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Unit-I
MEASURING INSTRUMENTS
1.1 Definition of instruments:
An instrument is a device in which we can determine the magnitude or value of the quantity to be measured. The measuring quantity can be voltage, current, power and energy etc. Generally instruments are classified in to two categories.
[image: C:\Users\Ravikanth\Desktop\New Bitmap Image.bmp]
1.2 Absolute instrument:
An absolute instrument determines the magnitude of the quantity to be measured in terms of the instrument parameter. This instrument is really used, because each time the value of the measuring quantities varies. So we have to calculate the magnitude of the measuring quantity, analytically which is time consuming. These types of instruments are suitable for laboratory use.
Example: Tangent galvanometer
1.3 Secondary instrument:
This instrument determines the value of the quantity to be measured directly. Generally these instruments are calibrated by comparing with another standard secondary instrument. Examples of such instruments are voltmeter, ammeter and wattmeter etc. Practically secondary instruments are suitable for measurement.

[image: C:\Users\Ravikanth\Desktop\l1.jpg]

1.3.1 Indicating instrument:
This instrument uses a dial and pointer to determine the value of measuring quantity. The pointer
Indication gives the magnitude of measuring quantity.

1.3.2 Recording instrument:
This type of instruments records the magnitude of the quantity to be measured continuously over
a specified period of time.
1.3.3 Integrating instrument:
This type of instrument gives the total amount of the quantity to be measured over a specified
Period of time
1.3.4 Electromechanical indicating instrument:
For satisfactory operation electromechanical indicating instrument, three forces are necessary.
They are
(a) Deflecting force
(b) Controlling force
(c)Damping force
1.4 Deflecting force:
When there is no input signal to the instrument, the pointer will be at its zero position. To deflect the pointer from its zero position, a force is necessary which is known as deflecting force. A system which produces the deflecting force is known as a deflecting system. Generally a deflecting system converts an electrical signal to a mechanical force.

[image: C:\Users\Ravikanth\Desktop\New Bitmap Image.jpg]

1.5 Controlling force:
To make the measurement indicated by the pointer definite (constant) a force is necessary which will be acting in the opposite direction to the deflecting force. This force is known as controlling force. A system which produces this force is known as a controlled system. When the external signal to be measured by the instrument is removed, the pointer should return back to the zero position. This is possibly due to the controlling force and the pointer will be indicating a steady value when the deflecting torque is equal to controlling torque.
[image: C:\Users\Ravikanth\Desktop\g.jpg]

1.5.1 Spring control:
Two springs are attached on either end of spindle (Fig. 1.5).The spindle is placed in jeweled bearing, so that the frictional force between the pivot and spindle will be minimum. Two springs are provided in opposite direction to compensate the temperature error. The spring is made of phosphorous bronze.

[image: ]

The deflecting torque produced Td proportional to ‘I’. When TC = Td the pointer will come to a steady position. Therefore
[image: ]
[image: C:\Users\Ravikanth\Desktop\New folder\kek.jpg]

Since, θ and I are directly proportional to the scale of such instrument which uses spring controlled is uniform
1.6 Damping force:
The deflection torque and controlling torque produced by systems are electro mechanical. Due to inertia produced by this system, the pointer oscillates about it final steady position before coming to rest. The time required to take the measurement is more. To damp out the oscillations quickly, a damping force is necessary. This force is produced by different systems. 

(a) Air friction damping
(b) Fluid friction damping
(c) Eddy current damping
1.6.1 Air friction damping:
The piston is mechanically connected to a spindle through the connecting rod (Fig. 1.6). The pointer is fixed to the spindle moves over a calibrated dial. When the pointer oscillates in clockwise direction, the piston goes inside and the cylinder gets compressed. The air pushes the piston upwards and the pointer tends to move in anticlockwise direction
[image: ]

If the pointer oscillates in anticlockwise direction the piston moves away and the pressure of the air inside cylinder gets reduced. The external pressure is more than that of the internal pressure. Therefore the piston moves down wards. The pointer tends to move in clock wise direction.
1.6.2 Eddy current damping:
An aluminum circular disc is fixed to the spindle (Fig. 1.6). This disc is made to move in the magnetic field produced by a permanent magnet. 
[image: ]
Fig. 1.6 Disc type
When the disc oscillates it cuts the magnetic flux produced by damping magnet. An emf is induced in the circular disc by faradays law. Eddy currents are established in the disc since it has several closed paths. By Lenz’s law, the current carrying disc produced a force in a direction opposite to oscillating force. The damping force can be varied by varying the projection of the magnet over the circular disc.

[image: ]
Fig. 1.6 Rectangular type
1.7 Permanent Magnet Moving Coil (PMMC) instrument:
One of the most accurate type of instrument used for D.C. measurements is PMMC instrument. 
Construction: A permanent magnet is used in this type instrument. Aluminum former is provided in the cylindrical in between two poles of the permanent magnet (Fig. 1.7). Coils are wound on the aluminum former which is connected with the spindle. This spindle is supported with jeweled bearing. Two springs are attached on either end of the spindle. The terminals of the moving coils are connected to the spring. Therefore the current flows through spring 1, moving coil and spring 2.
Damping: Eddy current damping is used. This is produced by aluminum former.
Control: Spring control is used.
Principle of operation:
When D.C. supply is given to the moving coil, D.C. current flows through it. When the current carrying coil is kept in the magnetic field, it experiences a force. This force produces a torque and the former rotates. The pointer is attached with the spindle. When the former rotates, the pointer moves over the calibrated scale. When the polarity is reversed a torque is produced in the opposite direction. The mechanical stopper does not allow the deflection in the opposite direction. Therefore the polarity should be maintained with PMMC instrument.
[image: ] [image: ]


If A.C. is supplied, a reversing torque is produced. This cannot produce a continuous deflection. Therefore this instrument cannot be used in A.C.
Torque developed by PMMC:
Let Td =deflecting torque
TC = controlling torque
q = angle of deflection
K=spring constant
b=width of the coil
l=height of the coil or length of coil
N=No. of turns
I=current
B=Flux density
A=area of the coil
The force produced in the coil is given by F = BIL sinθ
When θ = 90º
For N turns, F = NBIL
Torque produced Td = F* perpendicular distance
Td =NBIL* b
     = BINA
Td =BANI
Td α I
Advantages:

· Torque/weight is high 
· Power consumption is less
· Scale is uniform 
· Damping is very effective 
· Since operating field is very strong, the effect of stray field is negligible 
· Range of instrument can be extended
 Disadvantages:

· Use only for D.C. 
· Cost is high 
· Error is produced due to ageing effect of PMMC 
· Friction and temperature error are present

1.7.1 Extension of range of PMMC instrument:
Case-I: Shunt:
A low shunt resistance connected in parallel with the ammeter to extent the range of current. Large current can be measured using low current rated ammeter by using a shunt.


[image: ]
Let     Rm =Resistance of meter 
            Rsh =Resistance of shunt 
            I m   = Current through meter 
            I sh   =current through shunt 
             I    = current to be measure 

[image: ]
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Shunt resistance is made of manganin. This has least thermo electric emf. The change is resistance, due to change in temperature is negligible

Case (II): Multiplier:
A  large  resistance  is  connected  in  series  with  voltmeter  is  called  multiplier  (Fig.  1.9). A large voltage can be measured using a voltmeter o f small rating with a multiplier.

[image: ]
(Fig.  1.9)
Let   R     = resistance of meter 
        Rse    = resistance of multiplier 
       Vm    = Voltage across meter 
       Vse   = Voltage across series resistance 
       V     = voltage to be measured

[image: ]
[image: ]

1.8 Moving Iron (MI) instruments:

One of the most accurate instruments used for both AC and DC measurement is moving iron instrument. There are two types of moving iron instrument.

• Attraction type 
• Repulsion type
1.8.1 Attraction type M.I. instrument
Construction: The moving iron fixed to the spindle is kept near the hollow fixed coil (Fig. 1.10).The pointer and balance weight are attached to the spindle, which is supported with jeweled bearing. Here air friction damping is used.



Principle of operation:
The current to be measured is passed through the fixed coil. As the current is flow through the fixed coil, a magnetic field is produced. By magnetic induction the moving iron gets magnetized. The north pole of moving coil is attracted by the south pole of fixed coil. Thus the deflecting force is produced due to force of attraction. Since the moving iron is attached with the spindle, the spindle rotates and the pointer moves over the calibrated scale. But the force of attraction depends on the current flowing through the coil.

Torque developed by M.I 
Let ‘θ’ be the deflection corresponding to a current of ‘i’ amp 
Let the current increases by di, the corresponding deflection is ‘θ+dθ

[image: ]
(Fig.  1.10)

There is change in inductance since the position of moving iron change w.r.t the fixed electromagnets.

Let the new inductance value be ‘L+dL’. The current change by ‘di’ is dt seconds. Let the emf induced in the coil be ‘e’ volt

It gives the energy is used in to two forms. Part of energy is stored in the inductance. Remaining energy is converted in to mechanical energy which produces deflection

[image: ]
[image: ]
(Fig.  1.11)

[image: ]
Mechanical work to move the pointer by dθ
 =Td dθ
By law of conservation of energy, Electrical energy supplied=Increase in stored energy+ mechanical work done

Electrical energy supplied =Increase in stored energy+ mechanical work done

Input energy = Energy stored + Mechanical energy
[image: ]
Scale of the instrument is non uniform.

Advantages:

· MI  can be used in AC and DC 
· It is cheap 
· Supply is given to a fixed coil, not in moving coil.
· Simple construction 
· Less friction error. 
Disadvantages: 

· It suffers from eddy current and hysteresis error.
· Scale is not uniform
· It consumed more power 
· Calibration is different for AC and DC operation

1.8.2 Repulsion type moving iron instrument:
Construction: The repulsion type instrument has a hollow fixed iron attached to it (Fig. 1.12). The moving iron is connected to the spindle. The pointer is also attached to the spindle in supported with jeweled bearing.
Principle of operation: When the current flows through the coil, a magnetic field is produced by it. So both fixed iron and moving iron are magnetized with the same polarity, since they are kept in the same magnetic field. Similar poles of fixed and moving iron get repelled. Thus the deflecting torque is produced due to magnetic repulsion. Since moving iron is attached to spindle, the spindle will move. So that pointer moves over the calibrated scale.  
Damping: Air friction damping is used to reduce the oscillation. 
Control: Spring control is used.

[image: ]
(Fig.  1.12)

1.9 Dynamometer (or) Electromagnetic moving coil instrument (EMMC):

This instrument can be used for the measurement of voltage, current and power. The difference between the PMMC and dynamometer type instrument is that the permanent magnet is replaced by an electromagnet.
Construction: A fixed coil is divided in to two equal half. The moving coil is placed between the two half of the fixed coil. Both the fixed and moving coils are air cored. So that the hysteresis 
Effect will be zero. The pointer is attached with the spindle. In a non metallic former the moving 
Coil is wounded. 
Control: Spring control is used. 
Damping: Air friction damping is used
[image: ]
(Fig.  1.13)

Principle of operation: 
When the current flows through the fixed coil, it produced a magnetic field, whose flux density is 
Proportional to the current through the fixed coil. The moving coil is kept in between the fixed coil. When the current passes through the moving coil, a magnetic field is produced by this coil. The magnetic poles are produced in such a way that the torque produced on the moving coil deflects the pointer over the calibrated scale. This instrument works on AC and DC. When AC voltage is applied, alternating current flows through the fixed coil and moving coil. When the current in the fixed coil reverses, the current in the moving coil also reverses. Torque remains in the same direction. Since the current i1 and i2 reverse simultaneously. This is because the fixed and moving coils are either connected in series or parallel.

Torque developed by EMMC:

[image: ]
(Fig.  1.14)
Let
L1=Self inductance of fixed coil 
L2= Self inductance of moving coil 
M=mutual inductance between fixed coil and moving coil 
i1=current through fixed coil 
i2=current through moving coil 
Total inductance of system

[image: ]
[image: ]
Hence the deflection of pointer is proportional to the current passing through fixed coil and moving coil

1.9.1 Extension of EMMC instrument:
Case-I   Ammeter connection 
Fixed coil and moving coil are connected in parallel for ammeter connection. The coils are designed such that the resistance of each branch is same.  Therefore

I1 = I2 = I
[image: ]
(Fig.  1.15)
To extend the range of current a shunt may be connected in parallel with the meter. The value Rsh is designed such that equal current flows through moving coil and fixed coil

[image: ]
Case-II   Voltmeter connection: 
Fixed coil and moving coil are connected in series for voltmeter connection. A multiplier may be 
Connected in series to extent the range of voltmeter

[image: ]
(Fig.  1.16)

[image: ]
∴ θ ∝ = V2  (scale is not uniform)

Case-III: As wattmeter
When the two coils are connected to parallel, the instrument can be used as a wattmeter. Fixed coil is connected in series with the load. Moving coil is connected in parallel with the load. The moving coil is known as voltage coil or pressure coil and fixed coil is known as current coil.
[image: ]
Fig. 1.17
Assume that the supply voltage is sinusoidal. If the impedance of the coil is neglected in comparison with the resistance ‘R’ The current

[image: ]

[image: ]

[image: ]
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Advantages:
· It can be used for voltmeter, ammeter and wattmeter
· Hysteresis error is nil
· Eddy current error is nil
· Damping is effective
· It can be measure correctively and accurately the rms value of the voltage

Disadvantages:
· Scale is not uniform
· Power consumption is high(because of high resistance )
· Cost is more
· Error is produced due to frequency, temperature and stray field.
· Torque/weight is low.(Because field strength is very low)

Errors in PMMC:
· The permanent magnet produced error due to ageing effect. By heat treatment, this error can be eliminated.
· The spring produces error due to ageing effect. By heat treating the spring the error can be eliminated.
· When the temperature changes, the resistance of the coil vary and the spring also produces error in deflection. This error can be minimized by using a spring whose temperature co-efficient is very low.

1.10 Electrostatic instrument:
In multi cellular construction several vans and quadrants are provided. The voltage is to be measured is applied between the vanes and quadrant. The force of attraction between the vanes and quadrant produces a deflecting torque. Controlling torque is produced by spring control. Air
Friction damping is used.

