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CHAPTER 1  

UNITS AND DIMENSIONS 

 

1.1   ART OF  MEASUREMENTS 

 

Measurement of a quantity is the result of a comparison between the unknown quantity and 

its predefined standard. A measuring system is required to quantify the parameters 

involved and establish clear rules about their relative values. Early systems of 

measurements were based on imprecise units, while the modern measurement systems are 

based on accurately defined units. Many standard measuring units have been established at 

different levels of measurements. The significance of electrical measurements and 

measuring instruments is evident from the rapid developments in the field of electrical 

engineering owing to the developments in their measuring devices. 

 

The measurement is meaningful only if the standards are accurately defined, reliable and 

commonly accepted, the methods used are well proven and the circuit conditions are little 

affected by the introduction of the measuring systems. The parameter under measurement 

is referred as measurand and it is always measured in terms of its numeric value. The 

process of measurement through a meter is referred as Instrumentation. Electrical 

measuring instruments are the most common devices used not only for the measurement of 

electrical quantities, but also for all other quantities, which could be transformed into an 

electrical signal. The usual quantities to be measured are current, voltage, power, energy, 

frequency, power factor, etc. The various circuit parameters also need to be measured such 

as resistance, inductance, capacitance, etc. An umpteen number and varieties of measuring 

instruments have been developed for measurement purposes. In other words, measurement 

and instrumentation are based on different methods depending upon the characteristic 

features of the quantity being measured.  

 

 

1.2   METHODS  OF  MEASUREMENTS  AND  MEASURING  INSTRUMENTS 

 

The measurement methods can be analog or digital methods, deflection or null methods, 

active or passive methods, direct or indirect methods and absolute or secondary methods. 

Measurement generally involves an instrument as a physical means of determining an 

unknown quantity or a variable called the parameter. The instrument is a means for 

determining the value or magnitude of the measurand. The instruments can also be divided 

into separate classes according to several criteria as, analog or digital instruments, 

deflection or null type instruments, power operated (active) or self generating (passive) 

instruments, contacting or non-contacting instruments, mechanical or electrical instruments 

and monitoring or control instruments. 

 

• Signals which vary continuously with the change in the measurand are analog signals 

and the devices producing them are analog instruments. The deflection type 

dynamometer type wattmeter is a good example of an analog instrument. As the input 
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value changes, the moving system or pointer exhibits a smooth continuous motion. The 

signals which vary in discrete steps and have only finite number of values in any given 

range are digital signals and the associated devices are digital instruments. A digital 

instrument has an output varying in discrete steps. An electronic counter is an example 

of a digital instrument.  

• If the quantity is to be directly measured, then deflection methods are used. For e.g., 

ammeter, voltmeter, etc. acting as meters indicating the value of the measurand by the 

deflection of a pointer over a graduated and calibrated scale. Alternatively, if the value 

is measured based on the null balance conditions, then it is a null method. Null 

methods are used only to detect the null condition of a measurand through a given path 

or circuit. AC/DC Bridge measurements for measurement of resistance, inductance, 

capacitance, frequency, etc. are null methods. They involve balance detection by using 

null detectors, such as, Galvanometer, Vibration Galvanometers and Head Phones. Null 

instruments are more accurate than the deflection instruments. 

• If the output of the instrument is entirely produced by the measurand, then it is an 

active instrument. These are the power operated instruments requiring some source of 

auxiliary power for their operation such as compressed air, electricity and hydraulic 

supply. On the other hand, if the measurand modulates the magnitude of some external 

power source, then it is a passive instrument. Passive instruments are self generating 

instruments where the energy requirements are met entirely from the input signal.  

• The direct methods involve measuring the measurand by comparison against its own 

standard. They are very common for measurement of physical quantities such as length, 

mass and time. They are less sensitive and inaccurate since they involve human 

operators. Thus direct methods are not usually preferred. On the other hand, indirect 

methods use measuring systems, which are the systems having a transducer to convert 

the measurand into its analogous form. This converted signal is processed, fed to the 

end devices to obtain the results.  

• Absolute methods give the magnitude of the quantity under measurement in terms of 

the physical constants of the instrument. They do not require calibration. They are used 

only for calibration of other instruments. For e.g., Tangent Galvanometer, Rayleigh's 

current balance and potentiometers. Secondary methods are so constructed that the 

desired quantity is measured only by observing the output of the instrument, which 

needs to be calibrated. Thus, they measure the quantity in terms of their deflection, for 

which they are already calibrated. These are the ones which are the most commonly 

used. For e.g., Voltmeters, Thermometer, Pressure gauge, etc. Secondary methods work 

on either Analog mode or Digital mode and hence lead to analog or digital methods.  

• Contacting type instruments are those which are kept in the measuring medium itself. 

For e.g., clinical thermometer. A non-contacting or proximity type instrument measures 

the desired input even though it is not in close contact with the measuring medium. For 

e.g., optical pyrometer measuring the temperature of a blast furnace, variable reluctance 

tachometer measuring the speed of a rotating body, etc.  

• Mechanical instruments are very reliable for static conditions. Their parts are very 

bulky, rigid and have a heavy mass. Hence they cannot respond rapidly to 

measurements of dynamic and transient conditions. Besides, many of them are the 

potential sources of noise. On the other hand, electrical instruments are very rapid in 
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response. However, their operating mechanism normally depends on a mechanical 

meter movement as an indicating device.  

• Monitoring instruments are useful for monitoring functions. If their output is in a form 

that can be directly included as part of an automatic control system, then they become 

control instruments. 

 

1.2.1   Requirements  of  Instruments 

A measuring instrument  should possess some of the following important characteristic 

features:  

• It should have a very high instrument efficiency which is the ratio of the quantity 

being measured to the power utilized by the instrument at full scale.  

• It should have a high sensitivity which is the ratio of the magnitude of the output 

signal to the magnitude of the quantity being measured. The inverse of this ratio is 

the Inverse Sensitivity or Deflection Factor.  

• The output of the instrument should be linearly proportional to the input. In such 

cases, the scale will be uniform and hence easier to calibrate.  

• It should have a very low threshold which is the minimum value of below which 

the change in output cannot be detected by the instrument. 

• It should have lowest dead time which is the minimum time required for the 

instrument to respond to a change in the quantity being measured.  

• It should virtually have no dead zone where dead zone is the largest change of the 

input quantity for which there is no output of the instrument. Dead zone is caused 

due to friction, hysterisis, backlash, etc.  

• It should have perfect reproducibility (precision) which is specified in terms of the 

scale readings over a given period of time. This is different from repeatability 

which is defined as the variation of scale readings and is random in nature.  

• It should not have any drift. For an instrument, perfect reproducibility means that 

the instrument has no drift. This means that for a given input, the measured values 

are constant and do not vary with time.  

• It should have minimum noise. Noise is any signal that does not convey any useful 

information. Noise is due to extraneous disturbances caused by many sources such 

as stray fields, shocks and thermal stresses. 

• It should be modifiable and properly priced.  

 

All the indicating instruments require three important torques for their operation: deflecting 

torque-Td, controlling torque-Tc and damping torque-TD.  
 

� The deflecting torque is responsible for the movement of the pointer in proportion 

to the value of the measurand. It is provided by the different effects of electric 

current on which the operation of the given instrument depends.  

� The controlling torque is responsible for controlling the movements of the pointer. 

It is very high at the null position of the pointer. When the pointer gets deflected 

due to the deflecting torque exerted on it, the controlling torque provides the 

retarding torque and the two torques are equal at the equilibrium position of the 
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pointer. The controlling torque is provided by spring or gravity control. This also 

ensures the zero setting of the pointer when the deflecting torque is absent.  

� The damping torque provides the forces required to damp out the oscillatory 

movements of the pointer, if any, due to the inertia of the system. The damping 

torque is provided by eddy current, air friction or fluid friction methods.  

 

1.2.2   Classification  of  Instruments 

Various effects of electric current are made use of by electrical instruments for their 

operation, such as, magnetic effect, heating effect, chemical effect, electrostatic effect and 

electromagnetic induction effect.  

 

• Since the instruments using magnetic effect, such as, ammeter, voltmeter and 

wattmeter, are simpler, cheaper, and could be commonly adopted on both ac and dc 

circuits, they are more common.  

• The instruments using heating effect are not much used due to their cost and 

comparable inaccuracies.  

• The instruments using chemical effect, such as, energy meters, are also not very 

common, due to their cost and complications involved.  

• The electrostatic effect is made use of in voltmeters, both on ac and dc. Though 

expensive, the electrostatic voltmeters are very useful for high voltage 

measurements.  

• Electromagnetic induction forms the basis for many instruments, though on only 

AC. The common meters using the electromagnetic induction effect of current are: 

ammeter, voltmeter, wattmeter and energy meter. Of these, the wattmeter and 

energy meter are more common, although they are costlier.  

 

Instruments can also be classified in a more general way as indicating instruments, 

recording instruments and integrating instruments.  

 

� Indicating instruments provide information about the measuring quantity in terms 

of the deflection of a pointer over a pre-calibrated scale. For e.g., ammeter, 

voltmeter, wattmeter, etc.  

� Recording instruments make a record of the unknown quantity, usually on a paper, 

against time or any other variable. For e.g., strip-chart temperature recorder. The 

recording instruments are usually used in power houses and substations, where a 

continuous record of the current, voltage, power or energy is required.  

� Integrating instruments always record the unknown quantity in an integrated 

manner indicating the total cumulative value of the measurand at any instant of 

time. For e.g., energy meters and ampere-hour meters. 

  

1.2.3   Accuracy  and  Precision 

Accuracy is the closeness with which an instrument reading approaches the true value of 

the quantity being measured. It means confirming to the truth. True value is the value 

obtained by a measuring method which is agreed upon by experts as being sufficiently 

accurate for the purposes to which the data will be used later.  
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Precision is the measure of the reproducibility of the measurement. It means that the 

measuring quantity is being clearly and sharply defined. The accuracy of an instrument can 

be improved upon by calibration, but not the precision. The given set of readings show 

precision if the results agree among themselves. This agreement may not ensure accuracy 

as there may be some systematic disturbances causing an error in all the values. While 

precision is a necessary prerequisite to accuracy, it does not guarantee the accuracy. 

Accuracy is a matter of careful measurement in terms of an accurately known standard.  

 

Precision is used in measurements to describe the consistency or the reproducibility of 

results. The precision index defines the spread or dispersion of the repeated result about 

some central value. The low precision indicates a scattering of values. It should be noted 

that a high precision may not always ensure a high accuracy since all the results may be 

biased in the same way by a systematic effect or so.  

 

1.2.4   Resolution  and  Overshoot 

Instrument resolution or discrimination is the smallest increment that can be properly 

measured by the instrument corresponding to the input quantity being measured. Thus 

resolution defines the smallest measurable change in the quantity while threshold refers to 

the smallest measurable quantity itself.  Overshoot is the maximum amount by which the 

moving system moves beyond the steady state position as shown in figure 1.1. The 

overshoot is due to the heavy mass and inertia of the system involved it should be very 

small.  

 

             Measurand 

 

  

                                                                     Final Position 

 

                       Over-     

                        shoot 

 

 

 

 

                                                                    Time in seconds 

 

Figure  1.1   Overshoot  in  meters 
 

 

 

1.3   REVIEW OF FUNDAMENTAL AND DERIVED UNITS 

 

To specify and perform calculations with physical quantities, they must be defined both in 

kind and magnitude. The standard measure of each kind of physical quantity is unit. The 

number of times a given unit occurs in any given quantity is its own measure. For e.g., 10 
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seconds, 35 kilograms, 250 meters, etc. All the electrical units applied for measurements 

have evolved from the crude initiation to the present high degree of refinement. The 

product or quotient of any two unit quantities in the system is the unit of the resultant 

quantity. The units are divided, in general, into two categories: fundamental or basic units 

and derived units. 

 

1.3.1   Fundamental  Units 

The size of fundamental units are quite arbitrary and can be selected depending on the 

circumstances. All other units originate from a physical law governing them. In many 

cases, measures of certain physical quantity in thermal, electrical, and illumination 

disciplines are also represented in fundamental units. An absolute system of units is 

defined as a system in which the various units are all expressed in terms of a small number 

of fundamental units. The fundamental units are those of length- L, mass- M and time- T. 

The important systems of units evolved so far include the following:  

� FPS system of units: with the basic units- foot for length, pound for mass and 

second for time. 

� CGS system of units: with the basic units- centimeter for length, gram for mass 

and second for time. The CGS system can be with electromagnetic units 

(e.m.u.) including the units of (L,M,T,µ- permeability) or electrostatic units 

(e.s.u.) including the units of (L,M,T,ε- permittivity).  

� MKS system of units: with the basic units- meter for length, kilogram for mass 

and second for time.  

 

1.3.2   MKSA  and  SI  Units 

The MKS system of units has been modified by Giorgi and the International Electro- 

Technical Commission as MKSA system, which comprises additional basic units other 

than those of length, mass and time. This MKSA system was finally developed up to 

international standards and referred as SI Units (System-de-International). The SI system 

caters to commercial and industrial activities of man and needs of today’s science. Thus, it 

is the most satisfactory one so far. The basic units of SI system are listed in table 1.1 and 

defined in table 1.2. While expressing the units, it is needful to use prefixes such as milli- 

ohm, Pico-farad and kilo-volt. The different prefixes used in practice are listed in table 1.3.  
 

1.3.3   Derived  Units  

The units which can be expressed in terms of the fundamental units are called as the 

Derived  units.  Every  derived unit  is formulated  based  on  a  certain  physical  condition 

defining it. For example, consider the unit for force derived from the units of fundamental 

quantities in SI system of units:  

 

Force,   F = m a                (1.4) 

where,  m is the mass in kilograms and a is the acceleration in meters per second per 

second. Thus we have 

Unit of force = kilogram meters per second per second  

                    =  kg-m/sec
2
.  

                    =  newtons                (1.5) 
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Table  1.1   Basic units of SI system of units 
 

# Quantity Unit Symbol 

Fundamental  Units 

1 Length Meter m 

2 Mass Kilogram kg 

3 Time Second sec 

4 Current Ampere A 

5 Temperature Degree Kelvin °K 

6 Luminosity Candela Cd 

Supplementary  Basic  Units 

7 Amount of Substance Mole  mol 

8 Plane Angle Radian rad 

9 Solid Angle Steridian Sterd 

 
Table  1.2   Definition of  Basic units of  SI system  

 

# Basic Unit Definition Remarks 

1 Meter The distance corresponding to one ten-millionth part of a 

quadrant of the earth measured from the equator to the pole. 

Unit of 

Length 

2 Kilogram The mass of one thousand cubic centimeters of water at the 

temperature of its maximum density. 

Unit of 

Mass 

3 Second The time corresponding to one eighty six thousand four 

hundredth part of a mean solar day. 

Unit of 

Time 

4 Inter-

national 

Ampere 

It is that constant current which if maintained in two straight 

parallel conductors of negligible cross-section of infinite 

length and placed at a distance of one meter in vacuum, will 

produce between them a force of 0.2 micro-newtons per unit 

length. 

Unit of 

Current 

5 Kelvin It is the fraction of thermodynamic temperature of triple point 

of water. 

Unit of 

Temperatur

e 

6 Candela It is the luminous intensity in the perpendicular direction of a 

surface of  1.67 x 10
-6

 square meters freezing platinum under a 

pressure of  1,01,325  newtons per square meter. 

Unit of 

Luminosity 

 

Table  1.3   Prefixes for multiples and sub-multiples of Units 
 

Multiplying Factor Prefix Symbol Remarks 

10
12

 Tera T  

Upper case 

Letters only 
10

9
 Giga G 

10
6
 Mega M 

10
3
 Kilo K 

10
-2

 Centi c  

Lower case 

Letters only 
10

-3
 Milli M 

10
-6

 Micro µ 

10
-9

 Nano N 

10
-12

 Pico P 
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Thus a Newton is defined as that force which when applied to a mass of one kg gives it an 

acceleration of one m/sec
2
. Similarly, work done or energy is expressed as Joules, where 

one Joule is the work done when a force of one Newton is exerted through a distance of 

one meter in the direction of force. Likewise, the unit for any derived quantity can be 

arrived at based on the associated formulae.  
 

 

1.4   DIMENSIONAL  ANALYSIS 

 

1.4.1   Dimension  of  a  Physical  Quantity 

Dimension can be defined as the complete formula for the derived unit in terms of the 

fundamental units of the system chosen. Any derived unit is recognized by its dimensions, 

thus obtained. The dimension is written in a typical notation indicating the number of units 

of occurrence of the fundamental quantities as their indices. For example, the dimensions 

for the fundamental units are represented as under.  

 

 

Table  1.4   Dimensions of derived units 

 

Sl. 

No. 

