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1 INTRODUCTION

In a power system, unnecessary tripping of a generator is undesirable because of the cost implications and the possible effect on system stability or power supply quality.  The failure to trip a generator under abnormal or fault conditions may result in expensive damage to primary plant.  The cost of such an occurrence will include the cost of repairs or replacement of the damaged machine and also purchasing replacement power during the repair period when the machine is out of service.  Abnormal conditions such as power system faults, inadvertent energising, under/over frequency and over excitation of generators must be protected against to prevent damage to generators.  This will minimise unnecessary repairs and purchasing replacement power.

A basic knowledge of the theory and operation of synchronous generators, system abnormal operating conditions, types of system faults and parameters of machines, is relevant for the application of protection to generators.  This is necessary to determine the protection required for each type of fault or abnormal condition that may arise in generator circuits, in order to protect the machine from being subjected to these system conditions beyond machine ratings.  The first section of this tutorial will briefly describe the general concepts and parameters of generators, an understanding of which is required for the adequate application of protection to generator circuits.  This will highlight the types of generators, generator equivalent circuits, short circuit behaviour, earthing practices and the connection of a generator to power systems.

The second part of the tutorial will focus on abnormal or fault conditions and the types of protection schemes applicable to generator and generator transformers.  The most common or main generator protection functions will be discussed in some detail.

This tutorial primarily addresses 3-phase a.c. synchronous generators for industrial and power grid applications, however consideration is also given to the special needs for embedded generators (eg generators in industrial networks operating in parallel with a utility supply) and asynchronous (self excited) generators.

2 SYNCHRONOUS GENERATORS – DESIGN, THEORY, FAULT PERFORMANCE, OPERATION

2.1 Introduction

A basic knowledge of the theory and operation of synchronous generators is necessary in order to understand its performance when a fault or system abnormality occurs.  The protection system features normally employed, as described later, can then be understood.

In the following, the general concepts and parameters of the common types of synchronous generator designs are briefly described and specifically those areas which affect the design and selection of protection.

2.2 Design Considerations and Theory of Operation

The principal design of a synchronous machine is based on the type of rotor construction.  Two types of rotor normally employed are Wound Rotor and Salient Pole Rotor.  Salient pole rotors are employed where large diameter rotors operating at low speeds (100 to 300RPM) are required, eg hydroelectric plant.  Wound rotor machines which have two or four poles are employed with a steam or gas turbine driven unit operating at 3000 or 1500 r.p.m respectively, (ie for 50Hz system).

A wound rotor has its winding distributed over the cylindrical rotor surface concentric with the rotor shaft.  This construction results in a uniform air gap machine.

A salient pole rotor is a simpler construction but is not suitable for the higher speeds.  It does not have a uniform air gap.

These two basic machine designs, ie wound rotor and salient pole rotor, have different impedance characteristics and respond differently to fault or abnormal conditions.  The specified technical data may be quite different between the two designs eg, reactance’s, impedance time constants, negative phase sequence current withstand, etc.

The theory of synchronous machines is covered in detail by references 1 and 2.

Rotating machines are very complex electromagnetic devices and their exact behaviour is difficult to formulate and analyse.

For correct selection and application of protection functions it is necessary to know how a generator will respond to abnormal conditions, eg such as short circuits, unbalanced current, loss of excitation, voltage or frequency excursions from the nominal values.

The response to short circuits, ie the resulting fault current, depends on the machines impedance, the pre-fault loading and the point on the a.c. voltage waveform at which the short circuit occurs.

The basic representation of a synchronous generator is by a constant voltage behind a fixed synchronous reactance, as shown in figure 2.1.

Under load conditions the values of terminal voltage (Vt) and generated voltage (E) will vary based on the change in load current (I), power factor and excitation.  When connected to a grid network with fixed voltage (Vt), variation in load current or excitation causes the power factor to change in order to equate the relationship given as:-

Vt = E – I (R + j X s)

Under fault conditions the generator responds to other reactance’s which, due to the reaction of armature reactance to the fault current, are changing over the initial period following occurrence of a short circuit.

2.3 Steady State Performance

Consider a synchronous generator operating at terminal voltage V, current Ia and lagging power factor cos (.  The general vector diagram is shown in figure 2.2.

The e.m.f. Er results from the vector addition of V and the two voltage drops of Ia R and Ia Xg.  It is generated from a flux which is the result of two fluxes, the main field flux and the armature reactance flux.  All as shown in figure 2.2.

The rotor excitation must enable the main field flux (f to be generated so that when the armature reactance flux (a is added, the resultant flux is as shown in figure 2.2.  This flux can be considered to generate an e.m.f of Ef as shown.

It can be shown that angles BOC and DOE are similar and the magnitude of the armature flux ((a = ED) is proportional to the Ix vector BC, and is proportional to (a.  Therefore the part of the phasor diagram ABC can be replaced by one phasor equal to (a. Xs.

Xs is called the generator synchronous reactance and is an empirical single reactance comprising of the generator winding reactance and the machines armature reactance.  This value can be established by test methods and, for the purpose of protection system design, is considered to be constant.

For the purpose of protection system design it is also usual to neglect the IR voltage drop since this is comparatively very small.  The vector diagram for steady state operation then becomes as shown in figure 2.3.

An important parameter is the phase angle between V and Ef, shown as ( in figure 2.3.  This is known as the rotor load angle and a relationship can be established between the power output from the generator and the machine parameters as follows:

Referring to figure 2.4, consider a generator delivering a steady state real power P at a power factor (, busbar voltage V.  Xs is the synchronous reactance, ( is the rotor angle and Xl is the system reactance between the generator and the remote busbar.

To increase the real power output it is necessary to increase the mechanical input power from the prime mover which causes the rotor angle ( to increase.

Power output = V.I. cos (
From vector diagram of figure 2.4:-

AB = 
I. X. cos ( = E sin (
I. cos ( = E sin ( 
(Where X = Xs + Xl)

        X

Therefore P = V E Sin  (

  
      X

A power-rotor angle diagram can be established as shown in figure 2.5 and is known as the steady state power angle diagram.

When the input mechanical power to a generator is increased the rotor angle increases in order for Pm to be equal to Pe as defined by the above expression, ie neglecting machine losses.  If the rotor angle approaches 90( the machine loses stability with the power network.

The above provides a simplified explanation of the basic steady state performance, ie a constant voltage (E) behind a fixed synchronous reactance both of which are imaginary but fulfil the steady state performance characteristic.

In reality the synchronous generator is a complex electromagnetic device and the exact behaviour under transient conditions and the way it performs in a power system network is determined by number of reactance factors.  Typically for a cylindrical rotor machine there are reactance’s representing a direct axis (ie the normal armature reactance axis) and a quadrature axis (ie at right angles).  The effect of these is dependent on the power factor of the output current, and the relationship between these is defined elsewhere (Ref 3).

Values are established originally by empirical design and ultimately on final testing of the generators, by the generator manufacturer.  A typical list of parameters for a 50MW generator are given in table 2.1.

Direct axis reactance’s are quoted along with time constants associated with short circuit conditions for three principal phases of operation, ie sub-transient, transient and steady state conditions.  These are explained below.