The instrument is generally used for measuring medium and high voltage. The voltage is reduced
to low value by using capacitor potential divider. The force of attraction is proportional to the square of the voltage

[image: ]
Fig. 1.19

Torque developed by electrostatic instrument:
V=Voltage applied between vane and quadrant
C=capacitance between vane and quadrant
Energy stored =  CV2
Let ‘θ’ be the deflection corresponding to a voltage V.
Let the voltage increases by dv, the corresponding deflection is’ θ + dθ ’
When the voltage is being increased, a capacitive current flows
[image: ]
V * dt multiply on both side of equation
[image: ]

[image: ]
[image: ]
Advantages:
· It is used in both AC and DC.
· There is no frequency error.
· There is no hysteresis error.
· There is no stray magnetic field error. Because the instrument works on electrostatic principle.
· It is used for high voltage
· Power consumption is negligible

Disadvantages:
· Scale is not uniform
· Large in size
· Cost is more
1.11Multi range Ammeter:
When the switch is connected to position (1), the supplied current I1 

[image: ]
Fig. 1.21

[image: ]
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1.15 Ayrton shunt:
[image: ]
[image: ]
Fig. 1.22

Ayrton shunt is also called universal shunt. Ayrton shunt has more sections of resistance. Taps are brought out from various points of the resistor. The variable points in the o/p can be connected to any position. Various meters require different types of shunts. The Aryton shunt is used in the lab, so that any value of resistance between minimum and maximum specified can be used. It eliminates the possibility of having the meter in the circuit without a shunt. 
1.16 Multi range D.C. voltmeter:
[image: ]


[image: ]
We can obtain different Voltage ranges by connecting different value of multiplier resistor in series with the meter. The number of these resistors is equal to the number of ranges required. 
Problems:
1. A moving coil instrument gives a full scale deflection of 10mA, when the potential difference across its terminal is 100mV. Calculate 
(A) The shunt resistance for a full scale deflection corresponding to 100A
(B) The resistance for full scale reading with 1000V. 
(C) Calculate the power dissipation in each case?

Solution:
[image: ]
[image: ]
2. The inductance of a moving iron instrument is given by
[image: ]
Where ‘θ’ is the deflection in radian from zero position the spring constant is [image: ] Estimate the deflection for a current of 5A
[image: ]

Instrument Transformers:
The d.c circuits when large currents are to be measured, it is usual to use low-range ammeters with suitable shunts. For measuring high voltages, low-range voltmeters are used with high resistances connected in series with them. But it is neither convenient nor practical to use this method with alternating current and voltage instruments. For this purpose, specially constructed accurate-ratio instrument transformers are employed in conjunction with standard low-range a.c. instruments. Their purpose is to reduce the line current or supply voltage to a value small enough to be easily measured with meters of moderates size and capacity. In other words, they are used for extending the range of a.c. ammeters and voltmeters. 
Instruments transformers are of two types: 
(i) Current transformers (CT)    —for measuring large alternating currents.
(ii) potential transformers (VT)  —for measuring high alternating voltages

Advantages of using instrument transformers for range extension of a.c. meters are as follows: 
(1) The instrument is insulated from the line voltage, hence it can be grounded.  
(2) The cost of the instrument (or meter) together with the instrument transformer is less than that of the instrument alone if it were to be insulated for high voltages.
 (3) It is possible to achieve standardization instruments and meters at secondary ratings of 100–120 volts and 5 or 1 amperes 
(4) If necessary, several instruments can be operated from a single transformer and 5 power consumed in the measuring circuits is low.

In using instrument transformers for current (or voltage) measurements, we must know the ratio of primary current (or voltage) to the secondary current (or voltage). These ratios give us the multiplying factor for finding the primary values from the instrument readings on the secondary side.
However, for energy or power measurements, it is essential to know not only the transformation Ratio but also the phase angle between the primary and secondary currents (or voltages) because it necessitates further correction to the meter reading.
For range extension on a.c. circuits, instrument transformers are more desirable than shunts (for current) and multipliers (for voltage measurements) for the following reasons:
1. Time constant of the shunt must closely match the time constant of the instrument. Hence, a different shunt is needed for each instrument.
2. Range extension is limited by the current-carrying capacity of the shunt i.e. up to a few hundred amperes at the most.
3. If current is at high voltage, instrument insulation becomes a very difficult problem.
4. Use of multipliers above 1000 becomes almost impracticable.
5. Insulation of multipliers against leakage current and reduction of their distributed capacitance becomes not only more difficult but expensive above a few thousand volts.
Ratio and Phase-angle Errors:
For satisfactory and accurate performance, it is necessary that the ratio of transformation of the instrument transformer should be constant within close limits. However, in practice, it is found that neither current transformation ratio I1/I2 (in the case of current transformers) nor voltage transformation ratio V1/V2 (in the case of potential transformers) remains constant. The transformation ratio is found to depend on the exciting current as well as the current and the power factor of the secondary circuit. This fact leads to an error called ratio error of the transformer which depends on the working component of primary.
It is seen from Figure that the phase angle between the primary and secondary currents is not exactly 180° but slightly less than this value. This difference angle β may be found by reversing

[image: ]

Vector I2. The angular displacement between I1 and I2 reversed is called the phase angle error of the current transformer. This angle is reckoned positive if the reversed secondary current leads the primary current. However, on very low power factors, the phase angle may be negative. Similarly, there is an angle of γ between the primary voltage V1 and secondary voltage reversed-this angle represents the phase angle error of a voltage transformer. In either case, the phase error depends on the magnetizing component Iμ of the primary current. It may be noted that ratio error is primarily due to the reason that the terminal voltage transformation ratio of a transformer is not exactly equal to its turn ratio. The divergence between the two depends on the resistance and reactance of the transformer windings as well as upon the value of the exciting current of the transformer. Accuracy of voltage ratio is of utmost importance in a voltage transformer although phase angle error does not matter if it is to be merely connected to a voltmeter. Phase-angle error becomes important only when voltage transformer supplies the voltage coil of a wattmeter i.e. in power measurement. In that case, phase angle error causes the wattmeter to indicate on a wrong power factor.
In the case of current transformers, constancy of current ratio is of paramount importance. Again,
Phase angle error is of no significance if the current transformer is merely feeding an ammeter but it assumes importance when feeding the current coil of a wattmeter. While discussing errors, it is worthwhile to define the following terms:
Nominal transformation ratio (kn). It is the ratio of the rated primary to the rated secondary current (or voltage).
                 [image: ]


In the case of current transformers, it may be stated either as a fraction such as 500/5 or 100/1 or simply as the number representing the numerator of the reduced fraction i.e.100. It is also known as marked ratio.
Actual transformation ratio (k): The actual transformation ratio or just ratio under any given condition of loading is
[image: ]
In general, k differs from kn except in the case of an ideal or perfect transformer when k = kn for all conditions of loading 
Ratio Error (σ): In most measurements it may be assumed that I1 = knI2 but for very accurate work, it is necessary to correct for the difference between k and kn. It can be done with the help of ratio error which is defined as

[image: ]
Accordingly, ratio error may be defined as the difference between the primary current reading (assuming the nominal ratio) and the true primary current divided by the true primary current 

Ratio Correction Factor (R.C.F.): It is given by
[image: ]
Current Transformer:
A current transformer takes the place of shunt in d.c. measurements and enables heavy alternating current to be measured with the help of a standard 5-A range a.c. ammeter. As shown in Figure below, the current - or series-transformer has a primary winding of one or more turns of thick wire connected in series with the line carrying the current to be measured. The secondary consist of a large number of turns of fine wire and feeds a standard 5-A ammeter or the current coil of a watt-meter or watt-hour-meter (in the below figure)

[image: ]
Figure: A
For example, a 1,000/5A current transformer with in single turn primary will have 200 secondary turns. Obviously, it steps down the current in the 200: 1 ratio whereas it steps up the voltage drop across the single-turn primary (an extremely small quantity) in the ratio 1: 200. Hence if we know the current ratio of the transformer and the reading of the a.c. ammeter, the line current can
Be calculated. 
It is worth noting that ammeter resistances being extremely low, a current transformer operates with its secondary under nearly short-circuit conditions. Should it be necessary to remove the ammeter of the current coils of the wattmeter or a relay, the secondary winding must, first of all, be short-circuited before the instrument is disconnected.
If it is not done then due to the absence of counter ampere-turns of the secondary, the unopposed primary m.m.f. will set up an abnormally high flux in the core which will produce excessive core loss with subsequent heating of and damage of the transformer insulation and a high voltage across the secondary
[image: ]
Figure: B
Terminals this is not the case with the ordinary constant-potential transformers because their primary current is determined by the load on their secondary whereas in a current transformer, primary current is determined entirely by the load on the system and not by the load on its own secondary. Hence, the secondary of a current transformer should never be left open under any circumstances.

10.71. Theory of Current Transformer:
Fig. (b) represents the general phase diagram for a current transformer. Current I0 has been exaggerated for clarity. 
(a) Ratio Error. For obtaining an expression for the ratio error, it will be assumed that the turn ratio n (= secondary turns, N2/primary turns N1) is made equal to the nominal current ratio i.e. 
                           n = kn
In other words, it will be assumed that I1/I2 = n although actually n = I1/I2’

[image: ]
[image: ]


For most instrument transformers, the power factor of the secondary burden is nearly unity so that δ is very small. Hence, very approximately

[image: ]
Where Iω is the iron-loss or working or wattful component of the exciting current I0
The transformation ratio R may be found from Fig. 10.85 (a) as under:
[image: ]
It is obvious from (i) above that ratio error can be eliminated if secondary turn are reduced by a number
[image: ]
(b) Phase angle (β):

Again from Figure we fine that

[image: ]

Again, if the secondary power factor is nearly unity, then δ is very small, hence

[image: ]

Where Iμ is the magnetizing component of the exciting current I0

[image: ]

[image: ]
Dependence of ratio error on working component of I0 and that of phase angle on the magnetizing component is obvious. If R is to come closer to k and β is to become negligible small, then Iμ and Iω and hence I0 should be very small.

Potential Transformers:
These transformers are extremely accurate-ratio step-down transformers and are used in conjunction with standard low-range voltmeters (100-120 V) whose deflection when divided by transformation ratio, gives the true voltage on the primary or high voltage side. In general, they are of the shell type and do not differ much from the ordinary two-winding transformers except that their power rating is extremely small. Sine their secondary windings are required to operate instruments or relays or pilot lights, their ratings are usually of 40 to 100W. For safety, the secondary is completely insulated from the high voltage primary and is, in addition, grounded for
Affording protection to the operator figure shows the connection of such a transformer 
[image: ]
Ratio and Phase-angle Errors:
In the case of a potential transformer, we are interested in the ratio of the primary to the secondary terminal voltage and in the phase angle γ between the primary and reversed secondary terminal voltage V2′ 
The general theory of voltage transformer is the same as for the power transformers except that, as the current in the secondary burden is very small, the total primary current I1 is not much greater than I0.
In the phasor diagram of Figure, vectors AB, BC, CD and DE represent small voltage drops due to resistances and reactances of the transformer winding (they have been exaggerated for the sake of clarity). Since the drops as well as the phase angle γ are small, the top portion of diagram can be drawn with negligible loss of accuracy as in Figure where V2′ vector has been drawn parallel to the vector for V1.
In these diagrams, V2′ is the secondary terminal voltage as referred to primary assuming transformation without voltage drops. All actual voltage drops have been referred to the primary. Vector AB represents total resistive drop as referred to primary i.e. I2′ R01. Similarly, BC represents total reactive drop as referred to primary i.e. I2′ X01.
In a voltage transformer, the relatively large no-load current produces appreciable resistive drops which have been represented by vectors CD and DE respectively. Their values are I0R1 and I0X1 respectively.
(a) Ratio Error:
In the following theory, n would be taken to represent the ratio of primary turns to secondary turns. Further, it would be assumed, as before, that n equals the nominal transformation ratio i.e.                      

                                                               n = kn
In other words, it would be assumed that V1/V2 = n, although, actually, V1/V2′ = n.
[image: ]
Where Iω and Iμ are the iron-loss and magnetizing components of the no-load primary current I0
[image: ]
(b) Phase Angle (γ):
To a very close approximation, value of γ is given by γ = AN/OA —in radian
[image: ]
[image: ]
The negative sign has been given because reversed secondary voltage i.e. V2′ lags behind V1





















UNIT-II
MEASUREMENT OF POWER AND ENERGY
Single phase dynamometer wattmeter:
An electro dynamo meter type wattmeter is used to measure power. It has two coils, fixed coil which is current coil and moving coil which is pressure coil or voltage coil. The current coil carries the current of the circuit while pressure coil carries current proportional to the voltage in the circuit. This is achieved by connecting a series resistance in voltage circuit. The connections of an electrodynamometer wattmeter in the circuit are shown in fig