Quantity Relation 

(Formula) 

Dimensional 

Expression 

1 Area of cross section, A A = length x breadth [ L
2
 ] 

2 Acceleration, a a = Distance / Second
2
 [ L  T

-2
 ] 

3 Force, F F = m a [ M   L  T
-2

 ] 

4 Work done (WD) WD = F x [ M   L
2
  T

-2
 ] 

5 Electric charge, Q Q = I t [ T  I ] 

6 Frequency, f f = Cycles / second [ T
-1

 ] 

7 Angular frequency, ω ω = 2 π f [ T
-1

  ] 

8 EMF or Voltage (p.d.), V V = WD / Q [ M   L
2
  T

-3
  I

-1
 ] 

9 Resistance, R R = V / I [ M   L
2
  T

-3
  I

-2
 ]  

10 Resistivity, ρ R = ρl / A [ M   L
3
  T

-3
  I

-2
 ] 

11 Inductance, L L = e / (di / dt) [ M   L
2
  T

-2
  I

-2
 ] 

12 Inductive reactance, XL XL = 2 π f L [ M   L
2
  T

-3
  I

-2
 ] 

13 Capacitance, C C = Q / V [ M
-1

   L
-2

  T
4
  I

2
 ] 

14 Capacitive reactance, XC XC = 1.0 / (2 π f C) [ M   L
2
  T

-3
  I

-2
 ] 

15 Impedance, Z Z = EMF / Current [ M   L
2
  T

-3
  I

-2
 ] 

16 Velocity, v v = Distance / Second [ L  T
-1

 ] 

17 MMF, F F = NI [ I ] 

18 Magnetizing force, H H = NI / l [ L
-1

 I ] 

19 Magnetic flux, ϕ  e = N (dϕ / dt) [ M   L
2
  T

-2
  I

-1
 ] 

20 Flux density, B B = ϕ / A [ M   T
-2

  I
-1

 ] 

21 Reluctance, S S = MMF / ϕ [ M
-1

   L
-2

  T
2
  I

2
 ] 

22 Permeability, µ µ = B / H [ M   L  T
-2

  I
-2

 ] 
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Length     [L] ; 

Mass        [M]; 

Time        [T] ; 

             Current    [I]           (1.6) 

 

The dimensions for the derived units can be obtained based on the different physical laws 

governing them. Since the constants, such as, number of turns, number of cycles and pi (π) 

are dimensionless, it should be noted that the equality is in terms of its dimensions only 

and it should not be mixed up with the numerical values. Here, the dimensional expression, 

say, for example, of resistance: [ M   L
2
  T

-3
  I

-2
 ], means that the derived quantity, 

resistance, has dimensions of: one in mass, two in length, minus three in time and minus 

two in current.  
 

Thus, we see that the dimensions of resistance- R, impedance- Z and the reactances- XL 

and XC are all the same, since they have a common unit, ohm. Similarly, the natural 

frequency and the angular frequency have the same dimensions. Thus, any given set of 

parameters having the same units will have the same dimensions. 

 

 

1.4.2   Dimensional  Equations 

Dimensional expressions of fundamental and derived units are useful in checking the 

correctness of the equations and in establishing the relationships existing between the 

different units. Dimensional equations can be used to determine the required unit for a 

given derived quantity. For example, consider the problem of determining the dimensions 

of permittivity, ε. We use the formula:  electric flux, D = ε E, where E is the electric field 

strength.  

 

Permittivity =  electric flux density / electric field strength 

                 

Thus,  

        ε  =  electric charge per unit area / voltage per unit length  

            =  (charge, Q) (length) / (area x voltage) 

            =  (charge) (length) / (length x length x work done per unit charge) 

            =  (charge)
2
 / (length x work done) 

             =   [ T
2
  I

2
 ] /  ( [L] x [ M   L

2
  T

-2
 ]) 

             =   [ M
-1

   L
-3

  T
4
  I

2
 ]                 (1.7) 

 

 

1.5   SOLVED  PROBLEMS 

 

1.5.1    Solved  Problems  on  Units 

1 Determine the changes in the size of units of resistance- R, inductance- L and 

capacitance- C, if the practical units of voltage and current were each made 

thousand times as large as they are, at present. 
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Solution:  

Consider the expression for resistance given by  R = V / I. Since both the units of 

voltage and current are increased by equal proportions, the value and hence the unit 

of resistance, R remains the same.  

 

Consider the expression for the self induced EMF, eL in an inductive coil given by  

eL = L di/dt. Thus L = (EMF) (time) / current. Since both the units of voltage and 

current are increased by equal proportions, the unit of inductance, L also remains 

the same.  

 

Consider the expression for charge stored in a parallel plate capacitor, Q given by  

Q = C V. Since Q = (current) (time), we have  C = (current) (time) / voltage. Again, 

since both the units of voltage and current are increased by equal proportions, the 

unit of capacitance, C remains the same.  

 

Thus the magnifying values of voltage and current in equal proportions, do not 

result in the alteration of the unit values of R, L and C.  

 

2 A body is moved in the direction of the force at an uniform velocity through a 

distance of 25 meters in 5 seconds when a force of 70 newtons is applied. Calculate 

the unit and value of power required.  

 

Solution :  

work done = force x distance  

                  =  (70  N) ( 25 m) 

                  = ( 1750 Nm  or  Joules) 

Thus, 

       power = work done / second  

                  =  1750 / 5 

                  =  350  watts.  

 

3 A steady pull of 750 Nm is exerted by a motor vehicle on a trailer, when its speed is 

80 Km per hour. Determine the unit and numerical value of the work done in 30 

minutes and the power required.  

 

Solution:  

Distance moved  =  ( 80/ 60 ) ( 30 ) 

                            =  40000 meters 

          work done = force x distance  

                            =  750 x  40,000 

                            =  30000 KWs or Mega joules. 

                 power = work done in KWH / Time in Hrs. 

                            = (30,000 / 3600) /  (30 / 60) 

                                  =  16.67 Kwatts. 
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1.5.2   Solved  Problems  on  Dimensions 

 

4 Obtain the dimensions of Charge, Q and current I in electrostatic units.  

 

Solution:  

Consider Coulomb’s inverse square law of charges stated as per the equation  

     F =  Q1 Q2  /  ( ε0 r
2
 ) 

where, F is the force between two poles separated by a distance of d units. Taking 

dimensions on both sides we get  

[ M  L  T
-2

 ] = [ charge ]
2
 / (ε L

2
 )         

Solving, we get the dimensional expression for charge given by 

[charge]  = ( [ M L
3
 T

-2
 ε ] )

1/2
     

               =  [ M
1/2

 L
3/2

 T
-1

 ε
1/2

]       

and      [current] = [charge] / [time]   = [ M
1/2

 L
3/2

 T
-2

 ε
1/2

]  

 

5 Determine the dimensions of magnetizing force-H, Current-I, Charge-Q and 

potential difference-V in electromagnetic units.  

 

Solution:  

Consider Coulomb’s inverse square law of magnetic poles stated as per the 

equation            F =  q1 q2  /  ( µ d
2
 ) 

where, F is the force between two poles separated by a distance of d units. Taking 

dimensions on both sides we get  

[ M  L T
-2

 ] = [ pole strength ]
2
 / (µ L

2
 )         

Solving, we get the dimensional expression for charge given by 

[ q ] = ( [ µ M L
3
 T

-2
 ] )

1/2
   

       =  [ µ
1/2 

M
1/2

 L
3/2

 T
-1 

]      

Since the magnetizing force, H = force per unit pole, we have  

[ H ] = [ M  L  T
-2

 ] / [µ
1/2 

M
1/2

 L
3/2

 T
-1 

] 

        =  [ µ
-1/2 

M
1/2

 L
-1/2

 T
-1 

] 

Also, since the magnetizing force, H = 2 π I / r, we have  

           [current] = [ H ] [ L ]                [ I ] = [ µ
-1/2 

M
1/2

 L
1/2

 T
-1 

] 

Thus,   [charge] = [ current ] [ time ] 

      [ Q ] = [ µ
-1/2 

M
1/2

 L
1/2

 ] 

and          [ p.d.] = work done per unit charge 

      [ V ] = [force x distance ] / [ charge ] 

  = [ M  L
2
  T

-2
 ] / [ µ

-1/2 
M

1/2
 L

1/2
 ]    = [ µ

1/2 
M

1/2
 L

3/2
 T

-2
 ] 

 

6 With usual notations, EMF is given by e = Blv. Check for the dimensional validity 

of  this equation. 

 

Solution:  

Consider the dimensional expressions of the different parameters involved 
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                EMF = [ M   L
2
  T

-3
  I

-1
 ] 

Flux density, B = [ M   T
-2

  I
-1

 ]             Velocity, v =  [ L  T
-1

 ] 

Thus, the dimensional equations of the left and right hand sides of the given 

equation are:  

[ LHS ] = [ M   L
2
  T

-3
  I

-1
 ] 

[ RHS ] = [ M   T
-2

  I
-1

 ] [ L ] [ L  T
-1

 ] 

 =  [ M   L
2
  T

-3
  I

-1
 ] 

Hence the given equation is found to be dimensionally valid. 

 

7 The resistance as determined by Loss of Charge method is given by the expression: 

R = 0.4343 t / [C log10 (v/V)], where, C is the capacitance, t = time and v and V are 

the voltage values. Verify the dimensional correctness of the expression. 

 

Solution:  

Consider the dimensional expressions of the different parameters involved 

          EMF = [ M   L
2
  T

-3
  I

-1
 ] 

  resistance = [ M  L
2
 T

-3
  I

-2
 ] 

capacitance =  [M
-1

 L
-2

 T
4
  I

2
 ] 

The constant 0.4343 and the logarithmic function, which is taken for the ratio of 

voltages, are dimensionless. Thus, the dimensional equations of the left and right 

hand sides of the given equation are:  

      [ LHS ] = [ M  L
2
 T

-3
  I

-2
 ] 

      [ RHS ] = [time] / [capacitance] 

       = [ T ] / [M
-1

 L
-2

 T
4
  I

2
 ] 

       = [M  L
2
 T

-3
  I

-2
 ] 

The given equation is thus found to be dimensionally correct. 

 

8 During the course of iron loss measurements in a magnetic strip, the expression 

used for the rms value of the induced voltage is:         E = 4 kf Bm As f N2       where, 

kf = form factor, Bm = maximum flux density, As = cross sectional area of the 

secondary winding , f is the frequency in cycles per second and N2 = the secondary 

number of turns. Determine whether the expression is dimensionally correct or not. 

 

Solution:  

Consider the dimensional expressions of the different parameters involved  

                 EMF = [ M   L
2
  T

-3
  I

-1
 ] 

flux density, Bm = [ M   T
-2

  I
-1

 ] 

     Frequency, f =  [ T
-1

 ] 

            Area, As = [ L
2
 ]  

The number of turns, N2, kf, and constant 4 are dimensionless. Thus, the 

dimensional equations of the left and right hand sides of the given equation are:  

             [ LHS ] = [ M   L
2
  T

-3
  I

-1
 ] 

 [ RHS ] = [ M   T
-2

  I
-1

 ] [ L
2
 ] [ T

-1
 ] 

    =  [ M   L
2
  T

-3
  I

-1
 ] 

Thus the given equation is found to be dimensionally correct. 

Vtusolution.in

Vtusolution.in



vtu
so

lut
ion

.in

 14

 

9 Show that the expression with usual notations:  ( µ0 ε0 )
-1/ 2

    has the dimensions of 

velocity.  

 

Solution:  

Consider the dimensions of permeability, µ0 and permittivity, ε0  derived using the 

dimensional expressions of derived quantities listed in table 4 :  

Permeability    = flux density / Magnetizing force 

=  [ M   T
-2

  I
-1

 ] / [ L
-1

 I ] 

=  [ M   L  T
-2

  I
-2

 ] 

Permittivity =  electric flux density / electric field strength 

ε0  = (charge, Q) (length) / (area x voltage) 

     =  (charge) (length) / (length x length x work done per unit charge) 

     =  (charge)
2
 / (length x work done) 

      =   [ T
2
  I

2
 ] /  ( [L] x [ M   L

2
  T

-2
 ]) 

      =   [ M
-1

   L
-3

  T
4
  I

2
 ]                  

Thus, the dimensions of the expression (µ0ε0)
-1/ 2

    are :  

(  [ M   L  T
-2

  I
-2

 ]  [ M
-1

   L
-3

  T
4
  I

2
 ]  ) 

-1/ 2
        

which after simplification  yields  [ L T
-1

 ],  the dimensions of velocity.  

 

10 In deriving an expression for the resistance in bridge networks, the expression 

arrived at was:             R4 = R2 ( 1 + ω
2 

R3
2
 C3

2 
) / ω

2 
R1 R2 C3        Where, R1, R2, R3 

are resistances, C3 is the capacitance, and ω is the angular frequency. Check for the 

dimensional validity of the expression. In case there is any error, point out the 

correction to be made in the expression so as to make it dimensionally valid. 

 

Solution :  

[ LHS ] = [ M   L
2
  T

-3
  I

-2
 ] 

[ RHS ] = [R (1 + f
2
 C

2
 R

2
) / f

2
 R

2
 C

 
] 

= [ML
2
T

-3
I
-2

] (1+[T
-2

] [M
-1

L
-2

T
4
I
2
]

2 
[ML

2
T

-3
I
-2

]
2
) / [T

-2
] [ML

2
T

-3
I
-2

]
2 

[M
-1

L
-2

T
4
I
2
]  

= [ M   L
2
  T

-3
  I

-2
 ] ( 1+ 1) / [ M   L

2
  T

-4
  I

-2
 ]  

≠ [ LHS ]  

 

Thus the given expression is dimensionally incorrect. It is seen that dimensionally, 

the numerator of RHS is same as the expression on LHS, while the denominator has 

dimensions of [ M L
2 

T
-4

 I
-2

 ]. Thus, in order that the expression is dimensionally 

valid, this term of the denominator should be multiplied by a quantity with 

dimensions: [M
-1 

L
-2 

T
4 

I
2 

], which are the dimensions of  capacitance. Thus the 

corrected expression with dimensional validity is given by: 

R = R2 ( 1 + ω
2 

R3
2
 C3

2 
) / ω

2 
R1 R2 C3

2
 

 

11 The expression for inductance in an Anderson bridge network is obtained to be 

given by:   L = (C R3 / R4) [
 
R4 + R2

 
+

 
R2  R4 ]     Where, R1, R2, R3, R4 are 

resistances and C is the capacitance. By checking  for the dimensional correctness 
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of the expression, prove that there is an error in the expression. Point out the 

correction to be made in the expression which renders it dimensionally correct. 

 

Solution :  

[ LHS ] = [ inductance ] 

 = [ M  L
2
 T

-2
 I

-2
 ] 

[ RHS ] = [C (R +R + R
2
)
 
] 

 = [ CR + CR + CR
2 

] 

= [M
-1

L
-2

T
4
I
2
] [ML

2
T

-3
I
-2

] + [M
-1

L
-2

T
4
I
2
] [ML

2
T

-3
I
-2

] + [M
-1

L
-2

T
4
I
2
] [M L

2
T

-3
I
-2

]
2
 

= [T ] +[T ] + [ M  L
2
 T

-2
 I

-2
 ] 

≠ [ LHS ]  

 

Thus the given expression is dimensionally incorrect. It is seen that dimensionally, 

the third term of RHS is same as the expression on LHS, while the first two terms 

have the dimensions of [ T ]. Thus, in order to make these terms dimensionally 

equivalent to inductance, they should be multiplied by a quantity with dimensions: [ 

M L
2 

T
-3 

I
-2 

],  which are the dimensions of  resistance. Thus the corrected 

expression with dimensional correctness is given by: 

L = ( C R3 / R4) [
 
r ( R4 + R2 )

 
+

 
R2  R4  ] 

 

12 The expression for the electromagnetic pull is given by:   f  ∝  B
a
 A

b 
µ0

c
  where, f  

is the pull, B is flux density of air gap, µ0 is permeability of free space and A is the 

cross sectional area of the gap. Determine the indices a, b and c, given that the 

expression for f is dimensionally valid. 

 

Solution :  

[ LHS ]  = [ FORCE ] 

  = [ M  L  T
-2

 ] 

[ RHS ]  = [ B ]
a
 [ A ]

b
 [ µ0 ]

c
  

  = [ M   T
-2

  I
-1

 ]
a
 [ L

2
 ]

b
 [ M   L  T

-2
  I

-2
 ]

c
  

[MLT
-2

] = [ M
a+c

 L
2b+c

 T
-2a-2c

 I
-a-2c

 ] 

 

Equating the indices on both sides we get 

a+c = 1;     2b+c = 1;   -2a-2c = -2;      -a-2c = 0 

Solving the above, we obtain:  a = 2,  b = 1  and  c = -1.  Hence the expression 

given is of the form:     f  ∝  ( B
2
 A / 

 
µ0 ).  

 

13 The capacitance, C of a series resonant circuit is given by:  C = ω
m

L
n
  where, ω is 

the angular frequency and L is the inductance. Determine the indices m and n, 

dimensionally.             

 

Solution :  

[ LHS ] = [ capacitance] 

 = [ M
-1 

L
-2 

T
4 

I
2 

] 

[ RHS ] = [ frequency]
m

 [ inductance]
n
   

Vtusolution.in

Vtusolution.in



vtu
so

lut
ion

.in

 16

 = [ T
-1

 ]
m

 [ M   L
2
  T

-2
  I

-2
  ]

n
 

[ M
-1 

L
-2 

T
4 

I
2 

] = [ M
n
 L

2n
 T

-m-2n 
I
-2n

 ] 

 

Equating the indices on both sides we get 

n = -1;     2n = -2;   -m-2n = 4;      -2n = 2 

Solving the above, we obtain:  m = -2   and  n = -1,  and hence the expression given 

is of the form:     C  = [ 1 / (ω
2
 L) ].  

