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1 - NETWORK  CALCULATIONS - PRINCIPLES

It is described in the calculation code 909 of the  IEC.

1-1- Healthy  balanced network

It can be represented by its positive sequence scheme (see symmetric components at appendix 1):

The network contains n substations..

The substation i is supplied by a generator, considered as a current source Ji. It supplies a burden, whose admittance is yii, and is connected to a substation j by a link of admittance yii. 

The substations which are not supplied by a generator receive a current Ji = 0. The burdens which do not exist have an admittance yii = 0. 
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Kirchhof's law at point i gives:

          

Ji = Vi*( yii + yij) - Vj*yij




(1)

 At point i, n-1 links arrive, real or with a null admittance. Let:    

                  
            j=n

          

Yii =         yij

                   
            j=1

and we obtain:

          

Ji = Vi*Yii - Vj*yij - Vk*yik - ...

That equation can be written in the form of a matrix, as follows:

            J1          

Y11   ...   y1i   ...   y1n            
V1

            ...            

...     ...    ...    ...     ...              
 ...

            Ji      =     
yi1   ...   Yii   ...    yin       *    
Vi                    

or, briefly:  J = Y*V

            ...            

...     ...    ...    ...    ...              
...

            Jn           

yn1   ...   yni   ...  Ynn             
Vn

By inverting this matrix, we find the impedance matrix Z:

                                     

V = Z * J

If we know, in module and in phase, the currents injected on the network by the generating groups, and if we know the impedance of all the assets of the network, we can obtain the voltage on each electrical node, as well as the currents running inside each asset, by equations as follows: 

                                       

yij * (Vi - Vj) = Iij 

From these results, we calculate the active and reactive powers which flow through any point of the network. Algorithms allow us to set the currents J so as the voltages and the powers remain inside a given range. 


      
This type of calculation is used to determine
       
- the distribution of load on the network. These calculations are necessary for prospective studies a well as for controlling the network;

       
- static instability. 

These calculations require means whose size increases rapidly with the number of nodes of the network.

1-2- three - phase fault  on  a  balanced network.



   (








(              (


        

   
    V'1

           
If                  V'n





















         (       V'f



 We study a solid short circuit appearing on the node F. Before this short circuit, the voltage at this point was Vf. We then apply on this network, on which all the current sources have been short circuited, an unknown current If, but such that it creates a voltage V'f = -Vf on the node F. Thus the equation: 

         0              
V'1                                                                         
V'1 = Z1f * If

        ...               
...                                                                                    
...

         If   = Y * 
V'f        

which gives, after inversion   
V'f = Zff * If   

(1)

         ...               
...                                                                                   
...

         0             
V'n                                                                         
V'n = Znf * If

The equation (1) then gives us the value of If, and from that, all the voltages. The voltages during the fault are then given by adding the found voltage to the voltages calculated on the healthy network:

                         

V''1 = V1 + V'1






….

                          

V'' f = Vf + V'f = 0




….

                           

V''n = Vn + V'n

 The currents and the voltages on the faulty network can then be calculated. 

 This type of calculation is used to determine:

      
- the values of the currents seen by the protective relays during three - phase short circuits, 

      
- the depth of the voltage dips caused by a three - phase fault for customers located inside the zone near the fault,

      
- the dynamic instability of the network. 

1-3- Single phase solid or resistive fault on a previously balanced network

Let us consider the three - phase network below. In steady state, the voltages and currents of each phase can be calculated from the positive sequence network. 
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We do not change the current flow inside the network by adding at point F a current source null in series with a resistance Rd.

Let us now suppose that a fault appears at F. The voltage pre - existing at this point, Va, was determined by the preceding calculation. We then consider a state in which we inject at the fault point a current If, unknown but such that it creates, at point F1 a voltage -Va, the other current sources being set to zero.      
 

the network above can be broken down into a positive sequence network, a negative sequence network, and a zero sequence network. The injection of the current If into the three phase network is then broken down into an injection of a current Idf = If / 3 into the positive sequence network, Iif = If / 3 into the negative sequence network, and Iof = If / 3 into the zero sequence network.   

Then the following equation, for the positive sequence network:

          
0          

Yd11  
 ---   
yd1f     
  ---     
  yd1n              
Vd1

         
---          
---      
 ---    
 ---       
  ---     
   ---                  
---

         
Idf           =      
yf1    
 ---   
Ydff     
  ---    
  ydfn         *       
Vdf          

         
---          
---      
 ---    
 ---        
  ---     
   ---                  
---

          
0          

ydn1   
 ---    
ydnf    
  ---    
  Ydnn              
Vdn

and two similar equations for the negative sequence and zero sequence networks.      


The inversion of the considered admittance matrixes gives the impedance matrix making it possible to calculate the voltages with respect to If, and in particular the voltages Vdf, Vif and Vof at point F. 

The voltage at point F, in the state considered, is:


Vfa = Vdf + Vif + Vof

Thus the equation





Vfa = -Va + Rd* If

which allows to reckon If, and then all voltages.

The superposition of both states gives the fault state. The voltages in that state are then obtained by summing the voltages found above and the voltages found in the steady state, which are not null only on the positive sequence network. 


The currents can then be obtained by the following equations:      


           

ydij * (Vdi - Vdj) 

= Idij 

            

yiij  * (Vii - Vij)  

=  Iiij

           

yoij * (Voi - Voj) 

= Ioij

This type of calculation makes it possible to obtain the values of the currents on each phase during phase - to - earth short circuits. Similar methods make it possible to calculate the phase - to - phase, or phase - to - phase - to - earth short circuit currents (appendix 6, generalities, §5). These programs are most used by persons in charge of protective relay setting.        


                                                           -----------------------------

For the various types of calculation, programs adapted to large network exist at EDF, running on powerful computers (COURCIRC). More simple programs, running on PC, and fitted to less extended networks, also exist (EGERIE).
Bibliography [55], [99], [109]

2- DETERMINATION  OF  SETTINGS - PRELIMINARIES

      
Who is in charge of settings?