[image: ]
			Fig: electro dynamometer wattmeter
 = current through current coil
= current through pressure coil
R = series resistance.
V= R.M.S. value of supply voltage
I= R.M.S. value of current.
Torque equation:
 According to theory of electrodynamics instruments
=  
Let v = instantaneous voltage = sint = V sin
Due to the high resistance, pressure coil is treated to be purely resistive.
= instantaneous value = 
Where = 
=  sin t
If current coil lags the voltage by angle  then its instantaneous value is 
 sin (t- )
Now =  and =  hence
 sin t][sin (t- )] 
     = 2sin(t)sin(t- )
= [cos - cos(2t-)
= average deflecting torque = dt)
		= dt)
= cos 
Where = 
For a spring controlled wattmeter
= k   	But = 
 cos = k 
= cos =  cos
Where =  
=  cos = P
=  and P =V cos=power
  P
THREE PHASE DYNAMOMETER WATTMETER:
Similar to single phase dynamometer wattmeter, a three phase dynamometer wattmeter is available. It consists of two sets of fixed and moving coils, mounted together in one case. The moving coils are placed on the same spindle. The fig shows the construction of a three phase wattmeter.
[image: ]
				Fig: three phase two element wattmeter
Due to two sets of current and pressure coils, its connections are similar to the connections of two single phase wattmeters to measure three phase power. Each element experiences a torque which is proportional to the power measured by that element. The net torque on the moving system is the sum of the deflecting torques produced on each of the two elements.
  and    
 ((  W
= total deflecting torque
= power measured by element 1
= power measured by element 2
W = total power
Thus the total deflecting torque is proportional to the total power.
As the coils are maintained very near each other, errors due to mutual interference are possible. To eliminate such errors, the laminated iron shield is placed between the two elements.
The compensation for mutual interference can be obtained by using the resistances as shown in fig. The value of R can be adjusted using R’ to compensate the errors due to mutual effects between the two elements.
[image: ]
Fig: connections of three phase wattmeter
Extension of range of wattmeter using instrument transformer:
For very high voltage circuits, the high rating wattmeters are not available to measure the power. The range of wattmeter can be extended using instrument transformers, in such high voltage circuits. The connections are as shown in fig.
			[image: ]
				Fig: power measurement using C.T and P.T
The primary winding of C.T is connected in series with the load and secondary is connected in series with an ammeter and the current coil of a wattmeter.
The primary winding of P.T is connected across the supply and secondary is connected across voltmeter and the pressure coil of the wattmeter. One secondary terminal of each transformer and the casings are grounded.
Now both C.T and P.T have errors like ratio and phase angle error. For precise measurements, these errors must be considered. If not considered, these errors may cause inaccurate measurements. The correction must be applied to such errors to get the accurate results.
REACTIVE POWER MEASUREMENTS
A single wattmeter can also be used for three phase reactive power measurements. For example, the connection of a single wattmeter for 3-phase reactive power measurement in a balanced three phase circuit is as shown in figure 4.6.The current coil of the wattmeter is inserted in one line and the potential coil is connected across the other two lines. Thus, the voltage applied to the voltage coil is VRB=VR-VB, where VR and VB are the phase voltage values of lines R and B respectively, as illustrated by the phasor diagram of figure 
The reading of the wattmeter, W3ph   for the connection shown in figure 3.6 can be obtained based on the phasor diagram of figure, as follows:
Wattmeter reading,           Wph   =  Iy VRB
               				    = Iy VL cos(90+Ø)
					     = - √3 Vph Iph sin Ø
   = - √3 (Reactive power per phase)
Thus, the three phase power, W3ph is given by,
W3ph = (VArs/phase)
                                                                        = 3 [Wph/-√3]
                                                                     = - √3 (wattmeter reading)

 THREE PHASE REAL POWER MEASUREMENTS
The three phase real power is given by,
P3ph= 3 Vph Iph cos Ø                 or
P3ph= √3 VL IL cos Ø  
The three phase power can be measured by using one wattmeter, two wattmeters or three wattmeters in the measuring circuit. Of these, the two wattmeter method is widely used for the obvious advantages of measurements involved in it as discussed below.
1. Single Wattmeter Method
	Here only one wattmeter is used for measurement of three phase power. For circuits with the balanced loads, we have: W3ph=3(wattmeter reading). For circuits with the unbalanced loads, we have: W3ph=sum of the three readings obtained separately by connecting wattmeter in each of the three phases. If the neutral point is not available (3 phase 3 wire circuits) then an artificial neutral is created for wattmeter connection purposes. Instead three wattmeters can be connected simultaneously to measure the three phase power.  However,  this  involves  more  number  of  meters  to   be  used  for measurements and hence is not preferred in practice. Instead, the three phase power can be easily measured by using only two wattmeters, as discussed next.

2. Two Wattmeter Method
The circuit diagram for two wattmeter method of measurement of three phase real power is as shown in the figure 34.7. The current coil of the wattmeters W1 and W2 are inserted respectively in R and Y phases. The potential coils of the two wattmeters are joined together to phase B, the third phase. Thus, the voltage applied to the voltage coil of the meter, W1 is VRB= VR-VB, while the voltage applied to the voltage coil of the meter, W2 is VYB=VY-VB, where, VR, VB  and VC  are the phase voltage values of lines R, Y and B respectively, as illustrated by the phasor diagram of figure 3.8. Thus, the reading of the two wattmeters can be obtained based on the phasor diagram of figure 4.8, as follows:
W1    =  IR VRB
						=  IL VL cos (30 - Ø)
					W2   =  IY VYB
						=  IL VL cos (30 + Ø)
	Hence,
	W1+W2 = √3 VL IL cos Ø = P3ph

	And
So that then,
Tan Ø = √3 [W1-W2]/ [W1+W2]
	W1-W2 = VL IL sin Ø


Tan Ø = √3 [W1-W2]/ [W1+W2]
Types of power factor meters:
The power in single phase A.C circuit is given by
			P = VI cos
cos = power factor of the circuit.
Thus by using precise voltmeter, ammeter and wattmeter in the circuit, the readings of V, I and P can be obtained. Then power factor can be calculated as
 			cos = 


(i) Single phase electrodynamometer type power factor meter:
The construction of electrodynamometer type power factor meter is similar to the construction of electrodynamometer type wattmeter. The basic construction of electrodynamometer type power factor meter is shown in fig.
[image: ]
	Fig: single phase electrodynamometer type power factor meter
The F1 and F2 are the two fixed coils which are connected in series. The A and B are the two moving coils which are rigidly connected to each other so that their axes are at 90 degrees to each other. The moving coils A-B move together and carry the pointer which indicates the power factor of the circuit.
The fixed coils F1 and F2 carry the main current in the circuit. If the current is large, the fraction of the current is passed through the fixed coils. Thus the magnetic field produced by the fixed coils is proportional to the main current.
The moving coils A and B are identical. These are connected in parallel across the supply voltage and hence called pressure coils or voltage coils. The currents through coils A and B are proportional to the supply voltage. The coil A and B are proportional to the supply voltage. The coil A has non-inductive resistance R in series with it while the coil B has an inductance L in series with it.
The values of Rand L are so adjusted that the coils A and B carry equal currents at normal frequency.
So at normal frequency R= L. The current through coil A is in phase with the supply voltage while the current through coil B lags the supply voltage by nearly 90 degrees due to highly inductive nature of the circuit. Due to L, current through coil B is frequency dependent while current through coil A is frequency independent.
Working of meter:
Consider the position of the moving system as shown in fig.
Assume that the current through coil B lags the voltage exactly by 90 degrees.
Also assume that the field produced by the fixed coils is uniform and in the direction X-X as shown in fig.
Due to interaction of the fields produced by the currents through various coils, both the coils A and B experience a torque. The windings are arranged in such a manner that the torques experienced by coil A and B are opposite to each other. Hence the pointer attains equilibrium position when these two torques are equal
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The torque on each coil, for a given coil current will be maximum when the coil is parallel to the field produced by F1-F2 i.e. direction x-x.
Let  = power factor angle
= angle of deflection
The  is measured from the vertical axis, in the equilibrium position.
Similar to a dynamometer type wattmeter, torque on coil A is given by
   = KVI cos  cos(90-)
Where K = constant
The equation is similar to the torque equation of a dynamometer type instrument. The current through coil A is in phase with system voltage V and it moves in a magnetic field which is proportional to system current I and  which is generally constant for radial field is not constant for parallel field and is proportional to cos(90-). Similarly current in coil B lags the supply voltage by 90degrees and it moves in same field. Hence the torque on B is proportional to cos(90-) i.e. sin and cos
= KVI sin  cos
In equilibrium position = 
cos  cos(90-) = sin  cos
sin = tan cos
tan= tan
Thus the angular position taken up by the moving coils is equal to the system power factor angle. The scale of the instrument can then be calibrated in terms of power factor values.
Three phase electrodynamometer type power factor meter:
In three phase electrodynamometer type power factor meter also there are two fixed coils F1 and F2. The two moving coils A and B are so arranged that the angle between their planes is 1200 . These coils are connected between R and Y while the coil B is connected between R and B as shown in fig.  as the phase difference between the current through two moving coils is automatically created due to phase difference between the supply lines hence external Rand L are not required as in case of single phase circuit.
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Fig: Three phase electrodynamometer type power factor meter:
The moving coils A and B are connected to the supply lines Y and B through series resistance.
Moving iron type power factor meter:
There are two types of moving iron power factor meters
(i) Rotating field type
(ii) Alternating field type
Rotating field type moving iron power factor meter:
It consists of three fixed coils whose axes are displaced from each other by 1200 . The coils are supplied from a three phase supply through current transformers (C.T). The fig shows the construction of rotating field type moving iron power factor meter. The coils F1, F2 and F3 are the fixed coils. The coil F1 is supplied from phase R, coil F2 is from phase Y and coil F3 is from phase B. the coil Q is placed at the centre of the three fixed coils and is connected across any two lines of the supply through a series resistance.
[image: ]
Fig: Rotating field type moving iron power factor meter
Inside coil Q, there is a short provided iron rod. The rod carries two sector shaped vanes I1, I2 at its ends. The same rod carries damping vanes and a pointer. The control springs are absent. The moving system is shown in fig.
The coil Q and the iron system produce an alternating flux which interacts with the flux produced by the coils F1, F2 and F3. Due to resistance R, the current in the coil Q is in phase with the supply voltage. So the deflection of the moving system is approximately equal to the power factor angle of the three phase circuit. The flux produced by the coils F1,F2,F3 is rotating magnetic flux which creates an induction motor action. It tries to keep moving system continuously rotating. But it sets moving system in a definite position due to use of high resistivity iron parts. Such high resistivity parts reduce the induced currents and stops the continuous rotation.
The meter can be used for balanced loads. It is also called Westinghouse power factor meter.
Alternating field type moving iron power factor meter:
This instrument consists of 3 moving irons and vanes, which are fixed to the common spindle. The spindle carries the damping vanes and the pointer. The moving iron vanes are sector shaped similar to those used in the rotating field type meter. The arcs of these sectors have an angle of 1200 with respect to each other. These iron sectors are separated from each other on the spindle by the non-magnetic pieces denoted as S. the fig shows the construction of this instrument where Q1, Q2, Q3 are the iron sectors. These iron sectors are magnetized by the coils P1, P2, P3. These are voltage coils.
These coils are connected across the three phases. Thus the currents through them are proportional to the phase voltages of the three phase system.
The current coil is divided into two equal parts F1,F2, parallel to each other. The current coil carries one of the three line currents. One part F1of the current coil is on one side of the moving system and other F2 on the other side.
 When connected in the circuit, the moving system moves and attains such a position in which mean torque on one of the iron pieces gets naturalized by the torques produced by the other two iron pieces. In this position, the deflection of the pointer is equal to phase angle between the currents and voltages of the three phase system. The instrument is used for the balanced loads but can be modified for unbalanced loads. The voltage coils are at different levels hence the resultant flux is not rotating but alternating.
This instrument is also called nalder-lipman power factor meter.
[image: ]
			Fig: Alternating field type moving iron power factor meter
Single phase induction type energy meter
It works on the principle of induction i.e. on the production of eddy currents in the moving system by the alternating fluxes. These eddy currents induced in the moving system interact with each other to produce a driving torque due to which disc rotates to record the energy.
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In the energy meter there is no controlling torque and thus due to driving torque only, a continuous rotation of the disc is produced. To have constant speed of rotation braking magnet is provided.
Construction:
There are four main parts of operating mechanism
1) Driving system
2) Moving room 
3) Braking system 
4) Registering system.
1) Driving system: It consists of two electromagnets whose core is made up of silicon steel laminations. The coil of one of the electromagnets, called current coil, is excited by load current which produces flux further. The coil of another electromagnetic is connected across the supply and it carries current proportional to supply voltage. This is called pressure coil. These two electromagnets are called as series and shunt magnets respectively.
The flux produced by shunt magnet is brought in exact quadrature with supply voltage with the help of copper shading bands whose position is adjustable.
2) Moving system: Light aluminum disc mounted in a light alloy shaft is the main part of moving system. This disc is positioned in between series and shunt magnets. It is supported between jewel bearings. The moving system runs on hardened steel pivot. A pinion engages the shaft with the counting mechanism. There are no springs and no controlling torque.
3) Braking system: a permanent magnet is placed near the aluminum disc for barking mechanism. This magnet reproduced its own field. The disc moves in the field of this magnet and a braking torque is obtained. The position of this magnet is adjustable and hence braking torque is adjusted by shifting this magnet to different radial positions. This magnet is called braking magnet.
4) Registering mechanism: It records continuously a number which is proportional to the revolutions made by the aluminum disc. By a suitable system, a train of reduction gears, the pinion on the shaft drives a series of pointers. These pointers rotate on round dials which an equally marked with equal division.
Working: since the pressure coil is carried by shunt magnet M2 which is connected across the supply, it carries current proportional to the voltage. Series magnet M1 carries current coil which carries the load current. Both these coils produced alternating fluxes 1 and 2 respectively. These fluxes are proportional to currents in their coils. Parts of each of these fluxes link the disc and induce e.m.f. in it. Due to these e.m.f.s eddy currents are induced in the disc. The eddy current induced by the electromagnet M2 react with magnetic field produced by M1 react with magnetic field produced by M2. Thus each portion of the disc experiences a mechanical force and due to
Motor action, disc rotates. The speed of disc is controlled by the C shaped magnet called braking magnet. When disc rotates in the air gap, eddy currents are induced in disc which opposes the cause producing them i.e. relative motion of disc with respect to magnet. Hence braking torque Tb is generated. This is proportional to speed N of disc. By adjusting position of this magnet, desired speed of disc is obtained. Spindle is connected for recording mechanism through gears which record the energy supplied.
Driving and braking torques:
The phasor diagram is shown in below
V= supply voltage.
I= load current
		[image: ]
	Fig: phasor diagram of single phase induction type energy meter
= pressure coil current.
= phase angle between v and 
=900
= eddy e.m.f induced due to 
= eddy e.m.f induced due to 
= phase angle of eddy currents.
= eddy current due to 
= eddy current due to 
The current lags V by  and  is made 900 using copper shading bands. The current I lags by  which is depends on the load. The flux  and I are in phase. The  lags   by 900 while  lags  by 900. The eddy currents and  lags  and  respectively by angle.
The interaction between  and  produces torque T1.
The interaction between  and  produces torque T2.
T1 cos( ) and T2 cos( )
  =  and   = 180-+
 t1-t2  {[cos]-[cos(180-+)]}
Now  V, , , 
VI[cos(-cos (180-+)]
 	VI[coscossinsin-(cos(180-)cos-sin(180-)sin]
                                       VI coscos
=  VIcos	
If  is considered 
VI[sin(
The breaking torque is due to eddy currents induced in the aluminum disc. Magnitude of eddy currents is proportional to the speed N of the disc. Hence the braking torque  is also proportional to the speed N.

