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PROTECTION SEMINAR NOTES

INDUSTRIAL SYSTEM PROTECTION

DESIGN TUTORIAL – PART 1
1.
Introduction

In part 1 of this item of training we will identify a typical industrial plant network.

The one-line diagram referenced “PART 1”, copy included herewith, shows the network being considered.

The voltage levels, method of earthing, principal circuit types and the power network connections have already been established.

In anticipation of the proposed protection system design (given in PART 2) the

minimum number of c.t. secondary cores proposed has also been established already.  All that remains in PART 2 of this tutorial is to establish the relay functions considered necessary to meet the objectives and provide an appropriate level (or quality) of protection for short circuits and system abnormalities.

The trainee will be given the opportunity to complete the one line protection diagram by adding the relay function blocks in the c.t./v.t. circuits and also the proposed c.t. ratios and classifications.  Relays for a 1.6MVA circuit have already been added, for guidance.

Reference can be made to the training course notes for each plant item in order to establish an appropriate quality of protection.

In PART 2 of this item of the training course, the “PART 1” drawing will be completed and advice given on the philosophy or reasons for the functions selected.
Relay functions are identified by the ANSI reference and a list of the references required for this project is attached.

If time allows, trainees can take the opportunity of marking up the “PART 1” drawing with their protection proposals based on previous tuition for each item of plant.  This can then be compared to the proposals identified in PART 2 of this tutorial.

2.
Description Of The Network

Part 1 drawing shows duplicate 20MVA, 33/11kV feeders to an industrial plant’s main 11kV intake substation switchboard.

Also connected to this 11kV busbar are two 15MW gas turbine driven generators.  The turbines are part of a CHP scheme, providing steam for the industrial plant process and also electrical power sufficient for the plant, all except for the peak load times, when power is also drawn from the network.

The industrial plant has induction motor requirements at 11kV and 3.3kV.  A separate 3.3kV switchboard is established for this purpose since there are a number of these motor drives.

Both the 11kV and the 3.3kV systems have high impedance (eg. resistance) earthing with a limit of 100 amps per incoming circuit neutral.

Auxiliary loads (small motors, lighting, heating and ventilation etc) are required at low voltage and 3 phase, 4 wire switchboards have been established for this purpose.

3.
System Earthing

The 33kV grid network is solidly earthed, being the utility companies requirement.

At 11kV and 3.3kV, earthing resistors are proposed for each neutral  - earth connection point.

All incomer supply neutral star point will be permanently connected to earth via the earthing resistors, ie. no selective switching.  Parallel operation of generators with grid supply incomers will not result in any significant problems with circulating third harmonic because of the relatively high resistance.

A value of 100 amps/10sec is chosen because:-

· it is considered sufficient to enable earth fault protection to be chosen that will have sufficient sensitivity, can achieve selectivity, and will be cost effective.

· there will be considerable gain from the damage limitation resulting from such a low value.

· the earthing equipment required to meet the specification of 100 amp, 10 secs and 11kV / 3.3kV will be an economic solution.

At 415V, solid earthing of the neutral point is proposed in accordance with normal practice for low voltage auxiliary supplies.

4.
Operating Modes

It is proposed to operate the 15MW generators as a base load supplier, any surplus electrical power will be exported into the grid and sold to the utility.

For operational reasons and fault limitation the two halves of the main 11kV switchboard will not operate in parallel with grid supplies.  The 11kV bus section can only be closed when one of the grid supply incomers is open.

5.
Protection Objectives

A high quality of protection is expected with respect to speed, sensitivity and selectivity due to the consequences of lost production if faults or system abnormalities are not dealt with effectively.

Major short circuits (eg. phase - phase fault current of high magnitude) should be detected and trip initiated very quickly, say within 30msec, by the first line of protection wherever this can be economically justified.  High speed second line protection is not considered economically justified.

The switchgear busbars are considered to have a very high integrity design and therefore, high speed busbar protection is not considered economically justified.

Similarly, additional relays for circuit breaker fail detection is not considered to be economically justified because of the reliability of switchgear and protection systems, and the quality of the supervision schemes for tripping supplies and for numeric relays.  Numeric relays are to be specified for the measuring functions.

