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TRANSFORMER PROTECTION 

Paul V Smith, VA Tech Reyrolle - Protective Gear Applications

Abstract

The Power Transformer provides the basis for the efficient transmission and distribution of electrical energy. It is one of the most efficient devices ever designed by man and provides a vital part of any power system. Therefore, the choice of adequate protection for each type of power transformer is essential. Variations in the size, design, cost and use of each power transformer dictate the most appropriate choice(s) of protection to use.

The rating of Power Transformers vary from a few kVA to hundreds of MVA. The application of protection to the smallest rated transformers will be limited to simple HRC fuses whilst the larger transformers will have an array of high-speed protection devices.

When applying any protection device it is necessary to have a thorough understanding of the equipment being protected. A brief summary of the basic theory and design of power transformers is included. The types of transformer faults encountered, and the factors affecting their magnitude are discussed. The application of protection devices, to specific transformers is then considered.

The penultimate section is devoted to the application of the biased differential characteristic of the Duobias M transformer protection relay for a typical power transformer. 

Finally some practical failures and limitations of current transformer protection schemes are discussed with some possible solutions offered.

1
INTRODUCTION

The correct application and setting of protection equipment is essential for the efficient operation of a power system. As individual power transformers have increased in rating the chance of a transformer fault causing serious interruptions to supply, and subsequent loss of revenue has increased. The continuity of supply to the customer is therefore of paramount importance in effecting the profitability and regulatory duties of the power system utility. The prime measure of performance for utilities is now lost customer minutes.

If protection equipment is unstable or is not set correctly, false operation may occur which will erroneously disconnect the supply to the consumer. Therefore transformer protection equipment must be correctly engineered and set to ensure optimum system performance.

For completeness, a brief physical description of the power transformer, and its basic theory of operation are included.

2
BASIC THEORY OF POWER TRANSFORMERS

The power transformer consists of a shaped core of laminated silicon steel around which insulated copper conductors are placed. This structure is enclosed in a steel tank usually filled with mineral oil as a cooling medium. The steel core provides an efficient path or circuit for the magnetic flux to flow, as it is a high resistance to limit eddy current core losses while being of high magnetic permeability to allow high flux densities to occur without saturation. 

Low resistance electrical copper windings reduce heating losses. Each of HV and LV phase windings is located on separate limbs so that the magnetic flux linking each is theoretically identical. Some flux does not link both windings and this is termed the leakage flux. By deliberately varying the amount of leakage flux at the designed stage, the transformer the impedance may be varied. This design parameter is important as it contributes to losses of the transformer but also limit the level of through fault current the transformer can supply   

The arrangement is illustrated in figure 1.  

The power transformer is designed to convert the alternating voltage and current levels of electrical energy flowing in a power system. The basic relationships between the voltages, currents and turns should be understood. Figure 2 shows these quantities on a single-phase basis. Levels of voltage, current and number of turns on each winding, can be derived by making some assumptions.

The levels of voltage and current, can be established by assuming their are no losses such as iron and copper losses. The electrical power input (V1  x  I1 ) to the transformer will therefore equal the power output (V2  x  I2 ) and hence:  

V1 x I1 = V2 x I2, V1 = I2

    V2
 I1
The equation linking the current in each winding and the number of turns can be found, by assuming no leakage flux.  As both windings are wound on the same core the flux linking each winding is identical and hence the ampere-turns driving the flux must be balanced. The relationship is  

N1 x I1 = N2 x I2, I1 = N2

    I2
 N1
Equating the above
equations

V1 = I2 = N1
V2   I1    N2
The above holds true to a reasonable level of accuracy under normal load conditions as the losses tend to be small.

The Transformer on no load will draw a small magnetising current (less than 0.5% of full load current) necessary to energise the core and set up the alternating flux. The no load losses are made up of core losses due to eddy current induction and hystersis.

When the transformer becomes loaded the flux density remains essentially the same and therefore the iron loss is independent of the load carried. The reason for this is the primary and secondary ampere turns act in opposition. The copper losses associated with the resistance of the windings are obviously proportional to the square of the load current. Figure 3, shows a cross section of the laminations of one limb. The long thin laminations contribute to making the transformer efficient by minimising eddy current losses in the core.

The core and copper losses tend to be very small in relation to the transformed power producing a typical efficiency of between 90 and 98%. The power transformer operates at its maximum efficiency when the iron (core) and copper (winding) losses are identical. This maximum efficiency normally occurs in the 90 to 98% range of the transformer rating. Therefore, transformers running very lightly loaded contribute significantly to total losses of the power system.

3
TYPES OF TRANSFORMER 

In Britain the two main types of power transformers encountered are the two/three winding and auto-transformer. Figure 4 indicates where these types of transformer are found in the power system.

Two or three winding transformers can have windings connected in star, delta or zig-zag. The auto-transformer consists of a single HV winding with a LV secondary voltage tapped off. Power Transformer windings are used as a convenient point to earth the power system. At higher system voltage the neutral point of the star winding is usually solidly earthed, to aid the detection and clearance of earth faults, to limit over voltages and reduce danger to human life. Sometimes a zig-zag connected auxiliary earthing transformer is added to the delta side of a power transformer to allow a path for the circulation of earth fault current. 