2.4 Performance Under Fault Conditions

When a generator is suddenly subjected to a short circuit across its terminals the current immediately increases from the load current to the “sub-transient” value (generally in the order of 7 to 10 times full load current).  It then decays rapidly to the “Transient” value, about 5 to 7 time full load current.  If the excitation is not changed, over the next few seconds the fault current will decay to a value below full load current, determined by the synchronous reactance.  This is the steady state fault current.

The fault current lags the generated voltage by nearly 90º and this current flowing in the stator windings causes the field to be reduced.  The internal e.m.f is thus reduced, however the concept adopted is to assume that the initial e.m.f. remains and that the current is limited by a fictitious reactance.

The design of the main field and damper windings results in induced currents which oppose the change.  The overall result is as described above, ie three separate phases of fault current magnitude with time constants which determine the rate of change from one current magnitude to the next.

For the purpose of protection performance it is only necessary to consider the direct axis reactance as these are the ones which have the principal influence under short circuit conditions.  The two values of reactance of principal interest are referred to as:

X”d = Sub-transient direct axis reactance

X’d = Transient direct axis reactance

With associated time constants t”d and t’d.

At no load the system voltage V is equal to the generated e.m.f. E, but with load current and lagging power factors, E will be greater than V.

The sub-transient reactance and transient reactance are established for no-load where V = E.  For short circuits following a load condition, the fault current will be determined by a higher voltage, eg E” and E’.

This can be calculated from the following.  Referring to figure 2.6:-

E = [(V + I X sin ()2 + (I X cos ()2]½
Where V is the terminal voltage, I is the load current and ( the load power factor prior to a short circuit.

X is the fictitious reactance which will apply for the fault condition considered eg X’d.

Example: let V = rated
I = 0.9 rated             p.f. = 0.8, for a machine with X’d = 0.18

Then E’ = [(1 + 0.18 x 0.9 x 0.6)2 + (0.18 x 0.9 x 0.8)2]½
= 1.105 p.u. volts

For a p.f. of 0.9, E’ would evaluate to 1.091 p.u. volts.

Similarly a value for E” can be calculated.

The actual fault current at short circuit is then established using this value of E, eg

If ’   =  E’   =     1.105
 = 6.14p.u

        Xd’           0.18

For protection system design and relay setting selection the sub-transient fault current If ” is not employed.  The time constant is so fast that no protection system (eg current transformer and relay) will respond to this before the fault current has decayed to the transient value.  If ” is only employed for initial dynamic withstand for electrical plant design and also switchgear closing duty (eg for closing onto a fault).

For high speed protection the transient fault current If ’ is employed.  Although the initial magnitude can be calculated employing a value of E’ established as shown above, it is normal to approximate this to 1.1p.u. voltage since the actual load conditions may not be known.  Because the time constant is relatively long compared with the high speed protection operating time, the value of If ’ can be considered constant over the time.

For slower operating protection (eg back-up protection with definite time delay or inverse time) account must be taken of the fault current decrement whereby the fault current will be determined eventually by the synchronous reactance Xs, ie a value less than full load current.  In reality however, synchronous generators are provided with automatic voltage regulation (AVR) and for the generator ratings under consideration the associated AVR equipment is likely to have a fast response and be capable of ensuring at least 2.5 x full load current is flowing.  Without AVR action the fault current would decay to a value below the full load current.

The AVR equipment responds to the zero terminal voltage following the short circuit and boosts the excitation voltage up to its ceiling value.  As the fault current is decaying, due to armature reaction and in accordance with the time constant t’d, the AVR is increasing the excitation towards the “ceiling” value.  The net result is a fault current which varies similar to that shown in figure 2.7.

The AVR specification establishes how long the excitation equipment can maintain the ceiling voltage and current.  Usually 5 to 10 secs, which is sufficient for back-up protection to operate.

A further consideration is the effect of d.c. off-set in the fault current waveform.  The amount of off-set is determined by the instant at which the fault occurs.  This d.c. content then decays in accordance with the generator time constants and can be a relatively long time before it has reduced to an insignificant level.

Although this is a significant consideration for switchgear design, for protection, the standard procedures for design of the current transformers already take this into account (eg high impedance differential protection) and in many instances, particularly for numeric relay designs, the relay only responds to the a.c. part of the fault current (due to the measuring technique), and the d.c. content has no determental affect on the relay measuring performance.

2.5 Operating Limits and Stability

The operating limits of a generator are determined with reference to a power chart as shown in figure 2.8.

This defines the real and reactive power limits.  Some parts of the chart outline are determined by limits of the current carrying parts of the generators, others by, for example, the stability limit of the generator when under-excited.

This information can be employed in setting under-excitation protection and over load protection.

The term “stability” is used to describe the behaviour of a generator and defines its ability to remain in synchronism with the power system.  Two stability conditions are considered.

a) Steady State Stability: this is the generators ability to remain in synchronism under normal operating conditions when slow changes occur in load, voltage etc.

b) Transient Stability: this is the generators ability to return to its former steady state operation after sudden load or voltage changes, eg after isolating power system short circuits, and large load swings following disconnection or re-connection of parts of the transmission system.

An indication of the ability of a generator to return to stable operation following a transient condition is the ratio 1 referred to as the short circuit ratio.


      

       Xs

The importance of protection operating time is to ensure that short circuits are isolated as quickly as possible in order to maintain stability of the remaining system.  Typically, 3-phase short circuits on the grid transmission network should be isolated in less than 80msec in order to ensure healthy generators can return to stable operation.
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DESCRIPTION
REFERENCE
REACTANCE’S AT BASE KVA AND KV

Synchronous direct axis, unsaturated
Xd
2.47 p.u.

Synchronous quadrature axis, unsaturated
Xq
2.38 p.u.

Transient direct, saturated
X’d
0.194 p.u.

Sub-transient direct, saturated
X”d
0.131 p.u.

Negative sequence, saturated
X2
0.132 p.u.

Zero sequence, saturated
X0
0.073 p.u.

Armature leakage, saturated
X1
0.114 p.u.

DESCRIPTION
RESISTANCES

Ra at 75ºC ohms/phase
0.0027 ohms

R1 p.u.
0.0013 p.u.

R2 p.u.
0.0350 p.u.

R0 p.u.
0.0344 p.u.

Table 2.1 Typical Impedance values for a 50MW, 11kV Generator

3 PRIMARY CONNECTIONS AND SYSTEM EARTHING

3.1 General Considerations

There are two basic types of primary connection of a generator.

a) directly connected to a busbar and power system network.

b) Connected via a power transformer, ie transformer isolated.

The principal advantage of the directly connected system is economy in electrical plant.  For the transformer isolated type there are many advantages, some of which are outlined in the following.

(i) A generator system isolated via a Delta/Star power transformer can adopt a method of earthing independent from the power system network and take advantage of high impedance earthing system designs.

(ii) The impedance of the transformer limits fault contribution into the grid power system and also limits fault damage for short circuits on the generator system.

(iii) Regulation of the transformer turns ratio allows more control of the generator output parameters (eg VAR’s) especially where the voltage at the grid network connection is likely to vary significantly.

(iv) When turbine-generator auxiliary plant loads are derived directly from the generator terminals, any grid power system faults will not result in the same amount of voltage depression at the auxiliary load terminals.  This enables auxiliary loads to ride through power system fault disturbances and reduces the risk of the generator tripping unnecessarily.