.
ERRORS AND COMPENSATION:
Speed error: Due to the incorrect position of the brake magnet, the braking torque is not correctly developed. This can be tested when meter runs at its full load current alternatively on loads of unity power factor and a low lagging power factor. The speed can be adjusted to the correct value by varying the position of the braking magnet towards the centre of the disc or away from the centre and the shielding loop. If the meter runs fast on inductive load and correctly on non-inductive load, the shielding loop must be moved towards the disc. On the other hand, if the meter runs slow on non-inductive load, the brake magnet must be moved towards the center of the disc.
Meter phase error: An error due to incorrect adjustment of the position of shading band results an incorrect phase displacement between the magnetic flux and the supply voltage (not in quadrature). This is tested with 0.5 p.f. load at the rated load condition. By adjusting the position of the copper shading band in the central limb of the shunt magnet this error can be eliminated.
Friction error: An additional amount of driving torque is required to compensate this error. The two shading bands on the limbs are adjusted to create this extra torque. This adjustment is done at low load (at about 1/4th of full load at unity p.f.).
v) Creeping: In some meters a slow but continuous rotation is seen when pressure coil is excited but with no load current flowing. This slow revolution records some energy. This is called the creep error. This slow motion may be due to (a) incorrect friction compensation, (b) to stray magnetic field (c) for over voltage across the voltage coil. This can be eliminated by drilling two holes or slots in the disc on opposite side of the spindle. When one of the holes comes under the poles of shunt magnet, the rotation being thus limited to a maximum of 1800. In some cases, a small piece of iron tongue or vane is fitted to the edge of the disc. When the position of the vane is adjacent to the brake magnet, the attractive force between the iron tongue or vane and brake magnet is just sufficient to stop slow motion of the disc with full shunt excitation and under no load condition. 
 (v) Temperature effect: Energy meters are almost inherently free from errors due to temperature variations. Temperature affects both driving and braking torques equally (with the increase in temperature the resistance of the induced-current path in the disc is also increases) and so produces negligible error. A flux level in the brake magnet decreases with increase in temperature and introduces a small error in the meter readings. This error is frequently taken as negligible, but in modern energy meters compensation is adopted in the form of flux divider on the break magnet.
Energy meter constant K is defined as K = No. of revolutions/ kwh 
In commercial meters the speed of the disc is of the order of 1800 revolutions per hour at full load.
THREE PHASE ENERGY METER:
In a three phase, four wire systems, the measurement of energy is to be carried out by a three phase energy meter. For three phase, three wire system, the energy measurement can be carried out by two element energy meter, the connections of which are similar to the connection of two wattmeters for power measurements in a three phase, three wire system. So these meters are classified as i) three element energy meter and ii) two element energy meter
Three phase energy meter:
This meter consists of three elements. The construction of an individual element is similar to that of a single phase energy meter. The pressure coils are denoted as P1,P2 and P3. The current coils are denoted as C1,C2, C3. All the elements are mounted in a vertical line in common case and have a common spindle, gearing and registering mechanism. The coils are connected in such a manner that the net torque produced is sum of the torques due to all the three elements. These are employed for three phase, four wire system.  where fourth wire is a neutral wire.
The current coils are connected in series with the lines while pressure coils are connected across a line and a neutral. Fig shows the three phase energy meter.
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	Fig: three phase energy meter
Testing by phantom loading using R.S.S. meter:
This test is conducted for short period of time hence called short period test. A rotating substandard meter (R.S.S) is used along with the meter under test. The current coils of two meters are connected in series while pressure coils in parallel. The two meters are started and stopped simultaneously for short period of time.
When the predetermined load is adjusted, then the meter under test is allowed to make certain number of revolutions. At the same time, the numbers of revolutions made by rotating substandard meter, in the same time are observed.
If the constants of meters are same then error can be directly obtained. But if meter constants are different then error is required to be calculated.
Let = Meter constant in number of revolutions per Kwh for meter under test.
      =meter constant in number of revolutions per kwh for substandard meter.	
      = number of revolutions made by meter under test.
      = number of revolutions made by substandard meter 
    = energy recorded by meter under test = 
= energy recorded by substandard meter = 
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	%error =  * 100
Before conducting the test, the meters are allowed to rue for 15 to 30 minutes with full load, to attain steady state temperature.
Tri vector meter:
The meter which measures the kVAh and kVA of the maximum demand simultaneously is called a tri vector meter.
It consists of a kWh meter and a reactive kVARh meter together. A special summator arrangement is used in between them. Both the meters drive the summator via a complicated gearing arrangement such that the summator records the kVAh accurately at all the power factors.
kVAh = 
fig shows the arrangement of tri vector meter
It uses five different gearing systems.
1. Watt-hour meter driving alone at normal speed, unity power factor condition.
2. Watt-hour meter speed slightly reduced and reactive meter speed is reduced considerably. This represents phase angle of 22.50 and power factor of 0.925.
3. Both speeds reduced by the same factor and corresponds to power factor of 0.707, phase angle 450
4. Watt-hour meter speed is considerably reduced and speed of reactive meter is slightly reduced. This corresponds to phase angle 67.50 and power factor 0.38.
5. Reactive meter driving alone at normal speed representing zero power factors.
Maximum demand meters:
The meters used to record the maximum power consumed by the consumer during a particular period are called maximum demand indicators.
                       [image: ]
It consists of special disc mechanism which drives the pointer through gearing arrangement, which is coupled to the energy meter spindle. The dial system is coupled to the energy meter spindle for a fixed interval of time. Generally this time interval is of 30 minutes duration. After the end of this interval, reset device resets the driving mechanism bringing to zero position. But the pointer is held by special friction device which indicates the energy consumed during that interval of time.
This pointer position remains fixed unless and until in next intervals of time, the energy consumed exceeds the one indicated by pointer. Thus pointer then indicates new energy consumption which is more than the previous.
The pin provided drives the pointer forward for the set period of time interval. When the period ends, the cam controlled by timing gear momentarily disengages the pinion with thw help of bell crank mechanism. Under the spring force, the driving mechanism and pin comes to zero position. The pin provided drives the pointer forward for the set period of time interval. When the period ends, the cam controlled by a timing gear momentarily disengages the pinion with the help of bell crank mechanism. Under the spring force, the driving mechanism and pin comes to zero position. The pointer remains at its position indicating the energy consumed during the past interval of time.


Electrical resonance type frequency meter:
It consists of a laminated iron core. On one end of the core 43 fixed coil is wound which is called magnetizing coil. This coil is connected across the supply whose frequency is to be measured. This coil carries current which has same frequency as that of supply. On the same core, a moving coil is pivoted which carries a pointer. A capacitor C is connected across the terminals of the fixed coil.
I= current through the magnetizing coil.
= flux in the iron core.
The flux is assumed as in phase with the current I.
The flux indicates the voltage in the moving coil which always lags  by 900.
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The phase current I depend on the inductance of the moving coil and the capacitance C.
Consider the different cases and the corresponding phasor diagrams to understand the working of the meter as shown in fig.
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In fig (a) the circuit of moving coil A is assumed to be inductive, hence current I lags the induced voltage e by angle. Hence the torque acting on the moving coil is given by
	
In fig (b) the circuit of moving coil A is assumed to be largely capacitive, hence current I lead the induced voltage e by angle. Hence the torque to be largely capacitive, hence current I leads the induced voltage e by angle. Hence the torque acting on the moving coil is given by
	
This torque is in opposite direction to the torque produced in case of inductive nature of the moving coil circuit. The fig© shows the resonance condition where the inductive reactance is equal to the capacitive reactance. So current I is in phase with the e and the torque acting on the moving coil is given by
 = 0
Hence under the resonance condition, torque acting on the moving coil is zero. Now the capacitive reactance =  =  is constant for a given frequency.
If frequency is higher than the normal frequency then=   decreases.
If frequency is lower than the normal frequency then=   increases.
So to achieve =  the moving coil moves towards the magnetizing coil where inductance increases. Thus pointer moves to the left of the mean position, indicating the lower frequency. An important advantage of the instrument is that the great sensitivity is achieved as the inductance of the moving coil changes slowly with variation of its position on the core. This meter is also called Ferro-dynamic frequency meter.
Weston type synchroscope
Static Part: It consists of three limbed transformer. One of the outer limbs is excited by bus bar voltage VI while the outer limb is excited by the incoming machine voltage V2. The central limb carries the lamp. The fluxes produced by the two outer limbs are forced through the central limb. The phasor stun of these two times is the net flux in the central limb. This is responsible to induce an e.m.f in the central limb which operates the lamp.
The outer limb windings are so arranged that if the two voltages VI and V2 are in phase. Two fluxes in the central limb help each other and maximum e.m.f. gets induced in the central Limb. This makes lamp glow with maximum brightness. If the two voltages V1 and V.2 are 180°' out of phase, two fluxes in the central limb oppose each outer and resultant flux in the central limb is zero. Thus no e.m.f. is induced in it and lamp remains. Dark
If the frequency of V2 is different than the frequency of V1, then lamp flickers i.e. lamp becomes alternately dark and bright. The flickering frequency is equal to .difference in the frequencies of V1 and V2. Thus when the lamp is flickering with very slow rate and when the lamp is maximum bright than the synchronizing switch must be closed. But this part does not detect whether incoming machine is faster or slower. This cart be known using the synchnoscope

                   [image: ]

Dynamic Part: This consists of an electrodynamometer type synchroscope. It consists of fixed coil divided into two parts while the moving coil consists of a pointer. The fixed coil is connected to bus bar with a resistor and inductor in series with it. The moving coil is connected to the terminals of incoming machine with a capacitor in series. The inductor and capacitor are used in fixed coil and moving coil circuit respectively because when the two voltages are in phase then due to L and C1 the two currents are in exact quadrature (91r) to each other. Thus no torque will act on the pointer. The control springs are arranged such that under this condition, pointer remains in vertical position. This is shown in the Fig. The current 11 lags V1 while I2 leads V2 such that I1 and I2 are in quadrature. If VI and V2 are 1syn out of phase, still the currents Il and 12 will be in quadrature and pointer will remain stationary. But in this situation, the lamp will be dark.  Practically it is very difficult to achieve exact stationary position of the pointer. It oscillates about its vertical position on the scale.




















Unit-III
Potentiometers:
Potentiometer: An instrument used to measure unknown emf by comparing it with a standard known emf
· Accuracy is high 

Two types:

· DC potentiometer 
· AC potentiometer 
Uses:
· Measurement of small e.m.f up to 2 V 
· Comparison of e.m.f. of 2 cells
· Measurement of resistance
· Measurement of current Calibration of ammeter
· Calibration of voltmeter
D.C. Potentiometer
A potentiometer is used for measuring and comparing the e.m.f.s. of different cells and for calibrating and standardizing voltmeters, ammeters etc. In its simplest from, it consists of a German silver or manganin wire usually one meter long and stretched between two terminals as shown in Fig.
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This wire is connected in series with a suitable rheostat and battery B which sends a steady current through the resistance wire AC. As the wire is of uniform cross-section throughout, the fall in potential across it is uniform and the drop between any two points is proportional to the distance between them. As seen, the battery voltage is spread over the rheostat and the resistance wire AC. As we go along AC, there is a progressive fall of potential. If ρ is the resistance/cm of this wire, L its length, then for a current of I amperes, the fall of potential over the whole length of the wire is ρ LI volts.
The two cells whose e.m.f.s are to be compared are joined as shown in above Figure always remembering that positive terminals of the cells and the battery must be joined together. The cells can be joined with the galvanometer in turn through a two-way key. The other end of the galvanometer is connected to a movable contact on AC. By this movable contact, a point like D is found when there is no current in and hence no deflection of G. Then, it means that the e.m.f. of the cell just balances the potential fall on AD due to the battery current passing through it. 
 