An impedance, such as a resistor or reactor( Petersen Coil) may be added to the neutral connection. The earthing resistor is used to limit earth fault current to around the value of maximum load current. The Petersen coil is used to extinguish arcing earth faults on rural networks.

Figure 5 shows a two winding star delta transformer with an auxiliary earthing transformer and neutral earthing resistor.

Figure 6 illustrates a solidly earthed auto-transformer, that are typically used as Supergrid Transformers when stepping up or down to or from 275kV or 400kV. Auto- transformers are used where the voltage step ratio is 3 to 1 or less, as it provides a more economic solution.

4
TYPES OF EARTHING

As the power transformer provides a convenient earthing point, system earthing is briefly covered.

System Earthing is divided into two categories namely non-effective and effective earthing. The categorisation depends upon the voltage rise of the healthy phases under an earth fault. The method of earthing is extremely important in the correct choice of protection functions to apply.

4.1
Effective Earthing

Solid and low impedance (e.g. resistance) earthed systems are usually considered effectively earthed if during a phase to earth faults the voltage to earth of healthy phases is below 80% of nominal line voltage. The ANSI standard states a three phase system is effectively earthed if the ratios of zero sequence to positive sequence reactance is less than three and the zero sequence resistance to positive sequence reactance is less than one.  

This method tends to be used at higher voltage levels where insulation and plant protection is the major concern.

4.2
Non effective earthing

Reactance, (i.e. Petersen coil), high resistance earthing and insulated systems are included in this category. These methods all limit the level, extinguish or remove the possibility of earth fault current from flowing. Systems are subjected to high over voltages when an earthed phase occurs, and equipment must be designed with this in mind. The system can be run with permanent earth faults for long periods of time and therefore are particularly suitable for lower voltage distribution networks in rural areas.  

Changing over from effective earthing to non-effective often highlights the weaknesses in system insulation levels, and is therefore carried out in stages.

5 
APPLICATION OF PROTECTION TO POWER TRANSFORMERS

When applying and designing relays for the protection of transformers the following points must be considered:

· Line currents present on either side of star-delta transformers will differ in phase and magnitude. The magnitude of the HV and LV currents are corrected by the transformer turns ratio.

· Any sudden change in the voltage applied to the transformer will produce an inrush magnetising current into or out of one winding. This can occur when energising a previously disconnected transformer or when the system voltage recovers following the clearance of a system fault. The inrush current arises because the core saturates when temporary over fluxing occurs. Figure 5 depicts the typical magnetising inrush current produced at switch on. 

· Delta connected windings do not provide a zero sequence path for the flow of earth fault current when an earth fault occurs on the delta side. This has implications when designing biased differential protection.

· Tap changers used for voltage regulation purposes cause the turns ratio to vary and hence the voltage and current magnitudes to vary.

· The transformers winding reactance can form a resonant circuit with the capacitance from a connected length of underground power cable or overhead line producing a condition called ferro-resonance. This can have an impact on the settings applied to transformer protection relays to ensure stability under non-fault conditions. Two types of ferro-resonance exist, permanent and transient.

6
TYPES OF TRANSFORMER FAULT AND ABNORMAL CONDITIONS

Transformer faults tend to be rare in relation to the total number of system faults, but tend to be more varied in type. Sustained high level faults can cause considerable damage to the transformers that are very expensive to rectify. Fires and explosions resulting for the slow or non-clearance of heavy faults may cause considerable damage to other substation plant. 

External short circuit faults cause electro-magnetic attraction or repulsion between conductors. These forces exert great mechanical stress between windings, conductors and clamping arrangement. The mechanical shocks and stresses from external faults, can result in a secondary internal transformer fault.

Figure 7 indicates the location of the most common electrical faults associated with transformers. 

6.1
Earth Faults

As previously discussed the flow of earth fault current is dependant on the presence of a zero sequence path to allow fault current to flow. The ampere-turn balance between primary and secondary windings must be maintained.  The magnitude of the transformer earth fault current, is dependant on the method of earthing, the impedance of the winding, the transformer connection (star or delta) and position of the fault on the winding. Solidly earthed transformer windings have only their winding impedance to limit the earth fault current.

Additional impedance can be added to the zero sequence current path by the use of earthing transformers and resistors. In this case the earth fault current is usually limited to roughly the value of load current. Earth faults are the most common type encounter on transformers.

6.2
Phase Faults

Phase to phase or three phase faults do not flow through the earthing arrangement and therefore are limited by winding impedance only. The value of winding impedance is deliberately designed into the transformer to limit the maximum short circuit current. This is achieved by designing the leakage reactance i.e. flux which does not link both primary and secondary windings to give the desired short circuit level, however this results in a small drop in efficiency under load conditions. Generally Bucholz Surge and Highset Differential relays will operate to clear these faults within 120ms (i.e. operating time of the protection device and the circuit breaker).