 

1.6   EXERCISES 

 

1. A wattmeter reads 145.289 watts when the true value is 145.2 watts. Determine the 

absolute static error and the corresponding correction needed.    

              (Ans.: 0.089 watts, -0.089 watts) 

 

2. An ammeter reads 6.75 amps. The corresponding error as read from its error 

calibration curve is:  (i) + 0.23 amps,   (ii) – 0.21 amps.  Determine the true values 

of the currents involved.                           (Ans.:  6.98 A, 6.54 A)  

 

3. Three resistors have ratings as R1= 15± 6 %, R2 = 20 ± 4 % and R3 = 10 ± 5 %. 

Find the limiting error in ohms and in percentage of resistance of these three 

resistors put in series.                       (Ans.: ± 2.2 ohms, ± 4.89 %) 

 

4. Indicate the number of significant figures to be used during calculations for the 

following experimental figures: 199 volts,  12.853 ohms,  0.05 amperes  and  0.004 

Mega-ohms.                      (Ans.: 3, 5, 2  and 4)  

 

5. An unknown resistance is determined by wheat-stone bridge circuit and is given by:       

Rx = ( R2 R3 / R1 )  where,  R1 = 90 ± 0.5 %,  R2 = 900 ± 0.8%  and R3 = 825 ± 0.6 

% ohms. Determine the magnitude, the limiting error in ohms and in percentage for 

the unknown resistance Rx.         (Ans.: 8250 ohms, 156.75 ohms,  ± 1.9%) 

 

6. A set of independent current measurements were taken and the readings recorded 

are: 11.9, 12.2, 12.3, 12.2, 12.0 and 12.4 amperes. Calculate these: (i) Arithmetic 

Mean, (ii)Average Deviation  and  (iii) Standard Deviation.    

                  (Ans.: 12.17 A,  0.144 A,  0.1862 A) 

 

7. In the expression for power given by,    P = I
2
 R,   the limiting errors in current, I 

and resistance, R are:  0.5 %  and  0.2 %  respectively.  Calculate the limiting error 

in the computed value of power in percentage and watts.    

                       (Ans.: ± 1.2 %, ±4.8 watts) 

 

8. The resistance values of a wheatstone bridge are accurate within ± 0.1 %. Find the 

accuracy with which the unknown resistance can be measured.           (Ans.: 0.3 %) 

 

9. Prove the dimensional correctness of the following identities:  
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CL2

1
f

ππππ
= ;     C = ε0 A / d ;        L = µ0 A N

2
 / l  ;           E = B l d ω 

where,  f is frequency, ω is angular frequency, B is the flux density, N is number of 

turns, l, d are length units, A is the area of cross section, L is inductance, C is 

capacitance, ε0 is permittivity  and  µ0 is permeability.  

 

10. The expression for the low resistance as measured by a Kelvin Double bridge 

arrangement is given by:       R = ( P S / Q ) + [ q r / ( p + q + r )]  [ P / Q – p / q ]        

where,  P, Q, p and q are the ratio arm resistances, S is the low resistance standard 

and r is the yoke resistance. Check whether the expression is dimensionally correct 

or not. 

 

11. The torque expression for an electrodynamometer wattmeter is given by:                           

T  ∝  M
a
 E

b 
Z

c
    where, M is the mutual inductance between fixed and moving 

coils, E is the applied voltage and Z is the impedance. Determine the indices a, b 

and c, dimensionally.                         (Ans.:  a = 1,  b = 2  and  

c = -2) 

 

12. Determine the indices of the equation below for the eddy current loss per meter of 

wire of circular cross section, where, ω = loss per unit length (webers /meter),         

f = frequency (c/s), Bm = maximum flux density, ρ = resistivity (ohm-meter) and    

d = diameter (meters):   ω  ∝  f 
w
  Bm

x
   d

y 
 ρ

z
            (Ans.: w = 2,  x = 2,  y = 4,  z = 

-1) 

 

13. In deriving an expression with usual notations for the current through a given 

network, the expression arrived at was:  I = E [1/ Z1 + (j ω M / Z2 ) (1 / R + C / L )].     

Show that there is an algebraic error and point out the correction to be made in the 

expression so as to make it dimensionally valid.          

  (correction: the denominator term: C/L should be  (RC/L) 

 

14. An expression for current was obtained as:          I  ∝  B b A ω / [ ρ (2 b + l ) ]        

where, b and l are length units, A is the area, ω=2πf, B is flux density and ρ is the 

resistivity. It is suspected that an important term is missing in this expression. 

Based on dimensional analysis, correct the expression by determining the missing 

term.    

                                     (correction: the correct expression is: I  ∝  B l b A ω / [ ρ (2 b + l ) ] ) 

 

 

 

 

 

 

---------------   
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CHAPTER 1 (B) 

MEASUREMENT OF RESISTANCES 

 

1.1   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.      (1) 

 

If temperature is not a constant entity, then the resistance, R2 at t2
0
C is given by;  

R2 = R1 [1+ α (t2-t1)]         (2) 

Where t= t1-t2, the rise in temperature from t1
0
C to t2

0
C, α is the temperature coefficient of 

resistance and R1 is the temperature at t1
0
C.  

 

Resistance can also be expressed in terms of its physical dimensions as under:  

R = ρl/A           (3) 

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.  

 

 

1.2   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:  
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1. Low resistance (0 to 1 ohm): AV Method, Kelvin Double Bridge, potentiometer, 

doctor ohmmeter, etc.  

2. Medium resistance (1 to 100 kilo-ohm): AV method, wheat stone’s bridge, 

substitution method, etc.  

3. High resistance (>100 kilo-ohm): AV method, Fall of potential method, Megger, 

loss of charge method, substitution method, bridge method, etc.  

 

 

1.3   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.  

 

(b) Wheatstone’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. 

 

 
 

Fig.1  Wheatstone bridge  

 

 

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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Thus under the balance conditions of the bridge, we have,  

Ig = 0;  VAB = VAD and VBC = VCD, so that,  

I1R1 = I2R3 and I1R2 = I2R4       (4) 

 

Solving further, we get,  R1/R2 = R3/ R4   and  R1R4 = R2R3     

 (5) 

This is the balance equation of the bridge.       

Thus, unknown resistance,     R3 = R1R4/ R2 ohms.       (6) 

 

1.3.1   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]         (7) 

Where,  

RTh = {PQ/(P+Q) + RS/(R+S)} 

ETh = E {P/(P+Q) - R/(R+S)}       (8) 

 

 
Fig.2  Wheatstone bridge PQRS 

 

 

1.3.2   Errors in WS bridge measurements 
 

(i) 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.   

 

(ii) Errors due to heating of elements in the bridge arms:  

Rt = R0 [1+ αt];  P = I
2
R Watts;   Heat= I

2
Rt Joules     (9) 

 

The I
2
R 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.  

 

(iii) 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 
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low resistance value. Thus, the connecting lead wire resistances have to be accounted for 

while measuring a low resistance.  

 

(iv) 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.  

 

1.3.3   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). 

 

1.3.4   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 e = Sv [ES∆R/(R+S)
2
]    (10) 

Bridge Senstivity,  SB = θ/(∆R/R)      (11) 

Rearranging, we get,  

SB = Sve/{(R/S)+2+(S/R)}        (12) 

 

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.  

 

 

1.4   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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Fig.3  Kelvin’s Double Bridge 

 
1.4.1  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-4 below.  
 

 

   

(a) (b) (c) 

Fig. 4  Simplified circuits of KDB 

 

 

It is thus observed that the KDB has now become a simplified WS bridge-ABCD as shown 

in figure 4(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,  

P (S+r3) = Q (R+r2)          (13) 

Where,  

 r1 = pq / (p+q+r) 

r2 = pr / (p+q+r) 

r3 = qr / (p+q+r)         (14)  

 

Using (13) and (14), we get,  

 

PS + Pqr / (p+q+r) = QR + Qpr / (p+q+r)      (15) 
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Simplifying (15), we get the final balance equation of the Kelvin Double Bridge as:  

 

R = [P/Q] S + [qr / (p+q+r)] [(P/Q) – (p/q)]      (16)  

 

1.4.2  Significance of balance equation of KDB  
 

From the balance equation (16), 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.  

 

1.4.3  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)}      (17) 

  

 

1.4   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.  

 

 

1.5   SOLVED  PROBLEMS 

 

1 Calculate the current through the galvanometer for the Wheatstone bridge circuit 

shown below in figure P1.   
 

 

R1 = 2 kΩ 

R2 = 4 kΩ 

R3 = 7 kΩ 

R4 = 20 kΩ 

Rg = 300 Ω 

V = 8.0 V 

Fig. P1 

 

Solution:  

The Thevenin’s equivalent circuit is used to find Ig. To find ETh, remove Rg as 

shown in figure P1(a).  
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VTh = VCD = I2x4 kΩ – I1x2kΩ 

I1=  8 / [ (2+7)10
3
] = 8.888(10

-4
) A  

I2 =  8 / [ (4+20)10
3
] = 3.333(10

-4
) A  

Thus, VTh = 3.333(10
-4

) x4(10
3
)– 8.888(10

-4
) x2(10

3
) V  

                = - 0.4444 V,   i.e., point C is negative.  

Fig. P1(a) 

To find RTh, short the battery as shown in figure P1(b). The points A and B are 

shorted and can be represented by a single point as shown in figure P1(c).  

 

  

RTh = [2(7)/(2+7)] 

                + [4(20)/(4+20)] 

      = [1.555 + 3.333]  kΩ 

      = 4.888 kΩ 

Fig. P1(b) Fig. P1(c) 

 

 

 

Ig = VTh / [Rg+RTh] 

    = 0.4444 / [4.888x10
3
+300] 

= 85.65 µA    - from D to C  

                          as shown in  

                         figure P1(d) aside  
Fig. P1(d) 

 

 

2 A KDB is balanced with the following constants: outer ratio arms: 100 and 1000. 

Ohms, inner ratio arms: 99.92 and 1000.6 ohms, link resistance: 0.1 ohm, standard 

resistance: 3.77 milliohms, find the unknown resistance.  

 

Solution:  

The KDB circuit is as shown in figure P2.  
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P = 100 ohms 

Q = 1000 ohms 

p = 99.92 ohms 

q =  1000.6 ohms 

r = 0.1 ohm 

S =  3.77(10
-3)

 ohms 

= 0.00377 ohms 
Fig. P2 

 

The unknown resistance R is given by: 

R = [P/Q] S + [qr / (p+q+r)] [(P/Q) – (p/q)]   

By substituting the specified values, we get,  

R = [100/1000]0.00377+[1000.6(0.1)/(99.92+1000.6+0.1)][(100/1000)–(99.92/1000.6)]   

    = 0.382712 milliohms.  

 

3 The ratio arms of a KDB are 1000 ohms each. The galvanometer has a resistance of 

1000 ohms and a sensitivity of 0.003 µA/mm. A current of 10 A is passed by a 2.2 

V battery in series with a rheostat. The yoke resistance is negligible. The standard 

resistance is 0.1 ohm. The galvanometer gave a deflection of 25 mm. by how much 

the unknown differs in resistance from the standard one.    

 

Solution :  

The KDB circuit with the specified values of all the parameters of the bridge is as 

shown in figure P3.  

 

 

 
 

Fig.P3 

 

I = kθ  = 0.003µA/mm (25 mm) = 0.075 µA  

R = (P/Q)S = [1000/1000] (0.1) = 0.1 ohm.  
 

∆Ig = I. ∆R [P/(P+Q)]/ {Rg+ pq/(p+q)+ PQ/(P+Q)}   
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By substituting the specified values, we get,  

0.075(10
-6

) = 10∆R [1/2]/[1000+500+500]

Thus, solving for R, we ger,        R = 30 µΩ 

4 Given that, in a KDB circuit, with the usual notations, P=Q=p=q=1000 ohms, 

E=100V, RC=5 ohms, Rg=500 ohms and the bridge is balanced with S=0.001 ohm, 

what is the approximate value of current through S, at balance? Also find the value 

of galvanometer current Ig, if S is changed by 1% of its value at balance.  

Solution :  

Here, it is assumed that the yoke resistance is zero, i.e., r=0, so that then,   

      R=(P/Q)S = 0.1 ohm.  

(i) I ≈ E/{R+Rc+r+S}

= 100/ [0.001+5+0+0.001] = 20 A

(ii) S = (0.01) S = 0.01(0.001) = 10 µΩ

Thus,

Ig = ∆Ig = I. ∆S [P/(P+Q)]/ {Rg+ pq/(p+q)+ PQ/(P+Q)}  = 0.0667  µA  

5 The ratio arms of a KDB are 1000 Ω each, Rg=500 Ω, k=200 mm/µA, R=0.1002 Ω 

and S=0.1 Ω. A DC of 10 A is passed through R & S from a 2.2 V battery in series 

with a rheostat. The link resistance is negligible. (i) Find the galvanometer 

deflection (ii) Find the resistance unbalance to produce the deflection of 1 mm  and 

(iii) Obtain the total internal resistance of the battery circuit.

Solution :  

(i) R = (P/Q)S = 0.1 ohm

Thus,  ∆R = 0.1002-0.1 = 200 µΩ

Hence,

∆Ig = I. ∆S [P/(P+Q)]/ {Rg+ pq/(p+q)+ PQ/(P+Q)}  = 1.6667  µA 

And  θg  = k∆Ig = 333.33 mm

(ii) θg = 1 mm,   ∆Ig = θ/k = 1/200 = 0.005 µA

Thus,    0.005(10
-6

) = 10∆R(0.5)/[(500+50+50]

Simplifying and solving, we get,    ∆R = 0.6 µΩ

(iii) I ≈ E/{R+Rc+r+S}

10 = 2.2 / [0.1002+RC+0.1+0]

Solving, we get,   RC = 0.0198 ohm.  

6 A KDB is as follows: P=p=10000 Ω, Q=q=1000 Ω, R=0.0997 Ω, S=0.01 Ω, 

Rg=1000 Ω, r=0.01Ω and k=0.005 µA/mm. A battery of 2.25 Volts and internal 

resistance 0.0053 Ω is connected across the bridge circuit. Find the galvanometer 

deflection.  
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Solution :  

              R = (P/Q)S = 0.1 ohm   (since P/Q = p/q) 

Thus,  ∆R = Rtrue – Rmeasured = 0.0997 – 0.1 = 300 µΩ  

    I ≈ E/{R+Rc+r+S} 

              = 2.25 / [0.0997+0.0053+0.01+0.01]  

              = 18 A  

∆Ig = I. ∆S [P/(P+Q)]/ {Rg+ pq/(p+q)+ PQ/(P+Q)}  = 1.742  µA 

And    θg = ∆Ig/k = 91.742 µA)/(0.005 µA/mm) 

                 = 348.4 mm.   

 

 

1.6   EXERCISES  
 

Standard text books listed in the syllabus are to be referred for the worked examples on the topics covered so 

far for better understanding of the problem solving techniques on resistance measurements.    
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Introduction  
 

 

Alternating Current bridges are widely used for measurement of 

inductance, capacitance, storage factor, loss factor etc. A.C bridge circuits 

also find application in providing phase shift, feedback paths for oscillators 

and amplifiers, filtering out undesirable signals and measuring frequency of 

audio signals. 

 

An A.C bridge in its basic form consists of four arms. Each of the four arms 

is an impedance. An a.c source A detector, sensitive to small alternating 

potential differences 

 

 

 Sources 

 

 For measurements at lower frequencies power line can be used as source 

of supply to bridge circuits.At higher frequencies electronic oscillators are 

universally used as source. These oscillators have advantages of constant 

frequency, more accuracy, waveform closer to sine wave.Typical bridge 

oscillators have frequency range from 40Hz  to 125KHz, with a  power 

output of 7 watts. 

 

Detectors  

 

Commonly used detectors are  

             i)   headphones 

             ii) vibration galvanometers  

             iii) and tunable amplifier detectors 
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he figure shows basic A.C. bridge circuit, four arms of the bridge are 

impedances Z1,  Z2,  Z3 

The condition for balance of bridge require that there should be no current 

flow through the detector.

This will be the case when potential difference across 

voltage drop between 
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II
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II
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ZIZI
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=

he figure shows basic A.C. bridge circuit, four arms of the bridge are 

3  and  Z4 . 

The condition for balance of bridge require that there should be no current 

flow through the detector. 

This will be the case when potential difference across b and d 

voltage drop between a and b is equal to voltage drop between 

)1.(..........2E

)4.....(..........

)3.....(..........
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42

31

2
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Z

E

Z

z

+

+

 

he figure shows basic A.C. bridge circuit, four arms of the bridge are 

The condition for balance of bridge require that there should be no current 

d  is  zero. i.e., 

is equal to voltage drop between a  and d.  
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Equation 5 is convenient when dealing with series elements of bridge, 

when there are parallel elements it is convenient to express in admittance 

form as in equation 6 shown below. 