Suppose that the balance or null point for first cell of e.m.f. E1 occurs at a length L1 as measured from point A. The E1 = ρ L1I. 
Similarly, if the balance point is at L2 for th other cell, then E2 = ρ L2I. 
Dividing one equation by the other, we have 
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If one of the cells is a standard cell, the e.m.f. of the other cell can be found
Applications of DC Potentiometer:
· Calibration of Ammeter 
· Calibration of voltmeter
· Measurement of Power
· Measurement of Resistance
· Calibration of Wattmeter

Direct-reading Potentiometer:
The simple potentiometer described above is used for educational purposes only. But in it  commercial form, it is so calibrated that the readings of the potentiometer give the voltage directly, thereby eliminating tedious arithmetical calculations and so saving appreciable time. Such a direct-reading potentiometer is shown in Figure. The resistance R consists of 14 equal resistances joined in series, the resistance of each unit being equal to that of the whole slide were S (which is divided into 100 equal parts). The battery current is controlled by slide wire resistance W.
[image: ]

Standardizing the Potentiometer:
A standard cell i.e. Weston cadmium cell of e.m.f. 1.0183 V is connected to sliding contacts P and Q through a sensitive galvanometer G. First, P is put on stud No. 10 and Q on 18.3 division on S and then W is adjusted for zero deflection on G. In that case, potential difference between P and Q is equal to cell voltage i.e. 1.0183 V so that potential drop on each resistance of R is 1/10 = 0.1 V and every division of S represents 0.1/100 = 0.001 V. After standardizing this way, the position of W is not to be changed in any case otherwise the whole adjustment would go wrong. After this, the instrument becomes direct reading. Suppose in a subsequent experiment, for balance, P is moved to stud No. 7 and Q to 84 division, then voltage would be 
= (7 × 0.1) + (84 × 0.001) = 0.784 V.
It should be noted that since most potentiometers have fourteen steps on R, it is usually not possible to measure p.ds. exceeding 1.5 V. For measuring higher voltages, it is necessary to use a volt box
Calibration of Ammeters:
The ammeter to be calibrated is connected in series with a variable resistance and a standard resistance F, say, of 0.1 Ω across battery B1 of ample current capacity as shown in Figure shown below. Obviously, the resistance of F should be such that with maximum current flowing through the ammeter A, the potential drop across F should not exceed 1.5 V. Some convenient current, say
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6 amperes (as indicated by A) is passed through the circuit by adjusting the rheostat RH. The potential drop across F is applied between P and Q as shown. Next the sliding contacts P and Q are adjusted for zero deflection on G. Suppose P reads 5 and Q reads 86.7. Then it means that p.d. across F is 0.5867 V and since F is of 0.1 Ω, hence true value of current through F is 0.5867/0.1 = 5.867 amperes. Hence, the ammeter reads high by (6 − 5.867) = 0.133 A. The test is repeated for various values of current over the entire ranges of the ammeter.
Calibration of Voltmeters:
As Stated above, a voltage higher than 1.5 cannot be measured by the potentiometer directly, the limit being set by the standard cell and the type of the potentiometer (since it has only 14 resistances on R as in Figure (direct potentiometer)).However, with the help of a volt-box which is nothing else but a voltage reducer, measurements of voltage up to 150 V or 300 V can be made, the upper limit of voltage depending on the design of the volt-box. The diagram of connections for calibration of voltmeters is shown in Fig. 10.81. By calibration is meant the determination of the extent of error in the reading of the voltmeter throughout its range. A high value resistor AB is connected across the supply terminals of high voltage battery B1 so that it acts as a voltage divider. The volt box consists of a high resistance CD with tapings at accurately determined points like E and F etc. The resistance CD is usually 15,000 to 300 Ω. The two tappings E and F are such that the resistances of portions CE and CF are 1/100th and 1/10th the resistance CD. Obviously, whatever the potential drop across CD, the corresponding potential drop across CE is 1/100th and that across CF, 1/10th of that across CD. If supply voltage is 150 V, then p.d. across AB is also 150 V and if M coincides with B, then p.d. across CD is also 150 V, so across CF is 15 volts and across CE is 1.5 V. Then p.d. across CE can be balanced over the potentiometer as shown in Fig. 10.81. Various voltages can be applied across the voltmeter by moving the contact point M on the resistance AB. 
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Suppose that M is so placed by voltmeter V reads 70 V and p.d. across CE is balanced by adjusting P and Q. If the readings on P and Q to give balance are 7 and 8.4 respectively, then p.d. across CE is 0.7084 V. Hence, the true p.d. across AM or CD or voltmeter is 
0.7048 × 100 = 70.84 V (because resistance of CD is 100 times greater than that of CE)
In other words, the reading of the voltmeter is low by 0.84 V. By shifting the position of M and then balancing the p.d. across CE on the potentiometer, the voltmeter can be calibrated throughout its range. By plotting the errors on a graph, a calibration curve of the instrument can also be drawn.




A.C. Potentiometer:
An A.C. potentiometer basically works on the same principle as a D.C. potentiometer. However there is one very important difference between the two. In D.C. potentiometer, only the magnitudes of the unknown e.m.f. and slide-wire voltage drop are made equal for obtaining balance. But in an a.c. potentiometer, not only the magnitudes but phases as well have to be equal for obtaining balance. Moreover, to avoid frequency and waveform errors, the a.c. supply for slide-wire must be taken from same source as the voltage or current to be measured. A.C. potentiometers are of two general types differing in the manner in which the value of the unknown voltage is presented by the instrument dials or scales. 
The two types are: 
(i) Polar potentiometers in which the unknown voltage is measured in polar form i.e. in terms of magnitude and relative phase.
(ii) Co-ordinate potentiometers which measure the rectangular co-ordinates of the voltage under Test.
The two products are illustrated in Fig. 10.82. In Fig. 10.82 (a), vector OQ denotes the test voltage whose magnitude and phase are to be imitated. In polar potentiometer, the length r of the vector OP can be varied with the help of a sliding contact on the slide wire while its phase φ is varied independently with the help of a phase-shifter. Drysdale potentiometer is of this type.
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In co-ordinate type potentiometers, the unknown voltage vector OQ is copied by the adjustment of ‘in phase’ and ‘quadrature’ components X and Y. Their values are read from two scales of the potentiometer. The magnitude of the required vector is = X 2 + Y 2 and its phase is given 
By φ = tan−1 (X/Y).
Examples of this type are
(i) Gall potentiometer and
(ii) Campbell-Larsen potentiometer.


Drysdale Polar Potentiometer: 
As shown in Figure shown below for a.c. measurements, the slide-wire MN is supplied from a phase shifting circuit so arranged that magnitude of the voltage supplied by it remains constant while its phase can be varied through 360°.Consequently, slide-wire current I can be maintained constant in magnitude but varied in phase. The phase-shifting circuit consists of 
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(i) Two stator coils supplied from the same source in parallel. Their currents I1 and I2 are made to differ by 90° by using well-known phase-splitting technique.
(ii) The two windings produce a rotating flux which induces a secondary e.m.f. in the rotor winding which is of constant magnitude but the phase of which can be varied by rotating the rotor in any position either manually or otherwise. The phase of the rotor e.m.f. is read from the circular graduated dial provided for the purpose.

The ammeter A in the slide-wire circuit is of electrodynamic of thermal type. Before using it for a.c. measurements, the potentiometer is first calibrated by using D.C. supply for slide wire and a standard cell for test terminals T1 and T2. 

The unknown alternating voltage to be measured is applied across test terminals I2 and T2 balance is affected by the alternate adjustment of the slide-wire contact and the position of phase-shifting rotor. The slide-wire reading represents the magnitude of the test voltage phase-shifter reading gives its phase with reference to an arbitrary reference vector.


Gall Co-ordinate Potentiometer:
This potentiometer uses two slide-wires CD and MN with their currents I1 and I2 (Figure below) having a mutual phase difference of 90°. The two currents are obtained from the single phase supply through isolating transformers, the circuit for ‘quadrature’ slide wire MN incorporating a phase shifting arrangement.
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Before use, then current I1 is first standardized as described for Drysdale potentiometer. Next, current I2 is standardized with the help of the mutually induced e.m.f. E in inductometer secondary. This e.m.f. E = ω MI1 and is in quadrature phase with I1. Now, E is balanced against the voltage drop on slide-wire MN. This balance will be obtained only when I2 is of correct magnitude and is in exact quadrature with I1. Balance is achieved with the help of the phase-shifter and rheostat R2. The unknown voltage is applied across the test terminals T1 and T2. Slide-wire MN measures that component of the unknown voltage which is in phase with I2. Similarly, slide-wire CD measures that component of the unknown voltage which is in phase with I1. Since I1 and I2 are in quadrature, the two measured values are quadrature components of the unknown voltage. If V1 and V2 are these values, then
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and φ = tan−1 (V2/V1) —with respect to I1
Reversing switches S1 and S2 are used for measuring both positive and negative in-phase and quadrature components of the unknown-voltage.
Applications of AC Potentiometer:
· Calibration of voltmeter
· Calibration of Ammeter 
· Calibration of Watt meter 
· Measurement of self inductance
Advantages of AC Potentiometer:
· Very versatile instrument. By using shunts and volt- ratio boxes its use may be extended to cover current, voltage and resistance measurements over a wide range of values 
· The fact that phase, as well as magnitude, is measured leads to such applications as measurement of power, inductance and phase angle of the coil etc. 
·  Used in special measurement circuits
Disadvantages of AC Potentiometer:
· A very small difference in reading of reflecting dynamometer instrument either in DC or AC calibration introduces error in the AC current to be set at standard value 

· The mutual inductance between various parts of the instruments affects the normal value of mutual inductance. Due to this, a slight difference is introduced on the magnitude of the current of quadrature wire compared to that in the in phase POT wire.
      The inter capacitance and mutual inductance affect the potential gradient of the wires
· The inaccuracy in the measured value of frequency will also result in the quadrature POT wire current to differ from that of in-phase POT wire. 
· Because the standardization is done on the basis of RMS value and balance is obtained depending upon the fundamental only, the presence of harmonics in the waveform introduces operating troubles and the vibration galvanometer tuned to the fundamental may not show full null position at all.















Unit-IV
Measurements of Parameters
AC BRIDGES:
General form of A.C. Bridge:
AC bridge are similar to D.C. bridge in topology (way of connecting).It consists of four arm AB,BC,CD and DA .Generally the impedance to be measured is connected between ‘A’ and ‘B’.A detector is connected between ‘B’ and ’D’. The detector is used as null deflection instrument. Some of the arms are variable element. By varying these elements, the potential values at ‘B’ and ‘D’ can be made equal. This is called balancing of the bridge
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General form of A.C. Bridge
At the balance condition, the current through detector is zero.
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At balance condition,

Voltage drop across ‘AB’=voltage drop across ‘AD’.
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· For balance condition, magnitude on either side must be equal.
·  Angle on either side must be equal
For balance condition
                           [image: ]
Types of detector:
The following types of instruments are used as detector in A.C. Bridge. 
· Vibration galvanometer
· Head phones (speaker)
· Tuned amplifier
Vibration galvanometer:
Between the point ‘B’ and ‘D’ a vibration galvanometer is connected to indicate the bridge balance condition. This A.C. galvanometer which works on the principle of resonance the A.C. galvanometer shows a dot, if the bridge is unbalanced.
Head phones
Two speakers are connected in parallel in this system. If the bridge is unbalanced, the speaker produced more sound energy. If the bridge is balanced, the speaker do not produced any sound energy
Tuned amplifier:
If the bridge is unbalanced the output of tuned amplifier is high. If the bridge is balanced, output of amplifier is zero.
Measurements of inductance:
Maxwell’s inductance bridge:
The choke for which R1 and L1 have to measure connected between the points ‘A’ and ‘B’. In this method the unknown inductance is measured by comparing it with the standard inductance.
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Figure: Maxwell’s inductance bridge
L2 is adjusted, until the detector indicates zero current.
Let R1= unknown resistance
L1= unknown inductance of the choke.
L2= known standard inductance
R1, R2, R4= known resistances
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Advantages:
· Expression for R1 and L1 are simple.
· Equations area simple
· They do not depend on the frequency (as w is cancelled)
·  R1 and L1 are independent of each other.
Disadvantages:
· Variable inductor is costly.
· Variable inductor is bulky.
Maxwell’s inductance capacitance bridge:
Unknown inductance is measured by comparing it with standard capacitance. In this bridge, balance condition is achieved by varying ‘C4’
.[image: ]
 Fig 2.4 Maxwell’s inductance capacitance bridge
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Substituting the value of Z4
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Figure: Phasor diagram of Maxwell’s inductance capacitance bridge
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                                         [image: ]
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Advantages:
· Equation of L1 and R1 are simple.
· They are independent of frequency.
· They are independent of each other.
· Standard capacitor is much smaller in size than standard inductor.
Disadvantages:
· Standard variable capacitance is costly.
· It can be used for measurements of Q-factor in the ranges of 1 to 10.
· It cannot be used for measurements of choke with Q-factors more than 10.
· We know that Q =wC4R4

For measuring chokes with higher value of Q-factor, the value of C4 and R4 should be higher. Higher values of standard resistance are very expensive. Therefore this bridge cannot be used for higher value of Q-factor measurements.



Hay’s bridge:
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Hay’s bridge
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Phasor diagram of Hay’s bridge
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Comparing the real term,
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Comparing the imaginary terms,
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Substituting the value of R1 from equation
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Substituting the value of L1 in equation
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Advantages:
· Fixed capacitor is cheaper than variable capacitor.
· This bridge is best suitable for measuring high value of Q-factor.
Disadvantages:
· Equations of L1and R1 are complicated.
· Measurements of R1 and L1 require the value of frequency.
· This bridge cannot be used for measuring low Q- factor
Owen’s bridge:
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Owen’s bridge
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Phasor diagram of Owen’s bridge
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Advantages:
· Expression for R1 and L1 are simple.
· R1 and L1 are independent of Frequency.
Disadvantages:
· The Circuits used two capacitors.
· Variable capacitor is costly.
· Q-factor range is restricted
Anderson’s bridge:
[image: ]
Anderson’s bridge
[image: ][image: ]
Phasor diagram of Anderson’s bridge
Step-1    Take I1 as references vector .Draw I1R1 in phase with I1
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Equivalent delta to star conversion for the loop MON
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Simplified diagram of Anderson’s bridge
Comparing real term,
[image: ]
Comparing the imaginary term,
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Advantages:
· Variable capacitor is not required.
· Inductance can be measured accurately.
· R1 and L1 are independent of frequency.
· Accuracy is better than other bridges
Disadvantages:
· Expression for R1 and L1 are complicated.
· This is not in the standard form A.C. bridge
Measurement of capacitance and loss angle (Dissipation factor):
Dissipation factors (D):
A practical capacitor is represented as the series combination of small resistance and ideal capacitance. From the vector diagram, it can be seen that the angle between voltage and current is slightly less than 900. The angle‘d’ is called loss angle.
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Condensor or capacitor
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Representation of a practical capacitor
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Vector diagram for a practical capacitor
A dissipation factor is defined as ‘tan’.
[image: ]
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Desauty’s Bridge:
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Desauty’s bridge
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Schering Bridge:
E1 = I1r1 − jI1X4
C2 = C4= Standard capacitor (Internal resistance=0)
C4= Variable capacitance.
C1= Unknown capacitance.
r1= Unknown series equivalent resistance of the capacitor
R3=R4= Known resistor
[image: ]
Schering Bridge
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Phasor diagram of Schering Bridge
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Advantages:
· In this type of bridge, the value of capacitance can be measured accurately.
· It can measure capacitance value over a wide range.
· It can measure dissipation factor accurately.
Disadvantages:
· It requires two capacitors.
· Variable standard capacitor is costly.
Measurements of frequency:
Wein’s bridge:
Wein’s bridge is popularly used for measurements of frequency of frequency. In this bridge, the values of all parameters are known. The source whose frequency has to measure is connected as shown in the figure.
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At balance condition
[image: ]
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Wein’s bridge
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Phasor diagram of Wein’s bridge
Comparing real term
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The above bridge can be used for measurements of capacitance. In such case, r1 and C1 are unknown and frequency is known. By equating real terms, we will get R1 and C1. Similarly by equating imaginary term, we will get another equation in terms of r1 and C1. It is only used for measurements of Audio frequency.
A.F=20 HZ to 20 KHZ
R.F=>> 20 KHZ
Comparing imaginary term,
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Substituting in equation, we have
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Wagner earthing device:
[image: ]
Wagner earthing device
Wagner earthing consists of ‘R’ and ‘C’ in series. The stray capacitance at node ‘B’ and ‘D’ are CB, CD respectively. These Stray capacitances produced error in the measurements of ‘L’ and ‘C’. This error will predominant at high frequency. The error due to this capacitance can be eliminated using Wagner earthing arm.
Close the change over switch to the position (1) and obtained balanced. Now change the switch to position (2) and obtained balance. This process has to repeat until balance is achieved in both the position. In this condition the potential difference across each capacitor is zero.
Current drawn by this is zero. Therefore they do not have any effect on the measurements.
What are the sources of error in the bridge measurements?
· Error due to stray capacitance and inductance.
· Due to external field.
· Leakage error: poor insulation between various parts of bridge can produced this error.
· Eddy current error.
· Frequency error.
· Waveform error (due to harmonics)
· Residual error: small inductance and small capacitance of the resistor produce this error.
Precautions:
· The load inductance is eliminated by twisting the connecting the connecting lead. 
· In the case of capacitive bridge, the connecting leads are kept apart.
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· In the case of inductive bridge, the various arm are magnetically screen.
· In the case of capacitive bridge, the various arm are electro statically screen to reduced the stray capacitance between various arm.
· To avoid the problem of spike, an inter bridge transformer is used in between the source and bridge.
· The stray capacitance between the ends of detector to the ground, cause difficulty in balancing as well as error in measurements. To avoid this problem, we use Wagner earthing device.