6.3
Inter Turn Faults

Inter turn faults often occur in the HV winding due to degradation of winding insulation usually caused by voltage doubling at the HV terminal. The Voltage doubling occurs when a steep wave-front voltage (i.e. due to lightening or switching) wave is incident upon the step in characteristic impedance occurring between transformer connection and winding. 

The inter-turn short circuit faults cause localised extreme hot spots to occur as the faulted turns allow a large current to flow. The hot spot results in gradually more and more turns being incorporated as the fault burns through the winding insulation.

The inter-turn faults can be self-sealing as the oil immersion and flow can provide sufficient insulation to seal a weak spot in the insulation.  Often the fault between turns will only be present for a short period after switching operations due to transient over voltage.

The long term loading factor associated with a particular transformer has a large bearing on the insulation life expectancy, due to heat induced chemical degradation of the winding insulation.

The Inter-turn fault is the most common initial type encountered on power transformers and if only a small number of turns are shorted the fault may only be detected by the analysis of the gas collected by the Bucholz Gas device. 

New methods are now becoming available for fast detection and isolation of this type of fault using differential relays and permanent discharge gas analysers. Often major damage and repair costs can be avoided by detecting the inter-turn fault prior to a breakdown in insulation to earth.

6.4
Core Faults

This type of fault has two main causes. Firstly a breakdown in the insulation between silicon steel core laminations, and secondly a second transformer earth fault point occurring due to the build up of debris or a breakdown in the core bolt insulation. Both cause excessive eddy currents to flow and subsequent hot spots formed in the transformer core. These faults tend to be incipient in nature and cause a gradual deterioration in transformer performance before developing into an electrical fault due to over heating and insulation failure. Oil and gas analysis is necessary to detect this problem at an early stage.

6.5
Tank Faults and Cooling Failure

Leakage of transformer oil can occasionally cause flashover between windings and end connections if degradation of the insulation exists. For the transformer to function at full rating the cooling system must be fully operational. The type of cooling system installed is dictated by the duty and rating a transformer is being designed for. Smaller distribution transformers may be naturally cooled (ONAN - oil natural air natural). Large transformers have forced cooling with the oil being pumped through cooling fins and fan assisted air forced over the cooling fin surface (OFAF - oil forced air forced). The largest rated transformers have directed oil forced through ducts in the windings (ODAF – oil directed air forced). The forced cooling allows the iron and copper used and hence the cost to be minimised. 

Failure of the cooling system results in a much lower allowable rating for the transformer.  A 60MVA normally rated transformer may only be rated at 30MVA if the oil pumps fail. For periods of heavy loading this may result in difficulties in operating the power system and loss of supply to some customers.

6.6
External Faults     

Sustained external faults must be cleared before the thermal rating of the windings is exceeded. External earth faults provide an acute case of this where an earthing transformer with limited short time rating passes earth fault current. Often an earthing resistor is added to limit the earth fault current, as it extends the short time rating of the earthing transformer.

6.7
Over Fluxing

Over fluxing is often caused by poor regulation of voltage that leads to a sustained over voltage condition. The peak flux in the transformer core can be established by the integral of the voltage waveform applied. This can be simplified to the following:

(=    E    
        k f T

Where,




M – peak flux density



E - induced voltage in the winding

k - a constant

f  - system frequency

The above equation, dictates an Over Fluxing condition can occur if the ratio of voltage to frequency exceeds a predetermined value. Transformers can withstand and are rated for a certain level of continuous over fluxing. The usual designed continuous withstand for the power transformers is 1.05p.u. on full load and 1.10p.u. on no load.

The condition causes stray flux to circulate outside the normal magnetic circuit and into the non-laminated transformer tank. This stray flux induces eddy currents causing overheating in the tank. Typical V/f trip characteristics applied to transformers is inverse in shape, as the condition causes a gradual overheating.

Over fluxing conditions also produce a high proportion of harmonics in the primary current waveforms with the odd harmonic levels being particularly pronounced. This fact is used by some transformer protection relays to detect this condition, however choosing a setting is difficult as the amount of 5th harmonic present for a given level of Over fluxing varies greatly from transformer to transformer. Figure 7 shows a typical line current waveform of a three limb core type transformer with a 1.4 p.u. overvoltage applied. The characteristic harmonic “finger print” is rich in 5th harmonic with third being suppressed. Shell type and five limb core type transformers allow a greater level of third harmonic to be present. 

An Over fluxing V/f inverse characteristic or dual DTL function is advisable when the transformer is installed in a part of the system where the application of sustained over voltages are likely. Typical examples are long transformer feeder circuits under light load conditions, generator transformers, major load rejection and inadequate reactive compensation. Voltage and frequency control on the UK Power supply systems tends to be very accurate with V/f type protection only required on generator and generator transformers. The Duobias M relay has inverse and dual DTL V/f tripping characteristics. The inverse is used when the over excitation withstand characteristics are known, and the dual DTL when they are not. Figures 

6.8
Tap Changer Faults

The tap changer equipment is an integral part of most power transformers. The tap changer provides automatic regulation of secondary voltage, regardless of the loading conditions, by varying the ratio of primary to secondary turns. The tap changer can itself become faulty due to flashovers, selector or divertor failure, contact failure, mechanical failure or burn out of divertor resistors.  Tap changer faults often occur as a consequence of poorly carried out or inadequate maintenance. 