 

      

An impedance is a complex number, hence both magnitudes and phase 

angles must be accounted. Complex impedance can be analyzed both in 

polar form and in terms of rectangular co-ordinates.  

The equation 5 states that 

product of impedances one pair of opposite arms = 

                                        product of impedances other pair of opposite arms 

Equation (5) can be written as  

 

 

 

 

 

 

Thus for balance  condition  
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If L1 and R1 are unknowns, the above bridge may be used to measure in 

terms of R2, R3, R4 and L2. Thus two balance equations are always obtained 

for an A.C . Bridge circuit. For balance in an A.C.Bridge both magnitude and 

phase relationships must be satisfied, this requires that real and imaginary 

parts must be separated, which gives two balance equations. In order to 

satisfy both conditions for balance and for convenience of manipulation, 

the bridge must contain two variable elements in its configuration. For 

convenience each of balance equations must contain one variable element 

only. 

contain one variable element only. 
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If L1 and R1 are unknowns, the above bridge may be used to measure in 

terms of R2, R3, R4 and L2. Thus two balance equations are always obtained 

for an A.C . Bridge circuit. For balance in an A.C.Bridge both magnitude and 

phase relationships must be satisfied, this requires that real and imaginary 

parts must be separated, which gives two balance equations.In order to 

satisfy both conditions for balance and for convenience of manipulation, 

the bridge must contain two variable elements in its configuration. For 

convenience each of balance equations must contain one variable element 

only. 

 

 

It can be observed that balance equations are independent of frequency 

which is the greatest advantage in A.C.Bridge because for exact value of the 

source frequency need not be known. Also if the bridge is balanced for 

fundamental frequency it should be balanced for harmonic and waveform 

of source need not be pure sinusoid. 

 

 

Problem 

1) A  four impedances of an a.c bridge in ohms are 

 Z1= 400 

Z2=200 

Z3=800 

Z4=400           

Find out whether  the bridge is balanced under these conditions. 

 

Solution 

Applying first condition 

                                 Z1Z4 = Z2Z3 

 

400x400=200X800 

       1600=1600 

Applying second condition 

   

50+20= 70 

40-50= -10  

This indicates that the bridge cannot be balanced with these  impedances. 
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2) An inductance of 0.22H and resistance of  20

the bridge shown are measured by comparing with fixed inductance of 0.1H 

and 40Ω resistance connected between 

750Ω and unknown resistance is in arm 

adjustments required to achieve both resistance

 

 

Given R1=20Ω,L1=0.22H,R
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2) An inductance of 0.22H and resistance of  20Ω forming impedance Z

the bridge shown are measured by comparing with fixed inductance of 0.1H 

resistance connected between bc. arm cd has a resistance R

and unknown resistance is in arm da. Show any necessary 

adjustments required to achieve both resistance and inductance balance.

 

=0.22H,R4=750Ω,R3=40Ω,L3=0.1H  At  balance 
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forming impedance Z1 of 

the bridge shown are measured by comparing with fixed inductance of 0.1H 

has a resistance R4 of 

Show any necessary 

and inductance balance.  

At  balance  

4

32

Ω

R

LR
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Value of ratio R1/R3 should also be 2.2 for both resistive and inductive 

balance, therefore series resistance has to be added to arm ab and let this 

be r1  

 

 

 

 

 

 

 

 

 

 

 

 

3) A 1000 Hz bridge has the following constants : arm ab,  R1=1000Ω in 

parallel With C1=0.5μF; Arm bc, R3=1000Ω  in series with C3=0.5μF ; arm 

cd,L4=30mH in series with R4=200 Ω . Find the constants of arm da to 

balance the bridge. Express the result as a pure resistance in series with a 

pure inductance a pure inductance or capacitance. 

 

 

 SOLUTION: 

    ω=2π f  = 6283.185 rad/sec 

 

Z1=R1|| (1/jωC1)     =  R1/(1+j ωC1R1) 

            = 1000/(1+j3.1415) 

    =  1000/(0.092- j0.289) 

    =303.3   -72.34 Ω  

  

Z3     =   R3+(1/j ωC3) 

       =   1000-j318.30 Ω  

        =     1049.43    -17.6 Ω  

  

Z4    =  R4+j ωL4 

      =    200+j188.49 Ω  

      =     274.82    43.3 Ω  

( )

( ) Ω=−×=∴

−×=⇒

=






 +
∴

6820402.2  

2.2

2.2

1

131

3

11

r

RRr

R

rR
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Z1Z4 = Z2Z3 substituting for Z1,Z3 and Z4 , Z2 can be evaluated as 

Z2=Z1Z4/Z3 

       =79.53    -11.44 Ω  

     =77.9-j15.77 Ω  

Therefore arm da has a resistance of 77.9 Ω and capacitive reactance of  

15.77 Ω in series. In other words arm da has capacitance of 10.1 μF in series 

with a resistance of 77.9 Ω  
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Extension of Range 
 

Shunts are used for the extension of range of 

Ammeters. So a good shunt should have the 

following properties:- 

1- The temperature coefficient of shunt should 

be low 

2- Resistance of shunt should not vary with 

time 

3- They should carry current without excessive temperature rise 

4- They should have thermal electromotive force with copper 

* ‘Manganin’ is used for DC shunt and ‘Constantan’ as AC shunt. 

 

Ammeter:- PMMC is used as indicating device. The current capacity of PMMC is small. 

It is impractical to construct a PMMC coil, which can carry a current greater than 100 

mA. Therefore a shunt is required for measurement of large currents. 

 

 

Rm = Internal resistance of movement (coil) in Ω 

Rsh = Resistance of shunt in Ω 

Im = Ifs = Full scale deflection current of movement in Amperes 

Ish = Shunt current in Amperes 

I = Current to be measured in Amperes 

 Since the shunt resistance is in parallel with the meter movement, the voltage drop 

across shunt and movement must be same. 

 mmshsh RIRI =  

 
sh

mm
sh I

RI
R =  

 msh III −=  

∴ We can write 
)( m

mm
sh II

RI
R

−
=  

 
sh

m

m R

R

I

I
=−1  

 
sh

m

m R

R

I

I
+= 1  

 m
I

I

m

=    is known as ‘multiplying power’ 

of shunt 

Resistance of shunt ( )1−
=

m
R

R m
sh  

Or 









−

=

1
m

m
sh

I

I

R
R  
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Multi Range Ammeter:- Let m1, m2, m3, m4 be the shunt multiplying powers for current 

I1, I2, I3, I4. 

 ( )11
1 −

=
m

R
R m

sh  

 ( )12
2 −

=
m

R
R m

sh  

 ( )13
3 −

=
m

R
R m

sh  

 ( )14
4 −

=
m

R
R m

sh  

 

Voltmeter:- 
  For measurement of voltage a series resistor or a multiplier is required for 

extension of range. 

 Im = Deflection current of movement 

 Rm = Internal resistance of movement 

 Rs = Multiplier resistance 

 V  = Full range voltage of instrument 

 ( )msm RRIV +=  

 m

mm

mm

s R
I

V

I

RIV
R −=

−
=  

* For more than 500 V multiplier is mounted outside the case. 

 

 

Multi Range Voltmeter: 

 m

m

s R
I

V
R −= 1

1  

 m

m

s R
I

V
R −= 2

2  

 m

m

s R
I

V
R −= 3

3  

 m

m

s R
I

V
R −= 4

4  

 

 

 

* For average value divide the reading by 1.11. For peak value multiply the voltage by 1.414. To get 

peak-to-peak ratio multiply the reading by 2.828. 

** Thermocouple and hot wire instruments are used for measurement of true power and rms value of 

voltage & current. 

 

Voltmeter & Ammeter by Moving Coil Instrument:- Same process as applied in 

PMMC. 
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Electrodynamic type Voltmeter & Ammeter:- Shunt is connected across the circuit for 

ammeter and multiplier resistance is connected in series for voltmeter. 

 

Numerical  
 

Extension of Range 

 

Example 1:- A moving coil ammeter has a full scale deflection of 50 µµµµ Amp and a 

coil resistance of 1000 ΩΩΩΩ. What will be the value of the shunt resistance required for 

the instrument to be converted to read a full scale reading of 1 Amp. 
 

Solution 1:- Full scale deflection current AI m

610*50 −=  

Instrument resistance Ω= 1000mR  

Total current to be measured AI 1=  

Resistance of ammeter shunt required 

1
10*50

1

1000

1
6

−

=

−

=

−

m

m
sh

I

I

R
R  

 

Example 2:- The full scale deflection current of an ammeter is 1 mA and its internal 

resistance is 100 ΩΩΩΩ. If this meter is to have scale deflection at 5 A, what is the value 

of shunt resistance to be used. 
 

Solution 2:- Full scale deflection current AmAI m 001.01 ==  

Instrument resistance    Ω= 100mR . 

Total current to be measured  AI 5=  

Resistance of ammeter shunt required 

1
01.0

5

100

1 −

=

−

=

m

m
sh

I

I

R
R  

     Ω= 020004.0shR  

 

Example 3:- The full scale deflection current of a meter is 1 mA and its internal 

resistance is 100 ΩΩΩΩ. If this meter is to have full-scale deflection when 100 V is 

measured. What should be the value of series resistance? 
 

Solution 3:- Instrument resistance Ω= 100mR  

Full-scale deflection current AmAI m

310*11 −==  

Voltage to be measured  VV 100=  

Required series resistance Ω=−=−=
−

900,99100
10*1

100
3m

m

se R
I

V
R  
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Example 4:- A PMMC instrument gives full scale reading of 25 mA when a potential 

difference across its terminals is 75 mV. Show how it can be used (a) as an ammeter 

for the range of 0-100 A (b) as a voltmeter for the range of 0-750 V. Also find the 

multiplying factor of shunt and voltage amplification. 
 

Solution 4:-  

Instrument resistance Ω===
−

−

3
10*25

10*75min
3

3

currentInstrument

alsteracrossdropPotential
Rm  

(a) Current to be measured AI 100=  

Multiplying power of shunt 4000
10*25

100
3

===
−

mI

I
m  

Shunt resistance required for full scale deflection at 100 A 

 Ω===
−

=
−

= −
m

m

R
R m

sh 75.010*50.7
3999

3

14000

3

1

4  

(b) Voltage to be measured VV 750=  

 Ω=−=−=
−

997,293
10*25

750
3m

m

se R
I

V
R  

Voltage amplification 10000
10*75

750
3

==
−

  Ans. 

 

Example 5:- A moving coil instrument gives full scale deflection of 10 mA and 

potential difference across its terminals is 100 mV. Calculate (a) shunt resistance for 

full-scale deflection corresponding to 200 A (b) Series resistance for full reading 

corresponding to 1000 V. 

 

Solution 5:- 

Instrument resistance Ω===
−

−

10
10*10

10*100min
3

3

currentInstrument

alsteracrossdropPotential
Rm  

(a) Shunt resistance required for full scale deflection corresponding to 200 A 

   Ω=

−

=

−

= −

−

4

3

10*00025.5

1
10*10

200

10

1
m

m
sh

I

I

R
R  

(b) Series resistance required for full scale deflection corresponding to 1000 V 

Ω=−=−=
−

990,9910
10*10

1000
3m

m

se R
I

V
R  

 

Example 6:- A moving coil instrument having internal resistance of 50 ΩΩΩΩ indicates 

full scale deflection with a current of 10 mA. How can it be made to work as (i) a 

voltmeter to read 100 V on full scale (ii) an ammeter of 1 A, on full scale?  
 

Solution 6:- Resistance of the instrument coil Ω= 50mR  

Current flowing through the instrument for full-scale deflection AmAI m 01.010 ==  
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(i) Series resistance required to measure 100 V 

 Ω=−=−= 995050
01.0

100
m

m

se R
I

V
R  

(ii) Shunt required to measure 1 A current 

 Ω=

−

=

−

= 50505.0

1
01.0

1

50

1
m

m
sh

I

I

R
R  

  

Example 7:- A moving coil instrument has a resistance of 2 

ΩΩΩΩ and it reads upto 250 V when a resistance of 5000 ΩΩΩΩ is 

connected in series with it. Find the current range of the 

instrument when it is used as ammeter with the coil 

connected across a shunt resistance of 2 milli ΩΩΩΩ.   
 

Solution 7:- Resistance of the instrument coil Ω= 2mR  

Current flowing through the instrument for full-scale deflection 

 
ceresisSeriesR

readingscaleFull
I

m

m
tan+

=  

 mAA 98.4904998.0
50002

250
==

+
=  

Shunt resistance Ω= −310*2shR  

Current through shunt resistance A
R

RI
I

s

mm
sh 98.49

10*2

2*10*98.49
3

3

===
−

−

 

Current range of instrument = Full scale deflection current 

 AII m 5098.4904998.0 =+=+=  

 

Example 8:- A moving coil ammeter gives full scale deflection with 15 mA and has a 

resistance of 5 ΩΩΩΩ. Calculate the resistance to be calculated in (a) Parallel to enable 

the instrument to read upto 1 A (b) Series to enable it to read up to 10 V. [UPTU 

2002] 
 

Solution 8:- Instrument resistance Ω= 5mR  

Full scale deflection current AmAI m

310*1515 −==  

(a) Current to be measured AI 1=  

Shunt resistance to be connected in parallel  

Ω=

−

=

−

=

−

07614.0

1
10*15

1

5

1
3

m

m
sh

I

I

R
R  

(b) Voltage to be measured V = 10 V 

Series resistance required 
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 Ω=−=−=
−

6667.6615
10*15

10
3m

m

se R
I

V
R  

 

Instrument Transformers Basics 
 

Why instrument transformers? 
� In power systems, currents and voltages handled are very large. 

� Direct measurements are not possible with the existing equipments. 

� Hence it is required to step down currents and voltages with the help of 

instrument 

    transformers so that they can  be measured with instruments of moderate sizes 

 

Instrument Transformers 

 
� Transformers  used in conjunction with measuring instruments for measurement 

purposes are called “Instrument Transformers”.  

 

� The instrument used for the measurement of current is called a “Current 

Transformer” or simply “CT”. 

 

� The transformers used for the measurement of voltage are called “Voltage 

transformer” or “Potential transformer” or simply “PT”.  

 

Instrument Transformers: 

 

 
        Fig 1. Current Transformer                                     Fig 2. Potential Transformer 

 

Fig 1. indicates the current  measurement by a C.T. The current being measured  

passes through the primary winding and the secondary winding is connected to an 

ammeter. The C.T. steps down the current to the level of ammeter. 

 

Fig 2. shows the connection of P.T. for voltage measurement. The primary winding is 

connected to the voltage being measured and the secondary winding to a voltmeter. The 

P.T. steps down the voltage to the level of voltmeter. 

 

Merits of Instrument Transformers: 

 

1. Instruments of moderate size are used for metering i.e. 5A for current and 100 to 

120 volts for voltage measurements. 
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2. Instrument and meters can be standardized so that there is saving in costs. 

Replacement of damaged instruments is easy. 

 

3. Single range instruments can be used to cover large current or voltage ranges, 

when used with suitable multi range instrument transformers. 

 

4. The metering circuit is isolated from the high voltage power circuits. Hence 

isolation is not a problem and the safety is assured for the operators 

 

5. There is low power consumption in metering circuit. 

 

6. Several instruments can be operated from a single instrument transformer. 

 

Ratios of Instrument Transformer: 

 

Some definitions are: 

1. Transformation ratio: It is the ratio of the magnitude if the primary phasor to 

secondary phasor.  

      

 Transformation ratio: 
 

 
 

Nominal Ratio: It is the ratio of rated primary winding current (voltage) to the rated 

secondary winding current (voltage). 

 
Turns ratio: This is defined as below. 

 

for a C.T. 

 for a P.T. 

for a C.T. 

 for a P.T. 
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Burden of an Instrument Transformer: 

 

The rated burden is the volt ampere loading which is permissible without errors 

exceeding the particular class of accuracy. 

 

 
 

 

 

 

Current Transformer equivalent circuit: 
 

 
 

 

X1 = Primary leakage reactance 

R1 = Primary winding resistance 

X2 = Secondary leakage reactance 

for a C.T. 

 for a P.T. 
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Z0 = Magnetizing impedance 

R2 = Secondary winding resistance 

Zb = Secondary load 

Note: Normally the leakage fluxes X1 and X2 can be neglected 

 

Current transformer, simplified equivalent circuit: 
 

 
Current transformer: Phase displacement (δ) and current ratio error (ε): 
 

 
Current Transformer Basics: 

 
Current Transformers (CT’s) can be used for monitoring current or for transforming 

primary current into reduced secondary current used for meters, relays, control equipment 

and other instruments. CT’s that transform current isolate the high voltage primary, 

permit grounding of the secondary, and step-down the magnitude of the measured current 

to a standard value that can be safely handled by the instrument.   
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Ratio :The CT ratio is the ratio of primary current input to secondary current output at 

full load. For example, a CT with a ratio of 300:5 is rated for 300 primary amps at full 

load and will produce 5 amps of secondary current when 300 amps flow through the 

primary. If the primary current changes the secondary current output will change 

accordingly. For example, if 150 amps flow through the 300 amp rated primary the 

secondary current output will be 2.5 amps (150:300 = 2.5:5).  

