                      UNIT –II 
ELCTROMAGNETIC PROTECTION
In a power system consisting of generators, transformers, transmission and distribution circuits, it is inevitable that sooner or later some failure will occur somewhere in the system. When a failure occurs on any part of the system, it must be quickly detected and disconnected from the system.

There are two principal reasons for it. Firstly, if the fault is not cleared quickly, it may cause unnecessary interruption of service to the customers. Secondly, rapid disconnection of faulted apparatus limits the amount of damage to it and prevents the effects of fault from spreading into the system. The detection of a fault and disconnection of a faulty section or apparatus can be achieved by using fuses or relays in conjunction with circuit breakers. A fuse performs both detection and interruption functions automatically but its use is limited for the protection of low-voltage circuits only.

For high voltage circuits (say above 3·3 kV), relays and circuit breakers are employed to serve the desired function of automatic protective gear.

The detection of a fault and disconnection of a faulty section or apparatus can be achieved by using fuses or relays in conjunction with circuit breakers. A fuse performs both detection and interruption functions automatically but its use is limited for the protection of low-voltage circuits only.

For high voltage circuits (say above 3·3 kV), relays and circuit breakers are employed to serve the desired function of automatic protective gear.
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Operation Steps:

· When a short circuit occurs at point F on the transmission line, the current flowing in the line increases to an enormous value. 

· This results in a heavy current flow through the relay coil, causing the relay to operate by closing its contacts. 

· This in turn closes the trip circuit of the breaker, making the circuit breaker open and isolating the faulty section from the rest of the system. 

In this way, the relay ensures the safety of the circuit equipment from damage and normal working of the healthy portion of the system. 

Fundamental Requirements of Protective Relaying: 

The principal function of protective relaying is to cause the prompt removal from service of any element of the power system. In order that protective relay system may perform this function satisfactorily, it should have the following qualities: 

selectivity (ii) speed (iii) sensitivity (iv) reliability (v) simplicity (vi) economy 

1. Selectivity: 

It is the ability of the protective system to select correctly that part of the system in trouble and disconnect the faulty part without disturbing the rest of the system. The system can be divided into the following protection zones: 

(a) generators (b) low-tension switchgear (c) transformers 

(d) high-tension switchgear (e) transmission lines

It may be seen in the previous Fig. that there is certain amount of overlap between the adjacent protection zones.
For a failure within the region where two adjacent zones overlap, more breakers will be opened than the minimum necessary to disconnect the faulty section. But if there were no overlap, a failure in the region between zones would not lie in either region and, therefore, no breaker would be opened. For this reason, a certain amount of overlap is provided between the adjacent zones.

2- Speed:

The relay system should disconnect the faulty section as fast as possible for the following reasons:

(a) Electrical apparatus may be damaged if they are made to carry the fault currents for a long time.
(b) A failure on the system leads to a great reduction in the system voltage. If the faulty section is not disconnected quickly, then the low voltage created by the fault may shut down consumers’ motors and the generators on the system may become unstable.
(c) The high speed relay system decreases the possibility of development of one type of fault into the other more severe type.

3- Sensitivity.

It is the ability of the relay system to operate with low value of actuating quantity.

Sensitivity of a relay is a function of the volt-amperes input to the coil of the relay necessary to cause its operation.

4- Reliability. It is the ability of the relay system to operate under the pre-determined conditions.

5- Simplicity. The relaying system should be simple so that it can be easily maintained. Reliability is closely related to simplicity. The simpler the protection scheme, the greater will be its reliability.

6- Economy.

The most important factor in the choice of a particular protection scheme is the economic aspect. Sometimes it is economically unjustified to use an ideal scheme of protection and a compromise method has to be adopted. As a rule, the protective gear should not cost more than 5% of total cost. However, when the apparatus to be protected

is of utmost importance (e.g.generator, main transmission line etc.), economic considerations are often subordinated to reliability.

Basic Relays

Most of the relays used in the power system operate by virtue of the current and/or voltage supplied by current and voltage transformers connected in various combinations to the system element that is to be protected. Through the individual or relative changes in these two quantities, faults signal their presence, type and location to the protective relays. Having detected the fault, the relay operates the trip circuit which results in the opening of the circuit breaker and hence in the disconnection of the faulty circuit.

The electro-mechanical relays work on the following two main operating principles:

(i) Electromagnetic attraction 

(ii) Electromagnetic induction 

Electromagnetic Attraction Relays :

Electromagnetic attraction relays operate by virtue of an armature being attracted to the poles of an electromagnet or a plunger being drawn into a solenoid. Such relays maybe actuated by D.C. or A.C. quantities.

(i) Attracted armature type relay. Fig. 21.3 shows the schematic arrangement of anattracted armature type relay. It consists of a laminated electromagnet M carrying a coil C and a pivoted laminated armature. The armature is balanced by a counterweight and carries a pair of spring contact fingers at its free end. Under normal operating conditions, the current through the relay coil C is such that counterweight holds the armature in the position shown. However, when a short circuit occurs, the current through the relay coil increases sufficiently and the relay armature is attracted upwards. The contacts on the relay armature bridge a pair of stationary contacts attached to the relay frame. This completes the trip circuit which results in the opening of the circuit breaker and, therefore, in the disconnection of the faulty circuit.

The minimum current at which the relay armature is attracted to close the trip circuit is called pickup current. It is a usual practice to provide a number of tappings on the relay coil so that the number of turns in use and hence the setting value at which the relay operates can be varied.
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(ii) Solenoid type relay. Fig. 21.4 shows the schematic arrangement of a solenoid type relay.It consists of a solenoid and movable iron plunger arranged as shown. Under normal operatingconditions, the current through the relay coil C is such that it holds the plunger by gravity or spring in the position shown. However, on the occurrence of a fault, the current through the relay coil becomes more than the pickup value, causing the plunger to be attracted to the solenoid. The upward movement of the plunger closes the trip circuit, thus opening the circuit breaker and disconnecting the faulty circuit.
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(iii) Balanced beam type relay. Fig. 21.5 shows the schematic arrangement of a balancedbeam type relay. It consists of an iron armature fastened to a balance beam. Under normal operating conditions, the current through the relay coil is such that the beam is held in the horizontal position by the spring. How-ever, when a fault occurs, the current through the re-lay coil becomes greater than the pickup value and the beam is attracted to close the trip circuit. This causes the opening of the circuit breaker to isolate the faulty circuit.




Induction Relays:

[bookmark: page6]Electromagnetic induction relays operate on the principle of induction motor and are widely used for protective relaying purposes involving a.c. quantities. An induction relay essentially consists of a pivoted aluminum disc placed in two alternating magnetic fields of the same frequency but displaced in time and space. The torque is produced in the disc by the interaction of one of the magnetic fields with the currents induced in the disc by the other.

[image: ]To understand the production of torque in an induction relay, refer to the elementary arrangement shown in Fig. below (i). The two A.C. fluxes φ2 and φ1 differing in phase by an angle α induce e.m.f.s’ in the disc and cause the circulation of eddy currents I2 and I1 respectively. These currents lag behind their respective fluxes by 90 Referring to Fig. below (ii) where the two A.C. fluxes and induced currents are shown separately for clarity let



Where φ1 and φ2 are the instantaneous values of fluxes and φ2 leads φ1 by an angle α.

Assuming that the paths in which the rotor currents flow have negligible self-inductance, the rotor currents will be in phase with their voltages.

When current flows in a wire, and an external magnetic field is applied across that flow, the wire experiences a force perpendicular both to that field and to the direction of the current flow. A left hand can be held, as shown in the illustration, so as to represent three mutually orthogonal axes on the thumb, first finger and middle finger.

Each finger is then assigned to a quantity (mechanical force, magnetic field and electric current). The right and left hand are used for generators and motors respectively.
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The following points may be noted from exp. (i) :

(a) The greater the phase angleαbetween the fluxes, the greater is the net force applied to thedisc. Obviously, the maximum force will be produced when the two fluxes are 90o out of phase.
(b) The net force is the same at every instant. This fact does not depend upon the assumptionsmade in arriving at exp. (i).