7
TYPES OF PROTECTION

7.1
Electrical Protection

7.1.1
High Impedance Differential

The High Impedance Differential scheme is an application of Kirchoffs First Law. This states that current flowing into a node must balance with the current flowing out. By locating current transformers on all connections to the transformer where current should normally flow a balanced state should exist. When a fault occurs, the currents flowing in and out of the normal current paths will not balance and it is this difference which operates the differential relay. The high impedance name is derived from the fact that resistance is added to the relay leg to prevent relay operation due to CT saturation under through fault conditions. The voltage setting calculation is based on the worst case where one CT fully saturates and the other balancing CT does not saturate at all. A full explanation of the setting procedure will be discussed in a later lecture on busbar protection.

High impedance differential protection is suitable for application to auto transformers as line currents are in phase and the secondary current through the relay is balanced to zero by the use of CT’s ratios at all three terminals. High impedance protection of this type is very sensitive and fast operating for internal faults.

Figure 8 shows a typical high impedance protection as applied to an auto- transformer.

The schemes to protect large auto-transformers are now starting to use biased differential relays instead of high impedance relays as the extra facilities of numerical products are recognised. Self-supervision, fast operation and communications facilities are advantages protection users are now recognising in the newer numerical products.  Figure 9 shows an approved National Grid Company Scheme. The Duobias M is being used as the only main protection relay on a 1000MVA Super Grid Transformer. 

7.1.2
Biased Differential

The Biased Differential relay is similar to the high impedance scheme, as the principle is to balance primary and secondary currents. Earlier schemes used interposing current transformers to correct for star/delta and CT ratio mismatch.  In modern digital Biased Differential relays the functions carried out by interposing C.T.’s are incorporated into the relay software settings. 

Modern relays such as the Duobias M offer an integrated approach to transformer protection. Functions such as circuit breaker fail, restricted earth fault and highset differential are include in this relay. 

An interesting condition arises when the transformer is not loaded, as no bias current is available. Over fluxing conditions combined with low or no load, have been known to cause false operation of biased differential relays, if the attenuation of harmonics is insufficient. 

Figure 10 shows the biased differential protection and characteristic applied to a star delta transformer.

Operation of the biased differential relay depends on the differential current | I1 - I2 | exceeding the bias current | I1 + I2 | /2 required by the bias characteristic for operation. The bias characteristic is variable so that it is applicable to a wide variation in transformer designs and configurations.  The bias slope is set to stabilise the protection for the small differential currents that are measured due to the position of the tap changer and CT errors under through fault conditions. 

Figure 11 illustrates the biased differential settings available on the Duobias M relay; the lines marked in red are the most commonly used.

Section 8 details the setting of the biased differential characteristic for a typical installation. 

7.1.3
High and Low Impedance Restricted Earth Fault

Restricted Earth Fault (REF) protection can be applied to star or delta windings. It detects earth faults within its zone, i.e. the line CT’s and neutral CT for a star winding. The principle of operation and setting is identical to the high impedance scheme. 

Figure 12 shows REF protection applied to both sides of a star delta transformer. As indicated in Figure 13, a greater percentage of the winding protected by using REF than biased differential. At a fault setting of 15% of rated current, the REF protection allows fault coverage twice that of a biased differential relay (from any manufacturer). As earth faults are the most common type of transformer fault REF should be applied wherever possible. Figure 14 shows the complex nature of fault current with winding position for a solidly earthed star winding.

Low impedance type REF protection is now becoming available. This uses a

-3Io x IN Cos ( calculation for operation and is suitable for resistance and solidly earthed transformer windings. The advantage of this method is the input to the relay from the neutral CT can also be used for backup earth fault protection and transient over voltages do not occur for internal faults.   

7.1.4
Over Fluxing/Excitation

Over fluxing is caused by sustained system over voltage that saturates the transformer core.  Over fluxing could also be caused by low frequency but in practice this does not occur, as generator protection under frequency elements would trip before it becomes a problem to transformers. Figure 15 shows some of the main causes of this system condition.

The excess flux produced leaks into parts of the transformer that are not designed to have flux circulating in them. The eddy current losses increase dramatically when over fluxing occurs. Any non-laminated part of the transformer may experience localised heating due eddy current I2R loss.

Over fluxing relays operate by comparing the ratio of voltage to frequency (V/f) to the nominal V/f ratio. Transformers exhibit and inverse tolerance to over fluxing. The V/f ratio quantity determines the resulting flux density and hence the extra heating effect produced by leakage flux

Alarm and trip settings based on the transformer withstand curve allows the transformer to be disconnected before any damage results. Power transformers can withstand over fluxing conditions for a limited period is dependent on the design and thermal withstand characteristics of the transformer. Transformers are normally rated for a minimum of 1.1pu over excitation on no load and 1.05pu on full load.