In a first step, it is the theorist who gathers or reckons the various parameters (e. g. the line impedance and its maximum load current) and establishes a setting notice.

Then is is a technician, who display them on the relay and automatic devices and check their validity, by calibration if relevant.

So that these operations are correctly achieved, it is important that:

          
- the theorist who calculates the parameters is also the one who chooses the protective relays and the measurement reducers and, if relevant, the signalling systems. The parameter reckoning must be a part of the preliminary studies in the choice of relays. A document, explaining his choices, must be joined to the notice. It can be very useful to people having in charge the incident analysis (see eighth part, § 7) ; 

          
- the setting notice given by the theorist to the technician must clearly indicate the values to be directly displayed on the equipment;


- the technician has at his disposal a check list, including if relevant the calibration tests, for each equipment and for the whole bay (see eighth part, § 5 );

          
- the technician is part of the team that will then be in charge of exploiting the commissioned bay.

In field sites where the EDF International participates, it is often difficult to respect these rules. Failing this, the building sponsor must ensure a good co-ordination of the various tasks.
3- PROTECTION   OF TWO  ENDED LINES   

3-1- setting of distance protective relays (see third part, §2-1)

 Four steps must be distinguished:

 3-1-1- Stresses due to the network.

 They make it possible to determine the reactance of the first and second zone, a well as the one of normal operation in the impedance plane, but only in primary values, i. e. values encountered on the high voltage side of the reducers.      


         
- reminder: 

 the impedance plan is the plan  
Z = Vr / (Ir + ko*Ig) for the loop phase r - earth, 
and                               

      



Z = (Vr - Vy) / (Ir - Iy) for the loop r - y,

the other ones being deduced from circular permutation.

3-1-1-1- Data concerning the line to be protected

They are:

 
- its positive sequence impedance, and its earth factor
( see appendix 3)

 
- its maximum steady state and temporary load current.
(see fourth part and appendix 2)


- the requirements of operating people


(see appendix 2)

The data concerning the first and the second point  should be supplied by measurement for each line. Failing this, we will take the usual values given in the "line" directives [3]. 


examples

Line 400 kV, two conductors in bundles, cross section 2 * 570 mm² per phase, two earth cables with a cross section of 228 mm² 

     
zdL = 0.32 ohm/km;     
 = 85°;     
ko = 0.5;     steady state current in winter = 2540 A

Line 225 kV, one conductor, cross section 570 mm²  per phase, two earth cables with a cross section of 147 mm²  

        
zdL = 0.41 ohm/km;     
 = 81°;     
ko = 0.44;    steady state current in winter = 1270 A

Line 63 kV, one conductor, cross section 228 mm²  per phase, two earth cables with a cross section of    94 mm²

    
zdL = 0.4 ohm/km;     
 = 70°;     
ko= 0.52;      steady state current in winter    = 710 A

Line 63 kV, one conductor, cross section 228 mm²  per phase, no earth cable, very resistive soil

     
zdL = 0.4 ohm/km, 
 = 70°; 

ko= 0.85;     steady state current in winter     = 710 A   

The requirements from operating people are for example the insensitivity of the relays to a single phase load report. Standard requirements are given in appendix 2, § 21
3-1-1-2- External data

The network located around the line to be protected can have an influence on the settings. We may note:

          
- the presence of a line in parallel with the line to be protected,

          
- the presence of a short line beyond the line to be protected,

          
- the presence of a coupling in the remote end substation,

          
- the presence of a power transformer 63kV / 20 kV at the remote end.

The data concerning the line to be protected, as well as the external data, allow us to determine the following parameters:

     
- first zone reactance

It is defined in the setting guide
For the long one circuit lines it is 80 % of the line reactance.

For the short lines, i. e. the lines having a positive sequence reactance lower than 4.5 Ohm, i. e. about
 15 km in 400 kV,  a blocking system must be used (see third part, § 2-1-5-1-6). The first zone is then set to 120 % of the line reactance (240% with the digital relays to ensure that the tripping time is low enough, see  third part, § 214). It cannot be lower than 3.9 Ohm.

Tripping in a first stage must be then time delayed of about 50 ms, corresponding to the sum of the operating time dispersion of the protective relays, the operating time of the signalling channel, and a safety time. 

Moreover, when on a double circuit line one of them is dead and linked to earth at each end, a fault on the other line will be seen under a lower reactance than expected one. Indeed, in this case, the loop equations are written, for a fault on the substation located at the other end (see third part, §2127):

          
Vr1 = Xd * (Ir1 + ko * Ig1 + kom * Ig2)          

(live circuit)                       (1)

       
3 * Vr2 = Xo2 *  Ig2 + Xom * Ig1 = 0                 

(dead circuit)

by remarking that   Xo2 = Xd * (3 * ko + 1), and that Xom = 3 * Xd * kom, we find:




Vr1

            3 * kom² 
      
    Ig1 

X measured 
=

   =  Xd * [ 1 -

      *

     ]  < Xd



       Ir1 + ko * Ig1
            3 * ko + 1            Ir + ko * Ig1

 To avoid unwanted tripping on faults beyond the line end, the first zone will be set to 70 % of the line reactance.


- second zone reactance

. On single circuit long lines, it is set in most cases to 120 % of the line reactance.

. On short lines for which the blocking overreach system is used, it is set to the same value as the first zone reactance, or more.

. On the long lines followed by short lines, for which the setting to 120 % of the Pa relay second zone setting overcomes the Pb relay first zone setting (see diagram below), this setting is maintained, but the corresponding time delay is lengthened by a selective interval. If, considering the margin for error, this setting risks to overcome the Pb relay second zone setting, the latter is lengthened in order to overcome the Pa relay second zone setting.  
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In the example above, the line AB is 100 km long, line BC is 20 km long, and we assume they have the same reactance per unit, i. e. 0.4  / km.  

The AB second zone is set to 48 . We assume that the precision of the second zone measurement is       10 %. The AB second zone should then reach a minima up to 12.8 . It must be set to: 

          

12.8  + 10% = 14.1 ,                  instead of 9.6 .