INTRODUCTION:

A resistance is a parameter which opposes the flow of current in a closed electrical network. It is expressed in ohms, milliohms, kilo-ohms, etc. as per the ohmic principle, it is given by; R = V/I; with temperature remaining constant. 
If temperature is not a constant entity, then the resistance, R2 at t20C is given by;
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Is the temperature coefficient of resistance and R1 is the temperature at t10C
Resistance can also be expressed in terms of its physical dimensions as under:
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Where, l is the length, A is the cross sectional area and ρ is the specific resistance or resistivity of the material of resistor under measurement
To realize a good resistor, its material should have the following properties:  
· Permanency of its value with time
· Low temperature coefficient of resistance 

· High resistivity so that the size is smaller 

· Resistance to oxidation, corrosion, moisture effects, etc. 

· Low thermo electric emf against copper, etc. 

No single material can be expected to satisfy all the above requirements together. Hence, in practice, a material is chosen for a given resistor based on its suitability for a particular application.
CLASSIFICATION OF RESISTANCES:
For the purposes of measurements, the resistances are classified into three major groups based on their numerical range of values as under: 
· Low resistance (0 to 1 ohm) 

· Medium resistance (1 to 100 kilo-ohm) and 

· High resistance (>100 kilo-ohm) 
Accordingly, the resistances can be measured by various ways, depending on their range of values, as under:

1. Low resistance (0 to 1 ohm): AV Method, Kelvin Double Bridge, potentiometer, doctor ohmmeter, etc. 
2. Medium resistance (1 to 100 kilo-ohms): AV method, wheat stone’s bridge, substitution method, etc. 
3. High resistance (>100 kilo-ohms): AV method, fall of potential method, Megger, loss of charge method, substitution method, bridge method, etc. 


MEASUREMENT OF MEDIUM RESISTANCES:
(a) AV Method:
Here an ammeter and a voltmeter are used respectively in series and in parallel with the resistor under measurement. Various trial readings are obtained for different current values. Resistances are obtained for each trial as per ohmic-principle, using equation (1). The average value of all the trails will give the measured value of resistance. 
This method is also reefed as the potential drop method or VA method. Here, the meter ranges are to be chosen carefully based on the circuit conditions and the resistance value to be obtained. This method suffers from the connection errors.
Wheat stone’s bridge:
This bridge circuit has four resistive arms: arm-AB and arm-BC the ration arms with resistances R1 and R2, arm-AD with the unknown resistance R3 and arm CD with a standard known variable resistance R4, as shown in figure-1 below. The supply is fed across the arm-AC and the arm-BD contains a galvanometer used as a detector connected across it.
The bridge is said to be balanced when the galvanometer current is zero. This is called as the position of null reading in the galvanometer, which is used here as a null detector of the bridge under the balanced conditions.
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Wheatstone bridge
Thus under the balance conditions of the bridge, we have,
Ig = 0; VAB = VAD and VBC = VCD, so that,
I1R1 = I2R3 and I1R2 = I2R4	
Solving further, we get, R1/R2 = R3/ R4 and R1R4 = R2R3
This is the balance equation of the bridge.
Thus, unknown resistance, R3 = R1R4/ R2 ohms.	
Expression for Galvanometer current
In a WS bridge PQRS as shown in figure 2, below, under the unbalanced conditions of the bridge, the current flowing in the galvanometer is given by:
Ig = ETh/ [RTh+Rg]	
Where,
RTh = {PQ/(P+Q) + RS/(R+S)}
ETh = E {P/(P+Q) - R/(R+S)}
[image: ]
Wheatstone bridge PQRS

Errors in WS bridge measurements:
Limiting errors: 
In a WS bridge PQRS, the percentage limiting error in the measurand resistance; R is equal to the sum of the percentage limiting errors in the bridge arm resistances P, Q and S 

Errors due to heating of elements in the bridge arms: 	
                Rt = R0 [1+ αt]; P = I2R Watts; Heat= I2Rt Joules.

The I2R loss occurring in the resistors of each arm might tend to increase the temperature, which in turn can result in a change in the resistance value, different from the normal value.
Errors due to the effect of the connecting wires and lead resistors: 
The connecting lead wire resistance will affect the value of the unknown resistance, especially when it is a low resistance value. Thus, the connecting lead wire resistances have to be accounted for while measuring a low resistance.
Contact resistance errors: 
The contact resistance of the leads also affects the value of the measurand resistance, just as in point (iii) above. This resistance value depends on the cleanliness of the contact surfaces and the pressure applied to the circuit
Limitations of WS Bridge: 
The WS bridge method is used for measurement of resistances that are numerically in the range of a few ohms to several kilo-ohms. The upper limit is set by the reduction in sensitivity to unbalance caused by the high resistances, as per the equation (7).
Sensitivity of WS Bridge:
In a WS bridge PQRS as in figure 2, with the resistance S in an arm changed to S+ S, the bridge becomes unbalanced to the extent of the resistance change thus brought about. This is also referred as the unbalanced operation of the WS Bridge. Under such circumstances, with Sv as the voltage sensitivity of the galvanometer, we have, 
Galvanometer Deflection, θ = Sv X e = Sv [ES R/(R+S)2]
Bridge Sensitivity SB = θ/(R/R) 
Rearranging, we get, SB = Sv X e/ {(R/S) +2+(S/R)} 

Thus, the WS bridge sensitivity is high when (R/S) =1. It decreases as the ratio (R/S) becomes either larger or smaller than unity value. This also causes a reduction in accuracy with which the bridge is balanced.

MEASUREMENT OF LOW RESISTANCES:
Of the various methods used for measurement of low resistances, the Kelvin’s Double Bridge (KDB) is the most widely used method. Here, the bridge is designed as an improved or modified WS Bridge with the effect of contact and connecting lead wire resistances considered. The circuit arrangement for KDB is as shown in figure 3 below. R is the low resistance to be measured, S is the standard low resistance, r is the very small link resistance between R and S, called the yoke resistance, P,Q,p,q are the non inductive resistances, one set of which, Pp or Qq is variable. The bridge is supplied with a battery E and a regulating resistance RC. A galvanometer of internal resistance Rg, connected as shown, is used as a null detector.
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Kelvin’s Double Bridge
Balance Equation of KDB:
The balance equation of KDB can be derived as under. Using star-delta conversion principle, the KDB circuit of figure 3 can be simplified as shown in figure below
It is thus observed that the KDB has now become a simplified WS bridge-ABCD as shown in figure (c). It is to be noted that the yoke resistance r1 is ineffective now, since it is in the zero current branch, in series with the galvanometer. Thus, under balance conditions, we have
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We have, P (S+r3) = Q (R+r2) 
[image: ]
Using above equations we get
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Simplifying, we get the final balance equation of the Kelvin Double Bridge as:
R = [P/Q] S + [qr / (p+q+r)] [(P/Q) – (p/q)] 
Significance of balance equation of KDB:
From the balance equation it can be observed that, 
• If the yoke resistance is negligible, (r=0), then R = [P/Q] S, as per the WS bridge balance equation. 

• If the ratio arm resistances are equal, i.e., [(P/Q) = (p/q)], then again, R= [P/Q] S, as per WS bridge principle 
Unbalanced KDB:
Further, if the KDB is unbalanced due to any change in resistances R or S (by R or S), then the unbalanced galvanometer current during the unbalanced conditions is given by:
Ig = I. S [P/ (P+Q)]/ {Rg+ PQ/ (p+q) + PQ/ (P+Q)} 
MEASUREMENT OF HIGH RESISTANCES:
Of the various methods used for measurement of high resistances, the fall of potential method is widely used. Also, very high resistances of the order of mega-ohms can be measured by using an instrument called MEGGER, also called as the insulation resistance tester. It is used as a high resistance measuring meter as also a tester for testing the earth resistances.































UNIT – V
Magnetic Measurements

Introduction:
The measurements of various _of a magnetic material are called magnetic Measurements. The magnetic materials play a very important role in the operation of electrical machines hence measurement of various characteristics of a magnetic Materials is important from the point of view of designing and manufacturing of Electrical machines,
	
The magnetic measurements include,
1. Measurement of flux density B in a specimen of Ferro magnetic material.
2. Measurement of magnetizing forces H, producing the flux density B, in air.
3. Determination of BH curve and the hysteresis loop.
4, Determination of eddy current and the hysteresis losses,
5. Testing of permanent magnets.

Ballistic Galvanometer
The ballistic galvanometer and the flux meter are the necessary instruments for various types of magnetic measurements. 
The ballistic galvanometer is used to measure a quantity of electricity passed through it. The ballistic galvanometer has a search coil connected to its terminals. When there is change in the flux linked with the search coil, an emf. is induced in the search coil. The Electricity proportional to this emf is measured by the ballistic galvanometer.
The ballistic galvanometer is usually of D‘Arsonval type. The electricity passing through the ballistic galvanometer is in the form of transient current which is instantaneous in nature. It exists only till the change of flux is associated with the search coil- Thus the ballistic galvanometer gives a ‘throw‘ proportional to the quantity of current instantaneously passing through it. It does not give steady deflection. The scale of the ballistic galvanometer is calibrated in such a way that from its throw, the quantity of electricity and the change in the flux producing it can be measured.

The throw of the ballistic galvanometer is proportional to the electrical only if the discharge of electricity through it gets completed before any appreciable change in position of the moving system, Hence the moving system of the galvanometer is mad lo have large moment of inertia and due to this, it keeps on vibrating for long time for about 10-15 seconds. The large moment of inertia is achieved by the addition at weights to the moving system. Thus the oscillations of the galvanometer moving system are damped with large time period and damping ratio, The damping erasures the first deflection (throw) is high and large in amplitude The throw or deflection is measured at the  extreme point of the first throw using a lamp and scale,
The dead beat galvanometer is best- It has to have Electromagnetic damping such that it mo be determined horn the constants of the instrument Air damping should not be present as it is indeterminate. To bring the moving system back rapidly, a key is provided with which galvanometer terminals are short circuited,

The special construction of the ballistic galvanometer also includes
1. The moving coil is free from magnetic material.
2. The terminals coil and all the Connections are made up of copper to avoid thermoelectric e.m.fs at the starting junctions.
3. The suspension strip is selected carefully and mounted precisely. 
4. In precision instrument, the suspension is non-conducting and current is led in and out of the coil with the help of delicate spirals of very thin strip of copper.
Theory of Ballistic Galvanometer
1. The quantity of Electricity through the galvanometer is instantaneous and for very short period of time while discharged it gives energy to the moving system which is dissipated gradually in friction and damping.
 = deflection in radians
b = damping meant
a = moment of inertia
c = controlling constant
During the actual motion, Electricity is not present once gets discharged hence the equation of motion becomes,

a  + b  +c = 0	------(i)

	The solution of the differential equation is

				= A+ B 		----(ii)
 = constants. 
, = roots of quadratic.
As damping is very small, b is very small hence (b2 - 4ac) term is negative and the roots are imaginary in nature.
The solution of second order differential equation having complex conjugate roots is damped sinusoidal oscillations given by
=  b sin			------(iii)
But as b is very small hence 4ac-b2 = 4ac  
=  b sin				-----(iv)
From the initial conditions when t=0,  = 0, hence α = 0
=  b sin				-----(v)
During the discharge of the electricity through the instrument for the short period of time, the deflecting torque proportional to instantaneous current ‘i’ exists given by Gi.  Where ‘G’ is displacement constant.
Hence the torque produced by Gi is represented as
Gi = a 				-------(vi)
dt =  dt = a 	-----(vii)
But dt represents the charge Q coulombs.
QG = a 				----(viii)
Where  is the angular velocity of the system at the end of the period  i.e at the beginning of the first deflection.
 =  Q				---(ix)
Now differentiating above equation
=  b sin+  b cos 			-----(x)
As the period of discharge is small, at the end of discharge, t=0, using above, 
 = b		----(xi)
From the equations (ix) and (xi) 
 Q = b
b =   Q
Substituting the value of b in (V) 
  =  sin.
Flux meter:
A special ballistic galvanometer with very small controlling torque and high electromagnetic damping is used as flux meter.
It consists of a small cross-section carrying a coil C. the cross-section is suspended in the narrow airgap of permanent magnet. The cross-section is suspended with the help of spring support and a single thread of silk. The current is injected to the coil through very thin, annealed silver springs as shown in fig.
The pointer is fitted to the moving system of the flux meter and the scale is calibrated in terms of flux turns. Such a flux meter is designed by grassot and hence it is called grassot flux meter. The spirals of silver of silver springs keep the controlling torque to minimum.
[image: ]
					Fig: Flux meter
As controlling torque is minimum, pointer takes time to come back to the zero position. But readings may be taken by observing the difference in deflections at the beginning and end of the change in flux, without waiting for pointer to restore its zero position.
The resistance of the search coil connected to the flux meter must be small. The inductance of search coil may be large.
Let and are the interlinking fluxes at the beginning and the end of the change in flux to be measured respectively. Then,
d = change in deflection = - 
d = change in flux = - 
And it can be proved that, 
G d = N d
G = constant of flux meter called displacement constant
N = number of turns on search coil.
d =  d.
In modern flux meters, the coil is supported with pivots and mounted in jeweled bearings. The current is passed to the coil through fine ligaments.
The flux meter has an advantage over ballistic galvanometer as the deflection is same irrespective of the time taken for the corresponding change in flux, interlinking with the search coil. Another advantage of flux meter is it is portable.
Determination of B-H Curve