 

Current Transformer: Cautions: 
 

� Inspect the physical and mechanical condition of the CT before installation. 

 

� Check the connection of the transformer requirements for the instrument or the 

system requirements before connecting the CT. 

 

� Inspect the space between the CT phases, ground and secondary conductor for 

adequate clearance between the primary and secondary circuitry wiring.  

 

� Verify that the shorting device on the CT is properly connected until the CT is 

ready to be installed. The secondary of the CT must always have a burden (load) 

connected when not in use. NOTE: A dangerously high secondary voltage can 

develop with an open-circuited secondary. 

 

Construction of Current Transformer: 

 
Current transformers are constructed in various ways. In one method there are two 

separate windings on a magnetic steel core. The primary winding consists of a few turns 

of heavy wire capable of carrying the full load current while the secondary winding 

consist of many turns of smaller wire with a current carrying capacity of between 5/20 

amperes, dependent on the design. This is called the wound type due to its wound 

primary coil. 

 
Construction of Current Transformer: 

 

Wound Type 
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Another very common type of construction is the so-called “window,” “through” or 

donut type current transformer in which the core has an opening through which the 

conductor carrying the primary load current is passed. This primary conductor constitutes 

the primary winding of the CT (one pass through the “window” represents a one turn 

primary), and must be large enough in cross section to carry the maximum current of the 

load. 

 
Construction of Current Transformer: 

 
Another distinguishing feature is the difference between indoor and outdoor construction.  

  

 
 

 

 

 

 

Window-type  

15kV Outdoor CT  
15kV Indoor CT  
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Construction of Current Transformer  
 

Indoor Type Outdoor Type 

indoor units are protected due to their 

being mounted in an enclosure of some 

kind  

The outdoor unit must be protected for 

possible contaminated environments  

Not Required outdoor units will have larger spacing 

between line and ground, which is 

achieved by the addition of skirts on the 

design.  

Not Requiored For outdoor types the hardware must be 

of the non-corrosive type and the 

insulation must be of the non-arc-

tracking type.  

The indoor types must be compatible for 

connection to bus type electrical 

construction  

outdoor types are normally on the pole-

top installations. 

 

 

Circuit connection for current and power measurement using C.T. 
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Equivalent Circuit of C.T. 

 

 
 

Fig. 1 Equivalent circuit of C.T. 

 

 

 

 

 

 

Phasor diagram 
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Fig 2. Phasor diagram 

 

 

A section of Phasor diagram 

 

 
Fig 3. A section of Phasor diagram 

 

Relationship in current transformer: 

  
Fig 1 represents the equivalent circuit and Fig 2 the phasor diagram of a current 

transformer.  

     n= turns ratio = (No. of secondary winding turns)/(No. of  primary winding turns) 

     rs = resistance of the secondary winding; 

     xs = reactance of the secondary winding;  

     re = resistance of external burden i.e. resistance of meters,      

            current coils etc. including leads; 

     xe = reactance of external burden i.e. reactance of meters, 

             current coils etc. including leads;  

Ep = primary winding induced voltage ; 

Es = secondary winding induced voltage; 

Np = No. of primary winding turns; 

Ns = No. of secondary winding turns; 

Vs = Voltage at the secondary winding terminals; 

Is = secondary winding current; 

Ip = primary winding current; 

ϴ = phase angle of transformer;  

Φ = working flux of the transformer; 

 δ = angle between secondary winding induced voltage and  

secondary winding current = phase angle of total burden including impedance of 

secondary 

                                               winding  

    
1tan ( )s e

s e

x x

r r

− +

+

Vtusolution.in

Vtusolution.in



vtu
so

lut
ion

.in

 

15 

 

 

 

 

∆ = phase angle of secondary winding load circuit i.e. of external burden    

 

 

 

Io = exiting current; 

Im = magnetizing component of exciting current,  

Ie = loss component of exciting current, 

α = angle between exciting current Io and working flux ϕ   

 

Consider a small section of the  phasor   as shown in Fig. 3. We have 

 bac = 90° -δ-α,  ac = Io , oa = nIs and oc = Ip. 

 

bc= Io sin (90°-δ-α) = Io cos (δ+α),  

ab = Io cos (90°-δ-α) = Io sin (δ+α). 

  

Now (Oc)
2
 = (oa + ab)

2
 + (bc)

2 
 

or 

 Ip
2
 = [nIs + Io sin (δ+α)]

2
 + [Io cos (δ+α)]

2
  

= n
2
Is

2
 + I0

2
 sin

2
 (δ+α) + 2 nIsIosin (δ+α)+ Io

2
cos

2
 (δ+α). 

= n
2
Is

2
 + 2nIsIo sin (δ+α) + Io

2
  

        ∴Ip =  [n
2
Is

2
 + 2nIsIo sin  (δ+α) + Io

2
]

½
                    (1) 

 

Transformation ratio 

 

 R = Ip /Is = [n2 IsIo sin (δ+α) + Io2]½ /Is                         (2) 

 

Now in a well designed current transformer Io << nIs. Usually Io is less than 1 percent of 

Ip,  

and Ip is, therefore, very nearly equal to nIs. 

 

Eqn. (2) can be written as 

 

 

  

 

  

 

The above theory is applicable to case when the secondary burden has a lagging power 

factor i.e., when the burden is inductive.  

Eqn. (3) can be further expanded as: 

 

  

 

1tan ( )e

e

x

r

−

∠

1
2 2 2 2 2

0 0[ 2 sin( ) sin ( )
s s

s

n I nI I I
R

I

δ α δ α+ + + +
=

0 0sin( )
sin( )(3)s

s s

nI I I
n

I I

δ α
δ α

+ +
= + +�

0 (sin cos cos sin )
s

I
R n

I
δ α δ α≈ + +

sin cosm e

s

I I
n

I

δ δ+
≈ +
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 (4) 

 

As   

 

Phase angle 
The angle by which the secondary current phasor, when reversed, differs in phase from 

primary current, is known as the “phase angle” of the transformer. 

+ve  if secondary reversed current leads the primary current 

-ve if secondary reversed current lags behind the primary current. 

The angle between Is and Ip is θ. Therefore, the phase angle is θ. 
From the phasor diagram, 

 

 

 

 
As θ is very small, we can write 

 

 

 (5) 

 

Now Io is very small as compared to nIs, and, therefore we can neglect the term Io 

sin(δ+α) 

 

 

 (6) 

 

 (7) 

 

                        (8) 

 

 

 

 

 

Errors in current transformers: 
• Turns ratio and transformation ratios are not equal. 

• The value of transformation ratio is not constant.  

It depends upon: 

1. Magnetizing and loss components of exciting current,  

2.  The secondary winding load current and its power 

This introduces considerable errors into current measurement 

0 cos
m

I I andα=
0 sineI I α=

0

0

cos( )
tan

sin( )
s

Ibc bc

ob oa ab nI I

δ α
θ

δ α

+
= = =

+ + +

0

0

co s( )
.

s in ( )s

I
ra d

n I I

δ α
θ

δ α

+
=

+ +

0 cos( )

s

I
rad

nI

δ α
θ

+
∴ =

0 0cos cos sin sin cos sin
m e

s s

I I I I
rad

nI nI

δ α δ α δ δ− −
≈ ≈

c o s s in1 8 0
( ) d egm e

s

I I
ree

n I

δ δ−
≈

Π
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In power measurement it is necessary that the phase of secondary winding current shall 

be displaced by exactly 180° from that of the Primary current. Here, phase difference is 

different from 180° by an angle θ. Hence due to C.T. two types of errors are introduced in 

power measurements. 

� Due to actual transformation ratio being different from the turns ratio. 

� Due to secondary winding current not being 180° out of phase with the primary 

winding current.  

 

Ratio error and phase angle error 
Ratio Error is defined as:  

 

Percentage ratio error = ((nominal ratio – actual ratio)/(actual ratio))x100 

 
 (9) 

 

 

Phase angle  

 

  

 

 

 

Approximate formulas for errors: 
The usual instrument burden is largely resistive with some inductance. Therefore, δ is 

positive and small. 

Hence, sin δ = 0 and cos δ = 1.  

Therefore equations (4) and (8) can be written as: 

   

  (10)    and                    (11) 

 

But,  and, therefore, eqns. (10) and (11) can be rewritten as 

 

  

And 

 

 

 

 

 

Problem No.1 
Two current transformers of the same nominal ratio 500/5 A, are tested by Silsbee’s 

method. With the current in the secondary of the transformer adjusted at its rated value, 

the content in the middle conductor ∆I = 0.05e-j126.9° A expressed with respect to 

current in the secondary of standard transformer  as the reference. It is known that 

standard transformer has a ratio correction factor (RCF) of 1.0015 and phase error +8’. 

Find RCF and phase angle error of transformer under test.  

100n
K R

R

−
= ×

c o s s in1 8 0
( ) d e gm e

s

I I
r e e

n I

δ δ−
≈

Π

e

s

I
R n

I
= +

180
degm

s

I
ree

nI
θ

  
=   

Π  

p s
I nI≈

1e e

p p

n I I
R n n

I I

 
≈ + = +  

 
1 8 0

d e gm

p

I
r e e

I
θ

  
=     Π   

Vtusolution.in

Vtusolution.in



vtu
so

lut
ion

.in

 

18 

 

 

Solution: 

Nominal ratio = 500/5 =100,   Iss= 5 A 

Since Iss is the reference,    Iss= 5+j0 

                                           ∆I = 0.05e-j126.9°  

                                               = 0.05(cos 126.9° -j sin 126.9°) 

                                               = -0.03 – j 0.04 

 

Now, current in the secondary of test transformer 

        Isx=Iss- ∆I = 5 +j 0 – (0.03 – j 0.04) = 5.03 + j 0.04 

              or Isx ≈ 5.03 A 

  

 Angle between Isx and Iss= 0.04/5.03 rad = 27.3’. 

Phase angle between Isx reversed and Ip=+27.3’+8’ = +35.3’. 

 

Ratio correction factor RCF of standard transformer = 1.0015  

Therefore, actual ratio of standard transformer 

Rs= RCF × nominal ratio = 1.0015 × 100 = 100.15 

Primary current Ip= Rs ×Iss= 100.15 × 5 = 500.75A 

 

Actual ratio of transformer under test  

                Rx= Ip/Is = 500.75/5.03 = 99.55 

 

Ratio correction factor of test transformer RCF =  

       Actual ratio/nominal ratio = 99.55/100 = 0.9955. 

 

Problems on CT 
1. A current transformer has a single turn primary and 200 turns secondary winding. 

The secondary winding supplies a current of 5 A to a non inductive burden of 1Ω 

resistance. The requisite flux is set up in the core by an mmf of 80 A. The frequency is 

50 Hz and the net cross section of the core is 1000 sq. mm. 

      Calculate the ratio and phase angle of the transformer. Also find the flux density in 

the core. Neglect the effects of magnetic leakage, iron losses and copper losses.  

Solution:  

If we neglect the magnetic leakage, the secondary leakage reactance becomes zero. 

Therefore, the secondary burden is purely resistive and the impedance of the burden is 

equal to the resistance of the secondary winding.  

       Impedance of secondary circuit = 1 Ω           

      Voltage induced in the secondary winding 

      Es = Current in the secondary × impedance of secondary winding = 5 × 1 =5 V. 

 

As the secondary burden is purely resistive, the secondary current is in phase with 

secondary induced voltage and the secondary power factor is unity or δ = 0. 

 The loss component of no load current is to be neglected and, therefore, Ie = 0. 

              

2 2

0 m eI I I= +
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            Exciting Current  

                                              =  Im = magnetizing component 

                                      and α = 0. 

Magnetizing component of no load current  

               Im =(magnetizing mmf)/(Primary winding turns) 

                    =80/1=80A 

 

Secondary winding current = 5 A 

Reflected secondary winding current = n×Is=200×5 =1000A 

From the phasor diagram shown in Fig. 1                                           

 

Fig. 1  

 

 

                                 

 

                                      = 1003.2 A. 

Actual transformation ratio R= Ip/Ir = 1003.2/5 =2000. 

 

Phase angle θ = tan1 (Im/InIs) = tan1 (80/1000)° = 4°34’ 

We Know that, Es = 4.44fΦm Ns 

          Φm = Es/(4.44 f Ns) = 5/(4.44×50×200) = 0.1126 mwb  

. 

Area of core = 1000 Sq. mm. = 1000 µ sq.m  

           Maximum flux density Bm=(0.1126mwb)/1000 µ sq.m  

                                                  = 0.1126 Wb/Sq.m. 

 

Problem No. 2 

Im 

θ 

IP 

Φ 

nIS 

IS 

2 21000 80pI = +
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A current transformer with a bar primary has 300 turns in its secondary winding. The 

resistance and reactance of secondary circuits are 1.5Ω and 1.0 Ωrespectively including 

the transformer winding. With 5 A flowing in the secondary winding, the magnetizing 

mmf is 100 A and the iron losses is 1.2W. Determine the ratio and phase angle error. 

Solution:  Primary winding turns Np= 1;  

                  Secondary winding turns Ns = 300;  

                  Turns ratio = Ns/Np = 300/1 = 300. 

                  Secondary circuit burden impedance =                         

                                                                              =  1.8 Ω  

For secondary winding circuit: 

cos δ = 1.5/1.8 = 0.833 and sin δ = 1.0/1.8 = 0.555. 

Secondary induced voltage Es = 5 × 1.8 = 9.0 V.  

Primary induced voltage Ep = Es/n = 9.0/300 = 0.03 V. 

Loss component of current referred to primary winding 

                         Ie = iron loss/(Ep) = 1.2/0.03 = 40 A. 

Magnetizing current  

              Im = (magnetizing mmf)/(primary winding turns) 

                   = 100/1 = 100 A 

 

 

 

Actual ratio R =       

 
                                 

                 = 300+(100 ×0.555+40 × 0.833)/5 = 317.6 

 

In the absence of any information to the contrary we can take nominal ratio to be equal to 

the turns ratio, or 

Kn = n = 300 

 

Percentage ratio error                             

                                   

 

                             = (300-317.6)/317.6 = -5.54%. 

 

Phase angle θ =           

                                                
                        = 180/π ((100 × 0.833 - 40 × 0.555)/(300 × 5))  

                         = 2.34°. 

 

Problem No. 3 
A 100/5 A, 50 Hz CT has a bar primary and a rated secondary burden of 12.5 VA. The 

secondary winding has 196 turns and a leakage inductance of 0.96 mH. With a purely 

2 2(1.5) (1.0)+

100nK R

R

−
= ×
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resistive burden at rated full load, the magnetization mmf is 16 A and the loss excitation 

requires 12 A. Find the ratio and phase angle errors. 

Solution:  Secondary burden = 12.5 VA. 

                  Secondary winding current = 5 A           

                                                                                

                  Secondary circuit impedance = 12.5/5
2 
 = 0.5 Ω. 

 

Secondary circuit reactance = 2π × 50 × 96 ×10
-3  

  = 0.3 Ω  

Phase angle of secondary circuit  δ = sin
-1

 0.3/0.5 = sin
-1

 0.6 

                          Therefore, sin δ = 0.6 and cos δ = √(1)
2 

 + (0.6)
2
 

          
                                                                       = 0.8. 

 Primary winding turns Np = 1. Secondary winding turns Ns = 196. 

 Turns ratio n = Ns/Np = 196. 

 Nominal ratio = Kn = 1000/5 = 200 

 Magnetizing current  

                   Im = (magnetizing mmf)/(primary winding turns) 
 
                       = 16/1 =16 A 

 Loss component Ie = (excitation for loss/primary winding turns)
 
 
.
 

      
                             = 12/1 = 12 A.

     

 

Actual ratio R =        

 

                                    
                         = 196 + ((12×0.8+16×0.6)/5) = 199.84 

Ratio error = ((nominal ratio – actual ratio)/(actual ratio)) ×100 

                  = ((200-199.84) / 199.84) ×100 

                  = +0.08% 

Phase angle θ =      

 

                                                     
                                   180/π ((16×0.8 - 12×0.6)/(196×5)) =0.327°  

                                                                                 = 19.6’.  

 

Potential Transformer Basics 
Potential transformers are normally connected across two lines of the circuit in which the 

voltage is to be measured. Normally they will be connected L-L (line-to-line) or L-G 

(line-to-ground). A typical connection is as follows: 
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Fig. 2 

 

 

Relationships in a Potential Transformer: 
The theory of a potential transformer is the same as that of a power transformer. The 

main difference is that the power loading of a P.T. is very small and consequently the 

exciting current is of the same order as the secondary winding current while in a power 

transformer the exciting current is a very small fraction of secondary winding load 

current. 

Fig 3. And Fig 4. shows the equivalent circuit and phasor diagram of a potential 

transformer respectively.  

 

Is = secondary winding current, 

  rs = resistance of secondary winding 

 Φ = working flux in wb. 