Generally the network connection voltage, the generator rating and the type of turbine, between them will establish which system is the most beneficial.  Diesel or gas turbine driven generators with maximum network voltages up to 22kV and maximum ratings of 25MW (eg gas turbine driven) are employed directly connected.  For higher ratings the generators are connected via a power transformer.

3.2 Typical Primary Circuit Configurations

Typical configurations are shown in figures 3.1 to 3.4.

Figure 3.1 – Directly connected generator in parallel with utility power source:

The generator rated voltage and method of earthing is dictated by the network design.  When operating in parallel with a utility power source it is usual that the utility regulations will not allow the generator to be earthed at the same time as the incoming power transformer circuit. Hence the provision of an isolator in the generator neutral so that if the generator operates independent of the utility power source an earth point can be provided.

The method of earthing shown is resistance which is typical for industrial plant M.V distribution.  The maximum current for the utility circuit is shown as 1200A and normally the generator circuit would have to be the same in order to be compatible with the industrial plant earth fault protection system design.

The protection system is relatively easy to establish because of the simplicity of the primary connections.

Figure 3.2 – Directly connected generator on island network:

The configuration shown is typical for an island system eg no connection to a power source network.  In the example three generators are shown and the system protection must perform appropriately (eg sensitivity, selectivity, speed operation etc) with either one, two or three generators operating in parallel.

Each generator neutral is earthed via a resistance which, for an island distribution system (with no long feeders over rural/urban areas) is the most appropriate method.  Neutral isolators are not provided, in order to reduce complexity, however this will mean that the value of resistance must be carefully chosen:-

a) to ensure large third harmonics do not not circulate through the neutral circuits

b) so that earth fault protection is sufficiently sensitive when only one generator is connected.

These two considerations work in opposition, the resistance value proposed must be sufficient to limit third harmonic current (determined by the third harmonic voltage) but low enough to ensure sufficient fault current to operate protection.  Significant factors here are:-

(i) the number of stages in the protection grading scheme, which is 

determined by the design of the distribution network.

(ii) The c.t ratio’s.

A further consideration is to keep the earth fault current as low as possible in order to limit fault damage.  Some island systems are situated in industrial area’s where there are regulations limiting earth fault current to a maximum (coal mining, cement plants).

Typical values for each generator neutral are from 20A up to 100A.  The major influence is the circuit ratings and/or if core balance c.t’s, with their ability to ensure more sensitive protection, can be fitted on all parts of a network which need to be included in the earth fault grading stages.  This is an important consideration and a classic example of where the network design and protection system design must be considered together at the outset.  Many existing systems have not, and installations exist with inadequate earth fault protection.

As with figure 3.1 arrangement, the protection system is relatively easy to define.

Figure 3.3 – Isolator generator, No generator circuit breaker:

The example is typical for a large gas turbine, steam turbine or hydraulic plant.  Due to the advanced technology of switchgear and reduction in size and cost, new power plant invariably is provided with a generator circuit breaker as shown in figure 3.4.  However since there is a lot of existing plant not provided with a generator circuit breaker figure 3.3 is worthwhile considering.

Power plant of this type, particularly steam plant, requires a relatively large amount of auxiliary plant to support it, during run-up prior to synchronising, when operating on line, and during any shut-down (ie normal or emergency shut-down).

Without a generator circuit breaker the unit is run-up and shut-down using the station transformer supply.  When the unit is running the auxiliaries supply is transferred to the unit transformer supply with synchro-check.

The unit and station transformers are similar in rating but, depending on the network interconnections, it may be necessary to employ different vector groups as shown in figure 3.3.

With this configuration, compared to the smaller directly connected units, the electrical system consists of several parts.  The generator transformer, generator, unit transformer and generator busbar connections represent one electrical zone.  The unit auxiliaries and station transformer circuit represent other electrical zones which need consideration.

Referring to figure 3.3 diagram, the 132kV system is shown solidly earthed in line with common practice for transmission networks.

The generator busbar system is isolated galvanically, and also for zero sequence currents via the Delta/Star generator transformer.  It is therefore possible to select any appropriate method of earthing the generator.  The method shown is referred to as distribution transformer/resistance earthed.  A single phase power transformer has its secondary loaded with a resistor and the objective is to limit the current to a very low value, if possible below 10 amps.

Tests have shown that a fault current of less than 10 amps is unlikely to cause any significant arc damage at the point of fault.

Another advantage of this method is that the resistance component of the neutral circuit impedance, if chosen appropriately, ensures that voltage fluctuations due to transient conditions (eg fault switching or ferroresonance) is damped.

A directly connected resistor would achieve the same results, however the voltage rating and ohmic value would result in a resistor which is not considered robust enough.  The power transformer voltage ratio (eg 11kV/415 Volts) and lower ohmic value (and higher current) of the secondary circuit provide a more appropriate and robust design of resistor.

Standard calculations are employed to establish ratings of the power transformer and resistor which produce the optimum fault current, voltage surge damping and stability against mal-operation of earth fault protection for system faults (due to the generator transformer HV/LV capacitance coupling).

The Unit Auxiliaries network shown in figure 3.3 as 11kV, can also be earthed independently and is shown as resistance earthing, typical for an industrial plant 11kV network.

Figure 3.4 – Isolated generator, with generator circuit breaker:

The example is identical to the previous figure except for the addition of the generator circuit breaker and a station transformer is not required.  The operating sequence of the generator unit is different in that the unit auxiliaries are run-up and shut-down via the generator transformer, with the generator c.b. open.  There is no need for a separate station transformer, only a small auxiliary transformer to provide lighting etc to allow for an alternative supply for essential services, should this be necessary (eg during maintenance of the generator transformer and generator system plant).

Comparing figure 3.4 with the previous figure we now have two electrical zones for the generator system instead of only one and this must be taken into account in establishing a protection system design.  One of the more significant considerations is earthing and earth fault protection.

For the generator, whether synchronised or prior to synchronising (eg across the generator c.b), the earthing considerations and preferred method is as discussed for the previous figure.  However, for the generator system busbar we have to consider the operating condition  when the generator c.b. is open.  For this operating condition it is normal to provide a separate 3-phase secondary winding on the protection voltage transformer with the three phase windings connected in open delta, as shown in figure 3.4.

Provision of this type of v.t. will enable earth fault detection to be applied employing zero sequence voltage measurement.  This is discussed in more detail later and it is sufficient at this stage to know that it is not necessary to provide separate earthing arrangements for the busbar system as well as the generator neutral earthing.  Provided the 3-phase v.t. consists of 3-single phase v.t’s with primary connected in star, with the neutral earthed, and having an open delta secondary winding, then the effect of the capacitance coupling to earth for each phase will result in a zero sequence voltage being generated for any phase-earth short circuit.  This allows earth fault protection to be applied using a zero sequence overvoltage function.
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Directly connected generator in parallel with utility power source

Figure 3.2
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Figure 3.3
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Figure 3.4
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4 FAULT CONDITIONS AND ABNORMALITIES AFFECTING THE SYNCHRONOUS GENERATOR THE PRIME MOVER OR THE POWER SYSTEM – CAUSE AND EFFECT, AND PROTECTION REQUIRED

4.1 Introduction

In this section the fault conditions and system abnormalities which endanger either the generator unit or the power system to which it is connected are identified.

For each fault type or abnormality the effect will be discussed and so establish whether this endangers the generator unit, the power system to which it is connected, or both.