 On double circuit lines functioning in parallel, a fault on a substation located at the other end gives, on each line, the same currents Ir1=Ia2, et Ig1 = Ig2. Thus: 





            kom * Ig1



X measured =  Xd * [1 +  

      ] < Xd





          Ir1 + ko * Ig1

The mutual induction between the lines means an increase of the impedance seen from the remote end. The second zone reactance is then set to 170 % if the lines have a least one earth cable, and 190 % if not. 


- Number of selective intervals (see third part, § 11 ) .

The second stage time delay must be set to one selective interval after the first stage of coupling  of the substation located at the remote end of the line, if it exists. The latter is set to one selective interval after the first stage of the relays located beyond this substation.

In the same way, the third stage time delay must be set to one selective interval after the second stage of the same coupling. The fourth stage, generally corresponding to the upstream zone, is set one selective interval after the third stage. 

     
- Out - of - fault  functioning area (see appendix 2).

 A point located in this area must not provoke any operation of the relay, whether it is tripping or blocking by the out - of - step module. This area is determined by the three following stresses:

 1°- minimal functioning impedance. It is determined from the exploitation stresses defined at  § 3111, and from the minimal voltage Vmin observable on the considered network (see appendix 2)

 2°- maximal voltage deviation between both line ends. Indeed, the control centre is watchful that the voltage remains, in each substation, between the values Vmin and Vmax (see appendix 2, §113). 

Each of these stresses is applied to both ends of the line.

3° - The reactive power does nor overcome the half of the active power, i. e. the functioning impedance angle does not overcome 30 °.

     
- Faults which must not tart up the relay

For example, a fault located on the low voltage side of a power transformer must not pick up the relays of the 63 kV network supplying it. 

3-1-2- Constraints due to the high voltage gears

3-1-2-1- Measurement reducers
 The size of the voltage transformer is determined by it primary rated voltage. Its secondary voltage is always 100 V /  (  3.

The size of the current transformer is determined by:

- the maximal steady state current on the line, which must not overcome 1.2 times the rated current Ipn of the reducer,

- the maximal short circuit current that it will have to bear, and which must not overcome 20 times it rated current,

- the secondary rated current Isn, which may be 1 A or 5 A.

The transformation ratio then determines, from threshold values of over-current modules of the relay, about 0.2 * Isn to 0.5 * Isn depending on the type of relay, the minimal primary current able to start up the relay. Indeed, the relay starts up only if a least one of these modules works. The clearance of a number of faults  may be delayed on certain ends, which start up only after opening of a circuit breaker of another end. It must be checked that such sequences are compatible with the functioning of the reclosers.

The knowledge of the measurement reducer size then makes it possible to determine the ratio kz between the impedance seen from the network side, called primary impedance, and the impedance displayed on the relay, called secondary impedance.       
 

Example:

the transformation ratio of the voltage transformer is  60 000 V / 100 V

the transformation ratio of the current transformer is  1000 A / 1 A

the secondary impedance is obtained by multiplying the primary impedance by

                 kz = (100 / 60 000) / ( 1 / 1000) = 1.66

Note: If the accuracy class of a current transformer is noted 5 P 20, this means that its accuracy is 5 % when the current is 20 * In, and when the secondary burden is equal to the rated value. 

We must then ensure that the pair relay - reducer is not susceptible of shortcoming due to saturation phenomena (see appendix 4).

3-1-2-2- Circuit breakers

The maximal circuit breaker tripping time intervenes in the calculation of selective intervals (see third part, § 11). It must thus be known for each one.

3-1-3- Stresses due to the relay

3-1-3-1- Pick up

    
- The out - of - fault working area must be found entirely outside of the pick up characteristic, to which must be added, if relevant, the out of step zone, and, in all cases, a safety margin generally estimated at about 15 %. 

 The pick up characteristic , as well as the parameters used to set it, are different from one type of relay to another. In the same way, the impedance plane used by the relay can vary.

      
Example:

 The plan considered for the single phase fault distance measurements is always the reference plan defined in  § 3-1-1. If the pick up characteristic is elaborated by the impedance loop              

                                                          Z' = Vr / Ir

the setting of Z' to a value z leads to a representative point on the distance measuring plan, the affix of which is:

                                                           Z = z / (1+ko)

 On the other hand, the elaboration of characteristics is performed either by continuously adjusted potentiometers or by coding wheel, straps, plots or switches giving discrete values. A setting method must be elaborated for each type of relay.

These particularities are noted for each type of relay in  appendix 6. 

3-1-3-2- Distance measurement

When the fault is solid, the distance measurement is spoiled by mistakes coming from the knowledge of the line impedance, from the response of the measurement reducers, and from the internal functioning of the relay. 

When the fault is resistive, as it may occur especially for the phase to earth faults, another error is added, coming from the fact that the current running inside the fault is not in phase with the current running inside the line section located between the fault and the relay. The relays do not react by the same way on this phenomena: 

- some of them perform a simple reactance measurement. The measured reactance varies with the transit, as seen in the example seen in the third part, § 21112. 

If we want to be sure that the faults seen inside the first zone are located on the line, we must limit the ratio Rd / X1, where Rd is the maximal detectable fault resistance, and X1 the first zone impedance;

- other relays use more elaborated measurement system. 

Let us consider the phase comparator described in the third part, § 21311. The trick consists in using, 


. to create the image voltages, the loop current  Ir + ko * Ig,


. to determine the instants where the comparison is performed, a current assumed to be in phase with the fault current, and called pilot current or polarisation current. It is, for example, for the first zone measurement, the current Ig.

The equations are then written, by using the same notations as in the referred §:







        d (ir + ko * ig) 


v - v' = r * (y - y') * (ir + ko * ig) + L * (y - y') * 

      + Rd * ig








       dt








d (ir + ko * ig) 


v - v" = r  * (y + y") * (ir + ko * ig) + L * (y + y") * 

           + Rd * ig








        dt

When ig = 0, v - v' changes its sign in relation with v - v" when y = y'. The distance measurement is not sensitive to the transit if the current ig is in phase with the fault current, i. e. if  the loop impedance values seen from the fault point towards both directions have the same argument. If it is not the case, certain relays have a possibility of correction.  