  Im = magnetizing component of no load (exciting) current in A, 

  Ie = iron loss component of no load (exciting) current in A, 

  I0 = no load (exciting) current in A, 

  Es = secondary winding induced voltage 

  Vs = secondary winding terminal voltage, 

  Np = primary winding turns 

  Ns = secondary winding turns 

xs = reactance of secondary winding 

re =resistance of secondary load circuit 

xe = reactance of secondary load circuit 

∆ = phase angle of secondary load circuit = tan
-1

 xe /re   

Ep = primary winding induced voltage, 

Ip = primary winding current 

rp = resistance of primary winding 

xp = reactance of primary winding 

Turns ratio n = Np / Ns = Ep / Es 

 

Secondary voltages when referred to primary side are to be multiplied by n. When 

secondary currents are referred to primary side, they must be divided by n 
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                                             Fig. 3  Equivalent circuit of a P.T. 
 

 

 
  

Fig. 4 Phasor diagram of P.T. 
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Fig. 5 Enlarged and concise phasor diagram of a P.T 

 

 

 

Actual Transformation ratio 
An enlarged concise phasor diagram is shown in Fig. 5. 

 θ = phase angle of the transformer 

    = angle between VP and VS reversed 

 ∆ = phase angle of secondary load circuit 

 β = phase angle between IP and VS reversed. 

Now  oa = VP cos θ  
From Phasor diagram  

  oa = n VS +nIS rS cos ∆ + nIS xS sin ∆ +IP rP cos β+ IP xP sin β  
Or  

VP cos θ = n VS +nIS rS cos ∆ + nIS xS sin ∆ +IP rP cos β+ IP xP sin β  
 

=n VS +nIS (rS cos ∆ + xS sin ∆) +IP rP cos β+ IP xP sin β ……..(i) 

Phase angle θ is very small and, therefore, both VP and VS reversed can be taken 

perpendicular to Φ and, hence 

 

                        (approximately) and                     (approximately). 

       

   Thus           IP cos β  = Ie + (IS /n ) cos ∆  

                      IP sin β   = Im + (IS /n ) sin ∆ 

Now θ is very small usually less than 1° and therefore, cos θ =1 and hence we can write: 

VP cos θ = VP  

      

Substituting the above values in (i), we have: 

VP = n VS +nIS (rS cos ∆ + xS sin ∆) + (Ie + (IS /n ) cos ∆) rP  

            + (Im + (IS /n ) sin ∆ ) xP   

ocd β∠ = ecd∠ = ∆
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 = n VS +IS cos ∆ (n rS + rP /n) + IS sin ∆ (n xS + xP /n)  + Ie rP + Im xP  

                                                  ……..(ii) 

      = n VS + (IS /n) cos ∆ (n² rS + rP) + (IS /n) sin ∆ (n² xS + xP) 

        + Ie rP + Im xP  

      = n VS + (IS /n) cos ∆ RP + (IS /n) sin ∆ XP + Ie rP + Im xP  

      = n VS + (IS /n) (RP cos ∆+ XP sin ∆)+ Ie rP + Im xP …..(iii) 

Here RP = equivalent resistance of the transformer referred to the 

                 primary side = n² rS + rP  

 

and XP = equivalent reactance of the transformer referred to the 

                primary side = n² xS + xP  

             

            Actual transformation (voltage) ratio R= VP / VS  

 

             ((IS /n) (RP cos ∆+ XP sin ∆)+ Ie rP + Im xP ) 

     = n+                                                                    ……(iv) 

                                        VS 

 Eqn (ii) may be written as: 

VP  = n VS +nIS cos ∆ (rS + rP /n²) + nIS sin ∆ (xS + xP /n²)  + Ie rP  

         + Im xP  

 

VP  = n VS +nIS cos ∆ RS+ nIS sin ∆ XS+ Ie rP + Im xP  

      = n VS +nIS (RS cos ∆+ XS sin ∆) + Ie rP + Im xP ……(v) 

Where  

RS = equivalent resistance of transformer referred to secondary 

        side = rS + rP /n² 

 XS = equivalent reactance of transformer referred to secondary 

        side = xS + xP /n². 

Actual transformation (voltage) ratio   R=VP / VS  

 

                nIS (RS cos ∆+ XS sin ∆)+ Ie rP + Im xP  

     = n+                                                                    ……(vi) 

                                        VS 

 

Using eqns. (iii) and (v), the difference between actual transformation ratio and turns 

ratio is: 

            ((IS /n) (RP cos ∆+ XP sin ∆)+ Ie rP + Im xP ) 

R-n =                                                                       …….(vii) 

                                      VS  

     

        =     nIS (RS cos ∆+ XS sin ∆)+ Ie rP + Im xP  

                                                                                 …….(viii)  

                                        VS 
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The terms in the denominator involving IP and IS are small and, therefore, they can be 

neglected as compared with nVS . 

 

  

 

 

  

 

 

  

 

  

 

 

 

 

 

 

 

Since θ is small, θ = tan θ  

 

 

 

 

 

 

 

 

 

Errors in potential transformers 

 

Ratio error (Voltage Error): 
The actual ratio of transformation varies with operating condition and the error in 

secondary voltage may be defined as, 

      % Ratio Error =   Kn – R  × 100 

                                      R  

Phase angle error: 
In an ideal voltage transformer, there should not be any phase difference between primary 

winding voltage and secondary winding voltage reversed. However, in an actual 

transformer there exists a phase difference between VP and VS reversed. 
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Problems on PT  

 

 

Problem No. 1 
A potential transformer, ratio 1000/100 volt, has the following constants: 

Primary resistance = 94.5Ω, secondary resistance=0.86 Ω  

Primary reactance = 66.2 Ω, total equivalent reactance = 110 Ω  

No load current = 0.02 A at 0’4 p.f. 

Calculate: (i) Phase angle error at no load 

                 (ii) burden in VA at UPF at which phase angle will be Zero. 

 
Solution: No load power factor   cos α = 0.4  

Sin α = √ (1)
2
 –(0.4)

2 
 = 0.917 

Therefore, Ie = I0 cos α = 0.02 × 0.4 = 0.008A 

                 Im = I0 sin α  = 0.02 × 0.917 = 0.01834 A. 

Turns ratio   n = 1000/100 = 10, 

 Phase angle 

 

 
At no load           IS = 0 

Therefore ϴ = (Ie xP – Im rP )/(nVS ) 

                    = (0.008 × 66.2 – 0.01834 × 94.5)/(10 × 1000) rad  

                 = -4.1’. 

(ii) At UPF cos ∆ = 1 and sin ∆ = 0. 

Therefore ϴ = (IS/n) XP - Ie xP – Im rP  

                                    nVS  

           For ϴ = 0, (IS/n) XP - Ie xP – Im rP = 0. 

Or IS = (n/XP) (Im rP - Ie xP )  

        = 10/100 (0.01834 × 94.5 – 0.008 × 66.2) = 0.109 A 

Burden = VS IS = 100 × 0.109 = 10.9 VA 

 

Problem No.2 
A potential transformer rated 6900/115 Volts, has 22500 turns in the primary winding 

and 375 turns in the secondary winding. With 6900 volts applied to the primary and the 

secondary circuit open circuited, the primary winding current is 0.005A lagging the 

voltage by 73.7°. With a particular burden connected to the secondary, the primary 

winding current is 0.0125A lagging the voltage by 53.1°. Primary winding resistance = 

1200Ω, Primary winding reactance = 2000Ω, secondary winding resistance = 0.4 Ω, 

secondary winding reactance = 0.7 Ω. 

(i) Find the secondary current and terminal voltage using the applied primary voltage 

VP = 6900 + j0 as reference. Find the load burden also. 

(ii) Find the actual transformation ratio and also the phase angle. 
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(iii) If the actual ratio = the nominal ratio under above conditions, what change should 

be made in the primary turns? 

 
Solution: 

Nominal ratio Kn = 6900/115 = 60 

Primary winding turns NP = 22500 

Secondary winding turns NS = 375  

Turns ratio = n = 22500/375 = 60 

No load current I0= 0.005A  

No load p.f. = cos 73.7° = 0.28 and sin 73.7° = 0.96 

Primary current IP = 0.0125A, Primary power factor= cos53.1°=0.6 

Now primary voltage VP is taken as reference and, therefore, we can write: 

 VP = 6900 +j0, IP = 0.0125(0.6-j0.8) =0.0075-j0.01 

                         I0 = 0.005(0.28-j0.96)= 0.0014 – j 0.0048. 

{ phasor IS /n is the phasor difference of IP  and I0  } 

Therefore IS /n = (0.0075-j0.01)-(0.0014-j0.0048)=0.0061-j0.0052.    

IS (reversed) = n× (IS /n) = 60(0.0061-j0.0025) = 0.366-j0.312 

0r IS  = -(0.366-j0.312) = -0.366+j0.312 Therefore, IS = 0.48A 

Primary induced voltage EP = VP –IP ZP  

 = 6900 – j0 – (0.0075 – j0.01)(1200 + j2000) 

 = 6900 – j0 – (9 +j3) = 6891 – j3 V. 

Secondary induced voltage ES (reversed) = ES /n  

                                             = (6891 – j3)/60 = 114.85 – j 0.05 V 

               ES = -(114.85 – j 0.05) = -114.85 + j 0.05V 

Secondary terminal voltage = VS = ES - IS ZS  

= -114.85 + j 0.05V –(-0.366+j0.312)(0.4+j0.7)=-114.49+j0.18 

               or VS = 114.49V  

Secondary burden = VS IS = 114.49 × 0.48 = 55 VA 

(ii) Actual ratio = VP / VS = 6900/114.48 = 60.27. 

VS (reversed)= - (-114.49+j0.18) = +114.49-j0.18V 

Angle by which VS (reversed) lags VP = tan
-1

 (0.18/114.49) 

            ≈ (0.18/114.49) rad = (0.18/114.49)(180/Π) = 0.90° = 0.54’. 

(iii) The solution to the problem lies in reducing the turns ratio (decreasing primary 

number of turns) so that the actual ratio equals the nominal ratio. 

New turns ratio = (60/60.27) × 60  

Therefore new value of primary turns 

           

         = (60/60.27) × 60 × NS = (60/60.27) × 60 × 375 

          = 22399 

Therefore, reduction in primary turns = 22500 – 22399 

                                                           = 101 

Here, change in voltage drops caused by change in turns ratio is neglected and hence the 

solution is only approximate.  
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Testing of Instrument Transformers 
Methods for finding ratio and phase angle errors experimentally are broadly classified 

into two groups: 

1. Absolute method: In these methods the transformer errors are determined in 

terms of constants i.e., resistance, inductance and capacitance of the testing 

circuit. 

2. Comparison method: In these methods, the errors of the transformer under test 

are compared with those of a standard current transformer whose errors are 

known. 

 

Each of the two methods can be classified, according to measurement technique 

employed as 
1. Deflection Method: These methods use the deflections of suitable instruments 

for measuring quantities related to the phasors under consideration or to their 

deflection. The required ratio and phase angles are then found out from the 

magnitudes of deflection. These methods may be made direct reading in some 

cases. 

2. Null Methods: These methods make use of a network in which the appropriate 

phasor quantities are balanced against one another. The ratio and phase angle 

errors are then found out from the impedance elements of the network. The 

method may be made direct reading in terms of calibrated scales on the 

adjustable elements in the network. 

 

Testing of Current Transformer 
There are three methods: 

1. Mutual Inductance method: This is an absolute method using null deflection. 

2. Silsbee’s Method: This is a comparison method. There are two types; deflectional 

and null. 

3. Arnold’s Method: This is a comparison method involving null techniques. 

 
Silsbee’s Method: 

The arrangement for Silsbee’s deflectional method is shown in Fig.1. Here the ratio and 

phase angle of the test transformer ‘X’ are determined in terms of that of a standard 

transformer ‘S’ having the same nominal ratio. 
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Fig. 1 Silsbee’s deflectional method   

 

Procedure:  

 The two transformers are connected with their primaries in series. An adjustable 

burden is put in the secondary circuit of the transformer under test. 

 An ammeter is included in the secondary circuit of the standard transformer so 

that the current may be set to desired value. W1 is a wattmeter whose current coil is 

connected to carry the secondary current of the standard transformer. The current coil of 

wattmeter W2 carries a current ∆I which is the difference between the secondary currents 

of the standard and test transformer. The voltage circuits of wattmeters are supplied in 

parallel from a phase shifting transformer at a constant voltage V. 

 

The phasor diagram is shown in Fig. 2 
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 Fig.2. Phasor diagram of Silsbee’s method 

1. The phase of the voltage is so adjusted that wattmeter W1 reads zero. Under these 

conditions voltage V is in quadrature with current Iss  . The position of voltage phasor for 

this case is shown as Vq . 

 

Reading of wattmeter, W1     W1q = Vq Iss cos 90° = 0. 

Reading of wattmeter, W2 

W2q = Vq × component of current ∆I in phase with Vq = Vq Iq 

= Vq Isx sin (θx – θs) 

Where θx = phase angle of C.T. under test, 

θs = phase angle of standard C.T. 
= W1p– VIsx cos (θx – θs) ≈ W1p– VIsx 

As (θx – θs) is very small and, therefore, cos (θx – θs) = 1 

For above, VIsx = W1p -  W2p. 

Actual ratio of transformer under test Rx = Ip /Isx. 

Actual ratio of standard transformer   Rs = Ip /Iss. 

 

 
 

. The phase of voltage V is shifted through 90° so that it occupies  

a position VP and is in phase with Iss . 

Reading of wattmeter W1,   W1p = Vp Iss cos θ = Vp Iss. 
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Reading of wattmeter W2,   W2p = Vp ×component of current ∆I in phase with Vp  = Vp × 

∆Ip = Vp [Iss – Isx cos (θx – θs)] 

If the voltage is kept same for both sets of readings,  

then V= Vp =  Vq. 

 We have  W2q = VIsx sin (θx – θs), W1p = Viss  

W2p = V[Iss – Isx cos (θx – θs)]= VIss – VIsx cos (θx – θs)]  

 

 

  

 

   

 

 

  

 

 

 

Or phase angle of test transformer, 

    

 

 

 

as W2p is very small. Hence if the ratio and phase angle errors of standard transformer are 

known, we can compute the errors of the test transformer. W2 must be a sensitive 

instrument. Its current coil may be designed for small values. It is normally designed to 

carry about 0.25A for testing CTs having a secondary current of 5A.  

 

Problem No.1 
Two current transformers of the same nominal ratio 500/5 A, are tested by Silsbee’s 

method. With the current in the secondary of the transformer adjusted at its rated value, 

the content in the middle conductor ∆I = 0.05e
-j126.9°

 A expressed with respect to current 

in the secondary of standard transformer as the reference. It is known that standard 

transformer has a ratio correction factor (RCF) of 1.0015 and phase error +8’. Find RCF 

and phase angle error of transformer under test.  

 
Solution: 

Nominal ratio = 500/5 =100,   Iss= 5 A 

Since Iss is the reference,    Iss= 5+j0 

                                           ∆I = 0.05e
-j126.9°

  

                                               = 0.05(cos 126.9° -j sin 126.9°) 

                                               = -0.03 – j 0.04 

Now, current in the secondary of test transformer 

        Isx=Iss- ∆I = 5 +j 0 – (0.03 – j 0.04) = 5.03 + j 0.04 

              or Isx ≈ 5.03 A 

  

 Angle between Isx and Iss= 0.04/5.03 rad = 27.3’. 
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Phase angle between Isx reversed and Ip=+27.3’+8’ = +35.3’. 

Ratio correction factor RCF of standard transformer = 1.0015  

Therefore, actual ratio of standard transformer 

Rs= RCF × nominal ratio = 1.0015 × 100 = 100.15 

Primary current Ip= Rs ×Iss= 100.15 × 5 = 500.75A 

Actual ratio of transformer under test  

                Rx= Ip/Is = 500.75/5.03 = 99.55 

Ratio correction factor of test transformer RCF =  

       Actual ratio/nominal ratio = 99.55/100 = 0.9955. 

 

 

Power Factor Meter 
 

 

 
 

 

Power factor of a single phase circuit is given by  

               

 cos Φ = P/VI. 

 

By measuring power, current and voltage power factor can be calculated using the above 

equation. 

 

� This method is not accurate. 

 

� It is desirable to have instantaneous indication of power factor. 

 

� Power factor meter indicate directly the power factor of the circuit. 

 

Power factor meters have : 1. Current Coil 

                                             2. Pressure Coil. 

 

1.  The current circuit carries the current whose PF is to be measured. 
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2. The pressure circuit is connected across the circuit whose PF is to be measured 

and is usually split into two paths. 

3. The deflection of the instrument depends upon the phase difference between the 

main current and currents in two paths of pressure coil i.e., the power factor of the 

circuit. 

4. The deflection is indicated by a pointer. 

 

Types of power factor meters 
There are two types: 

1. Electrodynamometer Type 

2. Moving Iron Type 

 

Single phase Electrodynamometer Power Factor Meter 
 

 
 

Fig.1. Single Phase electrodynamometer type power factor meter 

 
 

Construction of electrodynamometer type power factor meter. 
Construction is shown in Fig.1 

It consists of two coils 1.Fixed coil which acts as current Coil. 

                                    2. Moving coil or pressure coil. 

Current coil: 

1. Split into two parts and carries the current of the circuit under test. 

2. The magnetic field produced by this coil is proportional to the main current. 

Pressure coil: 
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1. Two identical coils A & B pivoted on a spindle. 

