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1 Introduction

Electric motors are used extensively in Power stations and Industrial complexes to drive mechanical plant such as pumps, fans, blowers, compressors, conveyers, crushers, mixers and range in size from small kW ratings up to ratings in excess of 20MW’s.

These motors are generally 3 phase induction machines but, particularly at a higher rating, synchronous machines are often employed.

Voltages employed to drive these motors vary, generally from 380V up to 13.8kV and may be controlled by switching devices, either contactors (protected for short circuits by either MCB’s or fuses), HV motor switching devices (protected by fuses) or circuit breakers.

Protection requirements depend on the rating, type of motor and controlling device(s), the duty of the motor and also cost considerations.

The following provides information on the more significant protection requirements, the causes and effect of each abnormality and how protection can be employed to detect the condition.  Finally some particular applications are considered.

Protection devices for motors are available in several forms e.g. direct measuring types and indirect types.  Direct types include thermistor devices embedded in the motor windings to detect overheating.  Indirect types include bi-metallic strips (connected in the primary circuits) for thermal overload replica, or magnetically operated oil-dashpots providing an idmtl overload characteristic.  Finally there are multifunction relays monitoring current transformer secondary values which enable a wide range of fault conditions to be detected.

The following concentrates on multi-function relays and makes only brief reference to other devices.

2 Summary of protection Requirements

The main abnormalities that can occur that can result in damage to the motor and for which protection can be provided if required are:-

Thermal overloads

Stall or Locked Rotor

Start Limitation

Phase Unbalance

Short circuit between phases

Short circuit to earth

Undercurrent

Undervoltage

Reverse phase sequence

Single Phasing

Additional for synchronous motors:


Out of step


Rotor earth fault


Under/over-excitation


Field Failure


Loss of source supply (under-frequency or reverse power)

3 Thermal Overload

3.1 General considerations

In this section we are primarily considering 3-phase balanced overload, e.g. an overload due to mechanical output overload, requiring a torque output beyond the motors design capability.  The resulting higher than rated stator current results in excess heat within the motor and so reduces its life expectancy and eventually results in failure in services.

Overheating of the stator winding can be caused by the system voltage being reduced.  In order to maintain the same output torque the stator current increases.  This relationship is maintained with voltage reductions down to the order of 80%.  The resulting higher than rated stator current will cause overheating although the output load torque is the same.

Protection can be achieved by direct measurement (e.g. use of thermistor based devices) or indirect measurement employing a relay which monitors the stator current.  Such relays create a thermal image of the stator winding temperature, employing a current-time algorithm that mimics the heating and cooling effect on the stator winding caused by variation of the stator current.

Modern micro-processor relays are very accurate for thermal monitoring and can be set to guarantee operation for a very small excess stator current.

Heating and cooling replica characteristics can be selected to match the thermal time constants (if known) of the specific motor design.

The relay algorithms are designed to mimic the thermal response of the motor windings taking account of the effect of magnetic core losses, copper losses, a winding configuration which may result in hot spots, and the different effects of high starting currents and continuous low level overcurrents.

A problem with thermal protection provided by current operated relays is that they do not take account of overheating due to conditions such as fault cooling system (e.g. blocked ventilation ducts) or ambient temperatures above the design maximum for the motor.  Relays do not usually have automatic ambient temperature compensation.

Direct measurement devices overcome the problem outlined above but have other problems such as establishing appropriate characteristics and thermal image, also establishing the appropriate siting of the devices.  In practice, for the motor ratings under consideration, it is normal for a current operated relay to be employed.  Embedded temperature detectors are only employed as back-up protection and/or monitoring devices, on very large machines, i.e. in addition to a relay.

3.2 Characteristic Operating Curve of  a Thermal Relay


In order to protect the motor from over-temperature at high load currents, i.e. beyond the MCR up to stall current, the relay’s characteristic curve must be set within the boundary of the motor withstand current/time curve.