6.
ANSI References

The key references that are likely to be required for the proposals are as follows

27
-
Undervoltage

32
-
Reverse Power

40
-
Under - excitation

46
-
Unbalance current (or negative phase sequence overcurrent)

49
-
Thermal overload

50
-
Instantaneous phase-phase overcurrent

50N
-
Instantaneous phase-earth overcurrent

51
-
Current / time phase - phase overcurrent

51N
-
Current / time phase - earth overcurrent

51/LR
-
Motor locked rotor overcurrent

64
-
Restricted earth fault

81 O/U
-
Over / Under frequency

87
-
Differential protection:

/G for Generator

/T for Transformer

/F for Cable Feeder

66
-
Motor start limitation

81R
-
Rate of change of frequency

CS
-
Check Synchronising

7. Objectives of PART 2 of this Tutorial

· Establish and select the protection functions required for each circuit and plant item

· Establish the principal application (e.g. c.t/v.t connections, intertripping requirements etc)

· Propose c.t. design specifications (e.g. ratio/class)

· Carry out a “worst case” grading study for o/c and earth fault short circuit protection
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INDUSTRIAL SYSTEM PROTECTION - PART 2
1.
Introduction

A copy of the one line diagram referenced “Part 2” is attached and shows a solution for protection functions on each principal circuit of the network, to meet the objectives outlined in Part 1.

In addition to identifying the protection functions, employing the ANSI references listed in Part 1, c.t. ratios and classifications have been included.  The ratio’s have been selected based on the plant ratings and employing standard ratio’s.  Classifications have been established to ensure adequate performance taking account of the type of protection, functions and the fault levels.

The VA ratings have been added to complete the specification of the ‘P’ class c.t’s, although these would need to be checked after relay and c.t. wiring burdens are known.  In most cases, for numeric relays, with 1 amp c.t. secondary ratings and for relays mounted local to the c.t, then the 5VA quoted as a minimum will be more than sufficient.

Class X c.t’s are specified for the differential schemes and calculations would need to be carried out to establish the minimum knee point voltages.

A further step that has been taken is to group the protection functions into specific relays, with references such as R1, R2 etc, appropriate to a Reyrolle Protection solution.  The relay types are given as an addendum to this section of the training document.

2.
33 / 11KV 20MVA Circuits

The 33kV substation is local to the Industrial plant intake 11kV substation and therefore a combined feeder and transformer differential can be employed (87T)

Back-up overcurrent and earth fault (50/51 & 50N/51N) will provide a second line high speed protection for 33kV circuit faults as well as back-up protection for phase-phase faults in the 11kV network.

Transformer mounted Buchholz protection provides a second main protection for faults within the transformer tank.

For the 11kV side the main protection is restricted earth fault (64).  This is not shown as part of 87T (as is commonly available with numeric relays) because 11kV earth fault current is too low to employ the line c.t’s.  Also by providing a separate relay at the 11kV switchboard the protection can remain within the industrial plant.  A core balance c.t. is required, to achieve the required sensitivity.

Standby earth fault (51N) is included employing a 50/1 amp c.t. on the neutral connection.  This provides back-up for the l.v. windings, l.v. cables, busbars and the 11kV network.  50/1 is chosen partly because of economy, since a ‘P’ class c.t. automatically has an overcurrent factor (in this case P5 is chosen) there is no need to rate the c.t. at 100amp.  A ratio of 50/1 will also ensure adequate sensitivity can be achieved.

Finally overcurrent (51) is included for busbar protection and back-up protection for phase-phase faults.  Modern numeric relays can provide improved busbar protection (eg faster operating time)  by employing a blocking/unblocking scheme using the same relay.  This does not involve the cost of any additional protection relays and therefore may be economically justified.

Similarly circuit breaker fail is available within the same relay.

The complexity of the 11kV network affects the design and setting up of the unblocking scheme.  This has a cost and must be considered before a decision is made whether to employ this feature.

Check synchronising has been included as an interlock safeguard when bringing the grid on line.

3.
15MW Generators

Protection appropriate to a 15MW generator operating in parallel with the utility supply has been included as listed below:-

87G
-
Main protection for short circuits, phase-phase

64
-
Main protection for short circuits, phase-earth

51V
-
Back-up overcurrent voltage restrained type, for network

faults.  (c.t’s on generator neutral)

51N
-
Back-up earth fault (c.t’s on neutral resistor)

51
-
Back-up overcurrent for generator faults (c.t’s on the 

generator load side)

40
-
Under-excitation

46
-
Unbalance current

27
-
Under voltage

59
-
Over voltage

81O/C
-
Under/Over frequency

ROCOF
-
Rate of change of frequency

32
-
Reverse Power

4.
11KV, 600amp  Interconnector

This is a cable feeder within the industrial complex with a cable length probably no longer than 1km maximum.

To maintain high speed operation, differential is required (87F).  This can be of the high impedance circulating current type, for good sensitivity which could be useful if only a 15MW generator is connected.  The fault level is approximately equal to 5KA maximum under these conditions.  This would still be sufficient to ensure operation of a less sensitive unit protection such as pilot wire protection, which is more appropriate for feeder lengths of more than 1km.