There are two methods, by which B-H curve can be obtained for the magnetic material specimen,
I. Method of reversals 2. Step by step method
Method of reversals
A ring specimen with known dimensions is taken for the test. A thin tape is wound on the ring. The search coil insulated by the paraffined wax is wound over the tape. Another layer of tap Ls wound on the search coil. Then the magnetizing winding is wound uniformly on the specimen. The overall circuit used is as shown in the Fig.
[image: ]
					Fig: Method of reversals.
The complete specimen is demagnetized before the test. Using the variable resistance, the magnetizing current is adjusted to its lower value, at the beginning of the test The ballistic galvanometer switch K is closed and reversing switch S is thrown backward and forward for about twenty times. This brings the iron specimen into a reproducible cyclic magnetic state. The galvanometer key K is now opened and the flux in the specimen corresponding to this value of H is measured from the deflection of the ballistic galvanometer, by reversing the switch S. The change in flux, measured by the galvanometer, when the reversing switch S is quickly reversed, will be twice the aux in the specimen, corresponding to the value of H applied. This value of H can be obtained as
H= 
N = number of turns on the magnetizing winding.
= corresponding magnetizing current.
Mean circumference length of specimen in m.
While the flux density B is obtained by dividing the flux measured by the area of cross-section of the specimen
The procedure is repeated for the different values of H by increasing H upto the maximum testing point value. The graph of B against H gives the required B-H curve for the specimen.
Magnetic testing under ac conditions:
Whenever a piece of magnetic material is subjected to alternating current, it goes under a cycle of magnetizing and demagnetization. 
[image: ]
Fig. typical iron loss curves
There exists a hysteresis, due to which power loss occurs in the form of hysteresis loss and eddy current loss. This loss is called iron loss. The knowledge of iron loss in Ferro-magnetic materials plays an important role for the designers. The iron loss depends on, 
(i) Frequency of alternating field to which it is subjected.
(ii) Maximum value of flux density Bm.
In practice, for various materials, the curves are obtained at typical frequency giving the variation between iron loss per kg against the maximum flux density. Such curves are called iron loss curves. The curves help the designers to select proper materials for the proper application. the fig shows typical iron loss curves at a frequency of 50Hz.
The total iron loss has two components
(i) Hysteresis loss
(ii) Eddy current loss.
(i) Hysteresis loss:
For a given volume and thickness of laminations, these losses depend on the operating frequency and maximum flux density in the core. Basically hysteresis lodd per unit volume is the area of the hysteresis loop of that material.
Practically steinmetz has given the formula for the hysteresis loss per unit volume as,
=  f  watts/m3
= hysteresis coefficient
F= frequency
Bm = maximum flux density
K = steinmetz coefficient varies between 1.6 to 2
Practically k Is taken as 1.67
For a given specimen of thickness t and certain volume, it is given by
= f  watts
(ii) Eddy current loss:
The eddy current loss per unit volume for given lamination is given by,
= watts/m3
Where = form factor of alternating supply used
T= thickness of lamination
 = resistivity of the material in ohm-meter
 =  watts
 = + = total iron loss
Core loss measurements by bridges:
The Maxwell Bridge used for testing ring specimen is shown in fig.
The arm a-b consists of the specimen.
Thus = 
= 
At the bridge balance, detector current is zero hence,
= 				------------(i)
=  -----------(ii)
		Dividing the two equations

  	Equating real and imaginary parts,
	 = (
	And  =   		-----------------------(iii)
= effective resistance of a-b including winding resistance
= iron loss+ copper loss in winding
= - ]		--------------(iv)
+
	From equation 1 
                                                            = 
						= I	---------(v)
= - ]			-----------(vi)
The current I is measure on ammeter and,  can be measured. Thus iron loss can be obtained.
Maxwell’s inductance capacitance bridge:
Instead of Maxwell’s bridge, Maxwell’s inductance capacitance bridge can be used as shown in fig.
The arm a-b consists of a specimen hence
= 
= 
From general bridge balance equation 
 = 
Now  =  
=  and = 
= 
=  +  
As   =   and  = -1
Using the expression of ,
= 
=  +  
Equating real and imaginary parts 
=  ohm ,  =  
Calculating I at balance, iron loss can be obtained.
A.C potentiometer method:
The fig shows a.c co-ordinate type of potentiometer used for the measurement of iron loss at low flux densities.
[image: ]
		Fig: measurement of iron loss using a.c potentiometer method
The ring specimen has two windings, primary with  turns and secondary with turns. The primary is supplied from a.c supply, through a regulating transformer. This also supplies the two slide wire circuits of the two potentiometers.
The primary winding has a regulating resistance. Another standard resistance r is also connected in the primary circuit. By measuring drop across R, current through primary can be obtained. The alternator a.c supply must have sinusoidal waveform.
When supply is given to the primary, the voltage  is induced in the secondary.
According to transformer equation, it is given by,
= 4.44 f= 4.44 A f 
=  
For sinusoidal waveform = 1.11
Then put the switch to position 2 and adjust both the potentiometers till galvanometer shows zero deflection.
The total current has two parts as core loss component  and magnetizing component 
The in-phase potentiometer reading gives the drop R while the quadrature potentiometer reading gives the drop R.
= 
= 
 Iron loss = 
This method is very effective as both core loss and magnetizing components of currents are obtained.
 


	














UNIT – VI
DIGITAL METERS
Digital Voltmeters:
The digital voltmeters are generally referred as DVM, convert the analog signals into digital and display the voltages to be measured as discrete numerical instead of pointer deflection, on the digital displays. Such voltmeters can be used to measure ac and dc voltages and also to measure the quantities like pressure, temperature, and stress etc, Using proper transducer and signal controlling circuit. The transducer converts the quantity into proportional voltage signal and signal conditioning circuit brings the signal into the proper limits which can be easily measured by the digital voltmeter. The output voltage is displayed on the digital display on the front panel. Such a digital output reduces the human reading and interpolation errors and parallax errors.
The DVM have various features and the advantages, over the conventional analog voltmeters having pointer deflection on the continuous scale.
Advantages of Digital Voltmeters:
The DVMs have number of advantages over conventional analog voltmeters, which are,
1. Due to the digital display, the human reading errors, interpolation errors and parallax errors are reduced.
2. They have input range from +1.000 V to +1000 V with the automatic range selection and the overload indication.
3. The accuracy is high up to ± 0.005% of the reading.
4. The resolution is better as 1µV reading can be measured on 1 V range.
5. The input impedance is as high as 10MΩ.
6. The reading speed is very high due to digital display.
7. They can be programmed and well suited for computerized control.
8. The output in digital form can be directly recorded and it is suitable for further processing also.

Comparison of Analog and Digital Instruments:
	Sl.no
	       Parameter
	              Analog
	         Digital

	1.
	          Accuracy
	Less up to ± 0.1% of full scale
	Very high accuracy up to ± 0.005% of reading.

	2. 
	         Resolution  
	Limited up to 1 part in several hundreds
	high upto 1 part in several thousands

	3.
	          Power 
	Power required is high hence can cause loading
	Negligible power is required hence no loading effects

	4.
	          cost
	 Low in cost 
	High cost compared to analog but now-a-days cost of digital instruments is also going down

	5.
	          Frictional errors
	 Errors due to moving parts are present
	no moving parts hence no errors

	6.
	         Range  & Polarity
	 No facility of auto ranging and auto polarity
	Has the facility of auto ranging and auto polarity

	7.
	Input impedance
	 Low input impedance
	Very high input impedance

	8.
	Observational errors
	 Errors such as parallax errors and approximation errors are present
	Due to digital displays, the observational errors are absent.

	9.
	Compatibility
	not compactable with modern digital instruments
	The digital output can be directly fed into memory of modern digital instruments

	10.
	Speed
	Reading speed is low
	Reading speed is very high

	11.
	Programming facility
	Not available
	Can be programmed and well suited for the computerized control



Basic Block Diagram of DVM:
 Any digital instrument requires analog to digital converter at its input. Hence first block in a general DVM is ADC as shown in fig.1
[image: ]         
Fig.1   Basic block diagram of DVM    
Every ADC requires a reference. The reference is generated internally and reference generator circuitry depends on the type of ADC technique used. The output of ADC is decoded and signal is processed in the decoding stage. Such a decoding is necessary to drive the seven segment display. The data from decoder is then transmitted to the display. The data transmission element may be a latches, counters etc, as per the requirement. A digital display shows the necessary digital result of the measurement.
Classification of Digital Voltmeters:
The digital voltmeters are classified mainly based on the technique used for the analog to digital conversion. Depending on this the digital voltmeters are mainly classified as,    
1. Non-integrating type    
a) successive approximation type
b) linear ramp type
2. Integrating type
a) Dual slope integrating type

Successive Approximation Type DVM
The potentiometer used in the servo balancing type DVM is a linear but in successive approximation type a digital divider is used.. the digital divider is nothing but a digital to analog (D/A) converter. The servo motor is replaced by an electronic logic.
The basic principle of measurement by this method is similar to the simple example of determination of weight of the object. The object is placed on one side of the balance and the approximate weight is placed on the other side. If weight is more, the weight is removed and smaller weight is placed. If this weight is smaller then the object, another small weight is added, to the weight present. If now the total weight is higher than the object, the added weight is removed and smaller weight is added. Thus by such successive procedure if adding and removing, the weight of the object is determined. The successive approximation type DVM works exactly on the same principle.
In successive approximation type DVM, the comparator compares the output of digital to analog converter with the unknown voltage. Accordingly, the comparator provides logic high or low signals. The digital to analog converter successively generates the set pattern of signals. The procedure continues till the output of the digital to analog converter becomes equal to the unknown voltage.
	The fig shows the block diagram of successive approximation type DVM. 
[image: ]
The capacitor is connected at the input of the comparator. The output of the digital to analog converter is compared with the unknown voltage, by the comparator. The output of the comparator is given to the logic control and sequencer. This unit generates the sequence of code which is applied to digital to analog converter. The position 2 of the switch S1 receives the output from digital to analog converter. The unknown voltage is available at the position 1 of the switch S1. The logic control also drives the clock which is used to alternate the switch S1 between the position 1 and 2, as per the requirement.
	Consider the voltage to be measured is 3.7924 V. The set pattern of digital to analog converter is say 8-4-2-1. At the start, the converter generates 8v and switch is at the position 2. The capacitor C1 charges to 8V. the clock is used to change the switch position. So during next time interval, switch position is 1 and unknown input is applied to the capacitor. As capacitor is charged to 8V which is more than the input voltage 3.7924 V, the comparator sends HIGH signal to the logic control and sequencer circuit. The HIGH signal resets the digital to analog converter which generates its next step of 4v. this again generates HIGH signal. This again resets the converter to generate the next step of 2 V.
	Now 2V is less than the input voltage. The comparator generates LOW signal and sends it to logic control and sequence circuit. During the generation of LOW signal, the generated signal by the converter is retained. Thus the 2v step gets stored in the converter. In addition to this, next next step of 1Vis generated. Thus the total voltage level becomes, stored 2 + generated 1 i.e. 3V. this is again less than the input and generates LOW signal. Due to low signal. This gets stored . after this 0.8V step is generated for the second digit approximation.
	Thus the process of successive approximation continues till the converter generates 3.7924 V. This voltage is then displayed on the digital display.
	At each low signal, there is an incremental change  in the output of the digital toi analog converter. This output voltage approaches the value of the unknown voltage. The limit to how close this output can approach to the unknown voltage, depends on the level of noise at the input of the comparator and the stability of the input switch. To reduce the noise, filters may be used but it reduces the speed of measurement. These limiting factors usually determine the number of digits of resolution of an instrument. The general range of digits is 3 to 5. The speed depends upon the type of switches are used in digital to analog converter and comparator circuitry. If solid state switches are used, the high speed can be obtained. For electromechanical switches, the speed is few readings per second. The accuracy depends on the internal reference supply associated with the digital to analog converter and the accuracy of the converter itself.
Advantages:
The advantages of successive approximation DVM are,
1. Very high speed of the order of 100  readings per second possible.
2. The method of ADC is inexpensive.
3. The resolution upto 5 significant digits is possible.
4. The accuracy is high.
Disadvantages:
The disadvantages of successive approximation type  DVM are,
1. The circuit is complex.
2. The DAC is also required.
3. The input impedance is variable.
4. The noise can cause error due to incorrect decisions made by comparator.
Linear Ramp Technique:
	The basis principle of such measurement is based on the measurement of the time taken by a linear ramp to rise from 0V to the level of the input voltage or to decrease from the level of the input voltage to zero. This time is measured with the help of electronic time interval counter and the count is displayed in the numeric form with the help of a digital display.
	Basically it consists of a linear ramp which is positive going or negative going. The range of the ramp is ± 12V while the base range is ± 10V. the conversion from a voltage to a time interval is shown in fig.9.10.1
[image: ]