The extent of overheating due to the eddy currents from the stray flux circulating in the non-laminated transformer tank depends on the design and cooling system/ambient temperature.   

Figure 16 indicates where the stray flux occurs and the resulting overheating.

Generally over fluxing relays are only applied to generator transformers in the UK power systems, where the likelihood of an over voltage and hence over fluxing condition arising is greatest. The terminal voltage of the generator can exceed normal levels if the automatic voltage control system of the generator malfunctions. Outside the UK over fluxing protection is more common on all types of power transformers as voltage regulation through the system tends not to be as dependable.

Some transformer protection relays use the content of 5th harmonic present in the waveform to detect and trip for over fluxing, however it should be noted that if CT saturation occurs odd harmonics can also be produced by the CT itself. The recommended use of 5th harmonic is to use it as an extra restraint quantity to stabilise the differential relay for over voltages when sensitive settings are chosen. This is shown on Figure 17.

Figure 18 illustrates the over fluxing measurement from the V/f ratio and the generation of harmonic currents.  

The Modular II Duobias M has dual definite time delay and inverse trip characteristics as illustrated by figures 19,20 and 21.

7.1.5
Over current and Earth Fault

Over current and Earth Fault relays are used to provide backup protection on larger power transformers and main protection of smaller rated transformers.

The backup protection Over current relay for larger transformers is fitted to the supply side of the transformer and uses the inverse definite minimum time (IDMTL) delay characteristic to detect fault current. When this element operates it trips the load side breaker and starts a time delay that is set longer than the circuit breakers operate time. This allows the load side circuit breaker an opportunity to clear the fault. If the fault persists after the time delay has elapsed the Over current relay then trips the supply side breaker. Note a fast reset time for the IDMTL element is required, so that fast reset of timing out is achieved, when the fault current is cleared by operation of the LV circuit breaker. 

A difficulty in setting the IDMTL relay is sometimes encountered. Firstly the relay setting is required to be set above the maximum emergency load rating of the transformer with a setting of 200% of rating sometimes being necessary. Secondly a large time setting may be required on the IDMTL characteristic in order to grade the “downstream” backup Over current relays and fuses throughout the system.

Instantaneous highset elements are also provided by modern Over current relays and are used for fast clearance of heavy faults on the supply side terminals. 

Backup or standby earth fault protection is often applied to the earthed neutral of larger transformers. The relay usually provides backup to restricted earth fault relays. The relay can use a DTL or IDMTL characteristic depending on a number of factors, such as earth fault impedance and system arrangement.   

Fuses protect small distribution transformer, up to hundreds of kVA. These fuses provide limited protection to the transformer and are mainly used to protect the power system.

Slightly larger transformers may have supply side circuit breakers installed. In this case over current trips or over current and earth relays are provided. 

7.1.6
Rough Balance 

This type of protection uses a three pole IDMTL over current relay as a differential relay. It is often applied to three winding transformers where the winding reactance is such that fault levels downstream of the LV windings are significantly reduced. As the fault levels are low application of LV over current protection is impractical because adequate grading is not possible. Therefore an overcurrent relay with balanced sets of HV and LV CT’s is set slightly above (130%) the level of secondary differential current present under maximum load. This type of arrangement provides both differential and overload protection.   


7.1.7 Thermal Overload

A power transformer will heat up to an excessive level if the load current exceeds the rating of the transformer or the cooling system develops a fault. A hot spot in the supply side winding will develop during the transient heating cycle. The hot spot is the part of the transformer that has the shortest thermal time constant and will reach maximum temperature first. If the hot spot is protected the rest of the transformer will also be protected thermally. Winding Temperature devices (below), resistive thermal devices (RTD’s) and more recently thermal tracking algorithms in numeric protection relays are now developed to increase the level of protection against an overload event.

Particularly in hot climates, the forced cooling of transformers is necessary to allow the transformer to operate at full rating. Often this coincides with periods of heavy loading from desalination plants and air conditioning. Thermal overload is therefore an essential function in hot environments to prevent the insulation overheating and reduction in transformer life expectancy.

The winding temperature device and cooler failure provide a limited protection against sustained overload and overheating. It is advisable to use a thermal image type overload protection function of the numerical transformer protection relay such as Duobias M.
Figure 22, 23 and 24 show causes of overloading, effects of overload and a typical week of load cycle. Figures 25 and 26 show the thermal rise of the oil and winding hot spot respectively. Figures 27 and 28 show hot and cold thermal curves used in the Duobias M relay to protect the transformer.

7.2
Electro Mechanical Protection

Power Transformers can be fitted with winding temperature and Buchholz oil and gas protection devices (if an oil conservator is provided) and oil pressure diaphram.

7.2.1 Winding Temperature

The winding temperature instruments consist of two thermometers mounted in oil at the top of the transformer tank. Each thermometer receives compensation by means of a heating coil that derives its current from CT’s mounted in the HV and LV bushings. Compensation is required because the large volume of oil has a greater thermal time constant than the winding it is protecting. This means a fault on the winding will be at a much higher temperature the oil surrounding it when an over load occurs. Each temperature device is calibrated so that the compensation results in a very accurate measurement of winding temperature. These devices control the forced cooling system as well as providing alarm and trip outputs.