When a motor has been running for a period of time it reaches a steady state temperature somewhat higher than ambient and so the period for which it can carry a given overload is less than for the initial condition when the motor is at ambient temperature itself.  The motor has an infinite number of withstand characteristics depending upon the steady state conditions applying before an overload occurs.  The two extreme cases are the ‘cold’ withstand curve (from initial ambient conditions) and the ‘hot’ withstand curve (a reduced trip time for an overload occurring from initial steady state full load conditions).  Under multiple starts, re-accelerations or cyclic overload conditions the motor temperature will ramp-up and the relay thermal image must mimic this in order to provide appropriate protection.  Typical ‘hot’ and ‘cold’ curves of the inverse current time type are shown in Figure 3.2a.  Both the pick-up current and the operating time at 6x current are adjustable on the relay.

The most extreme form of balanced overload is the locked rotor or stall condition which is discussed separately below.

The motor has several conditions to cope with during normal starting and operation, i.e.

a) Starting from cold

b) Continuous running

c) Starting from hot or partially hot

d) Cold stall withstand until tripped

e) Hot stall withstand until tripped

Its withstand capabilities differ with the system voltage as outlined in section 3.1 paragraph 2.

A protection relay therefore requires different characteristics for the ‘hot’ and ‘cold’ conditions and also needs to protect against the two stall conditions.  At the same time however it must also allow a normal start-up where current equal to locked rotor value may flow for a very long time (e.g. fan drives).  In some instances it is not possible within one relay, to protect for all conditions and allow a normal start.  An example of this is where a motor may have locked rotor withstand time of less than the run-up time i.e. because of the lack of cooling that would be available if the motor was accelerating its withstand time for locked rotor current is less than the normal run-up time.  In these circumstances a speed switch monitoring device must be fitted alongside the rotor shaft.

Another feature of the motor characteristics which can be mimicked by the relay is the “hot spot” characteristic.  For a homogenous type of plant, e.g. cable, there are no hot spots and the conductor temperature varies uniformly.  However a motor is not homogenous and the temperature of different parts of the winding do not vary uniformly.  After the motor is started up direct on line the hot spot temperatures are initially higher than the rest of the copper/iron mass.  After normal running for some time all parts will reach a more uniform temperature.  The design of the motor will determine this time.  Some relay designs have an adjustable constant to take account of widely varying designs e.g. no hot spots or severe hot spots.  See Figure 3.2b.

3.3 Effects of Starting Method

Direct on line starting or other starting methods (e.g. rotor resistance or variable frequency) do not have any effect on the criterion described above provided that the relay thermal image takes account of the true RMS equivalent of the measured current.  In practice, where variable frequency soft start systems are employed, not all relays can take account of the frequency range concerned.

3.4 Thermal Overload Protection Settings

The criterion is to establish a setting that will protect the motor from excessive overload.  The motor will have a declared maximum continuous rated (MCR) current.  However the drive may be designed such that the motor normally operates at a lower current than MCR.

Account must also be taken of consecutive start requirements and locked rotor withstands, referred to below.

Normally the relay pick-up current is set to the MCR current (especially if the pick-up performance has no negative tolerance so that it will never operate for a current magnitude less than the relay setting).  The operating time at 6x rated current is set to take account of the protection and control requirements referred to in 3.2 and 3.3, the time constant of the motor and also the motor run-up and stall withstand times.

A value of 6x is chosen as the references point on the curve because this is  typical value of current drawn when an induction motor is started direct on line, i.e. with no soft start arrangement.

Figure 3.4 shows a typical curve of motor current plotted against run-up speed.

4 STALL OR LOCKED ROTOR CONDITION

This condition occurs when the motor experiences a severe overload and causes the rotor to lock or during start-up, to prevent acceleration.  During this condition the motor draws the locked rotor current which, for a direct on line start motor, is the starting current.

