417		0.01

		0.7853975		0.7071063121		0.01

		0.8168134		0.7289681551		0.01

		0.8482293		0.7501105958		0.01

		0.8796452		0.7705127692		0.01

		0.9110611		0.7901545407		0.01

		0.942477		0.8090165265		0.8090165265

		0.9738929		0.8270801119		0.8270801119

		1.0053088		0.8443274705		0.8443274705

		1.0367247		0.8607415812		0.8607415812

		1.0681406		0.8763062454		0.8763062454

		1.0995565		0.8910061025		0.8910061025

		1.1309724		0.9048266457		0.9048266457

		1.1623883		0.9177542358		0.9177542358

		1.1938042		0.9297761147		0.9297761147

		1.2252201		0.9408804184		0.9408804184

		1.256636		0.9510561883		0.9510561883

		1.2880519		0.9602933821		0.9602933821

		1.3194678		0.968582884		0.968582884

		1.3508837		0.975916513		0.975916513

		1.3822996		0.9822870319		0.9822870319

		1.4137155		0.9876881538		0.9876881538

		1.4451314		0.9921145483		0.9921145483

		1.4765473		0.9955618472		0.9955618472

		1.5079632		0.9980266484		0.9980266484

		1.5393791		0.9995065195		0.9995065195

		1.570795		1		1

		1.6022109		0.9995066029		0.9995066029

		1.6336268		0.9980268151		0.9980268151

		1.6650427		0.995562097		0.995562097

		1.6964586		0.9921148809		0.9921148809

		1.7278745		0.9876885689		0.9876885689

		1.7592904		0.9822875292		0.9822875292

		1.7907063		0.9759170919		0.9759170919

		1.8221222		0.9685835439		0.9685835439

		1.8535381		0.9602941225		0.9602941225

		1.884954		0.9510570083		0.9510570083

		1.9163699		0.9408813173		0.9408813173

		1.9477858		0.9297770915		0.9297770915

		1.9792017		0.9177552896		0.9177552896

		2.0106176		0.9048277756		0.9048277756

		2.0420335		0.8910073072		0.8910073072

		2.0734494		0.8763075238		0.8763075238

		2.1048653		0.860742932		0.860742932

		2.1362812		0.8443288924		0.8443288924

		2.1676971		0.8270816034		0.8270816034

		2.199113		0.8090180862		0.8090180862

		2.2305289		0.7901561671		0.7901561671

		2.2619448		0.7705144606		0.7705144606

		2.2933607		0.7501123507		0.7501123507

		2.3247766		0.7289699716		0.7289699716

		2.3561925		0.7071081885		0.7071081885

		2.3876084		0.6845485761		0.6845485761

		2.4190243		0.661313398		0.661313398

		2.4504402		0.6374255846		0.6374255846

		2.4818561		0.6129087101		0.6129087101

		2.513272		0.5877869697		0.5877869697

		2.5446879		0.5620851556		0.5620851556

		2.5761038		0.5358286322		0.5358286322

		2.6075197		0.5090433115		0.5090433115

		2.6389356		0.4817556274		0.4817556274

		2.6703515		0.4539925094		0.4539925094

		2.7017674		0.4257813565		0.4257813565

		2.7331833		0.3971500094		0.3971500094

		2.7645992		0.3681267239		0.3681267239

		2.7960151		0.3387401423		0.3387401423

		2.827431		0.3090192657		0.3090192657

		2.8588469		0.2789934249		0.2789934249

		2.8902628		0.2486922518		0.2486922518

		2.9216787		0.2181456498		0.2181456498

		2.9530946		0.1873837648		0.1873837648

		2.9845105		0.1564369549		0.1564369549

		3.0159264		0.1253357609		0.1253357609

		3.0473423		0.0941108759		0.0941108759

		3.0787582		0.0627931149		0.0627931149

		3.1101741		0.0314133848		0.0314133848

		3.14159		0.0000026536		0.0000026536

		3.1730059		-0.0314080803		-0.0314080803

		3.2044218		-0.0627878182		-0.0627878182

		3.2358377		-0.0941055923		-0.0941055923

		3.2672536		-0.1253304956		-0.1253304956

		3.2986695		-0.1564317131		-0.1564317131

		3.3300854		-0.1873785516		-0.1873785516

		3.3615013		-0.2181404704		-0.2181404704

		3.3929172		-0.2486871113		-0.2486871113

		3.4243331		-0.2789883285		-0.2789883285

		3.455749		-0.3090142183		-0.3090142183

		3.4871649		-0.3387351489		-0.3387351489

		3.5185808		-0.3681217894		-0.3681217894

		3.5499967		-0.3971451387		-0.3971451387

		3.5814126		-0.4257765544		-0.4257765544

		3.6128285		-0.4539877807		-0.4539877807