(c) The direction of net force and hence the direction of motion of the disc depends upon whichflux is leading.

[bookmark: page8]The following three types of structures are commonly used for obtaining the phase difference in the fluxes and hence the operating torque in induction relays:
(i)  shaded-pole structure

(ii) watthour-meter or double winding structure

(iii) induction cup structure

(i)  shaded-pole structure:

The general arrangement of shaded-pole structure is shown in Fig. below It consists of a pivoted aluminum disc free to rotate in the air-gap of an electromagnet. One half of each pole of the magnet is surrounded by a copper band known as shading ring. The alternating flux φs in the shaded portion of the poles will, owing to the reaction of the current induced in the ring, lag behind the flux φu in the unshaded portion by an angle α. These two

a.c. fluxes differing in phase will produce the necessary torque to rotate the disc. As proved earlier, the driving torque T is given by:
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[bookmark: page9](ii) Watthour-meter structure. This structure gets its name from the fact that it is used in watt-hour meters. The general arrangement of this type of relay is shown in Fig. It consists of a pivoted aluminium disc arranged to rotate freely between the poles of two electromagnets. The upper electromagnet carries two windings ; the pirmary and the secondary. The primary winding carries the relay current I1 while the secondary winding is connected to the winding of the lower magnet. The primary current induces e.m.f. in the secondary and so circulates a current I2 in it. The flux φ 2 induced in the lower magnet by the current in the secondary winding of the upper magnet will lag behind φ 1 by an angle α . The two fluxes φ 1and φ2 differing in phase by α will produce a driving torque on the disc proportional to φ1 ,φ2and sin α .
[image: C:\Users\DELL\Desktop\Capture.JPG]
An important feature of this type of relay is that its operation can be controlled by opening or closing the secondary winding circuit. If this circuit is opened, no flux can be set by the lower magnet however great the value of current in the primary winding may be and consequently no torque will be produced. Therefore, the relay can be made inoperative by opening its secondary winding circuit.


(iii) Induction cup structure

Fig. shows the general arrangement of an induction cup structure. It most closely resembles an induction motor, except that the rotor iron is stationary, on the rotor conductor portion being free to rotate.

The moving element is a hollow cylindrical rotor which turns on its axis. The rotating field is produced by two pairs of coils wound on four poles as shown. The rotating field induces currents in the cup to provide the necessary driving torque. If φ 1 and φ2 represent the fluxes produced by the respective pairs of poles, then torque produced is proportional to φ1 φ2 sin α where α is the phase difference between the two fluxes. A control spring and the back stop for closing of the contacts carried on an arm are attached to the spindle of the cup to prevent the continuous rotation. Induction cup structures are more efficient torque producers than either the shaded-pole or the Watt-hour meter structures.

Therefore, this type of relay has very high speed and may have an operating time less then 0·1 second.
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Relay timing:

An important characteristic of a relay is its time of operation. By ‘the time of operation’ is meant length of the time from the instant when the actuating element.


(i) Instantaneous relay:

An instantaneous relay is one in which no intentional time delay is provided. In this case, the relay contacts are closed immediately after current in the relay coil exceeds the minimum calibrated value. Fig. below shows an instantaneous solenoid type of relay.ment is energized to the instant when the relay contacts are closed. e.g. one-cycle would be 1/50 second in a 50-cycle system.

(ii)  Inverse-time relay:
 An inverse-time relay is one in which the operating time is approximately inversely proportional to the magnitude of the actuating quantity. Fig.shows the time-current characteristics of an inverse current relay.
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[bookmark: page11](a) In an induction relay, the inverse-time delay can be achieved by positioning a permanent magnet (known as a drag magnet) in such a way that relay disc cuts the flux between the poles of the magnet. When the disc moves, currents set up in it produce a drag on the disc which slows its motion. 
(b) In other types of relays, the inverse time delay can be introduced by oil dashpot or a time limit fuse. Fig. previously shows an inverse time solenoid relay using oil dashpot. The piston in the oil dashpot attached to the moving plunger slows its upward motion. At a current value just equal to the pickup, the plunger moves slowly and time delay is at a maximum. At higher values of relay current, the delay time is shortened due to greater pull on the plunger.

The inverse-time characteristic can also be obtained by connecting a time-limit fuse in parallel with the trip coil terminals as shown in previous fig, The shunt path formed by time-limit fuse is of negligible impedance as compared with the relatively high impedance of the trip coil. Therefore, so long as the fuse remains intact, it will divert practically the whole secondary current of CT from the trip oil. When the secondary current exceeds the current carrying capacity of the fuse, the fuse will blow and the whole current will pass through the trip coil, thus opening the circuit breaker.


(iii) Definite time lag relay:
 In this type of relay, there is a definite time elapse between the instant of pickup and the closing of relay contacts. This particular time setting is independent of the amount of current through the relay coil ; being the same for all values of current in excess of the pickup value. It may be worthwhile to mention here that practically all inverse-time relays are also provided with definite minimum time feature in order that the relay may never become instantaneous in its action for very long overloads.

Important Terms

It is desirable to define and explain some important terms much used in connection with relays.
(i) Pick-up current. It is the minimum current in the relay coil at which the relay starts to operate. So long as the current in the relay is less than the pick-up value, the relay does not operate and the breaker controlled by it remains in the closed position. 

However, when the relay coil current is equal to or greater than the pickup value, the relay operates to energize the trip coil which opens the circuit breaker. 

(ii) Current setting. It is often desirable to adjust the pick-up current to any required value. This is known as current setting and is usually achieved by the use of tapping on the relay operating coil. The taps are brought out to a plug bridge as shown in Fig. below, the plug bridge permits to alter the number of turns on the relay coil. This changes the torque on the disc and hence the time of operation of the relay.
∴ Pick-up current = Rated secondary current of C.T. ×Current setting

[bookmark: page12]For example, suppose that an over current relay having current setting of 125% is connected to a supply circuit through a current transformer of 400/5. The rated secondary current of C.T. is 5 amperes. Therefore, the pick-up value will be 25% more than 5 A i.e. 5 ×1·25 = 6·25 A. It Means that with above current setting, the relay will actually operate for a relay coil current equal to or greater than 6·25 A.

Plug-setting multiplier (P.S.M.): It is the ratio of fault current in relay coil to the pick-up current.

For example, suppose that a relay is connected to a 400/5 current transformer and set at 150%. With a primary fault current of 2400 A, the plug-setting multiplier can be calculated as under:
Pick-up value = Rated secondary current of CT Current setting = 5 * 1·5 =7·5 A
Fault current in relay coil =2400*5/400 = 30 A P.S.M = 30/7.5 =4

(iv) Time-setting multiplier. A relay is generally provided with control to adjust the time of operation. This adjustment is known as time-setting multiplier. The time-setting dial is calibrated from 0 to 1 in steps of 0.05 sec (see Fig. below).
These figures are multipliers to beused to convert the time derived from time/P.S.M. curve into the actualoperating time. Thus if the time setting is 0·1 and the time obtained from the time/P.S.M. curve is 3 seconds, then actual relay operating time = 3 ×0·1 = 0·3 second. For instance, in an induction relay, the time of operation is controlled by adjusting the amount of travel of the discfrom its reset position to its pickup position. This is achieved by the adjustment of the position of amovable backstop which controls the travel of the disc and thereby varies the time in which the relaywill close its contacts for given values of fault current. A so-called “time dial” with an evenly divided scale provides this adjustment. The actual time of operation iscalculated by multiplying the time setting multiplier with the time obtained from time/P.S.M. curve of the relay.
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Functional Relay Types:

Most of the relays in service on power system today operate on the principle of electromagnetic attraction or electromagnetic induction. Regardless of the principle involved, relays are generally classified according to the function they are called upon to perform in the protection of electric power circuits.