Table 4.1 lists the fault types and system abnormalities normally considered when establishing a protection system design for the generator circuits and each is discussed in the following.

4.2 Overload

The effect of overloading the generator circuit, ie either active power or reactive power, is similar to any other item of electrical plant.  High values of load current result in over temperature of both the stator and rotor, leading to electrical insulation failure.

Serious active power overload is automatically prevented by governor settings on the prime mover (eg turbine), beyond this the generator will lose speed if the required load cannot be met by other connected supply source.  Serious reactive power overload is limited by the excitation system.

Overload, resulting in current above the rating of the generator circuit, endangers only the generator circuit plant.

Protection against overload, ie excessive overcurrent, can be indirect by means of the governor and excitation system design, or by providing specific protection such as temperature detectors or thermal replica protection using the current/time profile measurement with heating and cooling characteristic to match the generator capability.

4.3 Stator winding short circuits

Caused by insulation failure, mechanical failure or flashover across terminals.  Faults between phases result in high values of fault current to flow and rapid damage at the point of fault.

When operating in parallel with a grid source there is fault contribution from the grid network as well as that provided by the generator.  Hence this type of fault affects the generator and the power system.

The effect of phase – earth short circuits will depend on the primary circuit configuration and the method of earthing.  In many cases, either because the generator stator is isolated from the network or because the earth fault current is limited to a relatively low value, this type of fault will only affect the faulted generator.  However, failure of stator winding insulation is likely to result in a phase-earth fault developing into a multi-phase fault which is far more serious.  Design features for stator winding earth fault protection are discussed in section 5.

Stator winding phase-phase short circuit protection can be provided by differential protection (for sensitive, high speed and selective operation) and by time delayed overcurrent.  Design features for stator winding phase-phase short circuit protection is outlined in section 5.

4.4 Rotor winding short circuits

Rotor windings are usually isolated from earth and therefore, any failure of the insulation on the winding at one point only, does not result in any fault current flowing nor any problems for the generator.  If the rotor winding insulation subsequently failed at another point, there would be an interwinding short circuit.  There would be fault damage and severe vibration due to unbalanced magnetic forces.

In extreme circumstances the vibration and magnetic pull would cause severe mechanical damage to the rotor bearings and the rotor shaft.

By providing winding to earth short circuit detection the first failure can be detected and a warning raised.  Alternatively, where rotor earth fault detection is considered too expensive for the generator under consideration, a vibration detector may be supplied as the protection for rotor winding short circuits.

Design features for rotor earth fault detection are given in section 5.

4.5 Loss of Motive Power

Loss of motive power (eg turbine or engine input power) whilst connected to a grid source will result in the generator operating as a synchronous motor.  The grid connection will lose the generator’s contribution to the load demand and also would have to supply the motoring power.  For steam turbines this is typically 0.5 to 3% of the rating, for gas turbine 3 to 6% and for diesel generators 7 to 12%.

The grid source may have difficulty meeting the load demands, however the prime concern is the drive.  Steam turbines are particularly vulnerable to being driven with no steam in the turbine casing.

Reverse power protection is provided to detect this condition.

Design features for this protection are discussed in section 5.

4.6 Overspeed

Overspeed of the turbine (or engine) / generator unit can occur following load rejection, eg disconnection from the grid due to a system fault, when operating at full load.

The unit is designed to cope with this situation, in particular steam and hydro driven turbines have complex control, by-pass and shut-down systems to ensure this.  However it is often considered prudent to provide further protection, particularly for steam turbines, because of operating experience.  This takes the form of a low forward power interlock scheme which for turbine or boiler faults (many different detection systems) the generator is not disconnected from the grid until the low forward power protection operates, confirming that the shut-down/steam by-pass systems have fully operated.

Typical design features for this protection are give in section 5.

4.7 Unbalanced Current

Unbalanced three-phase current can be resolved into three separate 3-phase systems. One consisting of balanced 3-phase currents (magnitude and phase angle) with positive phase sequence (eg A-B-C), one with negative phase sequence (eg A-C-B) and a 3-phase balanced current system with zero phase sequence, ie all three phase currents have equal magnitude and have the same vector position.

The zero sequence component only exists if there is an earth fault.  For near balanced conditions the positive sequence component predominates and magnitudes up to the generator rating cause no problems.

It is the negative phase sequence component that creates a problem for 3-phase rotating plant.  It produces a reaction magnetic field which rotates in the opposite direction to the main field created by the d.c. excitation system, and to the rotor.  Double frequency current is induced in damper windings and solid rotor poles.  The magnitude of these currents are related to the amount of negative phase sequence current and the impedance to the double frequency e.m.f’s induced in the rotor.

Since the induced current is operating at double frequency, the skin effect of a.c. conduction is more pronounced and this causes the current to be concentrated at the pole face and teeth, conducting high frequency current below the rotor wedge and causing expansion of the retaining rings of the rotor.  The resulting heating of the rotor can be very severe.

The heating effect is proportional to the square of the negative phase sequence (n.p.s) current (I2) and the time it persists (t), ie is proportional to (I2)2 t.

The cause of unbalanced current can be due to normal healthy load conditions or due to unbalanced faults on the system.

Generators are designed, manufactured and tested to be capable of withstanding unbalanced current for specified limits.  It is essential that a generator has a continuous capability since it is not possible to ensure a balanced load current.

Standards for generator specifications require a manufacturer to specify the unbalance current capability.  This is in two parts.

(i) Continuous capability = I2 (cont)

(ii) Short time capability based on a constant, K where:-

   K = (I2)2 t

These values vary considerably, depending on the manufacturers design and between salient pole machines having laminated poles and heavy damping windings, compared with a large cylindrical rotor machine.  The latter type of machine is more vulnerable.

Figure 4.1 shows a typical current time curves plotted on a log-log graph base and lists typical n.p.s. current withstand values specified for generators.

Protection relays responding to n.p.s. current, with both definite time I2 (for excess continuous n.p.s current detection) and (I2)2 t characteristics, are provided to prevent the generator being damage.

Negative phase sequence overcurrent protection is provided with operating characteristics to match the two generator characteristics, eg an I2 (cont) and an (I2)2 t = k.  Typical settings are plotted on figure 4.1.

4.8 Under Voltage

Generator terminal undervoltages are caused by either grid system abnormalities, or due to a generator excitation system fault.  When operating in parallel with a grid source, undervoltage is not a likely abnormality to occur unless the grid becomes disconnected.

Undervoltage causes no problems to the generator, however it may affect the operation of electrical plant (eg turbine auxiliaries) and motors may stall.  Protection is therefore included to detect this condition for the benefit of the grid network and the generator auxiliaries load.  This takes the form of a single or double stage definite time under voltage measurement protection function.

4.9 Over Voltage

Overvoltage endangers the integrity of insulation and also results in overfluxing of the generator and local transformer (eg Generator step-up transformer and Unit Auxiliaries transformer).  As with undervoltage this condition may be caused either due to grid system abnormalities or due to the excitation system (eg when in island mode).  

Protection against overvoltage is often provided as part of the excitation control system, however it is normal to provide separate protection to initiate a generator trip when excessive overvoltage persists.

Protection is provided in the form of a single or double stage definite time / instantaneous overvoltage measurement protection function.