For large motors a manufacturer may declare the locked rotor withstand times.  These may be declared from a cold start and from hot conditions and in both cases at 100% voltage as well as maybe 80% voltage.  The latter is significant because at this voltage a motor may not accelerate from switch-on if loaded.  Motors, depending on the design, may have either the stator or the rotor as the part of the machine, which is the critical item.

The normal thermal overload characteristic of a relay can often be employed to protect the stall conditions of a robust machine.

Alternatively, by monitoring the current-time profile a relay algorithm can be employed to establish that a motor was running and has now stalled during a run condition.  Definite time overcurrent can be enabled after the run-up time to provide faster trip times compared with waiting for the thermal overload trip function.

If the motor stall withstand time, either from hot or from cold, is less than the run-up time the motor can only be protected by means of speed  monitoring.  If, after switch-on of the motor stator, the rotor does not reach an appropriate speed within the stall withstand time it indicates that the motor is not accelerating sufficiently.  This algorithm can be built into a modern numeric relay and, with an input from a speed switch to establish that a motor is accelerating or not, will provide the stall protection.

5 TOO MANY STARTS

When a motor is started direct on line (i.e. no “soft” start arrangements provided), the motor thermal state rapidly increases due to the high starting current.  If the motor is stopped soon after (e.g. due to a drive process requirement) the motor thermal state will reduce slowly since there is not likely to be any forced cooling once the rotor has stopped turning.  Although a heating time constant is sometimes specified by the motor manufacturer rarely do they specify a cooling time constant.  However a thermal protection relay will have a cooling characteristic and generally, with numeric relay, is adjustable.

If the motor is started again in a relatively short time, less than the cooling time constant, the thermal state will ramp up higher.  Rather than overstress thermally the motor it is often a requirement to provide a limit to the number of starts allowable by using the relay.  An output contact is employed in the motor control device closing circuit which locks out the close facility if the start condition is exceeded.  This could be on a “start count” basis or by establishing via the relay algorithm that a further start would take the motor thermal state into a trip condition.  Figure 5.0 shows a typical thermal ramping due to consecutive starts.

6 UNBALANCED PHASE CURRENTS

These are generally caused by the motor being connected to a source supply which is not exactly balanced, i.e. there is an amount of negative phase sequence voltage.

Negative phase sequence voltage results in negative phase sequence (nps) current in the stator.  The nps impedance is much less than the positive phase sequence (pps) impedance and therefore the ratio of nps and pps current is much higher than nps to pps voltage.

These stator 3-phase currents generate an air gap flux, which is rotating in the opposite direction to that of the motor. The flux induces equivalent nps voltages and currents in the rotor circuits, which have a frequency of approximately twice the supply frequency.

Heat produced by the nps component in the rotor is significantly higher than the equivalent positive phase sequence (pps).  This is due to the fact that the rotor current associated with pps stator current acts upon the dc resistance of the rotor circuit whereas the double frequency nps current acts upon the motor ac resistance, increased due to skin effects.  This, along with the much higher speed of nps flux rotation relative to the motor results in a much higher heating effect on the motor particularly the rotor.

A nps stator current of 1% will have a heating effect on the rotor equivalent to approximately 6% of normal pps current.

Motors are designed to operate at full MCR with, in addition, a small proportion of nps current (e.g. resulting from an nps voltage of 1%).  Above this value a motor rotor rapidly becomes overheated.

Unbalanced load (or nps current) protection is very important because any system voltage abnormality will affect every motor connected to this source of supply and can result in mass failure of motors in an industrial plant.

In a modern relay design the nps current is filtered out of the phase currents and can then be employed in various ways.

One method is to establish an idmtl characteristic based on nps current and with adjustable settings, e.g. both nps pick-up and operating time curve.