For example, a relay which recognizes over current in a circuit (i.e. current greater than that which can be tolerated) and initiates corrective measures would be termed as an over current relay irrespective of the relay design. Similarly an overvoltage relay is one which recognizes overvoltage in a circuit and initiates the corrective measures. Although there are several types of special function relays, only the following important types will be discussed:

(i) Induction type over current relays 

(ii) Induction type reverse power relays 

(iii) Distance relays 

(iv) Differential relays 

Induction Type Directional Power Relay

This type of relay operates when power in the circuit flows in a specific direction. Unlike a non-directional over current relay, a directional power relay is so designed that it obtains its operating torque by the interaction of magnetic fields derived from both voltage and current source of the circuit it protects.
Thus this type of relay is essentially a wattmeter and the direction of the torque set up in the relay depends upon the direction of the current relative to the voltage with which it is associated. Constructional detailsFig. below shows the essential parts of a typical induction type directional power relay.


It consists of an aluminum disc which is free to rotate In between the polesof two electromagnets. The upper electromagnet carries a winding (called potential coil) on the central limb which is connected through a potential transformer (P.T.) to the circuit voltage source.
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The lower electromagnet has a separate winding (called current coil) connected to the secondary of C.T. in the line to be protected. The current coil is provided with a number of tappings connected to the plug setting bridge (not shown for clarity).

This permits to have any desired current setting.

The restraining torque is provided by a spiral spring. The spindle of the disc carries a moving contact which bridges two fixed contacts when the disc has rotated through a pre-set angle. By adjusting this angle, the travel of the moving disc can be adjusted and hence any desired time-setting can be given to the relay.
Operation: The flux φ 1 due to current in the potential coil will be nearly 90º lagging behind the applied voltage V. The flux φ2 due to current coil will be nearly in phase with the operating current I [See vector diagram in fig.].
The interaction of fluxes φ 1and φ2 with the eddy currents induced in the disc produces a driving torque given by :
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It is clear that the direction of driving torque on the disc depends upon the direction of power flow in the circuit to which the relay is associated. When the power in the circuit flows in the normal Direction, the driving torque and the restraining torque (due to spring) help each other to turn away the moving contact from the fixed contacts. Consequently, the relay remains inoperative. However, the reversal of current in the circuit reverses the direction of driving torque on the disc. When the reversed driving torque is large enough, the disc rotates in the reverse direction and the moving contact closes the trip circuit. This causes the operation of the circuit breaker which disconnects the faulty section.


Induction Type Directional Over current Relay:

The directional power relay discussed above is unsuitable for use as a directional protective relay under short-circuit conditions. When a short circuit occurs, the system voltage falls to a low value and there may be insufficient torque developed in the relay to cause its operation. This difficulty is overcome in the directional over current relay which is designed to be almost independent of system voltage and power factor.
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Constructional details:

Fig. Shows the constructional details of a typical induction type directional over current relay. It consists of two relay elements mounted on a common case viz.(i)directional element and (ii) non-directional element.
(i) Directional element. It is essentially a directional power relay which operates when power flows in a specific direction. The potential coil of this element is connected through a potential transformer (P.T.) to the system voltage.
(ii) Non-directional element. It is an Over current element similar in all respects to a non-directional over current relay.

Operation.

Under normal operating conditions, power flows in the normal direction in the circuit protected by the relay. Therefore, directional power relay (upper element) does not operate, thereby keeping the over current element (lower element) un-energized. However, when a short-circuit occurs, there is a tendency for the current or power to flow in the reverse direction. Should this happen, the disc of the upper element rotates to bridge the fixed contacts 1 and 2. This completes the circuit for over current element. The disc of this element rotates and the moving contact attached to it closes the trip circuit. This operates the circuit breaker which isolates the faulty section.


The two relay elements are so arranged that final tripping of the current controlled by them is not made till the following conditions are satisfied:
(i) Current flows in a direction such as to operate the directional element. 

(ii) Current in the reverse direction exceeds the pre-set value. 

(iii) Excessive current persists for a period corresponding to the time setting of over current element. 






Differential Relays:

Most of the relays discussed so far relied on excess of current for their operation. Such relays are less sensitive because they cannot make correct distinction between heavy load conditions and minor fault conditions. In order to overcome this difficulty, differential relays are used.
A differential relay is one that operates when the phasor difference of two or more similar electrical quantities exceeds a pre-determined value.
[bookmark: page17]Thus a current differential relay is one that compares the current entering a section of the system with the current leaving the section. Under normal operating conditions, the two currents are equal but as soon as a fault occurs, this condition no longer applies. The difference between the incoming and outgoing currents is arranged to flow through the operating coil of the relay. If this differential current is equal to or greater than the pickup value, the relay will operate and open the circuit breaker to isolate the faulty section.
It may be noted that almost any type of relay when connected in a particular way can be made to operate as a differential relay. In other words, it is not so much the relay construction as the way the relay is connected in a circuit that makes it a differential relay. There are two fundamental systems of differential or balanced protection viz.
(i) Current balance protection  (ii) Voltage balance protection


Current Differential Relay

Fig. shows an arrangement of an overcurrent relay connected to operate as a differential relay. A pair of identical current transformers is fitted on either end of the section to be protected (alternator winding in this case). The secondaries of CT’s are connected in series in such a way that they carry the induced currents in the same direction. The operating coil of the over current relay is connected across the CT secondary circuit. This differential relay compares the current at the two ends of the alternator winding
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Under normal operating conditions, suppose the alternator winding carries a normal current of 1000 A. Then the currents in the two secondaries of CT’s are equal [See Fig.].

These currents will merely circulate between the two CT’s and no current will flow through the differential relay. Therefore, the relay remains inoperative. If a ground fault occurs on the alternator winding as shown in Fig. (i), the two secondary currents will not be equal and the current flows through the operating coil of the relay, causing the relay to operate. The amount of current flow through the relay will depend upon the way the fault is being fed.
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Disadvantages

(i) The impedance of the pilot cables generally causes a slight difference between the currents atthe two ends of the section to be protected. If the relay is very sensitive, then the small differential current flowing through the relay may cause it to operate even under no fault conditions.

(ii) Pilot cable capacitance causes incorrect operation of the relay when a large through-currentflows.

(iii) Accurate matching of current transformers cannot be achieved due to pilot circuitimpedance.

The above disadvantages are overcome to a great extent in biased beam relay.





Distance or Impedance Relays

The operation of the relays discusssed so far depended upon the magnitude of current or power in the protected circuit. However, there is another group of relays in which the operation is governed by the ratio of applied voltage to current in the protected circuit. Such relays are called distance or im-pedance relays. In an impedance relay, the torque produced by a current element is opposed by the torque produced by a voltage element. The relay will operate when the ratio V/I is less than a pre-determined value.
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Fig. illustrates the basic principle of operation of an impedance relay. The voltage element of the relay is excited through a potential transformer (P.T.) from the line to be protected. The current element of the relay is excited from a current transformer (C.T.) in series with the line. The portion AB of the line is the protected zone. Under normal operating conditions, the impedance of the pro-tected zone is ZL. The relay is so designed that it closes its contacts whenever impedance of the protected section falls below the pre-determined value i.e. ZL in this case.

Now suppose a fault occurs at point F1 in the protected zone. The impedance Z (= V /I) between the point where the relay is installed and the point of fault will be less than ZL and hence the relay operates. Should the fault occur beyond the protected zone (say point F2), the impedance Z will be greater than ZL and the relay does not operate.

Types. A distance or impedance relay is essentially an ohmmeter and operates wheneverthe impedance of the protected zone falls below a pre-determined value. There are two types of distance relays in use for the protection of power supply, namely ;

(i) Definite-distance relaywhich operates instantaneously for fault upto a pre-determined distance from the relay.

(ii) Time-distance relayin which the time of operation is proportional to the distance of fault fromthe relay point. A fault nearer to the relay will operate it earlier than a fault farther away from the relay.

It may be added here that the distance relays are produced by modifying either of two types of basic relays; the balance beam or the induction disc.