4.10 Under Frequency

Whether considering an island system or a generator connected to a grid network, a significant reduction of frequency from the rated value would be due to failure of the governor control system to respond to an increase in load, or that the prime mover cannot meet the load demand.

This has an effect on the performance of the load (eg motors) and can endanger the prime mover.  A steam turbine may only be able to operate at a lower frequency for a very short time before some damage results to the turbine blades.

Electrical plant may also suffer from over excitation due to the voltage/frequency ratio being increased.

Under frequency protection is usually provided by a voltage transformer connected protection function with variable frequency setting and definite time operating characteristic.

4.11 Over Frequency

The causes and effects are similar to under frequency except that over excitation does not occur.

Over frequency protection is usually provided by a protection function with definite time operating characteristic and is normally included as part of the same feature as under frequency.

4.12 Over Excitation

Generators are operated successfully at rated KVA, frequency and voltage level within specific limits; deviation in frequency and voltage outside this limit can cause thermal dielectric stress which can cause damage in seconds.  Over excitation due to the voltage/frequency ratio being increased is a deviation for which monitoring and protection needs to be considered.  An automatic voltage regulator provides an integral voltage/frequency restraint function to prevent overfluxing protection during run-up and run-down.  In addition to this however, external overfluxing protection is often provided based on the size of the machine, in the event of failure of the excitation control system.

Sudden loss or interconnection to a grid network may result in a rise in voltage and may cause over excitation of a generator if its excitation control does not respond properly.  

Self excitation can occur in generators due to the opening of some remote circuit breakers on long transmission lines if the charging admittance at the generator terminal is greater than the quadrature axis admittance (1 /Xq).  The positive feedback nature of the voltage regulator control may cause a rapid voltage rise.

For these reasons, particularly on large rated units, some form of over excitation protection is provided in addition to the AVR system control protection.  This can be provided by voltage/frequency ratio measurement protection function with two stage definite time/instantaneous operating characteristic.

4.13 Under Excitation

Under excitation is caused by faults on the generator voltage regulation system eg the AVR.  The AVR is designed and set up to ensure the correct amount of excitation of the rotor in order to ensure either the terminal voltage (for island operation) or the power factor (for grid connection) is as required.

Generator excitation levels are controlled by the AVR system in response to load and system voltage variations.  When operating in parallel with a grid source, any serious loss of excitation of the rotor will be compensated by the generator stator absorbing a reactive current from the grid network.  The generator will operate as an induction generator.

This has three principal effects which can jeopardise either the network or the generator.

(i) the generator stator may be overloaded due to the high stator current

(ii) the grid system may not be able to provide the large reactive load, 

resulting in a severe voltage depression at the generator terminals and possible instability at the grid network connection.

(iii) The rotor may be overheated due to induced a.c. current from the stator.

Although excitation faults can be detected by the AVR equipment, separate protection is normally provided.

This can take the form of a relay monitoring the level of d.c. voltage/current (ie for a slip ring rotor machine) or the more common method of monitoring the stator impedance which changes significantly when on load with no excitation of the rotor.

If the change in impedance coincides with a severe voltage depression (eg with island systems and with only a small number of generators, or a very large generator connected to the grid), rapid disconnection is necessary.

Design features for this protection function are discussed in section 5.

4.14 Pole slipping

The term “pole slip” is used to describe when a generator loses synchronism with the grid supply.  This is normally due to a short circuit on the network taking too long to detect and disconnect, but can also be due to a power transfer imbalance.

During a close up 3-phase fault the generator instantaneously loses its ability to deliver load, the unit speeds up and is likely to lose synchronism with electrically remote grid connected generators.  On clearance of this fault the generator will attempt to pull into synchronism due to a synchronising torque between the grid voltage and the generators internal e.m.f.

If the synchronising torque is large, the generator rotor angle will increase beyond the point of stability and the generator will slip a pole.  During this slip the stator and rotor currents reach very high values and endanger the generator as well as jeopardising the stability of loads and other generators connected to the grid.  One pole slip can be tolerated but if the generator does not recover stability the condition must be detected and the generator disconnected.

The impedance loci measured at the generator terminals can be predicted for the pole slip condition and an impedance measuring relay with appropriate characteristic employed to detect this condition.

Design features of a typical protection measuring/detection system is outlined in section 5.

4.15 Inadvertent Circuit Breaker Closing

If there is an operator error and the generator circuit breaker is closed inadvertently, ie generator unit not running and no excitation, the machine will start and accelerate as an induction motor.  The circuit will draw a large current as a direct on line start motor.  This can affect the system (eg a significant voltage dip) and also endanger the generator and prime mover.

Protection is provided by a simple logic scheme involving monitoring of the breaker position and the generator stator voltage and current.  If the circuit breaker is closed with no generator terminal voltage present prior to closing, the protection operates.  High current measurement can be employed to confirm the fault condition.

4.16 Loss of Grid Coupling

Generators which are part of an industrial complex network operating in parallel with the grid are generally referred to as embedded generators.  They are part of the distribution network and operate either to supplement the power from the grid or, as part of a combined heat and power scheme, may be installed as private generation selling electrical power to the local utility.

In these circumstances there is the possibility of a fault on the grid network resulting in the generator being left isolated.  It is highly probable that the generator will be left with a load imbalance between the governor setting and the connected load at the instant of disconnection.  Depending on the amount of local load, the generator may be seriously overloaded, or in other circumstances may suffer full load rejection.

The generator/prime mover will generally be protected for any resulting over/under voltage, under/over frequency or overloading conditions.  However another concern is if the grid network’s faulty circuit is provided with delayed auto-reclose in which case the grid supply may be re-instated out of synch with the embedded generation.

Another undesirable possibility is that the embedded generator may continue to supply a load connected to the grid with no system earth.  Figure 4.2 shows the primary circuit configuration for the operating conditions described.

If the electrical conditions at the common point of connection do not change immediately after loss of grid (eg voltage, frequency, phase angle, active power or reactive power) it is not possible to detect this condition.  However it is unlikely that none of these parameters will change.

Methods of detection include rate of change of frequency (ie if the power demand increases or decreases) and voltage vector phase angle shift.  If loss of grid coupling protection is required (eg, it is mandatory for UK utility connections) one of these methods is usually included in addition to under/over voltage and under/over frequency.

Further discussions on this subject are included in section 8 – Special Considerations for Embedded (or Private) Generation.
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Table 4.1
Abnormality/Fault Types

Figure 4.1
Negative phase sequence capabilities and protection features

Figure 4.2
Loss of grid coupling conditions

Abnormality/Fault
Possible effect, power network, generator plant or prime mover

Overload
Generator and prime mover

Stator winding short circuit
Network and generator

Rotor winding short circuit
Generator

Loss of motive power 
Network and prime mover

Overspeed
Prime mover and generator

Unbalanced current
Generator

Under voltage
Network

Over voltage
Network and generator

Under frequency
Network and prime mover

Over frequency
All

Over excitation
Network and generator

Under excitation
Network and generator

Pole slipping
Network and generator

Inadvertent circuit breaker closing
Network and generator

Loss of grid coupling
Network and generator

Table 4.1 – Abnormality/Fault List

5
PROTECTION DESIGN FEATURES

5.1
Introduction

We have already considered a number of fault or abnormal operating conditions for which protection is required in order to protect the generator, its prime mover, or the grid network.  Protection functions normally provided to detect these fault conditions have been identified.