The high impedance solution would probably detect an earth fault, particularly if there are two incoming circuits connected eg. 200amp earth fault current.  A sensitivity better than 30% of the maximum is desirable.

Function 51N provides a sensitive earth fault detection scheme operated from a core balance c.t.  The back-up would then be  on the incomers which would, under normal operating mode, shut down one half of the industrial plant supply.

Back-up overcurrent (51) is also included.

5.
3MW, 11KV Motor

This is a very high rated motor.  We have simplified this exercise by not considering the detailed specification of the motor and drive.  Only basic motor protection functions have been considered.

At this rating, limitation of fault damage on the windings of the motor is a major benefit and therefore unit differential has been included.  For this rating the motor manufacturer will probably automatically include for bringing out the neutral end phase connections of the windings, to enable c.t’s to be mounted.

The differential protection design type should be chosen to ensure good sensitivity to phase-phase faults, high speed, and stable on starting up the motor.  A high impedance scheme will fulfil these requirements.

Other protection appropriate to a high voltage direct on line start induction motor has been included as listed below.

49
-
Thermal overload

46
-
Unbalance current

51LR
-
Locked rotor overcurrent

50
-
Short circuit protection

91
-
Start limitation

50N
-
Earth fault protection (from a core balance c.t.)

Short circuits to earth on the windings can be detected quickly and with good sensitivity by employing the function 50N connected to the 50/1A c.t.  The resistance earthing system will prevent any major winding damage.

6.
11KV Bus Sections

For the Intake substation, protection is proposed in the event that the b.s. is closed and two generators and one incoming 20MVA transformer is in use.  The only function proposed is a 51, to provide selectivity between one half of the switchboard and the other (eg. for busbar faults or for back-up protection to network faults).  This will only detect phase-phase short circuits.

For earth faults, the sensitivity required (eg. less than 30 amps) would need core balance c.t’s to achieve this.  It is not possible to provide these around switchgear busbars.

For this abnormal operating mode the standby earth fault protection on the incomers and generators can be provided with a two-stage functionality.

If the bus section is closed, the first stage should operate the bus section and if the fault is not isolated a second stage will trip the incoming circuit.

Since the earth fault current is a low magnitude it is possible to tolerate the additional time-step.

For the Auxiliary Plant substation bus section, a non-auto c.b. scheme is proposed.  At this level in the network distribution it is not considered necessary to supply a selective protection scheme.  The complexity that would arise in grading overcurrent and earth fault protection for all combinations of abnormal operating modes of the two 11kV switchboards is not justified by the benefits gained.

7.
7.5MVA 11/3.3KV Transformers

The protection proposed is identical to the 20MVA, 33/11kV transformer.  The only difference in application is that the primary side earth fault protection is connected to a core balance c.t. in order to achieve the appropriate sensitivity for the 100amp earthing system.  This can be instantaneous because it does not have to grade with any 3.3kV protection, and switching transients will not result in any output current from the core balance c.t. and therefore no time delay is required.

8.
500KW, 3.3KV Motor

For this rating, it is usual to provide a fuse protected motor switching device for control of the motor.  These have some fault breaking capacity but for very high fault current a fuse is provided in order to limit the peak fault current.  This is often required to limit damage and avoid explosions on the plant, eg. motor terminal box faults.

Differential protection has not been included as the cost of this and also providing the motor winding neutral end c.t. accommodation box is an expense that cannot be readily justified.

Apart from function/device 50 (being provided by the fuse) and the differential protection, the rest of the protection included in our example is the same as for the 5MW, 3.3KV motor.

9.
1.6MVA  11/0.433KV Transformer

This rating and the transformer duty does not warrant provision of an overall differential scheme.  However the fault levels on the 433 volt side of the transformer are very high and therefore restricted earth fault is included (64).

The rating is considered to be too high to warrant employing an 11kV fuse protected switch.  This would create problems of grading with up-stream circuit protection for overcurrent, and would not allow earth fault protection to be provided due to the low value of fault current.

Provision of a numeric relay with functions 50 and 51 will allow the protection characteristic to be shaped so that it provides optimum protection and co-ordination with the 11kV and 415 volt system protection.

51/51N is also provided for the l.v. circuit.  Some engineers may have the preference to supply a 415V on - load switch (not a c.b.) and have no 51 protection.  Only 51N, and connected directly to trip the 11kV breaker.   This is obviously a more economic solution in the short term but has limitations ie:-

( there could be little or no back-up for 415V busbar faults.

( knowledge of the position of a fault is not immediately known, eg. h.v. connections, transformer, l.v. main/busbar circuits or a failed l.v. feeder?