Mho Relay:
A mho Relay is a high-speed relay and is also known as the admittance relay. In this relay operating torque is obtained by the volt-amperes element and the controlling element is developed due to the voltage element. It means a mho relay is a voltage controlled directional relay.
A mho relay using the induction cup structure is shown in the figure below. The operating torque is developed by the interaction of fluxes due to pole 2, 3, and 4 and the controlling torque is developed due to poles 1, 2 and 4.
[image: mho-type-distace-relay-]
If the spring controlling effect is indicated by –K3, the torque equation becomes,
[image: mho-relay-equation-1]
Where θ and τ are defined as positive when I lag behind V. At balance point, the net torque is zero, and hence the equation becomes
[image: mho-relay-equation-2]
[image: mho-relay-equation-3-]
[image: mho-relay-equation-4]
If the spring controlled effect is neglected i.e., k3 = 0.
Operating Characteristic of Mho Relay:
The operating characteristic of the mho relay is shown in the figure below. The diameter of the circle is practically independent of V and I, except at a very low magnitude of the voltage and current when the spring effect is considered, which causes the diameter to decrease. The diameter of the circle is expressed by the equation as 
		ZR=  K1 / K2 = ohmic setting of the relay

[image: operating-characteristic-of-mho-relay-]
The relay operates when the impedance seen by the relay within the circle. The operating characteristic showed that circle passes through the origin, which makes the relay naturally directional. The relay because of its naturally directional characteristic requires only one pair of contacts which makes it fast tripping for fault clearance and reduces the VA burdens on the current transformer.
The impedance angle of the protected line is normally 60º and 70º which is shown by line OC in the figure. The arc resistance R is represented by the length AB, which is horizontal to OC from the extremity of the chord Z. By making the τ equal to, or little less lagging than Θ, the circle is made to fit around the faulty area so that the relay is insensitive to power swings and therefore particularly applicable to the protection of long or heavily loaded lines.
For a given relay the τ is constant, and the admittance phasor Y will lie on the straight line. The characteristic of mho relays on the admittance diagram is, therefore, a straight line and is shown in the figure below.

[image: characteristic-of-mho-type-relay-on-admittance-diagram]
Mho relay is suitable for EHV/UHV heavily loaded transmission lines as its threshold characteristic in Z-plane is a circle passing through the origin, and its diameter is ZR.  Because of this, the threshold characteristic is quite compact enclosing faulty area compactly and hence, there is lesser chance to operate during power swing and also it is directional.















Unit – III - Generator Protection &Transformer Protection

GENERATOR PROTECTION


Merz-price Differential protection:

In merz-price differential protection the primaries of the CTs are connected in series on the both side of each phase winding of the generator. The secondaries of the CTs are connected in additive manner to pass the circulating currents through a closed path. The differential relay constantly checks on the secondary sides of CTs as to whether the incoming current of a phase winding is equal to the respective outgoing current of the same winding.

The directions of currents passing through the secondary side of the CTs are shown in fig. If the currents on the primary sides , that is, IA1 and IA2, have the same magnitude, then the secondary side currents, ia1 and ia2 will also have the same magnitude, considering that CTs on both sides have same turns ratio and have identical characteristics. If there is a significant difference in currents (Id) on both sides of the windings, then this indicates a fault in the protection zone of the stator winding of the generator. Hence the differential relay trips if the value of Id exceeds a predetermined value (relay setting). On the other hand, during external faults, the differential relay remains stable and does not initiate a trip signal.
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[bookmark: page2]If the CTs are identical in nature, then the functioning the differential relay is straightforward. However, in practice, it is impossible to achieve CTs with identical saturation characteristics. Hence, the secondary currents of the CTs are unequal even though the primary currents are same. This current widely known as spill current. This spill current passes through the relay and may mal-operate the relayif the value exceeds the setting of the relay. This is possible particularly in case of heavy through fault conditions. Moreover, if thelength of the connecting wires (pilot wires) is unequal , then the value of the spill current increases. In order to avoid mal-operation of the differential relay in those situations, a stabilizing resistance is connected in series with the realy. However , incorporation of the stabilizing resistance reduces the sensitivity of the relay during an internal fault.

Biased Differential Protection:

The main drawback of Merz-price differential protection is the reduction in sensitivity of the relay due to the incorporation of the stabilising resistance. Hence, to minimise this effect and also to increase the sensitivity of the differential relay, biased differential protection scheme is used. Fig shows the principle of the biased percentage differential scheme where no additional stabilizing resistance is connected in series with the relay.
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The biased percentage differential relay has 2 settings namely basic setting and bias setting. Basic setting is the difference between two CT secondary currents (i1-i2). Bias setting is the ratio of the difference between two CT secondary currents to the average values of two currents ().In the case of a normal condition or external fault condition some amount of spill current (i1-i2) is already available because of the non-identical CTs and un equal lead length. However at the same time average value also increases hence fault current will not cross the bias setting of the relay even though the basic setting is exceeded therefore mal-operation of the relay can be avoided.

On the other hand during an internal fault two currents on the primary sides of the CTs become unequal a spill current (i1-i2) is produced on the secondary side of the 2 CTs this crosses not only the basic setting limit of the relay but also the bias setting limit because of the increase in spill current and decrease in the average of the two currents. Finally the relay operates and trips the generator as per the requirement. The fundamental advantage of this scheme is that it makes the scheme more permissive towards CT mis-match, thus reducing the relays sensitivity to external faults. More over it provides more sensitivity in case of internal faults.



Rotor Earth Fault Protection:

The rotor circuit of the alternator is not earthed and d.c. voltage is imposed on it. And hence single ground fault in rotor does not cause circulating current to flow through the rotor circuit. Hence single ground fault in rotor does not cause any damage to it. But single ground fault causes an increase in the stress to ground at other points in the field winding when voltages are induced in the rotor due to transients. Thus the probability of second ground fault increases.

If the second ground fault occurs then part of the rotor winding is bypassed and the currents in the remaining portion increases abruptly. This causes the unbalance of rotor circuit and hence the mechanical and thermal stresses on the rotor. Due to this, rotor may get damaged. Sometimes damage of bearings and bending of rotor shaft take place due to the vibrations. Hence the rotor must be protected against earth fault.

The modern method of providing earth fault protection includes d.c. injection or a.c. injection. The scheme is shown in the Fig.

A small DC power supply is connected to the field circuit. A fault detecting sensitive relay and the resistance are also connected in series with the circuit. This high resistance limits the current through the circuit.

A fault at any point on the field circuit will pass a current of sufficient magnitude through the relay to cause its operation. The d.c. supply is preferred and simple to use and it has no problem of the leakage currents. In case of a.c. injection, the high resistance is replaced by a capacitor.
[image: ]

The earth fault relays are instantaneous in operation and are connected to an alarm circuit for indication and to take the proper action. This is because; a single ground fault does not require an immediate action of isolating the generator.


Restricted Earth Fault Protection:

When the neutral is solidly grounded, it is possible to provide protection to complete winding of the generator against ground faults. However, the neutral is grounded through resistance to limit ground fault currents. With resistance grounding it is not possible to protect the complete winding against ground faults. The percentage of winding protected depends on the value of the neutral grounding resistor and the relay setting. The usual practice is to protect 80 to 85% of the generator winding against ground fault. The remaining 15-20% from neutral end is left unprotected. The relay setting for the differential protection is determined by the value of the neutral grounding resistor and the percentage of winding to be protected. If the ground fault occurs at the point F of the generator winding, the voltage VFN is available to drive the ground-fault current If through the neutral to ground connection. If the fault point F is nearer to the neutral point N, the forcing voltage VFN, will be relatively less. Hence, ground fault current If will reduce. It is not practicable to keep the relay setting too sensitive to sense the ground fault currents of small magnitudes. Because, if the relay is made too sensitive, it may respond during through faults. The percentage of winding that is left unprotected;
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Stator Inter-Turn Protection:

Merz-price circulating-current system protects against phase-to-ground and phase-to-phase faults. It does not protect against turn-to-turn fault on the same phase winding of the stator. It is because the current that this type of fault produces flows in a local circuit between the turns involved and does not create a difference between the currents entering and leaving the winding at its two ends where current transformers are applied. However, it is usually considered unnecessary to provide protection for inter-turn faults because they invariably develop into earth-faults.