Alternatively the nps current heating effect can be added to the normal pps value as follows:-

I = √ (I1) 2 + K (I2) 2
Where I1
=
pps current


I2
=
nps current


K
=
a constant, e.g. 6X

Very rarely do motor manufacturers specify a nps withstand other than the simple statement included in the relevant National and International Standards, e.g. temperature limits are not exceeded if the motor is operated at full rated load and with 1% nps voltage applied.  Therefore it is not possible to select scientifically a specific trip setting for the nps level.  A continuous withstand of 10% nps current can usually be tolerated.  However, speed of operation for worst case conditions, (i.e. single phasing) requires a high speed trip (refer to item 7 below).

For smaller values of nps current it is necessary to introduce a time delay in order to allow transient unbalance conditions to disappear first and allow the relay to be stable.  Transient unbalance will occur during unbalanced faults on the system.

To accommodate the above it is usual to have an idmtl trip characteristic.

7 SINGLE PHASING

This refers to a 3-phase motor with voltage supply on two phases only, e.g. due to a primary current fuse operating or an open circuit conductor or phase winding.

In this operating condition the nps and pps currents have the same value.  If the motor is loaded then it is likely to stall, resulting in very high values of nps or pps.

The effect on current drawn by the motor during single phasing is dependant on the winding configuration e.g. star or delta and also the load on the motor.  However when on load the current rises considerable and could be as high as 250% of full load current.  The protection device employed must trip out the motor quickly, in a time shorter than the thermal overload function can.

8 SHORT CIRCUITS BETWEEN PHASES

Protection against short circuits is accompanied by two means, depending upon what type of switching is used to control the motor and also the design of the motor cable box.

Where contactor switching devices are employed for motor control it is necessary to provide fuses to cut-off high magnitude fault currents.  A contactor cannot break high values of fault current.

Some designs of motor cable box will not withstand an internal short circuit current of high magnitude fault current and would result in an explosion.  In these circumstances therefore a fuse is required to limit the current.

Fuses exhibit a cut-off value and the maximum peak is limited significantly i.e. depending on the fuse rating.

Where the switching medium is a circuit breaker and the cable box is adequately designed it is not necessary to provide fuses.  The circuit is then protected by means of instantaneous overcurrent protection.  However this must be set to a value which will not allow mal-operation for switch on in rush current (normally between 8 and 16 times full load rating).  Also, to ensure operation, a setting of ≤25% of the minimum fault current level is recommended.

On switch-on of a direct-on-line motor the in-rush current may be up to 16x full load current but only for a short time, e.g. 25msec.  The current then decreases to the start level e.g. 6x full load current.

To allow a reasonably low value of short circuit current setting and to therefore protect the motor from severe short circuit current damage, a time delay of approximately 50mSec can be introduced.  This allows the initial in-rush current to die down.

Alternatively numerical relays can be designed to double the pick-up setting at start-up.  So, for the running state the pick-up level could be less than the steady state start current e.g:-

Normal switch on current
=
6x FLI

Setting (normal running)
=
4x FLI

Setting (at start)

=
8x FLI

For high rated motors the current required to cause operation will be very high (e.g. 8 x FLI maybe > 2000A).  This becomes unacceptable because the fault damage is considerable before a trip is initiated.  The cost of repair or replacement justifies the use of a more sensitive form of protection, i.e. differential.

Differential protection involved positioning current transformers (c.t.’s) on the neutral end side of the motor winding as well as on the line end connections.  It is therefore necessary to provide end connections from the motor.  There is therefore a significant extra cost concerned with provision of this function, e.g. for motor neutral and connections, for the c.t’s and for the pilot wires between the neutral end of the motor and the supply end circuit breaker.

Two designs of differential schemes are normally considered:-

i) High impedance

ii) Biased

High impedance and biased differential design philosophy are discussed elsewhere in these course notes.

High impedance schemes can be slightly faster and they have a setting which is more sensitive than biased differential scheme designs.

The two schemes are shown in Figure 8.1a and 8.1b and a typical relay performance characteristics for a biased differential relay is shown in Figure 8.1c.