If  the zero sequence impedance values are high, the polarisation current may be taken equal to ir + ko * ig..

The polarisation current for the second zone measurement, which must be accurate when the remote end circuit breaker is open,  may be taken equal to the current ir. 

. 

Finally, the maximal value of the ratio Rd / X1 is a value which depends on the relay functioning mode. It is given by the manufacturer, which unfortunately does not always clarify the corresponding transit conditions. 

3-1-3-3- Setting of the upstream zone (quadrilateral characteristic relays)

    
- It must not limit the maximal detectable fault resistance on any point of the line, even if it is close to the relay.
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A fault at M is not seen if the fourth zone (upstream zone) is set to Z4. It must be set to Z'4. 

3-1-4- Constraints due to other protective relays

3-1-4-1- Other relays of the transmission network.

 - stress on the characteristic

When on the same network two relays have differently set characteristics, or even if the shapes of these characteristics are different, a resistive fault on a line may  be not seen by the closest relay, and not by a more remote one. This phenomena is especially sensitive on substation files with two line end in each substation.
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Characteristic of  Pa relay



Characteristic of Pb relay

The point M representing the resistive fault may be seen by the relay Pa and not by the relay Pb, while Pb must trip and not Pa.

In that case we endeavour to have protective relays with the same characteristic on a substation file. 

So, to be certain that no fault risk to be seen inside the second zone by the remote relay PA without being seen  inside the first zone by the remote relay PB, the PA second zone bandwidth must be narrower than the PB first zone bandwidth. Such a way of setting is generally not compatible with the bandwidth limitation seen at § 3132, and is generally not foreseen in the relay guidebooks. Thus a risk always exists that some resistive faults provoke unwanted tripping.

note: this problem exists essentially on the EDF network, as a consequence of the lack of earth cables on a great number of overhead lines, and also of the use of slow zero sequence power protective relays. Indeed, if on a network a few number of resistive faults appears, or if these faults are cleared before the second step tripping time, the risk of unwanted tripping by the remote relay becomes much lower. That is the reaon why, on many foreign network, the zones of the distance relays have bandwidths increasing with the reach. So the different zones have the same accuracy. On the contrary, on the EDF network, the zones have all the same bandwidth, and the first zone measurement accuracy on resistive faults may involve, even on short lines, a limitation for the bandwidth setting. 

. Substations with more than two ends

Let us suppose that at point B another line arrives (line drawn in dotted line). The current flowing downstream to B is then split into two parts, in a ratio which depends on the upstream impedance values and the electromotive forces of the sources. The impedance values seen from B and B' are then higher, and generally a point located outside of the PB first zone characteristic is also located outside of the PA second zone. A check by a short circuit current calculation program is however desirable.

- Stresses on the time delays (see third part, §  11)

The calculation of the selective interval times includes the dispersion on the operating times, as well as the one on the releasing times. 

3-1-4-2- Protection of generation groups

These protective relays intend the generation groups to be protected. They are described in appendix 7 .

A part of them may be led to clear, as a back up, faults on the transmission network susceptible of damaging these groups. The concerned functions are: 

 
- phase and neutral over - current, 


- phase under - voltage, 


- neutral over - voltage,


- over - and under - frequency,

As they do not disturb the functioning of the transmission network relays, their timers are set to values great enough to let the relays of the transmission network operate, even by back up. Thus they are set beyond the fourth stage of the distance relays, and beyond the maximum operating  time of the zero sequence power relays.
                              --------------------------------------------------------------------------

The synthesis of these different stresses gives the setting of the first, second and third zone, downstream, and of the fourth zone, upstream, the maximal detectable resistance, and the setting of the timers.      

Bibliography [52], [56], [57]
3-2- PHASE  COMPARISON  RELAY SETTING (see third part, §2-2)

  Let us consider the example of the GEC P10.

        
- Pick up module.

 This is in fact a distance protective relay pick up module, with no out - of - step. It obeys the rules seen in the preceding §. 

        
- Telecommunication links.

 This relay necessary uses a power line carrier. link. The frequency band is chosen in the frequency plan established by the telecommunication service of the EDF.

        
- Phase comparison module.

No setting is foreseen on this module.

3-3- OVERHEAD  LINE  DIFFERENTIAL  RELAY SETTING.( see third part, § 231)  

        
- Current transformers.

 If their ratio is different from one end to another, the secondary current is multiplied by a correction factor higher than 1 on the side where it is lower.

        
- Capacitive current.

 If the line is long, the primary positive sequence current at one end is different from the one at the other end by a value of:

        

Idc = Vdn * c *  * L

c being the phase - earth per unit capacity, about  9 nf / km, Vdn the rated positive sequence voltage, and L the line length.

Example: 

let u consider a 400 kV, 200 km long line, the maximum current of which is Idmax = 1000 A. The capacitive current value is then Idc = 130 A, and the ratio Idc / Idmax is 0.13. Now the manufacturer recommend a compensation only if the ratio overcomes 0.15.   

 This compensation is necessary only for long and weakly loaded lines.

        - Start up by residual over-current module.

This module contains a fixed, not adjustable threshold, and  a percentage, adjustable threshold. It must be insensitive to steady state imbalance currents flowing on the protected line. Now these currents depend on the way which the network was built: line length, transpositions, conductor display, earthing of the transformers. Optimal setting of the relay requires zero sequence current measurement in normal operation on line. We admit that the steady state residual current does not overcome 0.2 * In.

- Start up by negative sequence over-current module
same remarks a the preceding §.

        
- Start up by impedance module.

It looks like the pick up of the distance protective relays, and obeys the same rules.

     
- Differential module

It is a fixed threshold module. This threshold is chosen higher than the maximal current running in each phase in normal operation. In this way, accidental short circuiting of the output of a current transformer doe not provoke unwanted tripping.