[image: ]In single turn generator there is no necessity of protection against inter-turn faults. However, inter-turn protection is provided for multi-turn generators such as hydro-electric generators. These generators have double-winding armatures

as they carry very heavy currents. The relays Rcprovide protection against phase-to-ground and phase-to-phase faults whereas relays R1 provide protection against inter-turn faults.

Two current transformers are connected on the circulating-current principle. Under normal conditions, the currents in the stator windings S1 and S2 are equal and so will be the currents in

the secondaries of the two CTs. The secondary current round the loop then is the same at all points and no current flows through the relay RI. If a short-circuit develops between adjacent turns, say on S1, the currents in the stator windings S1 and S2 will no longer be equal. Therefore, unequal currents will be induced in the secondaries of CTs and the difference of these two currents flows through the relay RI. The relay then closes its contacts to clear the generator from the system.

TRANSFORMER PROTECTION:

Transformers are static devices, totally enclosed and generally oil immersed. Therefore, chances of faults occurring on them are very rare. However, the consequences of even a rare fault may be very serious unless the transformer is quickly disconnected from the system. This necessitates to provide adequate automatic protection for transformers against possible faults.

Small distribution transformers are usually connected to the supply system through series fuses instead of circuit breakers. Consequently, no automatic protective relay equipment is required. However, the probability of faults on power transformers is undoubtedly more and hence automatic protection is absolutely necessary.

Common transformer faults. As compared with generators, in which many abnormalconditions may arise, power transformers may suffer only from:

(i) Open circuits (ii) Over heating (iii) winding short-circuits e.g. earth-faults, phase-to-phasefaults and inter-turn faults.

An open circuit in one phase of a 3-phase transformer may cause undesirable heating. In practice, relay protection is not provided against open circuits because this condition is relatively harmless. On the occurrence of such a fault, the transformer can be disconnected manually from the system.

Overheating of the transformer is usually caused by sustained overloads or short-circuits and very occasionally by the failure of the cooling system. The relay protection is also not provided against this contingency and thermal accessories are generally used to sound an alarm or control the banks of fans.

Winding short-circuits (also called internal faults) on the transformer arise from deterioration of winding insulation due to overheating or mechanical injury. When an internal fault occurs, the transformer must be disconnected quickly from the system because a prolonged arc in the transformer may cause oil fire. Therefore, relay protection is absolutely necessary for internal faults. The principal relays and systems used for transformer protection are:

· Buchholz devices providing protection against all kinds of incipient faults i.e. slow developing faults such as insulation failure of windings, core heating, fall of oil level due to leaky joints etc. 

· Earth-fault relays providing protection against earth-faults only. 

· Over current relays providing protection mainly against phase-to-phase faults and Over loading. 

· Differential system (or circulating-current system) providing protection against both earth and phase faults. 

The complete protection of transformer usually requires the combination of these 

systems. Choice of a particular combination of systems may depend upon several factors such as (a) size of the transformer (b) type of cooling (c) location of transformer in the network

(d) nature of load supplied and (e) importance of service for which transformer is required.

Transformer differential protection:

Basic discussions related to the Merz-Price Scheme and its limitations which are taken care by the biased differential scheme, are omitted for repetition 2.7.1 Basic considerations

a. Transformation ratio

The nominal currents in the primary and secondary sides of the transformer vary in inverse ratio to the corresponding voltages. This should be compensated for by using different transformation ratios for the CTs on the primary and secondary sides of the transformer.
b. Current Transformer Connections

· When a Transformer is connected in star/delta, the secondary current has a phase shift of 300 relative to the primary
· This phase shift can be offset by suitable secondary CT connections
The zero-sequence currents flowing on the star-side of the transformer will not produce current outside the delta on the other side. The zero sequence current must therefore be eliminated from the star-side by connecting the CTs in delta.

· The CTs on delta side should be connected in star in order to give 300 phase shift. 
· When CTs are connected in delta, their secondary ratings must be reduced to 1/3 times thesecondary ratings of the star-connected transformer, in order that the currents outside the delta may balance with the secondary currents of the star-connected CTs.
·  If transformers were connected in star/star, the CTs on both sides would need be connected in delta-delta.

c. Bias to cover tap-changing facility and CT mismatch

· If the transformer has the benefit of a tap changer, it is possible to vary its transformationratio for voltage control.
· The differential protection system should be able to cope with this variation. 
· This is because if the CTs are chosen to balance for the mean ratio of the power transformer, a variation in ratio from the mean will create an unbalance proportional to the ratio change. At maximum through fault current, the spill output produced by the small percentage unbalance may be substantial.
· Differential protection should be provided with a proportional bias of an amount which exceeds in effect the maximum ratio deviation. This stabilizes the protection under through fault conditions while still permitting the system to have good basic sensitivity. 

d. Magnetization Inrush

· The magnetizing inrush produces a current flow into the primary winding that does not have any equivalent in the secondary winding. The net effect is thus similar to the situation when there is an internal fault on the transformer.
· Since the differential relay sees the magnetizing current as an internal fault, it is necessary to have some method of distinguishing between the magnetizing current and the fault current using one or all of the following methods.
Using a differential relay with a suitable sensitivity to cope with the magnetizing current, usually obtained by a unit that introduces a time delay to cover the period of the initial inrush peak.
· Using a harmonic-restraint unit, or a supervisory unit, in conjunction with a differential unit. 
· Inhibiting the differential relay during the energizing the transformer 
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Compared to the differential protection used in generators, there are certain important points discussed below which must be taken care of while using such protection for the power transformers.
 1. In a power transformer, the voltage rating of the two windings is different. The high voltage winding is low current winding while low voltage winding is high current winding. Thus there always exists difference in current on the primary and secondary sides of the power transformer. Hence if C.T.s of same ratio are used on two sides, then relay may get operated through there is no fault existing.

[bookmark: page10]To compensate for this difficulty, the current ratios of C.T.s on each side are different. These ratios depend on the line currents of the power transformer and the connection of C.T.s. Due tothe different turns ratio, the currents fed into the pilot wires from each end are same under normal conditions so that the relay remains inoperative. For example if K is the turns ratio of a power transformer then the ratio of C.T.s on low voltage side is made K times greater than that of C.T.s on high voltage side. 
2. In case of power transformers, there is an inherent phase difference between the voltages induced in high voltage winding and low voltage winding. Due to this, there exists a phase difference between the line currents on primary and secondary sides of a power transformer. This introduces the phase difference between the C.T. secondary currents, on the two sides of a power transformer. Through the turns ratio of C.T.s are selected to compensate for turns ratio of transformer, a differential current may result due to the phase difference between the currents on two sides. Such a different current may operate the relay though there is no fault. Hence it is necessary to correct the phase difference. To compensate for this, the C.T. connections should be such that the resultant currents fed into the pilot wires from either sides are displaced in phase by an angle equal to the phase shift between the primary and secondary currents. To achieve this, secondaries of C.T.s on star connected side of a power transformer are connected in delta while the secondaries of C.T.s on delta connected side of a power transformer are connected in star. The table.1 gives the way of connecting C.T. secondaries for the various types of power transformer connections.
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With such an arrangement, the phase displacement between the currents gets compensated with the oppositely connected C.T. secondaries. Hence currents fed to the pilot wires from both the sides are in phase under normal running conditions and the relay is ensured to be inoperative. 
3. The neutrals of C.T. star and power transformer stars are grounded.

4. Many transformers have tap changing arrangement due to which there is a possibility of flow of differential current. For this, the turns ratio of C.T.s on both sides of the power transformer are Compared to the differential protection used in generators, there are certain important points discussed below which must be taken care of while using such protection for the power transformers. In a power transformer, the voltage rating of the two windings is different. The high voltage winding is low current winding while low voltage winding is high current winding. Thus there always exists difference in current on the primary and secondary sides of the power transformer. Hence if C.T.s of same ratio are used on two sides, then relay may get operated through there is no fault existing.
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 The star point of the power transformer primary as well as the star connected C.T. secondaries must be grounded. The restraining coils are connected across the C.T. secondary windings while the operating coils are connected between the tapping points on the restraining coils and the star point of C.T. secondaries.