		3.6442444		-0.4817509767		-0.4817509767

		3.6756603		-0.5090387434		-0.5090387434

		3.7070762		-0.5358241512		-0.5358241512

		3.7384921		-0.5620807661		-0.5620807661

		3.769908		-0.5877826761		-0.5877826761

		3.8013239		-0.6129045166		-0.6129045166

		3.8327398		-0.6374214953		-0.6374214953

		3.8641557		-0.661309417		-0.661309417

		3.8955716		-0.6845447073		-0.6845447073

		3.9269875		-0.7071044357		-0.7071044357

		3.9584034		-0.7289663386		-0.7289663386

		3.9898193		-0.750108841		-0.750108841

		4.0212352		-0.7705110777		-0.7705110777

		4.0526511		-0.7901529143		-0.7901529143

		4.084067		-0.8090149667		-0.8090149667

		4.1154829		-0.8270786204		-0.8270786204

		4.1468988		-0.8443260486		-0.8443260486

		4.1783147		-0.8607402305		-0.8607402305

		4.2097306		-0.876304967		-0.876304967

		4.2411465		-0.8910048978		-0.8910048978

		4.2725624		-0.9048255159		-0.9048255159

		4.3039783		-0.9177531819		-0.9177531819

		4.3353942		-0.9297751378		-0.9297751378

		4.3668101		-0.9408795195		-0.9408795195

		4.398226		-0.9510553683		-0.9510553683

		4.4296419		-0.9602926418		-0.9602926418

		4.4610578		-0.968582224		-0.968582224

		4.4924737		-0.9759159342		-0.9759159342

		4.5238896		-0.9822865347		-0.9822865347

		4.5553055		-0.9876877387		-0.9876877387

		4.5867214		-0.9921142157		-0.9921142157

		4.6181373		-0.9955615975		-0.9955615975

		4.6495532		-0.9980264818		-0.9980264818

		4.6809691		-0.9995064362		-0.9995064362

		4.712385		-1		-1

		4.7438009		-0.9995066862		-0.9995066862

		4.7752168		-0.9980269817		-0.9980269817

		4.8066327		-0.9955623467		-0.9955623467

		4.8380486		-0.9921152135		-0.9921152135

		4.8694645		-0.987688984		-0.987688984

		4.9008804		-0.9822880264		-0.9822880264

		4.9322963		-0.9759176707		-0.9759176707

		4.9637122		-0.9685842038		-0.9685842038

		4.9951281		-0.9602948628		-0.9602948628

		5.026544		-0.9510578283		-0.9510578283

		5.0579599		-0.9408822161		-0.9408822161

		5.0893758		-0.9297780684		-0.9297780684

		5.1207917		-0.9177563435		-0.9177563435

		5.1522076		-0.9048289054		-0.9048289054

		5.1836235		-0.8910085119		-0.8910085119

		5.2150394		-0.8763088021		-0.8763088021

		5.2464553		-0.8607442828		-0.8607442828

		5.2778712		-0.8443303142		-0.8443303142

		5.3092871		-0.827083095		-0.827083095

		5.340703		-0.8090196459		-0.8090196459

		5.3721189		-0.7901577935		-0.7901577935

		5.4035348		-0.7705161521		-0.7705161521

		5.4349507		-0.7501141055		-0.7501141055

		5.4663666		-0.7289717881		-0.7289717881

		5.4977825		-0.7071100648		-0.7071100648

		5.5291984		-0.6845505104		-0.6845505104

		5.5606143		-0.6613153885		-0.6613153885

		5.5920302		-0.6374276292		-0.6374276292

		5.6234461		-0.6129108068		-0.6129108068

		5.654862		-0.5877891165		-0.5877891165

		5.6862779		-0.5620873503		-0.5620873503

		5.7176938		-0.5358308727		-0.5358308727

		5.7491097		-0.5090455956		-0.5090455956

		5.7805256		-0.4817579528		-0.4817579528

		5.8119415		-0.4539948738		-0.4539948738

		5.8433574		-0.4257837575		-0.4257837575

		5.8747733		-0.3971524447		-0.3971524447

		5.9061892		-0.3681291911		-0.3681291911

		5.9376051		-0.338742639		-0.338742639

		5.969021		-0.3090217894		-0.3090217894

		6.0004369		-0.2789959731		-0.2789959731

		6.0318528		-0.248694822		-0.248694822

		6.0632687		-0.2181482395		-0.2181482395

		6.0946846		-0.1873863714		-0.1873863714

		6.1261005		-0.1564395758		-0.1564395758

		6.1575164		-0.1253383936		-0.1253383936

		6.1889323		-0.0941135177		-0.0941135177

		6.2203482		-0.0627957633		-0.0627957633

		6.2517641		-0.0314160371		-0.0314160371

		6.28318		-0.0000053072		-0.0000053072
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