9 SHORT CIRCUIT TO EARTH

Earth faults are relatively more common than phase-to-phase faults due to the design of the motor.  Earth faults usually develop as insulation fails and, depending on the method of earthing the supply system neutral connection, may develop into a short circuit which results in considerable damage to the motor.

It is desirable therefore to provide a sensitive means of detecting an earth fault at the beginning of its development and to isolate the fault very quickly.  It may therefore be possible to carry out a repair in-situ rather than carry out a major repair at the manufacturers works.

Earth fault detection is generally achieved in two ways.

a) by measuring the residual current from the three phase mounted protection c.t.’s, see Figure 9a.

b) by measuring the current from a core balance c.t, see Figure 9b.

The preferred method is (b).  If the 3-phase residual method is employed, due to some residual appearing in the relay circuit at switch-on of a direct on-line start motor the sensitivity must be limited to approximately 20% of the circuit rating.  It may also be necessary to introduce a time delay of approximately 0.3 second to allow any transient to die away.  This transient current is due to the three phase mounted c.t.’s being driven into different states of saturation.

With a core balance c.t. the ratio is not dependant on the circuit rating and therefore with a low c.t. ratio of say 50/1 amp or lower, a primary operating current of less than 1 amp is often achievable.

A lower limit of setting is established by the motor circuit capacitance.  Any system fault on neighbouring circuits causes zero sequence capacitance current to flow towards the fault from the motor circuit.  The relay will detect this current and, because it is a non-directional relay, it would operate if the relay earth fault setting is set too low.

Industrial plant power system supply neutrals are usually earthed as follows:-

a)
Solid

-
maximum fault levels at least equal to a three-


or


phase fault

b)
Resistance
-
Maximum fault levels around 100 to 1200 amp.


or

c)
Isolated
-
Maximum fault current from total system zero


or


sequence capacitance, typically 2 to 10 amps.

In the case of isolated neutral systems the motor circuit relay setting needs to be carefully considered to achieve a correctly graded system, especially if a non-directional earth fault measuring function is employed.  The non-directional relay must be set above its own circuit capacitance current (to prevent a mal-tip for adjacent circuit faults) and below say 25% of the total system zero sequence fault current to ensure operation for faults on the motor circuit being protected.

If the ratio of circuit zero sequence current to total zero sequence current does not exceed 1/5 it is not possible to achieve the above criterion.  If a discriminating zone scheme is still required it is necessary to provide a sensitive directional earth fault relay on each feeder circuit.  These can then be set below the individual circuit capacitance current because they will not operate for a reverse fault.

The two differential systems described above will also operate for an earth fault but only where significant earth fault current is able to flow e.g. >20% circuit rating.

Figure 9c shows a directional earth fault scheme.

10 UNDERCURRENT OR UNDER POWER

Some drive applications are such that there is a possibility that the load on the motor may suddenly be removed e.g. a drive coupling shaft may shear or, in pump applications, the fluid being pumped may not be available and the drive is left spinning in air.

In some instances this leads to a dangerous situation either for the plant associated with the drive or for the motor itself.

To detect this condition an undercurrent measuring function is normally sufficient.  However in some instances the no load excitation characteristic of the motor circuit results in a condition where the current is not much different in magnitude than load current.  In thesse circumstances it is necessary to employ an underpower relay.

An example of this protection requirement is for submersible pump applications where the pumping fluid acts as a cooling medium as well.  The motor design is based on this criteria and if the motor is not submersed it will quickly overheat.  Usually submersible pump motors have a large no load current at low power factor and therefore an underpower relay is required.

11 UNDERVOLTAGE

There are two separate conditions concerning an undervoltage of supply source to which motors are connected.  Both result from the fact that the available output torque of the motor is proportional to the square of the terminal voltage.