With the proper selection of turns ratio of C.T.s the coils are under balanced condition during normal operating conditions. The C.T. secondaries carry equal currents which are in phase under normal conditions. So no current flows through the relay and the relay is inoperative. It is important to note that this scheme gives protection against short circuit faults between the turns i.e. interturn faults also. This is because when there is an interturn fault, the turns ratio of power transformer gets affected. Due to this the currents on both sides of the power transformer become unbalanced. This causes an enough differential current which floes through the relay and the relay operates.

Buchholz Relay:

All faults below the oil in transformer result in the localized heating & breakdown of the oil, some degree of arcing will always take place in a winding fault & the resulting decomposition of it will release gases such as hydrogen, carbon monoxide & hydrocarbons.

· When the fault is of a very minor type, such as hot joints gas is released slowly, but a major fault involving severe arcing causes rapid release of large volumes of gas as well as oil vapour. 
· Such incipient faults of smaller or larger magnitudes can be detected by a gas actuated relay known as Bucholtz Relay. 

The Bucholtz Relay is contained in a cast housing which is connected as shown below between the conservator tank and main tank of the transformer.

Under normal conditions, the Buchholz relay is full of oil. It consists of a cast housing containing a hinged hollow float. A mercury switch is attached to a float. The float being rotated in the upper part of the housing. Another hinged flap valve is located in the lower part which is directly in the path of the oil between tank and the conservator. Another mercury switch is attached to a flap valve. The float closes the alarm circuit while the lower flap valve closes the trip circuit in case of internal faults.

Operation:

There are many types of internal faults such as insulation fault, core heating, bad switch contacts, faulty joints etc. which can occur. When the fault occurs the decomposition of oil in the main tank starts due to which the gases are generated. As mentioned earlier, major component of such gases is hydrogen. The hydrogen tries to rise up towards conservator but in its path it gets accumulated in the upper part of the Buchholz relay. Through passage of the gas is prevented by the flap valve.
[image: ]
When gas gets accumulated in the upper part of housing, the oil level inside the housing falls. Due to which the hollow float tilts and closes the contacts of the mercury switch attached to it. This completes the alarm circuit to sound an alarm. Due to this operator knows that there is some incipient fault in the transformer. The transformer is disconnected and the gas sample is tested. The testing results give the indication, what type of fault is started developing in the transformer. Hence transformer can be disconnected before grows into a serious one. The alarm circuit does not immediately disconnect the transformer but gives only an indication to the operator. This is because sometimes bubbles in the oil circulating system may operate the alarm circuit even though actually there is no fault. However if a serious fault such as internal short circuit between phases, earth fault inside the tank etc. occurs then the considerable amount of gas gets generated. In that case, due to a fast reduction in the level of oil, the pressure in the tank increases. Due to this the oil rushes towards the conservator. While doing so it passes through the relay where flap valve is present. The flap valve gets deflected due to the rushing oil and operates the mercury switch, thereby energizing the trip circuit which opens the circuit breaker of transformer is totally disconnected from the supply. The connecting pipebetween the tank and the conservator should be as straight as possible and should slope upwards conservator at a small angle from the horizontal. This angle should be around 100. For the economic considerations, Buchholz relays are not provided for the transformer having rating below 500 KVA.


Advantages:

The various advantages of the Buchholz relay are,

1. Normally a protective relay does not indicate the appearance of the fault. It operates when fault occurs. But Buchholz relay gives an indication of the fault at very early stage, by anticipating the fault and operating the alarm circuit. Thus the transformer can be taken out of service before any type of serious damage occurs. 

2. It is the simplest protection in case of transformers. 

Limitations:

The various limitations of the Buchholz relay are

1. Can be used only for oil immersed transformers having conservator tanks. 

2. Only faults below oil level are detected. 

3. Setting of the mercury switches cannot be kept too sensitive otherwise the relay can operate due to bubbles, vibration, earthquakes mechanical shocks etc. 

4. The relay is slow to operate having minimum operating time of 0.1 seconds and average time of 0.2 seconds. 
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Disturbances: Light or Severe



The power system must maintain acceptable operation 24 hours a day 

Voltage and frequency must stay within certain limits

Small disturbances

The control system can handle these

Example: variation in transformer or generator load

Severe disturbances require a protection system

They can jeopardize the entire power system

They cannot be overcome by a control system







The variation in system parameters because of normal small disturbances is handled by the power system controls.

Large disturbances such as faults cannot be handled by the control system. Instead, a separate protection system is required whose goal is not to maintain system parameters within acceptable limits, but to prevent or minimize damage to the system and to remove hazardous conditions.









Power System Protection

Operation during severe disturbances:

		System element protection

		System protection

		Automatic reclosing

		Automatic transfer to alternate power supplies

		Automatic synchronization









We need to balance reliability and cost in designing a power system. While it is impossible to avoid the occurrence of faults and other abnormal operation conditions that produce large power system disturbances, a protection system is intended to take preventive or corrective actions in such cases.

The first line of defense is the protection of power system elements. The function of this type of protection is to detect faults and abnormal conditions and to disconnect the faulted element in order to prevent further damage in the element or a system disturbance. Modern power systems operate near the security limits. The system also needs protection functions at the system level that can include low frequency or low voltage load shedding among others.

Protection operation disconnects system elements. It is then important to provide automatic restoration functions. Among these functions, we might mention automatic reclosing of transmission lines, automatic transfer to alternate power supplies, and automatic synchronization.









Electric Power System Exposure to External Agents







Electric power systems span vast geographical areas, and they are exposed to various external agents.









Damage to Main Equipment

















Protection System 

A series of devices whose main purpose is to protect persons and primary electric power equipment from the effects of faults

















Blackouts

		Loss of service in a large area or population region

		Hazard to human life

		May result in enormous economic losses



		Overreaction of the protection system

		Bad design of the protection system



Characteristics

Main Causes

















Short Circuits Produce High Currents



Fault

Substation
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Three-Phase Line

Thousands of Amps



















FAULTS ON POWER SYSTEMS RISK :



Severe damage to the faulted equipment :

		Excessive current may flow;

		Causes burning of conductors or equipment windings;

		Arcing - energy dissipation;

		Risk of explosions for oil - filled switchgear, or when in hazardous environments.





Damage to adjacent plant :

		As the fault evolves, if not cleared quickly;

		Due to the voltage depression / loss of supply.



















Mechanical Damage During

Short Circuits

		Very destructive in busbars, isolators, supports, transformers, and machines

		Damage is instantaneous



i1

i2

f1

f2

Rigid Conductors











f1(t) = k i1(t) i2(t)

Mechanical Forces

















The Fuse

Fuse

Transformer
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Essential qualities of protection:

		Reliability

		Selectivity-



Absolute or relative

		Fastness

		Discrimination 









Protection System Elements

		Protective relays

		Circuit breakers

		Current and voltage transducers

		Communications channels

		DC supply system

		Control cables









This is a summary of protection system elements.









Protective relays:

		A device which detect intolerable or unwanted conditions within the assigned area.





		* A watchman or watchdog for the equipment/area





		* Silent sentinels to power system.









How relays are differentiated?

		Can be differentiated based on:

		* Functional categories

		* Input quantities

		*Operating Principles

		* Performance Characteristics.









What are various design criteria?

		* Dependability/Reliability

		* Security

		* Selectivity

		*Speed

		* Simplicity/flexibility

		*Stability

		*Performance Vs. Economy









What are various technique used?

		* Electromechanical

		*Solid state/Static

		* Microprocessor/Numerical









Non-Unit, or Unrestricted Protection :



No specific point downstream up to which 

protection will protect



		Will operate for faults on the protected equipment;

		May also operate for faults on downstream equipment, which has its own protection;

		Need for discrimination with downstream protection, usually by means of time grading.









Unit, or Restricted Protection :



Has an accurately defined zone of protection



		An item of power system plant is protected as a unit;

		Will not operate for out of zone faults, thus no back-up protection for downstream faults.









Types of relays

As per function:

		Main

		Auxiliary

		Signal



As per actuating quantity

		Overrelays

		Underrelays









Types…

As per connection

		Primary

		Secondary(common)



As per action on CB

		Direct acting

		Indirect acting



As per construction

		Electromagnetic









Types..