2. Coil a has a non inductive resistance R connected in series with it. 

3. Coil B has a highly inductive choke coil L connected in series with it. 

4. The two coils are connected across the voltage of the circuit. 

5. The value of R & L adjusted to carry the same current at normal frequency. 

 

Working Principle: 

 

1. Current in coil is in phase with the circuit voltage. 

2. Current through coil B lags the voltage by an angle 90°(∆). 

3. The angle between the planes of the coils is made equal to ∆. 

4. There is no controlling torque. 

5. Minimum control effect using silver or gold ligaments for connecting moving 

coils. 

Assumption made: 

Current through coil B lags voltage by exactly 90°. 

Angles between the planes of the coils is exactly 90°. 

 

Now, there will be two deflecting torques: 

1. Torque acting on coil A. 

2. Torque acting on coil B. 

The coil windings are arranged in such a way that the torques due to two coils are 

opposite in direction. Therefore the pointer will take up a position where these two 

torques are equal. 

Consider the case of a lagging power factor of cos φ. 

Deflecting torque acting on coil a is: 

TA = KVI Mmax cos φsinθ  
Where θ = angular deflection from the plane of reference. 

& Mmax = maximum value of mutual inductance between the two coils.  

This torque acts in clockwise direction. 

Deflection torque acting on coil B is: 

TB = KVI Mmax cos (90° -φ) sin(90°+ θ) = KVI Mmax sin φ cos θ. 
This torque acts in the anticlockwise direction. The value of Mmax is the same in both 

the expressions, due to similar construction of coils. 

The coils will take up a position where the two torques are equal. 

or KVI Mmax cos φsinθ =KVI Mmax sin φ cos θ or θ = φ 

Therefore the deflection of the instrument is a measure of phase angle of the circuit. The 

scale of the instrument can be calibrated directly in terms of power factor.  
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Fig. 2. Phasor diagram of Fig.1 

 

Weston Frequency Meter: 
 

1. This meter consists of two coils mounted perpendicular to each other. 

2. Each coil is divided into two sections. 

3. Coil A has a resistance RA connected in series with it and reactance LA in 

parallel with it. 

4. Coil B has a reactance coil LB in series and resistance RB in parallel. 

5. The moving element is a soft iron needle. 

6. This needle is pivoted on the spindle which also carries a pointer and a damping 

vanes. 

 

 
 

                                  Fig. 3 Weston Frequency Meter 
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7. There is no controlling force. 

8. The series reactance coil L suppresses higher harmonics in the current of the 

instrument. 

9. Minimizes the waveform errors in its indication. 

 

Working Principle 

 

The meter is connected across the supply. 

The two coils carry the currents. The currents sets up two magnetic fields which are at 

right angles to each other. The magnitude of the field depends upon the magnitude of 

current flowing in the coil. Both these fields act upon the soft iron needle. The position of 

the needle depends upon the relative magnitudes of the two fields and hence of the 

currents. 

The meter is designed in such a way that the values of various resistances and 

inductances are such that for normal frequency of supply, the value of voltage drops 

across LA and RB send equal currents through coils A & B. Therefore, the needle takes 

up a position which is at 45° to both the coils. Hence, the pointer is at the centre of the 

scale.  

If the frequency increases above the normal value reactance of LA and LB increases. 

Resistances RA and RB remains constant. 

This means the voltage across coil A increases with the increase in frequency compared 

to that of coil B. 

 

Hence, the current in coil A increases while it decreases in coil B. 

(Increase in the value of LB).Thus the field of coil A becomes stronger than that of coil 

B. The tendency of the needle is to deflect in the direction of stronger field and therefore 

it tends to set itself in line with the axis of Coil A. Thus the pointer deflects to the left. 

Opposite happens for freq. 

 

Phase Sequence Indicators 

 

� Used to find the phase sequence of three phase supplies. 

� There are two types 

(i) Rotating type 

(ii)  (ii) static type. 

 

(i) Rotating Type:  

 

Principle of operation similar to three phase Induction motor. 

They consists of three coils mounted 120° apart in space. 

The three ends of the coil brought out and connected to three terminals marked RYB.  

The coils are star connected. They are excited by the supply whose phase sequence is to 

be determined. An aluminium disc is mounted on the top of the coils. 

The coils produce a rotating magnetic field and eddy emfs are induced in the disc. 
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The eddy emfs cause the eddy currents to flow in the disc. 

A torque is produced due to the interaction of eddy currents with the rotating field.  

The disc rotates because of the torque and the direction depends on the phase sequence of 

the supply. 

 

An arrow indicates the direction of rotation of the disc. 

If the direction of rotation is the same as indicated by arrow head, the phase sequence of 

the supply is the same as marked on the terminals of the instrument. Otherwise, the phase 

sequence is opposite. 

 
 

     Fig. 4. Phase sequence indicator 

 

Static Type: 
One arrangement consists of two lamps and an inductor. 

When the phase sequence is RYB, lamp 1 will be dim and lamp 2 will glow brightly. 

If the phase sequence is RBY, lamp 1 will glow brightly and lamp 2 will be dim.  

 

Principle of operation: 
Assuming the phase sequence RYB,  

Phasor relations of voltages as VRY, VYB and VBR. Fig. 5 

VRY = V(1+j0), VBY = V(-0.5-j0.866) and VBR = V(-0.5+j0.866) 

 

 

 

 

 

 

 

 
 

 
  

   

R Y B 

DISC 
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Fig. 5. Circuit of a Static phase sequence indicator 

 

Assume the current directions as shown in Fig.5 

i.e., IR+IY+IB = 0. 

Now from Fig. 5b and 5c VRY+IYr-IRr = 0 

VYB + IRjXL – IYr = 0 

Solving for IR and IY we have, 

 

 
 

Then,  

 

But, VYB/VRY = -0.5 – j0.866 

If the indicator is designed so that  XL = R at the line frequency, 

 

IR/IY  = -0.134 + j0.232   or IR/IY  = 0.27. 

 

Thus the voltage drop across lamp 1 (IRr) is only 27% of that across lamp 2 (i.e., IY  = 

0.27 Irr). 

Thus if the phase sequence is RYB lamp 1 glows dimly while lamp 2 glows brightly. 
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CHAPTER  4        

POWER  MEASUREMENTS 
 

4.1   INTRODUCTION 
 

Electric power is the rate of doing work. It is expressed in Watts. The higher units of 

power used in practice include kilowatts, megawatts, etc. PWatts = VI COS φ , i.e., a power 

of one watt is said to be expended when a source of one volt passes a current of one 

ampere through a load resistance/ impedance of one ohm at unity power factor.  
 

The power measurements are made with the help of a wattmeter. Wattmeter is an 

indicating deflecting type of instrument used in laboratories for measurement of power in 

various ranges. A wattmeter consists of two coils as shown in the schematic 

representative figure 4.1 
 

� Current coil (CC):  connected in series 

with circuit and carries the load current. It 

is designed such that it is wound with 2 to 

3 turns of thick wire and hence it has a 

very low resistance. 

� Voltage or Pressure or Potential coil (PC):  

connected across the load circuit and hence 

carries a current proportional to the load 

current. The total load voltage appears 

across the PC. It is designed such that it is 

wound with several turns of thin wire and 

hence it has a very high resistance. 

 
 

Fig. 4.1 Wattmeter Connections 

 

The wattmeter can be a UPF meter or LPF meter depending on the type of the load 

connected in the measuring circuit.  For power measurements in AC circuits, the 

wattmeter is widely adopted. In principle and construction, it is a combination of those 

applicable for an ammeter and a voltmeter.  
 

The electrical power can be of three forms: 

� Real power or simply, the power is the power 

consumed by the resistive loads on the system. 

It is expressed in watts (W). This is also 

referred as true power, absolute power, average 

power, or wattage.  

� Reactive power is the power consumed by the 

reactive loads on the system. It is expressed in 

reactive volt-amperes (VAr). 

� Apparent power is the vector sum of the above 

two power components. It is expressed in volt-

amperes (VA).  

 

 
 

Fig.4.2  The Power Triangle 
  

Thus, it is observed from the power triangle shown in figure 4.2, that more is the 

deviation of power factor from its unity value, more is the deviation of real power from 

the apparent power. Also, we have  
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                                 VA
2
 = W

2  
+ VAr

2
                (4.1) 

And power factor,  cos ϕ  = ( Watts / VA )                 (4.2) 

 

4.2   SINGLE PHASE REAL POWER MEASUREMENTS 
 

4.2.1   Electrodynamometer Wattmeter 
 

An electrodynamometer wattmeter consists of two fixed coils, FA and FB and a moving 

coil M as shown in figure 4.3. The fixed coils are connected in series with the load and 

hence carry the load current. These fixed coils form the current coil of the wattmeter. The 

moving coil is connected across the load and hence carries a current proportional to the 

voltage across the load. A highly non-inductive resistance R is put in series with the 

moving coil to limit the current to a small value. The moving coil forms the potential coil 

of the wattmeter.  

 

 
 

Fig. 4.3 Electrodynamometer Wattmeter 
 

 

The fixed coils are wound with heavy wire of minimum number of turns. The fixed coils 

embrace the moving coil. Spring control is used for movement and damping is by air. The 

deflecting torque is proportional to the product of the currents in the two coils. Theses 

watt meters can be used for both DC and AC measurements. Since the deflection is 
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proportional to the average power and the spring control torque is proportional to the 

deflection, the scale is uniform. The meter is free from waveform errors. However, they 

are more expensive.  
 

Expression for the deflection torque:  

Let iC, iP : Current in the fixed and moving coils respectively, 

         M : Mutual inductance between the two coils, 

           θ : Steady final deflection of the instrument, 

           K: Spring constant, 

       V, I : RMS values of voltage and current in the measuring circuit and 

         RP : Pressure coil resistance. 
  

Instantaneous voltage across pressure coil, v = √2 V sin wt 

Instantaneous current in the pressure coil, iP = √2 V/RP sin wt = √2 IP sin wt 

Instantaneous current in the current coil, iC = √2 I sin (wt-ϕ) 

Instantaneous torque is given by:   Ti = iC  iP ( d M / d θ ) 

 = [ √2 I sin (wt-ϕ) ]  [ √2 IP sin wt ] ( d M / d θ )     (4.3) 

                                                             T 

Average deflecting torque, Td = (1/T)  ∫ Ti  d wt  

                                                            
0     

                                                               T 

                                                 = (1/T)  ∫ IP I [ cos ϕ - cos (2wt - ϕ ) ] ( d M / d θ ) d wt  

                                                             
0  

                                                 =  ( V I / RP ) cos ϕ  ( d M / d θ )     (4.4) 

 

Since the controlling torque, Tc=Kθ, we have at balance of the moving pointer, Td=Tc, so 

that,                      θ = [ V I cos ϕ / ( K RP ) ] ( d M / d θ ) 

             = ( K’  d M / d θ ) P        (4.5) 

Where K’ = K RP and P is the power consumption. Thus the deflection of the wattmeter is 

found to be the direct indication of the power being consumed in the load circuit. 
 

4.2.2   Low Power Factor Wattmeter 
 

If an ordinary electrodynamometer wattmeter is used for measurement of power in low 

power factor circuits, (PF<0.5), then the measurements would be difficult and inaccurate 

since:  

• The deflecting torque exerted on the moving system will be very small and  

• Errors are introduced due to pressure coil inductance (which is large at LPF)  

Thus, in a LPF wattmeter, special features are incorporated in a general electro-

dynamometer wattmeter circuit to make it suitable for use in LPF circuits as under:  
 

(a)  Pressure coil current:   

 The pressure coil circuit is designed to have a low value of resistance so that the current 

through the pressure coil is increased to provide an increased operating torque.  
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(b)  Compensation for pressure coil current:   

 On account of low power factor, the power is small and the current is high. In this 

context, there are two possible connections of the potential coil of a wattmeter as shown 

in figure 4.4.  The connection (a) can not be used, since owing to the high load current, 

there would be a high power loss in the current coil and hence the wattmeter reading 

would be with a large error. If the connection (b) is used, then the power loss in the 

pressure coil circuit is also included in the meter readings.  
   

 

(a) 
 

 

 
(b) 

 

Fig. 4.4 Wattmeter Connections 
  

Thus it is necessary to compensate for the pressure coil current in a low power factor 

wattmeter. For this, a compensating coil is used in the instrument to compensate for the 

power loss in the pressure coil circuit as shown in figure 4.5.  
 

(c)  Compensation for pressure coil inductance:   

At low power factor, the error caused by the pressure coil inductance is very large. Hence, 

this has to be compensated, by connecting a capacitor C across a portion of the series 

resistance in the pressure coil circuit as shown in figure 4.5.  
 

(d) Realizing a small control torque:   

Low power factor wattmeters are designed to have a very small control torque so that they 

can provide full scale deflection (f.s.d.) for power factor values as low as 10%. Thus, the 

complete circuit of a low power factor wattmeter is as shown in figure 4.5.  
 
 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4.5 LPF wattmeter 
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4.3   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.  
 

 

 

 

Fig. 4.6 Reactive power measurement circuit 

 
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 4.7.   
 

 

 

 

Fig. 4.7 Phasor diagram for reactive power measurements 

 
The reading of the wattmeter, W3ph for the connection shown in figure 4.6 can be 

obtained based on the phasor diagram of figure 4.7, as follows:  
 

Wattmeter reading,      Wph    =  Iy VRB  

                                        = Iy VL cos (90+Ø)  

                                       = - √3 Vph Iph sin Ø  

                                       = - √3 (Reactive power per phase)    (4.6) 
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Thus, the three phase power, W3ph is given by,  

  W3ph = 3 (VArs/phase)  

= 3 [Wph /- √3]  

= - √3 (wattmeter reading)    (4.7) 

  

4.4   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       (4.8) 

The three phase power can be measured by using either 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.  
 

4.4.1 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.  
 

4.4.2 Two Wattmeter Method 
 

The circuit diagram for two wattmeter method of measurement of three phase real power 

is as shown in the figure 4.7. 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 4.8. 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)     (4.9) 

W2    =  IY VYB  

                                          =  IL VL cos (30 + Ø)     (4.10) 

Hence,     W1+W2 = √3 VL IL cos Ø =  P3ph       (4.11) 

And          W1-W2 = VL IL sin Ø          (4.12) 

So that then,  

Tan Ø = √3 [W1-W2]/ [W1+W2]        (4.13) 

Where Ø is the lagging PF angle of the load. It is to be noted that the equations (4.11) and 

(4.12) get exchanged if the load is considered to be of leading PF.  
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Fig. 4.8 Two wattmeter method of 3-phase power measurement 
 

 

 
 

Fig. 4.9 Phasor diagram for real power measurements 
 

 

The readings of the two wattmeters used for real power measurements in three phase 

circuits as above vary with the load power factor as described in the table 4.1.    

 

Table 4.1  Variation of wattmeter readings with load PF (lag) 

 

PF angle PF W1 W2 W3ph=W1+W2 Remarks 

φ (lag) cos φ VLILcos(30-φ) VLILcos(30+φ) √3VLILcosφ Gen. Case (always W1≥W2) 

0
0
 UPF √3/2 VLIL √3/2 VLIL 2W1 or 2W2 W1=W2 

30
0
 0.866 VLIL VLIL/2 1.5W1 or 3W2 W2=W1/2 

60
0
 0.5 √3/2 VLIL ZERO W1 alone W2 reads zero 

>60
0
 <0.5 W1 

W2 reads 

negative 
W1+(-W2) 

For taking readings, the PC or 

CC connection of W2 should 

be reversed)  (LPF case) 
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4.5   SOLVED  PROBLEMS 

 

1. A 3-phase, 10 kVA load has a PF of 0.342. The power is measured by two wattmeter 

method. Find the reading of each wattmeter when the PF is (i) Lagging and  (ii) 

Leading  

 Solution:  

The total VA, S3ph = √3VLIL 

                  i.e.,            10 x 10
3
 = √3VLIL 

Thus, VLIL= 5.7735 kVA 

(i) Lagging PF:  

W1 = VLIL cos(30-φ) = 5.7735 x 10
3
 cos (30-70) =4.4228 kW  and      

W2 = VLIL cos(30+φ) = 5.7735 x 10
3
 cos (30+70) = -1.0026 kW 

(ii) Leading PF:  

W1 = VLIL cos(30+φ) = -1.0026 kW and     W2 = VLIL cos(30-φ) = 4.4228 kW   

Note: It can be observed that when the PF is changed from lagging to leading, the 

readings of wattmeters W1 and W2 get interchanged.  

 

2. A 3-phase, 400 V load has a PF of 0.6 lagging. The two wattmeters read a total input 

power of 20 kW. Find reading of each wattmeter.   

 Solution:  

W1+W2 = P3ph = 20000 W,  VL = 400 V,  cos φ  = 0.6  

i.e.,   20 x 10
3
 = √3 (400) IL (0.6);     solving, IL = 48.1125 A,  φ = 53.13

0
  

W1 = VLIL cos(30-φ) = 17.698 kW 

W1 = VLIL cos(30+φ) = 2.302 kW  

 

 

4.6  EXERCISES 

 

1. The two wattmeter method is used to measure power consumed by a delta connected 

load. Each branch of load has an impedance of 20∠60
0
.  Supply voltage is 400 V. 

calculate the total power and the readings on the individual wattmeters.   