       
 - Compensation of the transfer time on the telecommunication link.

It requires the measurement of offset time between the close currents and the transferred remote currents

3-4 setting  of  zero  sequence  power  protective  relay.

The calculation of setting parameters is given in the third part, § 24. For this reckoning, we must chose:

        
- the base time Tf

        
- the parameter i 

These values are chosen from the following considerations:

       
 - For the 400 kV and 225 kV networks the relay must be insensitive to single phase tripping and reclosing cycles, which leads to a fixed time Tf higher than 1.5 seconds,

        
- for all the networks, this relay must not be considered as a back up for distance protective relays on phase to earth fault, since the selectivity of these relays, the ones with respect to the others, is bad for solid or lowly resistive faults. It must thus operate only after the third stage of the distance relays. 

Today, since the 63 kV network still has many electromechanical relays, the time delay of the third stage is set to 1.5 seconds, thus the same stress as above,

         
- In the same loop of the network, the value of i must be chosen so that the primary zero sequence power SP  giving a dependant time of 1 second is the same on all ends. 

On the 63 kV network, this value  has been chosen as follows: 

. SP = 5 MVA on the loops where the minimal rated current met on the current transformers is 500 A      (if it is effectively 500,  i = 8) .

. SP = 10 MVA on the loops where the minimal rated current met on the current transformers is 1000 A. (if it is effectively 1000,  i = 8).

On the other networks, similar choices have been made.

        
- these relays  have a minimal residual current threshold, settable from 0.1 * In to In.                  It is generally set to 0.2 * In, for the same reasons as the line differential protective relays.

        
- they have, moreover, a non settable zero sequence power threshold, under which they work no more. This threshold is reached when the dependant time is equal to 3.3 times the parameter i. 

3-5- dead  end  line  protective  relay  setting. (see third part, §15)

The settings to be determined are:

        
- the neutral current threshold of the power transformer. It is chosen equal to 0.2 * In by homogeneity with the zero sequence power protective relays.

        
- the time delay of the time delayed version. It must be selective with the second stage of the remote end distance protective relays,

        
- the delay in the release of the remote tripping. It is higher than the difference between the order transfer maximal time and the minimal time during which the relay sends its order.
3 - 6 - earth  cable  protective  relay (see third part, § 16 )

The necessary information is:

        
- the minimal single phase short circuit current,

        
- the capacitive sheath current Jc, created by the rated voltage Vn on the terminal of the sheath of a phase, per kilometre.

The parameters to be calculated are:

        
- the current threshold of the relay.

 It must be located in the range between the minimal phase to earth short circuit current and the capacitive current of the sheath in case of external fault. In that latter case, the residual voltage is: 





   Zo

          

Vg = Vn * 3 * 




          Zo + 2 * Zd

 with:      
Zo = zero sequence impedance of the network, seen from the fault point,

                   
Zd = positive sequence impedance of the network, seen from the fault point,

and the capacitive current value is:
Ic = Jc * L * Vg / Vn.

Practically, setting the 350 A relay is satisfactory in almost all cases.
3-7- underground  cable  differential  protective  relay.(see third part, § 232)
Only the phase - to - earth fault is considered.

The relay establishes that there are a fault on the link if:


 Ie -  Is >0,56*  Ie + (P3 / 100) * 0,435 * In

with: 
Ie = sum of the three currents at the close end of the cable,


Is = sum of the three currents at the remote end of the cable,

P3 being the displaying of a potentiometer located on the relay.

The setting of the parameter P3 is given by the three following formulae:

1°)
P3 = 100 * Vn * C * A * K / In

pour Zo / Zd < 0,12

This setting takes into account the capacitive current in balanced operation,


      
        D' * Vn * C * A * K

2°)
P3 = 100 *



pour 0,12 < Zo / Zd < 1,32 




0,435 * In

This setting takes into account the capacitive current in case of external phase - to - phase - to - earth fault, 

      
        D * Vn * C * A * K

3°)
P3 = 100 *



for 1,32 < Zo / Zd  




0,435 * In

This setting takes into account the capacitive current in case of external phase - to - earth fault,

In these formulae the different factors are defined as follows:


Zd = positive sequence impedance seen from fault point

Zo = zero sequence impedance seen from fault point


A 
= 1,2 for the  90 kV and 63 kV  cables



= 1,12 for the 225 kV cables



= 1,05 for the 400 kV cables


Vn 
= rated voltage,

           
C   
= capacity of one phase of the cable in relation with the earth,


K 
= 1,2




      16,4 * (Zo / Zd)² + 0,27 * (1 + 0,5 * Zo / Zd)²


D 
=





2 + Zo / Zd



      4,5 * Zo / Zd


D'
=



       2 * Zo / Zd + 1

D' corresponds to the case of an external phase - to - phase - to - earth fault 

D corresponds to the case of an external phase - to - earth fault
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3-8- stuck  breaker  automatic  device

the values to know for setting are:

        
- the tripping time of the circuit breaker of the cell,

        
- the release time of the protective relay the slowest to release, located in the bay.

 Two parameters must be set:

         
- the thresholds of the over-current modules.

it is lower than the minimal threshold susceptible of making the relay operate. We will take 0.2 * In.

        
- the time delay. It is the sum of

. the maximal operating time of the circuit breaker of the cell,

. the longest release time met among the protective relays of the bay, including the one of possible intermediate relays.

Special case:

        
- differential line protective relay.  

In case of circuit breaker failure at one end, the differential protective relays of both ends do not release. The automatic device must then rely only on its over-current modules.
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4 - PROTECTION   OF TEED  LINES

Preliminary: choice of the signalling system.

It may exist cases where a fault is seen in the first zone by no one of its ends. It is then of no interest to use an acceleration scheme. 

A blocking overreach scheme is more fitted. To determine these cases, see the item [57]. 