		Static

		Numerical



As per comparator types

		Single input comparator

		Two input comparator

		Multiple input comparator









Methods of discriminations:

		To locate fault



 by time

 by current grading

 by time and direction

 by distance

 by time, current and distance

 by current balance

 by power direction comparison

		Type of fault









Three-Phase Diagram of the Protection Team
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Control



Protected Equipment







DC Tripping Circuit





Lecture 1

This is a typical simplified dc tripping system. The normally open 52a breaker contact is closed when the breaker is closed. Relay operation for a fault implies the closing of the relay contact. This completes the circuit and establishes current through the breaker trip coil, 52TC. When the breaker trips, the opening of the 52a contact interrupts the tripping current, protecting the relay contact.

Relay contacts can often make, but not break, the tripping current, creating the need for a more robust contact to interrupt the highly inductive dc current. Interruption of the dc current in this circuit is the function of the 52a contact.

A contact-sealing auxiliary relay, SI, provides additional protection to the relay contact. The seal-in contact (SI) closes when the tripping current begins to flow, bypassing the relay contact. The action of the seal-in contact prevents the relay contact from interrupting the tripping current under any circumstances. The auxiliary contact, 52a, is mechanically coupled to the main contacts. When the circuit breaker completely opens its main contacts, 52a opens the tripping circuit, de-energizing the trip coil.

The red light has two functions. On one side, it indicates if the breaker is open (52a open, light off) or closed (52a closed, light on). On the other side, if the circuit breaker trip coil’s circuit gets accidentally open, the red light will remain off even when the circuit breaker is closed. This serves to indicate that there is a problem in that circuit.
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Current Transformers

Very High Voltage CT

Medium-Voltage CT

















Voltage Transformers

Medium Voltage

High Voltage

Note: Voltage transformers are also known as potential transformers

















Protective Relays

















Examples of Relay Panels

Old Electromechanical

Microprocessor-

Based Relay

















How Do Relays Detect Faults?

When a fault takes place, the current, voltage, frequency, and other electrical variables behave in a peculiar way. For example:

Current suddenly increases

Voltage suddenly decreases



Relays can measure the currents and the voltages and detect that there is an overcurrent, or an undervoltage, or a combination of both



Many other detection principles determine the design of protective relays 

















Primary Protection







Short-circuit protection includes two protection systems: primary and backup protection. Primary protection is the first line of defense. The figure shows the one-line diagram of a power system section. We may observe that we use breakers to connect adjacent system elements. Using the breakers in this manner permits the protection system to completely isolate a faulted element. An exception is the case of the generator-transformer units. Generators have dedicated step-up transformers in this arrangement, and we may omit the breaker between them.

The zones indicated with dotted lines are the primary protection zones. The significance of these zones is that a fault inside a zone implies the tripping of all the breakers belonging to that zone. Protective relays define these zones. Adjacent protection zones overlap to provide full primary protection coverage in the power system. A fault in the overlapping areas produces the tripping of more breakers than the breakers needed to isolate the fault. We need the overlapping areas to be as small as possible.

Primary protection operation should be as fast as possible, preferably instantaneous, for stability and power quality reasons.











Primary Protection Zone Overlapping
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Protective relays define the primary protection zones. Relays use system currents and voltages as input signals. We will see during the course that current information is instrumental for the relays in determining fault location. Then, current transformer location defines the limits of the primary protection zones in many cases.

In lower-voltage systems, we use bushing-type current transformers installed inside breaker and transformer bushings. In this case, protection zones overlap around the breaker, and the breaker lies in the ovelapping zone. A breaker fault produces the tripping of all breakers at both zones.

In higher-voltage installations, we use multiwinding current transformers. We use different secondary windings for the relays of the two protection zones. The overlapping zone is inside the current transformer. The probability of an overlapping-zone fault is very low. The price we pay for this arrangement is that it could be necessary to trip some Zone B breakers with Zone A relays to completely disconnect some Zone B faults.









Backup Protection







To increase the reliability of a protection system, a backup system is intended to operate in case one or more of the main protection elements fail.

The figure shows the one-line diagram of a power system and helps illustrate the concept of backup protection. The tie circuit breaker (T) is assumed to work normally closed. For a fault at CD, Line Breakers 5 and 6 should operate as the primary protection. If Protection 5 fails to operate, with existing technology we have two possibilities for cutting the fault current contribution from A, B, and F: open Breakers 1, 3, and 8; or open Breakers 2 and T.  In any case, backup protection needs time delay. The primary protection needs to be given an opportunity to operate before using the decision of a backup operation.
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Typical Short-Circuit Type Distribution

Single-Phase-Ground:  	70–80%

Phase-Phase-Ground:  	17–10%

Phase-Phase:                 	10–8%

Three-Phase:                      3–2%







About 80 percent to 85 percent of short circuits involve ground. This is why we use separate ground-fault protection in the power system. The highly dangerous three-phase fault is a less frequent fault. A particular three-phase fault that presents special protection problems is that created by maintenance personnel leaving grounding switches or grounding equipment connected after line maintenance.

About 80 percent of short circuits in overhead transmission lines are temporary. Automatic reclosing reconnects the line when protection trips the breaker and the fault dissapears.

Many faults can evolve. These begin as single-line-ground faults, evolve into line-line-ground faults, and eventually become three-phase faults. There are also combined faults. A broken conductor can touch a line tower or ground on one side, for example, creating a combination open phase and ground fault at the same point.









Balanced vs. 

Unbalanced Conditions

Balanced System

Unbalanced System
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Decomposition of an Unbalanced System





Lecture 2

Recall that the symmetrical components method is used to analyze unbalances in power systems.

Any three-phase set of unbalanced currents, or voltages, can be decomposed in three sets of currents, or voltages, with the following characteristics:

		One three-phase BALANCED set with POSITIVE-sequence rotation, a-b-c by convention

		One three-phase BALANCED set with NEGATIVE-sequence rotation, a-c-b

		One three-phase with the three currents that are equal in magnitude and in phase. This set is called ZERO-sequence.



The convention rules are as follows:

		For a system with a-b-c rotation, the positive-sequence set will have a-b-c rotation. The negative-sequence set will have a-c-b rotation.

		For a system with a-c-b rotation, the positive-sequence set will have a-c-b rotation. The negative-sequence set will have a-b-c rotation.













Power Line Protection Principles

		Overcurrent (50, 51, 50N, 51N)

		Directional Overcurrent (67, 67N)

		Distance (21, 21N)

		Differential (87)









We use four protection principles for distribution and transmission lines. Overcurrent protection, the simplest and most economical of these principles, is limited to radial lines. Overcurrent protection has found widespread use in distribution utility and industrial systems. The addition of directionality extends the application of overcurrent protection to looped lines. We use distance protection in many transmission lines. In order to increase operating speed, we may use a communications channel to exchange information between directional or distance elements. This type of arrangement is directional comparison pilot protection.

Finally, we may apply the differential principle to transmission lines over a communications channel. This arrangement offers the best protection. A variant of the differential principle is the phase comparison principle, in which we compare the phase angles of the currents at both line ends. Historically, the current-balance principle served to protect parallel transmission lines. This principle involved comparing the magnitudes of the currents of both lines. A fault at one of the lines created a difference between these currents.









Characteristics of overcurrent relays:

		Definite time

		IDMT- inverse definite minimum time

		Very inverse

		Extremely inverse









Application of Inverse-Type Relays
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Knowing that the current decreases as the distance increases, it is possible to draw a relay curve as shown in the figure. This indicates that the operation time of the relay will be larger as the current is farther from the source. This is one of the advantages of inverse-type overcurrent relays.
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Inverse-Time Relay Coordination





































Operating time of inverse-time overcurrent relays increases when the fault current diminishes or, in an equivalent situation, when the electrical distance to the fault increases.

In the bottom diagram, we show the inverse-time relay operating time as a function of the electrical distance. Note that each curve begins at the relay location and extends beyond the end of the adjacent line. This means that the 51 elements provide primary protection to the protected line and backup protection to the adjacent line(s).