7.2.2  Bucholz Oil and Gas

The Bucholz Gas and Oil surge device is depicted in figure 29. The Duobias M can be used to flag operation of the electro-mechanical devices. The blocking diodes are used to segregate LED indications and provide a direct trip path if supply to the Duobias M is lost.

The Bucholz relay consists of two hinged gas filled vessels enclosed and suspended in the transformer oil. The device is connected to oil pipes between the top transformer and the conservator. Both vessels act as floats and are held in equilibrium by stops. The Bucholz relay is capable of detecting all internal faults.

The upper Gas device operates for faults that will gradually develop inside the tank. The gradual fault produces gas bubbles that rise through the oil and collect at the top of the Bucholz enclosure. As the gas displaces the oil the vessel rotates and drops allowing the mercury switch to close the circuit and a Bucholz Gas alarm to be signalled. The gas will then be sampled and analysed to find the cause of the fault.

The Bucholz Oil surge device operates for heavier faults than the Gas device. The surge of oil produced when a heavy internal fault occurs, rotates the vessel clockwise, which closes the mercury tilt switch. The output produced trips the supply and isolates the transformer.

7.2.3 Dry Gas Analysers 

Recent developments to aid the detection of incipient inter turn faults and other partial discharges, are the Gas Analyser such as the Hydras unit. This device is capable of analysing the breakdown gases produced when partial discharges occur and is permanently connected to important system transformers. 

8
TYPICAL APPLICATION OF BIASED DIFFERENTIAL PROTECTION       

This section deals with the setting of the biased differential protection of the Duobias M relay.  This relay provides an integrated solution to the protection of power transformers. The relay includes biased differential, differential highset, HV and LV restricted earth fault and circuit breaker fail, vector group compensation, current magnitude correction and indication for both electrical and mechanical trips.

In order to select an appropriate ratio for line CT’s and set the relay correctly the following transformer information is required:

· MVA rating

· HV and LV line voltage

· Tap Changer Range

· Percentage Impedance

· Details of Earthing 

· Vector Grouping

· Maximum Magnetising Inrush Current (if possible)

The biased differential protection is to be applied to a typical Grid Transformer with the following details:

30MVA, 132/11kV, +5 to -15%, Z=16 to 14%, YNd1 - 30(, Peak Magnetising Inrush  Current = 6 times rating

Figure 30 show this information pictorially.

In the UK it is normal to use 1A rated CT’s.  Therefore both HV and LV CT’s should be selected to have as close to 1A as possible flowing in the secondary side under maximum load conditions. This ensures the differential relay has maximum sensitivity to faults. 

The respective HV and LV load currents can be calculated as follows:

HV I LOAD =         30MVA         = 138.12A

LV I LOAD =  30MVA 

= 1574.6A


       (3 x 132kV x 0.95



     (3 x 11kV

Suitable CT ratios would seem to be 200/1A for HV and 1200/1A for LV.

However the tap changer range will result in the flow of spill current under load conditions when the tap position is at the end of the range. To limit this effect the balance point is chosen at the midpoint tap position i.e. 95% so the HV load current.

8.1
Biased Differential Settings

The Duobias M has internal current amplitude and vector group correction of the secondary currents.  These settings are discussed below.

a)
Current Amplitude Correction

This is used to finely tune the line CT ratios so that almost no differential current at the mid-tap position, and nominal bias current (1A or 5A) is achieved at transformer rating. The HV and LV mid tap secondary currents under maximum load conditions are 138.12A and 1574.6A respectively correlating to secondary currents of 0.69A and 1.31A. The HV multiplier should be set 1.45 and the LV multiplier to 1.31/1 = 0.76 to achieve a balance point at 1A. 

b)
Vector Group Correction

The Vector Group correction is used to correct the phase (Yd1 -30( in this case) shift introduced by the winding connection.  The Duobias M relay uses star connected line CT’s as standard to simplify the installation. Note delta interposing CT selections can be made to reject zero sequence (for an in zone earthing transformer) and third harmonic currents (where thyristor drives are present) from the differential measuring algorithm e.g. use Ydy,0 instead of Yy,0.

Previous biased differential schemes required separate interposing CT’s to correct for magnitude and phase.           

The relay is now correctly balanced and we can proceed to set the biasing characteristic as previously shown on figure 11.  The Duobias M vector group settings are capable of protecting all possible transformer vector groups, these are shown on Figure 31.

8.2
Differential Bias Characteristic

The differential and bias characteristic is implemented in the relay software and defines when the relay will operate for varying levels of differential (operate) and through bias (restrain) current.  

The Duobias M performance characteristic is shown in Fig 11 and is typical of modern differential protection relays.  The operating characteristic is defined by three parts:- 

a) the basic differential setting 

b) the bias slope 

c) the bias slope limit.