Its application needs the use of short circuit current calculation programs, the principle of which has been briefly described at § 1.
4 - 1 - Distance  Protective relays  on  the terminals of the power  plants.

 the terminals of some nuclear generation groups are displayed as follows:

  1300 MW 
  1600 MVA                      Pa                                                                       
Pb
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       substation B
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X
X





         X



generator
    power 



transformer


                     

 

            

                                             


                      







draw-off
transformers
back up transformers 







for another generation group




3 times 36 MVA

2 times 36 MVA

When the protective relay Pa sees a phase to earth fault at remote end, a part of the fault current flow through the back up transformers, and not through the Pa current transformer. the fault may then be seen beyond the substation B. This leads to  lengthen the second zone to 145% if it is a single circuit line, and 200 % if it is a double circuit line.         

4 -2 -Line 225 kV, short  symmetric  dead  tapped substation 

              ( see third part, § 2-1-5-2-1, and  appendix 10 
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 If the setting is done to obtain a quick tripping, the first zone of the relay P1 must be lower than 80 % of the reactance of the whole line, (see diagram above), and lower than 80% of the reactance of  the group formed by the section D1 - D3 and the power transformer, and reciprocally for the relay P2.

 If the setting is done to obtain a delayed and selective tripping, the first zone of P1 is set to 80% of the reactance of D1-D3. 

In both cases the second zone is set to 120 % of the reactance of D1-D2.

4 - 3 - Line 225 kV, long asymmetric dead or weakly live tapped substation. (see third part, §   2-1-5-2-3, and  appendix 10)

In this case, a short circuit current calculation makes it possible to know if P1 is picked up on a fault located near P3; (see scheme of the § mentioned), and if a fault on P1 picks up a distance relay on P3.

The result of these reckoning make it possible to determine the relays and signalling systems to adopt and then the setting.

4 - 4 - network displays leading to apparently evolutive faults.

There are network displays in which the fault clearing sequence apparently modifies the place where the fault is seen, in the impedance plan of distance protective relay. This can lead to change of zone. Let us consider two examples:


Example 1
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       B


(
X







       X
 




X C




(
The relay located at A sees the fault inside the second zone, owing to the injection coming from B, then inside the first zone after opening of B. 


Example 2 




B




C

      x



x




x

      x
      A

The relay located at B sees the fault upstream, then, after opening of A, downstream. It can thus see the fault in third zone, owing to the injection coming from C. After opening of C, it sees the fault in first or second zone.


Some switched relays have a bad behaviour on the real or apparent evolutive faults. Indeed, their timers are reset to zero at each changing of zone, direction, or phase selection. This leads to very long clearing times.  These relays must not be used in such network displays. They also must not be used on part of network where real evolutive faults have a significant probability to appear, i. e. where timeworn or  under - isolated assets can be met. 
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5 - SETTING OF  BUSBAR  PROTECTIVE  RELAYS

5 - 1 - HIGH  IMPEDANCE DIFFERENTIAL PROTECTIVE RELAY

It is characterised by the fact that the main current transformers saturate before the auxiliary current transformers.

5-1-1- Preliminary data

      
- Maximal and minimal short circuit currents.

 these values are given by the short circuit calculation program, for the various configurations of the network. 

      
- Resistance of the wiring located between the relay, which generally have a central position in the substation, and each  of the main current transformers. 

 These values are given by measurement before commissioning. They are: 


                                 rtcp             rf                 rp                       n                rs 




                                                                                                                                               rd



             main                                                          

auxiliary

             transformer                                                                
transformer 

        
- rtcp 
= 
winding resistance of the main transformer

        
- rf   
= 
wiring resistance between the main transformer and the auxiliary transformer 

        
- n    
= 
ratio of the auxiliary transformer

        
- rp   
= 
winding resistance of the auxiliary transformer, left side

        
- rs   
= 
winding resistance of the auxiliary transformer, right side

        
- rd   
= 
resistance of the detection module

      Examples of value:
	             n
	            1 / 0.1 à 1 / 0.5
	                5 / 0.2 à 5 / 1

	            rp

            rs
	                 0.4 à 4 

                     4 
	               0.04  to 0.2 

                        4 



- Saturation knee point voltage of current transformers.

It is generally given by the manufacturer. If not, it may be given by the following formula:



             Vc

                      
S (    (
        - rtcp) * In²


(1)



             Incc
                       

      
with:

          
S = maximum accuracy power of the reducer

          
Vc = knee point voltage

          
Incc = rated secondary short circuit current, that is 20 * In for a reducer of class 5 P 20.

Example:

S = 15 VA;
In = 5A;

Incc = 100 A;
Rs = 0,18 ;
which gives 
Vc (  42 V

5-1-2- Settings

        
- Value of the detection module resistance rd:

It must be checked that, in normal operation, i. e. when the current running in each end is less than or equal to In, no reducer is saturated. Otherwise an unbalanced current appears, susceptible of giving an alarm, as if the secondary current loop had been left short circuited.
The condition is the following:





          rs + rd

          Vc >= 1,2 * In * (rtcp + rf + rp +

 )                 



(2)






 n²

on the most resistant loop.

The value of rd can be selected among a choice of available values, e. g., for the DIFB: 

113 , 
167 , 
200 , 
250  .

We choose the highest one compatible with the equation 
(2)

-Slope - Fixed threshold  pair
Id = algebraic sum of 

the currents






D1









       Id2

       Id1






D2


Icc mini


Icc maxi

Is = sum of the current      




       absolute value

Id1 is the fixed threshold of the detection module.

D1 is the place of the points corresponding to a busbar fault, without measurement error and without saturation. In this case, Id = Is.

D2 is the place of the points corresponding to an external fault, without measurement error and without saturation. In this case, Id = 0.

 is the detection line with slope p. The relay trips f the point of co-ordinates Id, Is is found above .

Id2 is the minimal current allowing detection of a fault on the electric node. It must be lower than the minimal short circuit current Icc mini.
The parameter p must satisfy the condition:


 
1



rd


1 < 

< 1 +







(3)



p

   n² * (rtcp + rf + rp) + rs + rd

Example:

Icc min                       


= 5 kA

        


In                               


= 2 kA

         


rd                              


= 200 
        


n² * (rtcp + rf + rp) +rs 


= 100 
thus 


1 > p > 0,33

To have a good sensitivity, p must be chosen as low as possible, while keeping a margin of safety. We retain p = 0.5. 