T =
V2 Tm – TL


Vn

T
=
excess torque
V
=
terminal voltage Vs

Vn
=
rated terminal voltage
Tm 
=
motor torque

TL
=
load torque

The two conditions are;

(a) Undervoltage during motor running and

(b) Undervoltage at switch-on

a) Undervotlage During Running

If the voltage falls during motor running the motor current will rise by an amount depending upon the degree to which the speed of that particular motor must fall to regain a torque balance.  This general increase in the current drawn by the motors and in particular the increasing proportion of reactive current tends to reduce the voltage further e.g. due to source impedance voltage drop.  As the voltage falls certain motors (those must heavily loaded and those driving constant torque loads) will eventually stall.  In short, depending upon the level and type of motor loading, the system voltages will tend to fall further and current increase together with a complex mixture of motor and supply transformer overloading and motor stalling.

BS4999 requires that a motor be able to operate at its rating with a supply variation of +/-5% and allows an increase in temperature above its classification of 10°C for motors up to 100KW and 5°C above this rating.  BS4941 recognises undervoltage as a problem for individual motors (and motor starters) and specifies that undervoltage releases should drop out between 75% and 10% Vn with slowly falling volts. The only guarantee that can be given for these devices is that they will fall out when the supply volts collapse.  Although a time delay is not specified in BS4941 these undervotlage releases are normally slugged (time delayed) to prevent maloperation due to transient voltage dips.  This time delay is generally very short and may not co-ordinate with the system’s overcurrent protection.

Undervotlage relays can be used to provide a much more accurate and selective response to undervoltage conditions.  If the voltage falls to 80% it is more than likely that the motors will need to be tripped to prevent a system voltage collapse as motors start to stall.  It does depend on what percentage of the total load of the supply transformer is motor load.

Undervotlage, if considered necessary, can be provided on a per busbar basis rather than per motor circuit.

b) Undervoltage at Start-up

A given motor may be incapable of accelerating when the supply voltage is low e.g. 80% of rating.  As we have seen, under these conditions thermal or stall protections will trip in several seconds, whereas the fact that an undervoltage is present is indicative from the outset that the motor would not start.  BS4941 specifies that undervoltage releases should allow starting if the voltage is greater than 85%Vn but block should it be less than 35%.  Again this performance can be significantly improved upon and matched to a given motor’s capability by applying undervoltage relays which have an adjustable setting range.

c) Other considerations

When considering motor installations, continuity of production is generally very important and it becomes necessary to consider the system’s response to voltage interruptions.  Asynchronous motors act as alternators upon loss of supply and the stored electro-magnetic energy tries to main the terminal voltage.  The terminal voltage decays with time at a rate depending upon connected load and the amount of stored electro-magnetic energy.  If the supply returns quickly (e.g. high speed auto-reclose schemes) it is probable that it will be out of phase with this regenerated voltage and can result in current surges up to twice the starting current, and result in sever mechanical stressing.

Re-acceleration schemes involve understanding the type of supply interruption which is possible on a given system (e.g. fast or slow auto-reclose, automatic changeover etc), determining which loads are essential for re-accelerating and deciding upon what criteria to base the decision to re-connect.

12 REVERSE PHASE SEQUENCE

Phase sequence determines the direction of rotation and therefore a phase sequence in reverse to the normal direction will cause the mechanical drive to be driven in the opposite direction.  In some applications it is essential that protection is provided to detect this condition immediately.

The protection requirement is more generally specified for low voltage system applications e.g. 380 volt.  In these applications a voltage operate sequence detector is employed.

For other applications it is normal for the negative phase sequence overcurrent function to be employed.  Reverse phase sequence means that 100% of the load current is negative phase sequence.

13 SPECIAL REQUIRMENTS FOR SYNCHRONOUS MOTORS

The requirements for synchronous motors include all protection functions considered for asynchronous motors.  Additionally the following abnormalities/fault conditions must be considered.