( Flexibility for shaping the overall protection (h.v. and l.v. 51 relays) to give optimum quality of protection is limited by having only one relay.

The h.v. and l.v. 51 relays must be 3-phase type to provide effective protection.

The c.t’s for REF and standby EF must be positioned relative to the 415V 4-wire neutral conductor as shown on the one line diagram.

10.
Overall Grading

A check on the overcurrent and earth fault protection grading is made to ensure the proposed design is adequate.  This is shown on the grading curves attached.

Overcurrent protection employs i.d.m.t.l. characteristics as shown on the curves.  Due to the relatively high fault levels, fast operation is achieved for short circuits near to the point of relay measurement.

For earth fault protection, because of the low fault current, a definite time scheme has been employed.  With modern numeric relays the curves are selectable and therefore a 4-element (3 overcurrent and earth fault) relay is readily sourced which can have three i.d.m.t.l. overcurrent elements with any standard curve selectable, and also an earth fault function with definite time.

The same relay includes high-speed functions as well (50/50N).

Curves have been shown, for both overcurrent and earth fault grading, for the worst case co-ordination between the 20MVA Incomer, 11kV Intake Substation Bus Sections (overcurrent only), the 10MVA 11/3.3kV Transformer and the 3.3kV circuits. 

11.
Relay List (see attached)
11.
RELAY LIST
RELAY REFERENCE
RELAY        TYPE
DESCRIPTION
FUNCTIONS EMPLOYED

a.) 20MVA Transformer 33kv Circuit


R4
DUOBIAS M (DW2-201/2)
2 Winding transformer protection
87T; WT&B alarms

R5
ARGUS 1     (AG1-401/2)
3o/f + e.f.; i.d.m.t.l. with high sets
50; 51; 50N; 51N

b.) 20MVA Transformer, 11kv Circuit


R6
ARGUS 1       (AG1-403/4)
3 o/c + sensitive e.f.
51; 51N

R15
ARGUS 1     (AG1-103/4)
Restricted earth fault
64

c.) 15MW Generator Circuit


R1
ARGUS 1     (AG1-403/4)
3 o/c + Restricted earth fault
51; 64

R2
ARGUS 1 (3off) (AG1-103/4)    

Or B3
Differential, 3 - single element relays with wide range current settings.

Differential, with fixed setting
87G

R3
GAMMA       (GM1-201/2)
Generator protection system
27/59; 810/U; 32; 40; 46; 51V; 51N

R18
ARGUS 7     (AG1-101/2)
Check Synch
25

d.) 11KV Bus Section


R7
ARGUS 1     (AG1-301/2)
3 o/c, i.d.m.t.l.
51

e.) 11KV Substation Interconnector


R8
ARGUS 1 (3off) (AF1-103/4)

Or Solkor R/Rf
Differential, 3-single element relays

Pilot Wire protection
87F

RELAY REFERENCE
RELAY          TYPE
DESCRIPTION
FUNCTIONS EMPLOYED

R9
ARGUS 1       (AG1-303/4)
2 Pole o/c and sensitive earth fault
51; 51N

f.) 7.5MVA Transformer, 11KV Circuit


R4
DUOBIAS M  (DU2-201/2)
2 Winding transformer protection
87T; WT&B alarms

R14
ARGUS 1     (AG1-403/4)
3 o/c i.d.m.t.l. + high set o/c + sensitive earth fault
50; 51; 50N; 51N

g.) 7.5MVA Transformer, 3.3KV Circuit


R6
ARGUS 1     (AG1-403/4)
3 o/c + sensitive earth fault
51; 51N

R15
ARGUS 1       (AG1-103/4)
Restricted earth fault
64

h.) 1.6MVA Transformer, H.V. Side (11KV or 3.3KV)


R11
ARGUS 1        (AG1-403/4)
3 o/c i.d.m.t.l. + high set o/c + sensitive earth fault
50; 51; 50N

j) 1.6MVA Transformer, L.V. Side (415 volt)


R12
ARGUS 1     (AG1-103/4)
Restricted earth fault
64

R13
ARGUS 1        (AG1-401/2)
3 o/c i.d.m.t.l. + earth fault i.d.m.t.l.
51; 51N

k.) 3MW, 11KV Motor


R16
ARGUS 1        (AG1-103/4)   

Or B3
Differentials, 3-single element relays with wide setting ranges

Differential, with fixed setting
87M



R10
RHO 3           (RH3-101/2/3)
Motor System Protection
46; 49; 50; 50N; 51LR; 66

l.) 500KW, 3.3KV Motor


R17
RHO 3          (RH3-101/2/3)
Motor System Protection
46; 49; 50N; 51LR;66
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