If the chosen current threshold Id1 is In (1 A on the relay in the chosen example), the current Idf2 is 2 * In, that is 400 A on the primary side. 

5-2 low impedance differential protective relay.

Each type of relay is a special case.

Generally, the auxiliary transformer saturate before the main reducer, and in equation (3), the term         rtcp + rf + rp    may be suppressed, which make it possible to use a detection module with much lower resistance, and to obtain anyway a slope of about 0.5.
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6 - COUPLING  PROTECTIVE  RELAYS

6 - 1 - 400 kV and 225 kV substations

The couplings are protected by distance protective relays mounted head to tail. Each of them has a first zone downstream and a second zone downstream. They are set so they never operate before the line distance protective relays, which means that:

        
- the first zone is shorter, by 20%, than the shortest first zone of the close line distance relays,

        
- the first stage time delay corresponds to one selective interval after the slowest line distance protective relay, 

        
- the width of the characteristic is lower by 20% than the smallest one found on these relays,

        
- the second zone is lower by 20 % than the shortest second zone found on these relays,

        
- The second stage time delay is greater by one selective interval than the second stage time delay  of the slowest line distance protective relay.

Note: on 400 kV substations with four sets of busbars or more, special protective relays are used, supplied by the sum of the current coming from coupling and segmenting  of the busbar they protect (see fifth part, § 1-4-1 ). But the setting principle is the same.

6 - 2 - 90 kV AND 63 kV substations.

 The protective relays located on the terminals of the transformers and oriented towards the busbars trip the coupling circuit breaker. The setting principle is the same as above. However, an external time delay must be added, set to one selective interval, to trip the circuit breaker of the power transformer they protect (see fifth part, § 144). 
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7 - POWER TRANSFORMER  PROTECTIVE  RELAYS

7 - 1 - Protective relay located in  the higher voltage bay.

 It groups the protective relays against  faults internal to the transformer, to its tap changer, to its auxiliary  supply transformer, and, if relevant, to its neutral point reactor and its compensation reactor. It orders the tripping of the circuit breakers cb1 and cb2 (see the diagram after the § 73).

7-1-1- Buchholz protective relay. (see third part, § 13 )
      
No setting.

7-1-2- Earth tank overcurrent protective relay. (see third part, § 14)

The threshold of the over-current module must correspond, on the higher voltage side, to a value included between 50 A and the minimum minimorum of the phase - to - earth  short circuit currents found on the higher side and on the lower side of the power transformer. Generally, the ratio of the current transformer supplying the relay is 1000 / 5 if the higher voltage of the power transformer is 400 kV or 225 kV, and 250 / 5 if the higher voltage of the power transformer is  90 kV and 63 kV networks. So, in any cases the setting of the threshold is 1 A.

7-1-3- Over-current protective relay on the neutral point of the auxiliary supply transformers.      (see eight part, § 3)

It depends on the type of  auxiliary supply transformer. The current transformer ratio is 100 / 5. The setting of the threshold correspond to a primary value of 1 to 5 A if the transformer has no compartment, and 30 A to 50 A otherwise.      

7-1-4- Over-current protective relay on the neutral point of the lower side windings of the power transformer.

 This is a residual over-current relay, with a fixed threshold, supplied by the current running inside the reactor connected to the lower voltage side neutral point. It  generally owns two thresholds, each of them being associated to a timer. It ensures the back up of the inverse time zero sequence power protective relays located on the lines on lower voltage side. The selectivity of these two types of relay, having a different principle, is always difficult. The lower threshold is generally set to 0.1 * In.

7-1-5- Over-current protective relay on the neutral point of the higher side windings of the power transformer.

 This is a residual over-current relay, with a fixed threshold set to 0.1 * In. It sends only a signal designed to warn the operator of a steady state unbalance on the network, rupture of a jumper for example. 

7 - 1 - 6 - Stuck breaker automatic device for the higher voltage circuit breaker. (see § 3-8)

 It is activated by the tripping orders sent to the circuit breaker cb1, and coming from the higher voltage side bay as well as from the lower voltage side bay. It orders the tripping of circuit breaker framing the electric node on which the higher voltage side of the transformer is connected.     
 

 Since the Buchholz relay does not release, clearance of the fault is detected by opening the auxiliary switches of the circuit breaker. Their operating time must be taken into account in the reckoning of the selective interval.     


7 - 2 - Protective relay located in  the LOWER voltage bay.

Their goal is to clear faults on the lower voltage side link between the power transformer and the substation, and also the back up clearance of the fault on the power transformer, its higher voltage side link with the substation, and the busbars of both substations.       
 

7-2-1- Short link differential protective relay. (see third part, § 233)

It orders tripping of the circuit breakers cb1 and cb2. The fixed threshold, settable from 0.25 * In to 2 * In, is chosen lower than the minimum short circuit current of the link. The factor k is chosen equal to 25 % for the 63 kV links, and 40 % for the 225 kV links. 

7-2-2- Distance protective relay

 This relay is oriented towards the busbar of the substation located on the lower voltage ide. It trips the circuit breaker cb2.

      
- sensitivity of current thresholds.

 Depending on the position of the fault, the short circuit current may vary in large proportions, and it is necessary to ensure that, with current reducers compatible  with the maximum short circuit current, the minimum short circuit on a solid fault remains higher than the thresholds of the relay (0.2 * In to 0.5 * In) 

        
- setting of the first and the second zone (case of a 225 kV end)

The first zone of the relay backs up the busbar differential protective relay, for its own end. The second zone backs up the distance relays of the lines, for very close faults (not very useful). These zones must be selective, in distance and in time, with the zones of the coupling distance protective relays. 