In this section, details are given of typical performance characteristics for a number of the more complex protection functions.

5.2 Stator Differential

All unit differential schemes are based on the current differential principle employing a 3-phase set of current transformers (c.t’s) at each end of the unit protection zone.  For generator differential this requires c.t’s to be mounted in the neutral end phase connections as well as the line end phases.

There are two basic designs of protection relay system generally available from relay suppliers, one is the biased differential scheme and another is the so called high impedance scheme.  Both are designed to ensure that for high values of current flowing through the unit scheme, the possible difference in behaviour of the two 3-phase sets of c.t’s will not cause mal-operation of the protection.

The biased differential scheme employs the bias principal to increase the difference current required to cause a trip, in proportion to the through current.  With no through current the operating level is sensitive.  With high value of through current, a large differential current is required to cause operation.  A typical biased differential relay characteristic is shown in figure 5.1 and the relay circuit configuration is also shown.

High impedance circulating current principles are employed for a number of schemes (eg busbar differential, reactor differential, restricted earth fault) and is discussed in other sections of the protection course.  The relay design is very simple and economic, however external components are usually employed to establish the appropriate stability, setting and overvoltage protection of the c.t. and relay wiring.  This protection can be designed to be very sensitive and extremely stable.

a) Stability

The high impedance principle is outlined in figure 5.2.  This diagram shows how the relay circuit is designed to establish a protection setting voltage (Vs) for a relay operating current of Ir.

Rstab is a calculated value of resistance required to establish Vs at current Ir.

Vs is calculated on the worst case assumption that one c.t. in the differential balancing circuit is completely saturated and the other has no degree of saturation.  For this condition the saturated c.t. acts as a low burden equal to its secondary winding resistance.

Vs is calculated employing the maximum transient fault current (eg I’d).  From figure 5.2:-

Vs = I’d (Rct + 2Rl)

With this arrangement, for any case of mis-match of excitation current between two balancing c.t’s there will not be sufficient voltage generated to operate the relay.

Transient fault current associated with generators has high values of d.c. component which takes some time to decay, c.t’s soon enter saturation levels of flux density.  For in-zone faults therefore the relay must operate quickly before either of the c.t’s reach saturation levels.  To ensure this the c.t. knee point voltage is designed to be at least twice the relay circuit setting voltage, Vs.

b) Sensitivity

The primary operating current/phase will be established from the sum of several components, eg:

Ir = relay operating current

Ie = c.t. excitation current of each c.t. at Vs 

Ish = shunt resistor current

Inlr = non-linear resistor current

The shunt resistor Rsh can be added and the value chosen to increase the primary operating current as considered necessary.

c) Overvoltage Protection

The non linear resistor, Rnlr is included to limit the relay circuit voltage to a safe value (eg 3kV peak) if high values if in-zone fault current occur.  Instead of this being forced through Rstab, creating high voltage spikes, Rnlr passes a higher proportion of the c.t. secondary current and thus limits the peak voltage.

Calculations are carried out to ensure optimum and safe values for the primary operating stability voltage and power withstand ratings of the resistors.

5.3
Stator Earth Fault

a) Directly Connected Generator

For directly connected generators, restricted earth fault (high impedance) will provide a sensitive, selective and high speed detection scheme.  This is supplemented with standby earth fault protection to provide a current/time graded detection scheme.  See figure 5.3.

The current/time relay would be an i.d.m.t.l. relay if the generator is solidly earth but for resistance or reactance earthing a definite time relay is more appropriate because of the low value of fault current available.

In the example shown in figure 5.3 the generator neutral end phase connections are commoned within the generator.  It is not necessary to have these brought out if stator phase differential is not considered to be economically justified.

If the earthing resistor limits the current to a very low value, eg 50amps or less, it may be necessary to employ a core balance c.t. at the line end in order to establish a low ratio c.t. and so achieve a very sensitive setting for the restricted earth fault protection.

b) Transformer Isolated – 90% Protection

For a generator transformer isolated unit other solutions are possible.  Figure 5.4 shows a typical primary circuit configuration described previously in section 3 of this tutorial.

The protection proposed here consists of a sensitive instantaneous current relay and over voltage relay as back-up.  These can be set with sufficient sensitivity to detect an earth fault any where on the generator system and covering 90% or more of the generator startor windings.

c) Transformer Isolated - 100% Protection

For very large generators (eg >200MW and >13.8 kV), 100% winding protection is often considered essential, ie detecting insulation failure at the neutral end of the generator windings including the neutral itself.

There are two principal methods of achieving this requirement.  One is by monitoring the amount of third harmonic current generated at the line end phases.  The other is more complex and involves injecting a lower frequency signal onto the nominal frequency voltage profile and monitoring the current to earth.

The most commonly employed method is the third harmonic detection scheme.  It is an undervoltage scheme (eg 27TN).

A healthy generator establishes a third harmonic component voltage in each phase, the value of which varies with load condition.  These three phase voltages are all in phase and therefore a third harmonic voltage appears across the primary of the neutral earthing transformer.  This voltage decreases for an earth fault in the generator winding.  As the fault position approaches the neutral, the third harmonic voltage across the primary of the neutral transformer decreases until, for a fault on the neutral, V3 = 0.

For the 90% protection, using the fundamental frequency overvoltage function 59N, the voltage is zero for a healthy circuit or neutral to earth short, and a maximum for a terminal or line conductor earth fault.

For the 100% protection, using the third harmonic undervoltage function 27TN, it is the opposite – maximum for a healthy circuit or a fault on the generator line end and zero for a fault at the neutral end.  The protection function is therefore an undervoltage feature and must respond only to third harmonic frequency.

5.4 Back up Protection for Phase-Phase Short Circuits

a) Directly connected generator

When a major short circuit occurs the fault current profile, as discussed earlier, decays from the sub transient value to the transient value and then is dependent on AVR action.

Without full AVR response, the fault current may decay to a values less than full load current.

Any time/current graded scheme provided for short circuit protection, either as back-up to differential or as the main overcurrent protection, must take account of this possibility.

The protection feature normally provided for detection of this condition is a voltage controlled or voltage restrained scheme.  The relay must be supplied from c.t’s in the neutral end in order to obtain coverage for generator faults.  If the neutral phase connections are not brought out then c.t’s on the line end bushings would have to suffice.

For generators over 5MW ratings the arrangement shown in figure 5.5 is typical.  This also shows the relay operating characteristic for a voltage restrained relay.  Both i.d.m.t.l and definite time are shown.

An alternative characteristic which is easier to grade with system protection is a voltage controlled version.  With voltage restrain the characteristic I/t curve changes linearly with voltage (eg between 20% and 100%).

However with a controlled version the characteristic changes to another position when the voltage falls below the set value.

Conventional i.d.m.t.l o/c (51) is included for the line end to provide back-up protection for a fault on the generator circuit, supplied by the parallel grid source.

b) Transformer Isolated Generator

Generator isolated systems are normally associated with grid connections into a transmission system and not a utility or industrial plant distribution network.  There is no need for accurate current/time grading of back-up protection when connected to a transmission substation busbar.

In these circumstances an impedance measurement function is more appropriate, having a two-stage definite time characteristic.

Figure 5.6 shows the circuit arrangements and the relay characteristic.