The initial differential setting is used to allow for errors introduced by CT percentage tolerances and the variation in transformer tap position.

The bias slope setting is used to ensure correct relay operation for the flow of differential currents produced when the tap changer is not at centre tap. To provide a safety margin a setting of twice the tap change deviation is chosen i.e. 20% (10% x 2).

The bias slope limit setting is used to prevent relay operation for differential current arising from CT saturation during through faults conditions. The lower this is set the more stable the protection becomes. A value of 4x rated current is selected. Note the level of maximum through fault current is limited only by the transformers percentage winding impedance of 14%, i.e. 7.1 x maximum load current. The Duobias M relay is stable for 25 times rated load current (e.g. a transformer impedance of 4%) with a tap change unbalance of 35%.  

The highset differential Over current provides very fast clearance (<20ms) of heavy in zone faults and represents a horizontal line on the bias characteristic. Care must be taken when selecting a setting, as this function is not restrained by the magnetising inrush detector. The method used is to set it to the greater than 60% of the peak magnetising inrush current (6 x nominal) and the maximum three phase through fault level. The three phase through fault is 7.1 x load current in this case. A setting based on this through fault level is used to arrive at a setting of  8 x IN. 

8.3
Useful Practical Advice relating to Duobias M

The use of Reydisp software to trigger waveform records may be used to record differential and bias current levels at each scheduled maintenance period. A comparison of these can be made to aid the detection of any incipient problems developing. The first record should preferably be taken when the relay is commissioned. Archiving these records provides a valuable source of information to the power system utility about future potential problems. 

The Harmonic content in the power supply is increasing as thyristor controlled plant become more common. The core losses of the power transformer increase dramatically with increasing frequency, which can compromise the balance of biased differential elements. The Duobias M uses both an analogue and digital filter to attenuate the harmonic currents at the input stage. This problem is particularly acute where concentrations of variable speed drives are found such as steel works and heavy industrial premises.

The level of attenuation for the 50Hz relay is as follows:

2nd = (
3rd = 1.35

4th  = (
5th = 2.75

6th = (
7th = 5

8th = (
9th = 8

As the relay has even harmonic restraint, to detect magnetising inrush current, all even harmonics act to block the relay. By using a delta selection on the CT interposing settings symmetrical third harmonic current can be shunted out. Symmetrical 5th harmonics are also removed by this setting as the relay anti-aliases fifth harmonics to third because its sampling rate is 400Hz. An example of this would be to use Ydy, 0 for both LV and HV interposing selections on Yy,0 transformer.

All higher odd harmonics should not present any problem as the attenuation reduces their impact dramatically.

8.4
Magnetising Inrush Restraint

As discussed previously, a non-energised two (or three) winding transformer will draw a substantial magnetising current to its supply side winding when the supply is switched on.  This could cause relay false operation as it will appear to the relay as a differential current. To stabilise for this condition the Duobias M relay incorporates a harmonic detector which utilises the fact that inrush current is rich in second harmonic (about 100Hz in the UK network) to inhibit differential operation. Figure 32 shows how the magnetising inrush current is generated when switching in a transformer.

The lower the setting the lower the level of second harmonic is required to restrain the biased differential characteristic. The setting is usually in the range of 15 to 20%. Normally the level of 2nd harmonic current in the inrush waveform never drops below 23% in any phase for a typical three-limb power transformer. This figure relates to an extreme case of switching in of a power transformer from its LV side that has 0.9p.u. remnant flux. The remnant flux of this level is usually as result of clearing a heavy through fault or conducting DC testing prior to delivery to site.

Figure 33 shows a Reydisp record, of magnetising inrush when switch in a 45MVA Grid Transformer. The current is only present on the HV side and harmonic restraint is required to prevent the relay operating.

Another method of providing inrush restraint is to measure the null period of the inrush waveform. This method is usually successful for most applications, however relays using this method have been known to false operate for the following reasons. 

Sympathetic magnetising inrush reduces null period below restraint threshold on relays protecting two banked transformers. Remnant flux in the transformer core or CT core allied with the point on wave of switch can reduce the null period to zero.  Often relays of this type have a fixed null period setting so nuisance tripping at switch on cannot be alleviated by adjustment of setting. All the main protection relay manufacturers have now standardised on percentage harmonic restraint.

The Duobias M default setting of 20% is selected, it has been used on over 2000 operational relays. No cases of the relay operating for magnetising inrush, when switching in transformers, have been recorded.

9 FAILURES, DIFFICULIES AND SOLUTION

There are some fundamental difficulties in providing adequate protection of Power Transformers. These issues need to be addressed when improving the transformer protection relays and schemes.  Figure 34 illustrates dramatically what happens when protection fails.

9.1 
Inter-turn Faults

Inter-turn faults usually produce very small changes in primary current. This means current differential relays cannot usually detect inter turn faults in their preliminary stages. The detection of this type of fault therefore relies on the Bucholz gas to produce an alarm. The judgement of whether to switch the transformer out of service is left to the network control centre. As Bucholz Gas devices have a history of being very sensitive often the transformer is not switched out. The inter turn fault then develops and involves more and more turns of the winding eventually shorting to earth with major damage to the transformer. Biased Differential relays therefore need to be set much more sensitively and to trip the transformer before a high fault level develops. This limits the damage to the faulted winding only. Inter-turn faults are estimated to be the single most common type found on power transformers.