At the start of measurement, a ramp voltage is initiated which is continuously compared with the input voltage. When these two voltages are same, the comparator generates a pulse which opens a gate i.e. the input comparator generates a start pulse. The ramp continues to decrease and finally reaches to 0V or ground potential. This is sensed by the second comparator or ground comparator. At exactly 0V, this comparator produces a stop pulse which closes the gate. The number of clock pulses are measured by the counter. Thus the time duration for which the gate is opened, is proportional to the input voltage. In the time interval between start and stop pulses, the gate remains open and the oscillator circuit drives the counter. The magnitude of the count indicates the magnitude of the input voltages, which is displayed by the display. The block diagram of linear ramp DVM is shown in fig. 9.10.2.
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Properly attenuated input signal is applied as one input to the input comparator. The ramp generator generates the proper linear ramp signal which is applied to the both the comparators. Initially the logic circuit sends a reset signal to the counter and the readout. The comparators are designed in such a way that when both the input signals of comparator are equal then only the comparator changes its state. The input comparator is used to send the start pulse while the ground comparator is used to send stop pulse.
	When the input and ramp are applied to the input comparator and at the point when negative going ramp becomes equal to the input voltages the comparator sends start pulse, due to which gate opens. The oscillator drives the counter. The counter starts counting the pulses received from the oscillator. Now the same ramp is applied to the ground comparator becomes zero (grounded) i.e. equal and it sends a stop pulse to the gate due to which gate gets closed. Thus the counter stops receiving the pulses from the local oscillator. A definite number of pulses will be counted by the counter, during the start and stop pulses which is measure of the input voltage. This is displayed by the digital readout.
The sample rate multivibrator determines the rate at which the measurement cycles are initiated. The oscillation of this multivibrator is usually adjusted by a front panel control named rate, from a few cycles per second to as high as 1000 or more cycles per ±0.005% of the reading. The sample rate provides an initiating pulse to the ramp generator to start its next ramp voltage. At the same time, a reset pulse is also generated which resets the counter to the zero state.
The advantages of this technique sre:
1. The circuit is easy to design
2. The cost is low.
3. The output pulse  can be transferred over long feeder lines without loss of information.
4. The input signal is converted to time, which is easy to digitize.
5. By adding external logic, the polarity of the input also can be displayed.
6. The resolution of the readout is directly proportional to the frequency of the local oscillator. So adjusting the frequency of the local oscillator, better resolution can be obtained.
The disadvantages of this technique are:
1. The ramp requires excellent characteristics regarding its linearity.
2. The accuracy depends on the slope of the ramp and stability of the local oscillator.
3. Large errors are possible if noise is superimposed on the input signal.
4. The offsets and drifts in the two comparators may cause errors.
5. The speed of measurement is low.
6. The swing of the ramp is ±12V, this limits the base range of measurement to ±10V.

Dual Slope Integrating Type DVM:
This is the most popular method of analog to digital conversion. In the ramp techniques, the noise can cause large errors but in dual slope method the noise is averaged out by the positive and negative ramps using the process of integration. The basic principle of this method is that the input signal is integrated for a fixed interval of time. And then the same integrator is used to integrate the reference voltage with reverse slope. Hence the name given to the technique is dual slope integration technique.

The block diagram of dual slope integrating type DVM is shown in fig. it consists of five blockjs, an op-amp used as an integrator, a zero comparator, clock pulse generator, a set of decimal counters and a block of control logic.
When the switch S1 is in position 1, the capacitor C starts charging from zero level. The rate of charging is proportional to the input voltage level. The output of the op-amp is given by, 
				Vout  =  - (1/R1 C)  0 ʃ t1V in  dtV out  =  - (Vin t1) / (R1C)


											………(1)

Where,			t1 = Time for which capacitor is charged
                    	           Vin = Input voltage
			R1 = Series resistance
			C = Capacitor in feedback path
After the interval t1, the input voltage is disconnected and a negative voltage Vref  is connected by throwing the switch S1 in position 2. In this position, the output of the op-amp is given by,
			Vout  =  - (1/R1 C)  0 ʃ t2  - Vref  dtVout  =  - (Vref  t2 ) / (R1C )


Therefore 									
									…………..(2)											
Subtracting equation  (1) from (2),
 	Vout   -  Vout  = 0 =  [- (Vref  t2 ) / (R1C )] – [- (Vin t1) / (R1C)]
		(Vref  t2 ) / (R1C ) = (Vin t1) / (R1C)
		Vref  t2  =  Vin t1	
		Vin = Vref  (t2/t1)  				……………(3)
	Then the input voltage is dependent on the time period  t1 and t2 and not on the values of R1 and C.
	This basic principle of this method is shown in fig.
At the start of the measurement, the counter is resetted to zero. The output of the flip- flop is also zero. This is given to the control logic. This control sends a signal so as to close an electronic switch to position 1 and integration of the input voltage starts. It continues till the time period t1. As the output of the integrator changes from its zero value, the zero comparator output changes its state. This provides a signal to control logic which in turn opens the gate and the counting of the clock pulses starts.
He counter counts the pulses and when it reaches to 9999, it generates a carry pulse and all digits go to zero. The flip-flop output gets activated to the logic level T. this activates the control logic. This sends a signal which changes the switch S1  position from 1 to 2. Thus - Vref  gets connected to op-amp. As Vref    polarity is opposite, the capacitor starts discharging. the integrator output will have constant negetive slope as shown in fig. The output decreases  linearly and after the interval t2, attains zero value, when the capacitor C gets fully charged.
At this onstant, the output of zero copmarator changes its gate. This inturn sends a signal to the control logic  and the gate gets closed. Thus gate remains open for the period t1+t2. the counting operation stops at this instant, the pulses counted by thecounter thus have a direct relation with the input voltage. The counts are then transferred to the readout.
	From equation (3) we can write,
		Vin = Vref  (t2/t1)  
Let the time period of clock oscillator be T snd digital counter has counted the counts n1 and n2  during the period t1 and t2 respectively.
Therefore,              Vin = Vref  [(n2T)/ (n1T)] =  Vref  (n2/ n1)
Thus the unknown voltage measurement is not dependent on the clock frequency, but dependent on the counts measured by the counter.
The advantages of this technique are:
1. Excellent noise rejection as noise and superimposed ac are averaged out during the process of integration.
2. The RC time constant does not affect the input voltage measurement.
3. The capacitor is connected via an electronic switch. This capacitor is an auto zero capacitor and avoids the effects of offset voltage.
4. The integrator responds to the average value of the input hence sample and hold circuits is not necessary.
5. The accuracy is high and can be readily varied according to the specific requirements.
The only disadvantage of this type of DVM is its slow speed. 
3-1/2 and 4-1/2 Digit:
The resolution of digital meters depends on the number of digits used in the display. The three digit display for 0-1 V range can indicate the values from 0 to 999 mV with the smallest increment of 1mV.
Practically one more digit which can display only 0 or 1 is added. This digit is called half digit and display is called 3-1/2 digit display.  This is shown in fig.9.15.1
	 In such a display the meter can read the values above 999 upto 1999, to give the overlap between the ranges for convenience.  This process is called over-ranging.
	In case of 4-1/2 digit display, there are 4 full digits and 1 half digit. The number obtained is from 0-19999. For this operation the time period required for counting operation should be reduced. This can be achieved by changing the frequency of the clock signal. The wave shaping and amplifier circuitry should be more accurate for 4-1/2 digit display. It is necessary to add one more BCD counter, latch, BCD to 7 segment decoder and 7 segment display unit. This resolution of 4-1/2 digit display is better than 3-1/2 digit display while the necessary is 10 times better.
6-1/2 Digit Display:
	To increase the resolution and accuracy of measurement, nowadays 6-1/2 digit displays are available. It has six full digits which can display only 0 or 1. This is called half digit. The display is shown in fig.9.15.2
	For 1V range, the smallest increment of this display is 1µV and hence measurement accuracy is very high.



Digital Multimeters:
The digital multimeters is an instrument which is capable of measuring ac voltages, dc voltages, ac and dc currents and resistances over several ranges. The basic circuit of a digital multimeter is always a dc voltmeter as shown in fig.
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	     		Basic scheme of Digital Multimeter
The current is converted to voltage by passing it through low shunt resistance. The ac quantities are converted to dc by employing various rectifiers and filtering circuits. While for the resistance measurements the meter consists of a precision low current source that is applied across the unknown resistance while gives dc voltage. All the quantities are digitized using analog to digital converter and displayed in the digital form on the diplay. The analog multimeters require no power supply and they suffer less from electric noise and isolation problems but still the digital multimeters have following advantages over analog multimeters:
1) The accuracy is very high.
2) The input impedance is very high hence ther is no loading effect.
3) An unambiguous reading at greater viewing distance is obtained.
4) The output available is electrical which can be used for interfacing with external equipment.
5) Due to improvement in the integrated technology, the prices are going down.
6) These are available in very small size.
The requirement of power supply, electric noise and isolation problems are the two limitations.
The basic building blocks of digital multimeter are several A/D converters, counting circuitry and an attenuation circuit. Generally dual slope integration type ADC is preferred in the multimeters. The single attenuator circuit is used for both ac and dc measurements in many commercial multimeters.  The block diagram of a digital multimeter is shown in fig
As mentioned above basically it is a dc voltmeter. In order To measure unknown currents, current to voltage converter circuit implemented. This is shown in fig
The unknown current is applied to the summing junction i   of op-amp at the input of the op-amp. As input current of op-amp is almost zero, the current IR  almost same as Ii . This current IR causes a voltage drop, which is proportional to the current to be measured. This voltage drop is the analog input to the analog to digital converter, thus providing a reading that is proportional to the unknown current.
In order to measure the resistance, a constant current source is used. The known current is passed through the unknown resistance. The voltage drop across the resistance is applied to analog to digital converter hence providing the display of the values of the unknown resistance. To measure the ac voltages, the rectifiers and filters are used. The ac is converted to dc and then applied to the analog to digital converter.
In addition to the visual display, the output from the digital multimeters can also be used to interface with some other equipment.
[image: ]Principle of Digital Frequency Counter:
	The signal waveform whose frequency is to be measured is converted into trigger pulses and applied continuously to one terminal of an AND gate. To the other terminal of the gate, a pulse of 1sec is applied as shown in the fig. the number of pulses counted at the output terminal during period of 1sec indicates the frequency.
The signal whose frequency is to be measured is converted to trigger pulses which are nothing but train of pulses with one pulse for each cycle of signal. At the output terminal if AND gate, the number of pulses in a particular interval of time are counted using an electronic counter. Since each pulse represents the cycle of the unknown signal, the number of counts is a direct indication of the frequency of the signal which is unknown. Since electronic counter has a high speed of operation, high frequency signals can be measured.  
The block diagram of digital frequency counter is as shown in fig.

[image: ]
The signal waveform whose frequency is to be measured is first amplified. Then the amplified signal is applied to the Schmitt trigger which converts input signal into a square wave with fast rise and fall times. This square wave is then differentiated and clipped. As a result, the output from the Schmitt trigger is the train of pulses for each cycle of the signal. The output pulses from the Schmitt trigger are fed to a START/STOP gate. When this gate is enabled, the input pulses pass through this gate and are fed directly to the electronic counter, which counts the number of pulses. When this gate is disabled, the counter stops counting the incoming pulses. The counter displays the number of pulses that have passed through it in the time interval between start and stop. If this interval is known, the unknown frequency can be measured.
Basic Circuit of Digital Frequency Meter:
The basic circuit if digital frequency meter used for the measurement of frequency consists two R-S flip flops. The basic circuit for measurement of frequency is as shown in the fig.
The output of unknown frequency is applied to the Schmitt trigger which produces positive pulse at the output. These are counted pulses present at A of the main gate. The time base selector provides positive pulses at B of the START gate and STOP gate, both.
Initially FF-1 is at LOGIC 1 state. The voltage from Y output is applied to A of the STOP gate which enables t his gate. The LOGIC 0 state of the output Y   is applied to input A of START gate which disables this gate.
When STOP gate enables, positive pulses from the time base pass through STOP gate to S input of FF-2, setting FF-2 to LOGIC-1 state.
The LOGIC 0 level of  Y  of  FF-2 is connected to B of main gate, which confirms that pulses from unknown frequency source can’t pass through the main gate.
By applying a positive pulse to R input of FF-1, the operation is started. This changes states of the FF-1 to Y=1andY=0. Due to this, STOP gate gets disabled, while START gate gets enabled. The same pulse is simultaneously applied to all decade counters to reset all of them, to start new counting.
With the next pulse from the time base passes through START gate resetting FF-2 and it changes state from LOGIC 0 to LOGIC 1. As Y changes from 0 to 1, the gating signal is applied to input B of the main gate which enables the main gate.
Now the pulses from source can pass through the main gate to the counter. The counter counts pulses. The state of FF -1 changes from 0 to 1 by applying same pulse from START gate to S input of FF-1. Now the START gate gets disabled, while STOP gate gets enabled. It is important that the pulses of unknown frequency pass through the main gate to counter till the main gate is enabled.
The next pulse from the time base generator passes through STOP gate to S of FF-2. This sets output back to 1 and Y=0. Now main gate gets disabled. The source supplying pulses of unknown frequency gets disconnected. In between this pulse and previous pulse from the time base selector, the numbers of pulses are counted by the counter. When the interval of time between two pulses is 1 second, then the count of pulses indicates the frequency of the unknown frequency source.
Digital Tachometer: 
The digital tachometer is used to measure speed of a motor. The technique used for the measurement of a speed of a rotating shaft of a running motor is same as that used in the conventional frequency counter. But in conventional frequency counter, the gate pulses are obtained in accordance with thee Schmitt trigger output while in the digital tachometer the gate period is selected in accordance with the R.P.M calibration.
A typical schematic diagram of digital tachometer is shown in fig.
	
Consider that the revolution per minute of a shaft be R. Assume that the number pulses produced in one revolution of the rotating shaft be P. Then in one minute the number of pulses from the revolution pick up can be calculated as R * P. Thus the frequency of the signal is given by [ R*P /60]. Suppose the gate period is G measured in second, then the pulses counted are [R*P /60]. Now the direct reading is possible in rpm if only the gate period is [60/P] and the pulses counted by the counter are R i.e. [R*P*(60/P)]/60=R.
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