Stage 1 is set to operate for phase-phase short circuits 50% or less into the generator transformer, with a short time delay.

Stage 2 is set to operate for phase-phase faults beyond stage 1 and well into the grid network supply but with a relatively long time delay, eg 2.0 secs (before AVR ceiling voltage time limit.

5.5 Rotor Earth Fault

As described earlier, rotor windings are invariably insulated from earth and the protection provided, if considered economically justified, is arranged to detect a first point of failure.

This usually requires access to the generator rotor winding through a brush/slip ring connection.

Two schemes are outlined here, one where both poles of the d.c. supply can be accessed through two brushes and one where there is only one brush provided by the generator manufacturer for the purpose of earth fault detection.

Figure 5.7 shows the two arrangements.

Item a) shows the potentiometer method, requiring access to both poles and allowing the fault position to be more readily identified.

Item b) shows the single brush arrangement, usually associated with rotating excitation generators, the brush being provided for earth fault protection only, ie a low current carrying design requiring very little maintenance.

The system can be arranged for “on demand” by applying the brush occasionally and noting the response, or a permanently connected brush and employing a definite time delay characteristic for raising an alarm when an earth fault occurs.

5.6 Reverse Power/Low Forward Power

Both these protection functions require a power measuring feature which is very sensitive.  Speed of operation is not important but dependability and sensitivity are.

The power measuring protection must respond to 3-phase power at very low power factors because under the operating conditions it is possible that the generator will draw a large reactive current component at the time the low forward power or reverse power conditions apply.

Reverse power is for loss of prime mover driving power, and the sensitivities required are of the order of 0.3% to 1% for steam or gas turbine prime movers.

For low forward power, where a prime mover will have been shut down and the generator left connected to the grid waiting for the relay to operate, again the sensitivity required is quite low, eg 0.5%.  Not until this value has been reached is it certain that the prime mover has been fully shut down and that there is no risk of overspeed.

To achieve the accuracy of power measurement at these very low values of power and power factor, it is necessary to consider the accuracy class of the c.t. and possibly selecting a c.t. ratio to match the generator rated current.  For a generator with full load stator current of say 1865 amp at 11kV it would be normal for the design engineer to select standard c.t. ratio’s of 2000/1 amp,  However it may be necessary to provide a non-standard ratio of 1865/1 in order that the relay setting relates exactly to the generator rating.

Alternatively, particularly for multi-function numeric relays with c.t’s common to the sensitive power measurement and the short circuit protection, the relay can be calibrated to take account of c.t. errors and thus ensure that the power sensitivity operates correctly.

5.7 Loss of Field (Under Excitation)

The protection design feature commonly employed to detect this condition is the circular mho relay characteristic.  This employs a voltage reference and current reference (ie single phase) and has an off-set circular impedance characteristic in the negative reactance axis.  Figure 5.8 shows a typical relay characteristic with two stages of protection.

The impedance circle off-set can be set at different values and the diameter can also be set.

Figure 5.8 also shows the change in stator current vector from the healthy condition to the fault position.  The effect is more pronounced between heavy load conditions and light load.

A typical protection system for a large generator will consist of two time delayed circular mho stages, one set for light load and one set for heavy load, the latter stage operating faster.  In addition, an undervoltage logic may be AND gated with the circular mho measurement and if both operate simultaneously the generator is tripped instantaneously.

5.8 Pole Slip

The protection design feature most appropriate to detect this condition is an impedance relay with characteristics as shown in figure 5.9.

This employs a circular mho relay, similar to loss of excitation and impedance back-up protection, but in this case it is on the X axis as shown, and is provided with impedance “blinders”, ie the straight lines which ensure operation only when the impedance vector of the stator current passes through the operating zone.

A pole slip that is going to stabilise may cause the impedance vector to enter the measuring zone, possibly pass through, but will eventually return to a normal load position.

A pole slip that is not going to stabilise will result in the impedance vector passing through the detection zone more than once.

The relay can be set, taking account of the grid source and generator impedance’s, the point of connection of c.t. and v.t. references and the number of pole slips that can be tolerated.
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6 PROTECTION SYSTEM DESIGN AND RELAY SELECTION – TYPICAL SOLUTIONS

In establishing a quality of protection which is considered appropriate for a particular generator circuit, many different aspects must be considered:-

· Primary circuit configuration

· Generator operating modes

· Costs

· Effect of long shut downs

· Importance of maintaining a supply to the load

It is not possible to identify and qualify all these aspects in this tutorial, however in figures 6.1 to 6.3, three different applications are dealt with and the following summarises some salient points.

Figure 6.1 – Directly connected generator, high voltage, low rated, base load operation, parallel connection with grid supply.  Typical rating of 2MW.

The diagram shows the primary circuit configuration for only the generator circuit and not the parallel circuits.  It could be an “island” system (eg parallel operation with other generators of the same rating or similar).  Alternatively the generator could be on a busbar with a parallel connection to a utility grid source.  This may affect the final selection of protection functions and the relays, when taking account also of the design of the system neutral earthing resistor and the operating modes of the generator.

The generator is a relatively low rating and does not have any neutral end phase connections.  The c.t’s for protection must therefore be at the line end.  It is not possible to provide phase-phase differential protection.

Phase-earth differential is provided by employing a c.t. on the neutral-earth connection, balanced with phase c.t’s on the line end.

When operating in parallel with another generator, the protection will be selective for phase-earth short circuits but possibly not for phase-phase faults because there is no phase-phase unit protection.

Relay 51V provides time/current graded phase-phase short circuit protection for faults either on the generator or on the busbar/network parallel generators.

Relay 51N provides time/current graded back-up protection for earth faults on the generator circuit or any other part of the network.  Both the restricted earth fault (64) and the back-up or standby e.f. (51N) protection sensitivity range will accommodate a high resistance earthing system.

For this rating of generator (eg 2MW), and in consideration of the parallel operating mode/base load requirement, other protection proposed is as shown on the line diagram figure 6.1.

If the parallel connection is to be a grid supply, the utility would require “Loss of Grid Coupling” protection at the common point of connection, eg either the generator, a bus section or the grid incomer circuit to a common distribution busbar.  This requirement can be met by rate of change of frequency protection (81R) and included as part of the generator protection package.

Figure 6.2 Directly connected generator, high voltage, high rated, base load operation, parallel connection.  Typical rating in the range of 5 to 15MW.

The considerations are very similar to the previous example except that in this case phase-phase differential (87) can be provided because the neutral end phase connections are available for accommodating differential protection c.t’s.

It is also more appropriate to employ c.t’s in the neutral end phase connections for other protection functions eg 32, 40, 46, 51V.  With this arrangement the protection employs only the generated (or absorbed) current to determine the fault and not current fed from the system.  For devices 32 and 46 there is little benefit but for 40 and 51V there is, both for the condition when the generator is connected to a parallel source and also with the generator circuit breaker open, ie prior to synchronising.

With c.t’s on the neutral end being employed for 51V, additional back-up protection is desirable for generator circuit phase-phase faults supplied from the grid.  A voltage controlled relay is not necessary and device 51 is included.

If the neutral earthing resistor allows sufficient fault current to flow then 87 will provide adequate main protection for an earth fault on the generator, with 51N as back-up, with the generator c.b open or closed.  If however a high resistance system earthing design is employed, a separate differential e.f. scheme (64) with a core balance c.t. will be required in order to achieve the required sensitivity.