13.1 Out of Step Protection

The response of a synchronous motor to an excessive load requirement or severe voltage depression is that it will probably fall out of step.  Instead of maintaining synchronous speed it falls below this and is referred to as pole slipping because the field generated by the field supply is slipping relative to the field generated by the stator supply.

This phenomenon causes severe current fluctuations in the stator and rotor circuits.

The condition causing pole-slip may only be transient (e.g. fault clearance on the associated power network, transient overload on the mechanical output).  Depending on various factors such as the insertion constant of the motor and the electrical strength of the power supply source and many others, the transient pole slipping may die away and the motor eventually pull back into step with the network supply.

Alternatively the pole slip frequency may increase and may never be recoverable even though the initial condition causing pole slip no longer exists.

The out of step condition can be detected by an impedance measuring relay, taking account of the impedance magnitude, vector position and rate of change of position.

Relays designed specifically for this condition are sometimes difficult to set, scientific calculation being difficult to establish.  Additionally, testing such a relay is also difficult.  However it is an important feature, especially for large synchronous drives, due to the costly damage to the motor and the possible effect on the stability of the power system.

13.2 Excitation System Faults

The excitation system of a synchronous drive can be compared to that of a generator and therefore the following protection functions must be considered.

a) Rotor Earth Fault

b) Under/Over Excitation

c) Field Failure

Refer to the section on Generator Protection for details of this protection.

13.3 Undervoltage for Synchronous Motors

Just as for asynchronous motors the synchronous type require protection against under voltage and also restoration of voltage out-of-phase following loss of source supply.  However, because of the synchronous motor excitation system the phenomena is different and therefore basic undervoltage relays are not sufficient.

If the supply source fails the synchronous motor is connected to the supply busbar and, depending on what size of electrical load is still connected to the same busbar, there will be either a step rise in voltage or a power reversal or perhaps even both.  Also the frequency of this supply, generated by the synchronous motor excitation and the motor inertia, will also fall from the original source frequency.  This will occur rapidly if the busbars are heavily loaded.

The protection functions which can be employed to quickly detect the loss of grid supply, are 

a) Overvoltage

b) Reverse power

c) Underfrequency

Unless power reversal is possible as a normal operating condition (e.g. with combined motor/generator sets as with pumped storage schemes) the reverse power would be the protection function to employ.  Alternatively a combination of overvoltage and underfrequency protection which can be applied quickly, without time delay, in order to isolate the motor before any auto-reclose takes place.

Reverse power needs to be time delayed to allow for normal power swings during start or run conditions.

14 SOME APPLICATION CONSIDERATION

14.1 Cost Considerations

As with most items of electrical plant, the protection finally chosen takes into account the cost of the protection and also the cost of not having a particular protection system.

A main consideration is if the protection can reduce damage to the motor in the event of a fault or abnormality, and also if it can improve the security of the power system.

Another consideration is the duty of the motor.  For emergency operation of a system (e.g. a motor needed for safe shutdown) it is not allowed that overload protection be applied.  The motor is expendable in that respect.  In other circumstances a small rated relatively low cost motor may have a duty that warrants sensitive protection to stop the process as soon as there is any abnormality.

Generally speaking however the cost of the drive, which is related to the rating, dictates the protection that can be justified.  For very small motors only a fuse, following through simple overloads; low precision/low cost/limited function relays; to the more expensive multi-function numerical relays.  The latter are normally always employed on motors connected to MV or HV supplies.  For LV motors, depending on the duty, precision multifunction relays would generally be considered for all ratings above 75kw.

14.2 Fuse Protected Contactors for Motor Control

The contactor or motor switching device is different from a fully fault rated circuit breaker.  The contactor is designed primarily for a high number of operations with relatively low fault breaking capacity whereas a circuit breaker has full fault breaking capacity.

Where contactors are employed they are protected by fuses, at l.v. sometimes an mccb is employed.  In either case the short circuit current breaking capacity of this protection device is employed to prevent the contactor from being  opened at fault currents above its breaking capacity.