We need to leave a selectivity or coordination interval T between the curves of the primary and backup relays to ensure coordination. The value of T should include: 1) the breaker operation time; 2) the electromechanical relay overtravel time (0.1 s typically); and 3) a security factor. Typical T values are 0.2 s to 0.4 s. Note that the relay time-distance curves diverge, so the minimum separation occurs at the beginning of the backed-up line. This happens when the primary and the backup relays are of the same type. If the relay types are different, the minimum separation between curves could occur at some other point. The basic idea of coordination is that the backup relay should be slower than the primary relay, with a minimum separation of T between curves calculated as follows:

                                              tbackup = tprimary + T























50/51 Relay Coordination
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Lecture 2

As indicated before, we should add instantaneous (50) overcurrent elements to reduce the fault clearing times in the primary protection zones. The 50 element pickup current needs to be greater than the maximum line-end fault current. This avoids 50 element misoperation for faults beyond the remote bus. Setting the 50 element pickup in this manner is necessary for coordination, because 50 elements have no time delay to coordinate with the relays of the adjacent lines.

We represent the 50 element characteristics by dashed lines in the figure. Note that 50 elements underreach the remote bus, but these elements cover a significant percentage of the protected line, especially for maximum generation coorditions. For lower generation conditions, the current-distance curve takes a lower position and the 50 element reach pulls back. The effect of 50 elements could even dissapear for minimum generation conditions.























Directional Overcurrent Protection

Basic Applications
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The addition of a directional element eliminates the restriction of applying overcurrent protection only to radial lines. Directional overcurrent protection can be applied to systems with several generation sources or looped systems. 

The arrows shown in the figure are used to represent the protection tripping direction. Note that the relays are oriented towards the protected lines. This orientation divides the system protection into two independent groups: the relays “looking” to the right and those “looking” to the left. The directionality divides the coordination process into two independent processes. A relay only needs to be coordinated with the other relays in its group.

The system shown in the lower figure is a single ring with only one source. In this case, all the relays are directional except the relays adjacent to the generation bus. For line faults close to the generation bus, the system is inherently directional. That is, fault current can only flow out of the bus and into the lines. Thus, there is no need for a directional relay.

Note: The time dial settings of the relays at locations K and L should be set to the minimum value. Can you explain why?









Distance Relay Principle
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Suppose Relay Is Designed to Operate When:







































Suppose that it is possible to design a relay that operates not when the current is larger than a given threshold, but when the phase voltage is less than the current times a constant, as shown in the figure.

This relay requires voltage and current information.

















The Impedance Relay Characteristic
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Lecture 3

A plain impedance relay will operate for any apparent impedance whose magnitude is less than, or equal to, the relay setting. In the complex plane, this is represented by the region within a circle with radius equal to the relay setting. The border of the circle represents the operation threshold of the relay. 













Need for Directionality
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Three-Zone Distance Protection
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Zone 1 Is Instantaneous







So far, a directional distance relay, which operates instantaneously and is set to reach less than 100% of the protected line, has been described. Two important principles of protection have been missing:

		What happens for a fault on the protected line that is beyond the reach of the relay?

		If the relay operates instantaneously, it cannot be used as a remote backup for a relay protecting a line adjacent to the remote substation.



These two problems are overcome by adding time-delay distance relays. This is accomplished by using the distance relay to start a definite-time timer. The output of the timer can then be used as a tripping signal.

The figure shows how a second zone (or step) is added to each of the directional impedance relays. A third zone, with a larger delay, can also be added. 

The operation time of the second zone is usually around 0.3 s, and the third zone around 0.6 s. However, the required time depends on the particular application.

The ohmic reach of each zone also depends on the particular power system. The figure and the next slide show a typical reach scheme for three zones.









Circular Distance Relay Characteristics
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The figure shows several commonly used circular distance relay characteristics. For analog relays, these characteristics can be obtained with phase and/or magnitude comparators. In microprocessor-based relays, they are implemented through the use of mathematical algorithms.









Differential Protection Principle

No Relay Operation if CTs Are Considered Ideal
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The figure shows the behavior of a simple differential scheme during an external fault. If the current transformers are considered ideal and identical, the primary and secondary currents at both sides of the protected equipment are equal. There will be no difference, and the relay will not operate. 











Differential Protection Principle
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Lecture 3

For an internal fault, the secondary currents are 180° out of phase and produce a differential current through the overcurrent relay. If this differential current is larger than the pickup for the relay, the relay will trip both circuit breakers instantaneously.  

The characteristics of differential protection can be summarized as follows:

Simple concept:

		Measure current entering and exiting the zone of protection

		If currents are not equal, a fault is present



Provides:

		High sensitivity

		High selectivity



Result:

		Relatively high speed



 











Problem of Unequal CT Performance

		False differential current can occur if a CT saturates during a through-fault

		Use some measure of through-current to desensitize the relay when high currents are present
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Lecture 3

All differential protection must deal with the challenge of being secure for large through-faults. During a severe external fault, a CT may saturate and supply less than its ratio current. In this case, the currents do not sum to zero, and a false differential current results. 











Possible Scheme – Percentage Differential Protection Principle
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Lecture 3

A common variation on the differential concept is the percentage restraint differential relay. The differential elements compare an operate quantity with a restraint quantity. 

In this scheme, the relay operates when the magnitude of the secondary operating current, ĪOP =  ĪS + ĪR, is larger than a given proportion of the secondary restraining current, IRT. For this particular scheme, the restraint current is chosen to be IRT = (| ĪS |+| ĪR |)/2. The proportionality constant, k, sometimes called the slope, may be adjustable and have typical values from 0.1 to 0.8 (or 10 percent to 80 percent).

The operating principle of the percentage differential protection is the same as that for the simple differential overcurrent protection. However, in the percentage differential scheme, for a severe external fault, the restraining current becomes large. Then, even if there is a significant operating current, the restraint will be large enough to prevent the relay from operating. When the fault is internal, the operation current is considerably larger than the restraint current, resulting in relay operation.  

Note:

The student should understand the common conventions used in differential protection analysis. The primary currents are generally drawn to indicate current flowing into the protected equipment from both terminals. As a result, the two currents will have neither the same sign nor the same angle during normal operation. In reality, during normal operation, the two currents will have the same magnitude, but the phasors will be 180° apart, assuming properly sized CTs. You should also be aware that some authors use a different convention.













Differential Protection Applications



		Bus protection

		Transformer protection

		Generator protection

		Line protection

		Large motor protection

		Reactor protection

		Capacitor bank protection

		Compound equipment protection









Differential protection can be applied to the protection of practically any power equipment. 

In each case, the scheme design is adapted to respond properly to a unique application. 

For example, a simple differential scheme with equal current transformers at each terminal, such as the one described here, can be applied to protect a series reactor or a generator, but it cannot be used to protect a transformer. 

Current transformers must have different ratios when applied to transformer protection. Other particularities of the transformer differential protection will be described later.









Differential Protection

Summary

		The overcurrent differential scheme is simple and economical, but it does not respond well to unequal current transformer performance 

		The percentage differential scheme responds better to CT saturation

		Percentage differential protection can be analyzed in the relay and the alpha plane 

		Differential protection is the best alternative selectivity/speed with present technology 
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Advantages of Digital Relays
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The most important advantages of digital relays are the following:

		Multifunctionality

		Protection and control

		Measurement

		Fault recording

		Communications capability

		Compatibility With Digital Integrated Systems

		High Reliability

		Relays (integration, self-testing)

		Protection system (supervised by the relays)

		Sensitivity and Selectivity

		New protection principles

		New relay operating characteristics

		Maintenance-free

		Reduced burden on CTs and VTs

		Adaptive protection

		Low cost











Why study this protection scheme??

		Protection scheme plays a vital & important role for the normal operation  or the steady state operation of different components of power system network, which must be reliable, fast and efficient.

		In order to achieve all these features, it is essential that these should be proper care in designing and choosing an appropriate and efficient protection scheme.

		The protective relays functions as the brain behind the whole schemes…









       THANK  YOU
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