The circuit connections shown in this example includes for an economic solution with one 3-phase set of c.t’s in the neutral end phase connections employed for 87 as well as for 32, 40, 46 and 51V.  This then allows a single numeric relay to be employed having all the functions required.  Except for function 51V, the rest are employed for different, independent fault conditions and therefore the quality of the protection is not reduced.  However, function 51V can be considered as a back-up protection for 87 and therefore a common mode failure (eg the numeric relay) would mean there is no back-up protection when the generator c.b is open, prior to synchronising.

The protection limitations are no different than the arrangement of figure 6.1 (because 51V is at the line end) and in both cases the protection may be considered adequate for the run-up prior to synchronising condition because   short circuits generally commence as or include phase-earth, and function 51N is active for this operating condition.  But for a protection system failure (c.t., auxiliary supply or relay) again there is no back-up.

With modern numeric relays the monitoring and supervision provides a high degree of security and would indicate if the protection system was not available.  During run up, prior to synchronising, the protection would be being monitored by the operators and therefore there is little chance of a fault with no protection being available.

If however there is concern over the possibility of a single system failure, a duplicate system, operating from separate c.t’s can be provided.  The overall increase in cost of duplication is not significant.

Finally, because of the higher rating of this example (eg 5 to 15MW range) the generator is likely to be provided with a single brush for gaining access to the rotor in order to monitor earth faults.  Function 64R is therefore included.

Figure 6.3 – Transformer isolated generator, with a generator circuit breaker, for base load generation.  Typical rating of 50MW.

Transformer isolation is employed for high rated generators connected to a utility grid system.  The benefits and reasons for isolation have been discussed earlier and can be summarised as follows:-

· Generator rated voltage is independent of the network

· Limitation of the fault current

· Limitation of voltage dips at auxiliary plant terminals

· Voltage/power factor control

When operating connected to the grid, each of the principal electrical zones is provided with at least two protection systems for detection of a phase-phase or phase-earth short circuit.  The principal electrical zones are:-

· The generator and connections up to the generator circuit breaker

· The generator circuit breaker busbar connections

· The unit transformer

· The unit transformer l.v. network

· The generator transformer

· The generator transformer h.v. network

In this example, the high rating and cost of loss of revenue as well as the plant costs, allow a high degree of quality of protection.  This is reflected in the protection system design proposed, although full duplication of some of the functions has still not been included.

All the abnormalities and fault conditions discussed in this tutorial are included.
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7 SPECIAL CONSIDERATIONS FOR ASYNCHRONOUS GENERATORS

Asynchronous generators (often referred to as induction generators) require special considerations.  Generally they do not need many of the protective features required by synchronous generators.  They are of particular interest because of the increase in private generation following the change in legislation which has encouraged co-generation with the electricity authority.  The increase in the use of combined heat and power systems has resulted in some further use of induction generators.

A major feature is that induction generators do not have any on board excitation system and do not contribute any fault current into a short circuit, ie after the first few milliseconds.  An additional feature concerning induction generators, especially those which do not have capacitors for self excitation, is that they will not generate if the parallel grid is lost.

Large ratings are now available eg, a specific example for a UK steelwork is a 16MW set.  The generator is driven by a turbine employing the exhaust gas of a blast furnace.

Again, therefore, it is necessary to consider different categories of rating and application.  Figures 7.1 and 7.2 show typical recommended relay packages for two categories, ie:-

7.1 Directly connected, high voltage, high rated induction generators.

7.2 Directly connected, high voltage, low rated induction generators.

Figure 7.1

Differential (87), reverse power (32), thermal overload using a current profile thermal replica  (49) or RTD’s on the generator, are all recommended.  Also current unbalance (46) is recommended.  

These recommendations are for the same reasons as employed on a synchronous generator.  Instantaneous overcurrent (50) provides back-up to the differential relay for faults on the generator.  If set correctly it will not mal-operate when connecting the generator, after speed matching to the system frequency.  A typical switch-on transient will result in a peak current in at least one phase of up to 8x the rated current, but would decay very quickly, eg in less than 4 cycles.

Instantaneous earth fault (50N) is also recommended, to provide the sensitivity required for low earth fault current.

Undervoltage (27) is recommended, to trip the generator following severe voltage reduction.  This is measured at the busbars and not the generator line terminals.

Figure 7.2

This shows the recommendation for lower ratings, eg a 2MW generator, where differential protection has not been included compared to the higher rated example.

At lower ratings, eg 2MW and less, it is unlikely that the neutral end phase connections will be available for mounting c.t’s, to operate the differential protection.

8 SPECIAL CONSIDERATION FOR EMBEDDED (OR PRIVATE) GENERATION CONNECTED TO A UK UTILITY DISTRIBUTION SYSTEM

Requirements for connection of embedded generation to a public electricity suppliers network in the UK are specified in Engineering Recommendations G59 (for generators up to 5MW) and G75 (for above 5MW).  These include guidance on all principal considerations that need to be made when designing the plant.

Engineering Technical Report number 113 (ETR113) has been prepared and issued as a companion to G59 to provide guidance on how the protection requirements therein could be met.  This document not only includes reference to minimum power system protection requirements, but also guidance on all related aspects, eg stability, fault levels, synchronising, interlocking, earthing, etc.

The table attached is an extract from the above documents and lists the minimum protection required for generators up to 5MW.

Above 5MW, each system has to be considered independently.

Generator Protection – References

1 C.B. Gray: “Electrical Machines & Drives Systems”, first edition 1989

2 Guile, A.E. & Paterson. W. “Electrical Power Systems”, second edition, 1977

3 IEEE Tutorial; “The Protection of Synchronous Generators”1995

PROTECTION REQUIREMENTS FOR PRIVATE GENERATOR OPERATING IN PARALLEL WITH ELECTRICITY BOARDS NETWORK

PROTECTION REQUIRED FOR
PERMANENT PARALLEL OPERATION
SHORT TERM ‘TEST’ PARALLEL OPERATION

(5 MIN MAX)

ELECTRICITY BOARD NETWORK
HV GENERATORS
LV

GENERATORS
HV GENERATORS
LV

GENERATORS


NO EXPORT
EXPORT
SMALL
MEDIUM
LARGE
NO

EXPORT
SMALL
MEDIUM
LARGE




<150kVA
150-250kVA
>250kVA

<150kVA
150-250kVA
>250KvA

Under/Over Voltage & Frequency
(
(
(
(
(
(
(
(
(

* Loss of Mains (1)
(
(

(
(
 




Overcurrent
(
(
(
(
(
(
(
(
(

Earth Fault
(
(

(
(
(

(
(

* Reverse Power
( (2)
( (3)


( (3)





*Directional Overcurrent (3)
(
(


(





* Neutral Voltage Displacement
(
(


(
( (4)

( (4)
( (4)

* Parallel Limit Timer
-
-
-
-
-
(

(
(

NOTES:

(1)  Protection for generator – see 5.3

(2)  Sensitive Relay              )  see

(3)  Optional                         )  also

(4)  Optional for o/h systems)  5.4.1


· PROTECTION REQUIRED
*     These Protections not required for asynchronous generators

EXTRACT FROM ETR113

GENERATOR PROTECTION