By adding the tap position into the current differential algorithm, dynamic adjustment of the CT multipliers is possible. This removes the need for setting the initial differential setting of the relay, to cope with differential current resulting from extreme tap positions. An initial setting of 5 or 10% can be realised for all transformers thus providing a more sensitive setting for inter-turn faults. The MicroTAPP voltage control relay can signal the tap position to the Duobias MII relay and allow dynamic adjustment of the multipliers.

9.2 
Inter-tripping on Transformer Feeders

Slow or none operation of inter-tripping equipment on transformer feeders has caused fires and complete destruction of power transformers.  Slide 34 shows the consequences of failure of the inter-tripping and remote backup protection. The fault was fed for about 4.5 seconds after the Duobias M relay operated, tripped the LV circuit breaker and tried to operate the inter-tripping equipment.

 A fast and reliable means of tripping the remote HV circuit breaker is essential.

Providing equipment with a fast response and periodically test the inter-tripping equipment can help avoid this problem. Duplication of inter-tripping equipment is sometimes used, if the importance of the circuit requires. Fault thrower could be used as backup to the main Inter-tripping, to force remote backup protection into fast operation and removing the fault current from the transformer. Reyrolle Protection have knowledge of several cases where power transformers have been destroyed due to the non operation of or poorly chosen inter-tripping equipment and backup protection. In all cases the Duobias M tripped correctly in 20 to 30ms and operated an inter-trip send output. Obviously the best solution is to have a local HV circuit breaker.

9.3 
Ferro Resonance

This condition is caused by forming a parallel resonating LC circuit made up of the saturated reactance of the transformer winding and the capacitance of the cable or overhead line when disconnecting a circuit from the system.

Two distinct types of  ferro-resonance occur on power systems. The first is permanent in nature and the second is transient.

9.3.1 Permanent Ferro- Resonance

Permanent ferro-resonance occurs where a non-loaded circuit has sufficient energy supplied by an energised parallel circuit or phase(s) to equal the losses in of the resonating circuit.  This type of condition has implications for causing system over voltage and transformer over fluxing. Ferro resonance is a particular problem with large EHV transformers connected to double circuit overhead lines or transformers connected to cables. The sub harmonic frequency of the voltage waveform causes the transformer to saturate with consequently large current spikes. These current spikes cause a vibration noise in the transformer windings due to the high magnetic forces.  Figure 35 depicts the type of waveforms present during permanent ferro resonance conditions 

9.3.2
Transient Ferro Resonance

Transient ferro-resonance occurs where trapped charge from cable, overhead lines or Gas insulated switchgear, forms a resonant circuit with the winding reactance, when the circuit is switched out of service. Transient ferro-resonance can cause false operation of biased differential and under frequency load shedding relays. The roughly square wave voltage waveform decays in time in amplitude and frequency. The current spikes can cause false operation of biased differential relays when switching circuits out of service.  The decaying frequency, which starts out at nominal (50Hz), then decays down slowly in frequency as the trapped energy is absorbed by losses. 

The possibility of ferro-resonance occurring on distribution transformers connected to cable circuits can often be removed by altering the cable length. 

The design of magnetising current inhibit function of the transformer biased differential protection must be such that this function is inhibited for these conditions as the ferro -resonant condition appears as an internal fault. Sometimes sufficient even harmonics are present in the current waveforms, to restrain the relay from operating operation.

9.3.3
Ferro- Resonance Detection and Schemes

Ferro resonance suppression and quenching schemes can be implemented in a numeric protection relay. These schemes will be implemented in the modular II Duobias relay to be launched. The Reylogic user definable logic network will allow customisation of the scheme. These schemes allow the trans

former life expectancy to be extended and to prevent arcing. All such schemes either separate the resonant inductive and capacitive reactance or sink the trapped energy to earth. Switching in whilst the ferro-resonance condition remains, can produce dangerous over voltage stresses. The low frequency of the square wave may not be detected by check synchronising relays.     
9.4
Sympathetic Magnetising Inrush Restraint

This occurs when switching in a transformer to be paralleled with another transformer. At the instant of paralleling two or more transformers a magnetising current from the loaded ones to the switched in transformer will flow. The level of current varies with point on wave, but the level can be sufficient and the even harmonic level below the inhibit threshold, to allow a false trip of the biased differential element. This is problem is sometimes seen when two transformers are being paralleled by closing the LV circuit breaker. 

Some manufacturers biased differential relays have falsely operated for this condition, as they rely on the harmonic inhibit to stop false operation of the biased differential elements. The Reyrolle Duobais M and 4C21 relays have never, to my knowledge falsely operated for sympathetic magnetising inrush. The difference is the design of the magnetising inrush restraint method.

THE END

TRANSFORMER PROTECTION
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