- setting of the first and the second zone (case of a 90 kV or 63 kV end)        


The relay backs up the differential bubar protective relay, if it exists. Otherwise it clears the busbar faults. In both cases it trips the coupling circuit breaker, as there are no distance protective relay on the coupling. One selective interval later, it trips, through an auxiliary relay, the circuit breaker of the power transformer it protects. It must always be selective, in distance and in time, with the first zone and the second zone of the line distance protective relays. (see fifth part, § 144).
7-2-3- Distance back up protective relay.

 This relay is oriented towards the power transformer, and sensitive to all the solid and weakly resistive faults appearing on the power transformer and its both links. Its particularity is to be sensitive to the negative sequence current, as on the star - delta transformers the phase - to earth faults on the higher voltage side  make circulate on the lower voltage side no zero sequence current, but a negative sequence current. This remains practically true for the transformers YN / YN, linked to the earth by reactor on both sides. 

It operates only as a back up, and must then be elective with the Short link differential protective relay, the relays of the transformer, the busbar differential relays of the substation on the higher voltage ide, the first stages of the line close ends, and the first stage of the coupling distance relay of the same substation.

It trips the circuit breakers cb1 and cb2. 

7 - 2 - 4 - Stuck breaker automatic device for the lower voltage circuit breaker.
It is activated by the tripping orders sent to the circuit breaker cb2, and coming from the higher voltage side bay as well as from the lower voltage side bay. It orders the tripping of circuit breaker framing the electric node on which the lower voltage side of the transformer is connected. It is also disabled by the opening of the auxiliary switches of cb2.
7 - 3 - Protective relay located in  the  tertiary  winding  bay..

 The tertiary winding  cell, with a circuit breaker cb3, current transformers and a bay with an over-current protective relay only exists if a compensation reactor is installed. (see eighth part, §3). Its threshold is set to 1.5 times the rated current of the reactor.
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8 - AUTOMATic device atrs

On the EDF network, the function recloser and the function loss of voltage are grouped inside the same device, named ATRS ( see 4th part, § 5 , § 6, § 62 and 5th part, § 4). 

8 - 1 - stresses

8-1-1- Stresses due to the network.

      
- Line to be protected:

. maximum time deviation between the circuit breaker opening order  for each end,

. line impedance.

      
- Neighbouring network.

. presence of generation groups located at small electric distance,

. in the end substations, presence of structures, the behaviour of which to the short circuit current is not much higher than the maximum short circuit current susceptible of appearing in the substation,                  . maximum frequency deviation between the two separated networks for which the three - phase reclosing order by live line meshing remains authorised,

. maximum and minimum value of the voltage,






             . Choice of the rebuilding plan.
8-1-2- Stresses due to the circuit breaker.

. Opening time,

. minimum time deviation between tripping and reclosing of a circuit breaker,

. recovery time,

. performance of the circuit breaker breaking chambers, and of the capacitive voltage transformers.

8 - 2 - Settings

8-2-1- Presence of voltage on the line, and presence of voltage on the busbar.

Thi information is elaborated by the automatic device when the voltages are located in a range between the minimal voltage and the maximal voltage observed on the network in normal operation, for example between 0.8 * Vn and 1.3 * Vn.

8-2-2- Absence of voltage on the line, and absence of voltage on the busbar.

This information is generally elaborated when the voltage is less then 0.2 * Vn. However, when the circuit breaker breaking chambers have a high capacity, , they may form, in certain configuration, a capacitor voltage divider  with the capacitive voltage transformer of the set of busbar on which they are connected, allowing a higher voltage to subsist. In this case, we  will set the threshold at 0.4 for example.   

8-2-3- Dead line charging time delay.

It must be higher than the de - ionisation time of the arc, given by the formula of the fourth part, § 511. to this time must be added the operating time of the protective relays and of the circuit breakers.

This time delay must however be higher when the generation groups are located at a small electric distance of the end. Indeed, a short circuit provokes an abrupt variation in the torque that is exerted on their transmission shafts. These shafts then enter into vibration. If the fault is steady state, the reclosing provokes a second shock which may amplify this vibration and tire the shaft.

On 90 kV or 63 kV, this time delay may also be lengthened because of the  voltage recovery system chosen (see fourth part, § 6).

The times retained are 1.5 s, when there is no special stress, but can reach 5 seconds, when stresses are to be feared on the nearby nuclear groups, and 8 second on the 90 kV and 63 kV networks, when the voltage recovery system requires it. 

8-2-4- Single phase reclosing time delay.

The stress on the generation groups is not taken into account. On the other hand, during the time when the faulty phase is open, an imbalance current appear, susceptible of making the zero sequence power protective relay operate. The isolation time must then be lower than the base time of these relays. It must also be lower than the three phase tripping time by pole discrepancy, which is elaborated in an annex relaying box, and which is generally set to 2 seconds. 

We generally retain 1.5 seconds.

8-2-5- Phase deviation and slip time.

The phase deviation between the ends depends on the length of the link. At the EDF we use the following rule:


        

60 °

50 °

40°

30°

20°





10   
          25 
35 
   45 
The maximum frequency deviation admitted is 1 / 36 Hz. the slip time Tg is then linked to the angle   by: 

               tg = ° / 10

8-2-6- High speed dead line charging on a dead end line.

 Its time delay is fixed at 0.3 seconds, which gives a total time, between the appearance of the fault and the re - supplying of the customer, of about 0.5 to 0.6 seconds. This type of dead line charging is used only if:

        
- the customer thus re - supplied finds his advantage,

        
- the substation can support a high speed automatic reclosing on steady state fault. Indeed, in our standardised layout, a structure defined for a short circuit current of 20 kA, for example, supports in fact 26 kA without high speed automatic reclosing, and barely 20 kA with high speed reclosing on a steady state fault, 

        
- the circuit breaker can support the same stress. This is the case for all SF6 circuit breakers, but not for most oil circuit breakers.

8-2-7- Recovery time.

The time given to the recloser is the maximum recovery time of the circuit breaker, which depends on its age, and increased by 5 seconds, for safety. 

8-2-8- Other time delay.

They depend on the re - building systems retained. 
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