The two devices, e.g. contactor and fuse, are selected such that they are co-ordinated i.e. they are chosen to ensure the required degree of protection is afforded.  BS4941 Part 1 Appendix C considers this and categorises the degree of damage allowed.  There are three categories, i.e.

a) limited damage which requires parts replacement, but no impact outside the enclosure.

b) limited damage which can be corrected by a maintenance programme (e.g. contact cleaning)

c) no damage

For large motors, particularly hv circuits, it is assumed that full co-ordination is required, i.e. no damage, because of the high cost.  Where relays are employed for motor protection the fast acting functions must be prevented from opening the contactor if they are likely to negate the co-ordination achieved by the contactor/fuse selection.

For these circuits it is normal to omit high speed, high set short circuit protection and rely on the fuse.  If the fault is unbalanced, i.e. phase-phase, the negative phase sequence protection will operate.  However this is normally time delayed and should be sufficient to ensure the fuse operates first for current magnitudes higher than the breaking capacity of the contactor.

For earth faults there are other considerations.  Because the fault may be well into the winding of the motor, or because the system maximum earth fault is limited (e.g. neutral earthing resistor), a sensitive setting is required and therefore the earth fault short circuit function cannot be omitted.

The difficulty is in establishing the difference between a single phase to earth fault and a fault involving earth and more than one phase.  If only the low level earth fault is present it is possible to trip immediately, but not if more than one phase is involved.

One solution is to delay tripping of an earth fault, e.g. for 0.3 second to allow fuses to operate should there be phase-phase fault at the same time.  Another solution is to employ a blocking feature, i.e. when the current is high block the earth fault trip and wait for a fuse to operate.

Where it is known that there is likely to be a problem the co-ordination must be plotted on grading curves, plotting the fuse operating characteristic, the breaking capacity of the contactor and the operating characteristic of the protection.  From this it can be seen if the contactor is likely to be opened at the wrong time.

14.3 Delta Connected Motors

The 3-phase winding may be connected in star or delta depending on the design of the motor.  More usually, for HV motors the connection is in star with the neutral ends not available unless specified for use with differential protection as discussed above.

For LV motors, often the star-delta method of starting is employed.  The motor has all six ends of the three windings brought out and the control system employs two contactors, one for star-up and one for the normal running condition.  In start up mode the three windings are connected in star and for normal running mode in delta.

For the delta connected motor or start-delta staring application the position of the c.t’s must be considered and its effect on the protection performance.  The choice is between connecting them in the line (or phase) connections or alternatively in the winding circuit connections.  For star connection it is the same connection, for delta connection the line current is 1.732X the winding circuit current and this must be taken into account in setting the relay or overload device.

The main consideration is for single phasing, particularly as a result of loss of a line phase (e.g. fuse operation) rather than an open circuit winding.

If single phasing occurs, the motor draws a higher current from the two healthy phases of the supply.  For star connection this condition overloads two windings equally and there is no current in the third winding.  An overload relay connects in the line connections performs correctly i.e. its current image is the same as that of the windings.

For single phasing with delta connection the relay has a current image which is different from that of the windings, i.e. because of the delta connection, resulting in a series/parallel circuit presented to the supply.  Two windings have less current than the two lines carrying current, and one winding has more current than the third line, which is open circuit.

If the overload function is to provide protection for single phasing then the conditions described above must be considered to make sure that the motor is protected.  However, for the case of multi-function relays these always have separate unbalance load protection, either by means of sensitive unbalance detection or negative phase sequence overcurrent detection.  This feature will always be sufficiently sensitive and fast in operation to ensure a trip is initiated before an overtemperature occurs due to the single phase overcurrent condition on a delta or star connected motor.

14.4 Typical Protection Schemes

Some typical schemes for asynchronous and synchronous motors are shown in Figures 14.4a, 14.4b and 14.4c.
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