2. The power input measurement to a synchronous motor is done using two wattmeter 

method. Each of the wattmeter reads 40 kW at a certain operating condition.  If now, 

the PF is changed to 0.8 lagging, what would be the new wattmeter readings?       

     (Ans. : 22.6 kW and 57.4 kW) 

 

 
++++++++++++++++++++    
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CHAPTER  4          ENERGY  MEASUREMENTS 

 

8.1   INTRODUCTION 
 

If the average power per cycle delivered to a circuit is constant in magnitude, the 

energy consumed over a period of time can be obtained from the product of the power 

consumed and time. The electrical energy is the total power delivered or consumed 

over a given time interval. i.e.,   Energy = ( Power x  Time )  Watt seconds or Joules. 

If t is in hours, P is in kilo-watts, then the energy is expressed in kilo-watt-hours 

(KWh). One KWh is referred as one unit of energy. An Unit of energy is the energy 

consumed when power is delivered at an average rate of thousand watts per hour. If 

the load on the system is such that the power consumption varies, it is impossible to 

obtain an accurate measure of the energy consumed by reading watts and time.  Thus, 

energy measurements are made with the help of a watt-hour meter or energy meter. 

Energy meters are integrating instruments continuously measuring the integral value 

of either the total quantity of electricity in ampere-hour or total amount of energy in 

KWh supplied to the load circuit in a given time.  Thus, an energy meter differs from 

a wattmeter in the sense that it indicates the power or rate of energy supplied and also 

considers the time for which  the supply is made. 

 

The energy meter can be broadly grouped into: Electrolytic meters, Clock meters and. 

Motor meters 

� Electrolytic meters work on DC and hence they can be used only on DC 

supplies. The electrolytic meters have the advantages of low cost, simple 

construction, no frictional loss, no stray field effects, equal accuracy at all 

loads, etc.   

� Clock meters are restricted in use and are used as standard meters only owing 

to their high degree of accuracy.  

� Motor meters are the most important energy meters. The motor meters for DC 

supplies can be either commutator motor meters or mercury motor meters.  For 

AC supplies too, the motor meters can be either commutator meters or 

induction watt-hour meters.  While the former has not survived due to their 

many drawbacks, the latter is almost universally used.  

 

Thus, for energy measurements in AC circuits, the Induction watt-hour meters are 

widely adopted.  They are similar in principle and construction to that of an induction 

wattmeter, except that, the spring control and pointer of wattmeter are replaced 

respectively by brake magnet and  recording system. 

 

 

             Reactive  Energy                            Apparent  Energy 

                         KVArh                                     KVAh 

 

                                                                                        ϕϕϕϕ 

 

                                                        Real  Energy  KWh 
 

Figure  8.1   Energy  Triangle 
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8.2   ENERGY  TRIANGLE 

 

The electrical energy can be of three forms: real energy, reactive energy and apparent 

energy. 

 

� Real energy or simply, the energy is the energy consumed by the resistive 

loads on the system. It is expressed in kilo watt hours (KWh). 

� Reactive energy is the energy consumed by the reactive loads on the system. It 

is expressed in reactive kilo volt-ampere  hours (KVArh). 

� Apparent energy is the vector sum of the above two energy components. It is 

expressed in kilo volt-ampere  hours (KVAh).  

 

Thus, it is observed from the energy triangle shown in figure 8.1, that more is the 

deviation of power factor from its unity value, more is the deviation of real energy 

from the apparent energy. Also, we have  

                                 KVAh
2
 =  KWh

2  
+  KVArh

2
              (8.1) 

and   power factor,     cos ϕ  = ( KWh / KVAh )               (8.2) 

 

 

8.3   SINGLE  PHASE  ENERGY  METER 

 

The induction type single phase energy meters are universally used for energy 

measurements in domestic and industrial establishments since they possess some of 

the very useful features such as :  

 

� Accurate  characteristics 

� Lower friction 

� Higher torque weight ratio 

� Cheaper manufacturing methods  and   

� Ease of maintenance.  

 

8.3.1   Constructional  Details 

The single phase induction energy meter is schematically shown in figure 8.2. 

Basically, it has four systems of operation: driving system, moving system, braking 

system and registering system. 

� Driving system consists of a series magnet and a shunt magnet. The coil of the 

series magnet is excited by load current while that of the shunt magnet is 

excited by a current proportional to the supply voltage. These two coils are 

respectively referred as current coil and potential coil (or pressure coil) of the 

energy meter.  

� Moving system consists of a freely suspended, light aluminum disc mounted 

on an alloy shaft and placed admidst the air-gap of the two electromagnets.  

� Braking system consists of a position-adjustable permanent magnet placed 

near one edge of the disc. When the disc rotates in the gap between the two 

poles of the brake magnet, eddy currents are set up in the disc. These currents 

react with the brake magnet field and provide the required braking torque 

damping out the disc motion if any, beyond the required speed.. The braking 
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torque can be adjusted as required by varying the position of the braking 

magnet.  

� Recording system is a mechanism used to record continuously a number 

which is proportional to the revolutions made by the disc. Thus it is the 

counter part of the pointer and scale of indicating instruments.  The shaft that 

supports the disc is connected by a gear arrangement to a clock mechanism on 

the front of the meter. It is provided with a decimally calibrated read out of the 

total energy consumption in KWh.  

 

 

 

                                                          

             Shunt 

           Magnet 

                                             Potential 

                                                 Coil 

 

                

                                      Copper 

                                 Shading Band                                         

                                

               Friction Compensator                           Brake  

                                                                              Magnet 

 

        Aluminum                   

      Moving Disc 

 

                        

                                        Current 

                                          Coil                                                        

                     Series                 

                    Magnet 

 

 

Figure  8.2   Induction Type  Energy Meter 

 

The energy meter, also has some additional operational features for various purposes 

as discussed under.  

 

� Lag Adjustment devices : They are used to introduce a magnetic shunt 

circuit which helps to provide an MMF in proper phase relation to bring 

the pressure coil flux in exact quadrature with the voltage. This is done by 

using either adjustable resistance or copper shading bands on the shunt 

magnet as shown in figure 8.2. The copper shading bands are provided on 

the central limb of the shunt magnet and they are position-adjustable. They 

bring the potential coil flux exactly in quadrature with the applied voltage. 

Some times the lag plates are also useful for this purpose. 

� Friction or Low load Compensation : The friction errors are serious at 

low loads. To ensure proper reading at low loads, friction compensators are 
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used, which provide a small torque, independent of the load. This torque is 

equal and opposite to the friction torque. The friction compensator consists 

of a small shading loop placed between the disc and shunt magnet, slightly 

towards one side of the disc, as shown in figure 8.2. It is correctly adjusted 

to ensure minimum friction at low loads.  

� Creep : In some energy meters, when the pressure coil is energized, a 

slow, but continuous rotation of the disc is observed even when there is no 

current in the current coil. This is called Creeping. This can be due to 

several reasons such as overcompensation for friction, vibrations, stray 

field effects and excessive pressure coil voltage. To prevent creeping, two 

diametrically opposite holes are drilled on the disc. The disc will stall 

when one of the holes comes under one of the poles of the shunt magnet. 

Thus the rotation is restricted to a maximum of half a revolution.  

� Voltage Compensation : The errors due to voltage variations are 

compensated by increasing the reluctance of side limbs of shunt magnet. 

Holes are provided on the side limbs of shunt magnet for this purpose. 

� Temperature Compensation : Owing to temperature effects, the energy 

meters may runs faster and register wrong values. In such cases, the 

compensation is provided by a temperature shunt on the brake magnet.  

� Over load Compensation : Over load compensators are used to minimize 

the self braking action of energy meters. They are in the form of a saturable 

magnetic shunt for the series magnet. 

 

8.3.2   Theory  of  Operation 

The energy meter operates on the principle of  Ferraris type meter. The supply voltage 

is fed across the potential coil as shown in figure 8.3. The current through the 

potential coil is proportional to the applied voltage and lags it by nearly 90
0
, since its 

winding resistance is very small. The potential coil current- IP produces a flux- φPT, 

which divides into φg, a major portion across the side gaps and φP across the disc, 

whose magnitude is smaller. Thus, flux- φP is responsible for producing the driving 

torque. It is proportional to IP and is in phase with it. Flux- φP induces an eddy EMF in 

the disc setting up an eddy current- iP. The load current- I flows through the current 

coil and produces a flux- φS. It is proportional to I and is in phase with it. Flux- φS 

induces an eddy EMF in the disc setting up an eddy current- iS. The phasor diagram of 

the energy meter under working conditions is as shown in figure 8.4. The eddy 

current-  iS  interacts with  φP to produce a torque. The eddy current- iP also interact 

with φS to produce another torque. These two torques are in opposite directions and 

hence the net torque, which is the difference between them, causes the disc to rotate.   

 

Let V be the applied voltage of frequency, f  Hz., I be the load current, Z be the 

impedance to eddy current paths, φP & φS be the pressure coil and current coil flux 

values (rms), iP,iS be the corresponding eddy current values and & eP,eS, the eddy 

EMF  values respectively. Also, let ϕ be the phase angle of load, ∆ be the phase angle 

between supply voltage and pressure coil flux, α be the phase angle of eddy currents 

and β be the phase angle between the shunt coil and series coil flux values. Thus the 

mean torque deflecting the disc is given by the following analysis.  

Td = k  [ φP iS cos ( 90 - β + α ) -  φS iP cos ( 90 + β + α ) ] 

     = k  [ φP iS sin ( β - α )  +  φS iP sin ( β + α ) ]              (8.3) 

Vtusolution.in

Vtusolution.in



vtu
so

lut
ion

.in

 

Where k is a constant. Since we have,  es ∝ f φS , eP ∝ f φP ,  iP = eP / Z   and  iS = eS / 

Z, we get after simplification from (8.3)  
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Figure  8.3   Working of Single Phase Energy Meter 
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Figure  8.4   Energy meter  Phasor  diagram 
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Td  =  k
I
  (φP φS f / Z ) [ sin ( β - α ) +  sin ( β + α ) ] 

      =  k
II
  (φP φS f / Z ) [ sin β cos α  ]               (8.4) 

 

Further, since f, Z, α  are constants and   β =  ( ∆- ϕ ), we have  

Td  =  k
III

  (φP φS ) sin ( ∆- ϕ )                 (8.5) 

 

Also,  φP  ∝  V  and   φS  ∝  I,   and hence we have  

Td  =  k
IV

  V I sin ( ∆- ϕ )                  (8.6) 

 

If  N is the steady speed of rotation of the moving disc, then the braking or controlling 

torque, which is proportional to this speed, can be  represented as 

       TC ∝  N  

i.e., TC = k
V
 N                             (8.7) 

At steady speed,  Td = TC  and so from (8.6) and (8.7), we have 

N    ∝  V I sin ( ∆- ϕ )                 (8.8) 

 

If the potential coil flux and voltage phasors are maintained to be in quadrature, then 

we have   ∆ = 90
0
, so that, from (8.8) we  get  

N    ∝  V I  cos ϕ 

       ∝  single phase power in AC circuits                (8.9) 

Consider the total number of revolutions = ∫ N dt  

                                                                  = ∫ V I sin ( ∆- ϕ ) dt          (8.10) 

If   ∆ = 90
0
,  then the no. of revolutions   =  K ∫ VI cos ϕ dt  

                                                                  = K ∫  (power)  dt 

.                                                                 = K [Energy]           (8.11) 

 

Thus, the total number of revolutions made by the moving disc is a direct measure of 

the energy consumed by load circuit.  

 

8.3.3   Errors in  Energy meters 

The energy measurements by energy meters involve errors owing to many sources and 

reasons as follows:  

� Errors in driving system include errors due to incorrect magnitude of flux 

values, phase angles, etc. and lack of symmetry in magnetic circuit.   

� Errors in braking system such as changes in the strength of brake magnet, 

changes in disc resistance, self braking effect of series magnet flux and 

abnormal friction of the moving parts. 

� Errors in registering system are also expected to be present since they 

involve mechanical parts. They are taken care of by calibration of the meter.  

� Other errors include errors caused due to friction, overloads, phase angle 

variations, temperature effects, creeping of the meter, etc. These errors are 

avoided by correct adjustments made using the various compensator facility  

provided on the meter.  

 

The energy meters read accurately if the errors fall within the allowable limits. In 

other words, for the energy meter to be adaptable, the registration of the meter should 

be with in  ± 0.5 % of the true value of the measurand  
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8.3.4   Adjustments 

For the energy meters to read accurately, it is needful to make some adjustments on 

the meter. The adjustments to be made in sequence are: preliminary light load 

adjustment, full load UPF adjustment, lag or LPF adjustment, light load UPF 

adjustment and creep adjustment. 

� Preliminary Light Load Adjustment: Rated voltage is applied to potential 

coil with no current in the current coil. The light load device is adjusted until 

the disc just fails to start. In this adjustment, care should be taken to see that 

the disc is positioned in such a way that the holes do not come under the 

electromagnet.  

� Full Load UPF Adjustment: The potential coil is connected across rated 

supply voltage and rated full load current at unity power factor is passed 

through the current coil. The brake magnet position is adjusted to vary the 

braking torque so that the moving system moves at correct speed.  

� Lag or LPF adjustment: It is clear from equation (8.10) that the energy meter 

will register correct value only if the angle between the shunt magnet flux, φP 

and the supply voltage, V is 90
0
 ( ∆ = 90

0
 ). Hence the pressure coil should be 

designed to be highly inductive. Also, various lag adjustment devices are made 

use of for this purpose.  For LPF adjustments, the pressure coil is connected 

across the rated supply voltage and rated full load current at 0.5 lagging power 

factor is passed through the current coil. The lag device is adjusted until the 

meter runs at true speed.  

� Light Load UPF Adjustment: Firstly, full load UPF and LPF adjustments are 

made on the meter until it runs at correct speed. Then rated supply voltage is 

applied across the pressure coil and a very low current of 5-10 % of full load 

value is passed through the meter at unity power factor. The light load 

adjustment is done so that the meter runs at proper speed. 

� Creep Adjustment: Firstly, full load UPF and light load adjustments are 

made for correct speeds at both the loads and the performance is rechecked at 

0.5 power factor. Then, as a final check on all the above adjustments, the 

pressure coil is excited by 110 % of the rated voltage with zero load current. If 

the light load adjustment is proper, the meter should not creep under these 

conditions. If  the error still persists, then all the above adjustments are carried 

out once again.  

 

8.3.5   Calibration 

Any electrical instrument has to be tested for its measuring accuracy.  Such a testing is 

called as Calibration. Thus the calibration of energy meter is required in order to 

validate its performance on service mains. The calibration is to be done in such a way 

that the errors are reduced to their minimum. In case of energy meters, it is necessary 

to first carry out sequentially all the required adjustments on the given meter, before 

proceeding for calibration.  After successfully carrying out all adjustments, the 

calibration is done using the circuit connections as shown in figure 8.5. The AC 

supply is fed at 230 V, 50 Hz. and load is applied on to the circuit up to full load by 

using the lamp load arrangement. In all the trials, the readings of ammeter-A, 

voltmeter-V, wattmeter-W are taken. Also, the time taken by the disc for a given 

number of revolutions, is recorded for each trial, using a stop clock. The actual 

reading can be calculated from the name plate details as described next.  
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Considering the design data given for the energy meter, the energy meter test constant 

kE,  represented in Wh/rev. can be calculated. If for example, the name plate reading 

is, say, 3000 rev./KWh, then, the test constant, kE equals 1/3. Thus the indicated value 

of energy, IRE in watt hours as per the energy meter name plate details for given time 

period and for N -number of revolutions is given by 

IRE =  kE N                (8.12) 

 

On the other hand, the true value of energy, TRE in watt hours in terms of the 

wattmeter reading, W and time, t in hours recorded by the stop clock for N revolutions 

is given by      TRE = (W) (t)                (8.13) 

 

Thus,             Error = TRE - IRE               (8.14) 

and percentage error as a percent of the true reading  is given by 

                      Error =  (1 / TRE ) (TRE - IRE) x 100  %           (8.15) 
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Figure  8.5   Calibration of Energy Meter 
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The percentage errors in disc speed, time taken for given number of rotations or 

wattage consumption can also be similarly determined. It is to be noted that the 

accuracy of calibration depends on the accuracy with which the wattage is measured 

using a standard wattmeter.  It is also needful to ensure the accuracy of the stop clock 

used for time measurements. Finally a calibration curve can be drawn as a plot of the 

percentage error on the y- axis and indicated energy reading- IRE or ammeter reading- 

I on the  x- axis  as  shown in figure 8.6. It should be observed that the different points 

so obtained are joined using straight lines to get the complete calibration curve. The 

use of calibration curves are obvious. Whenever an already calibrated meter is used 

for measurements, the reading shown by the meter can be converted to its true value 

by using the calibration curve. The meter is usually adjusted to read within ± 0.5 %  of 

the correct registration. 

 

 

                             +  

         Percentage                        3 

                Error     1                                                       6 

 

                         0 

                                                                           5            Current, I 

                                  2                          4 

                                                                                            7 

                            -                                                                         

                                                                                                    

Figure  8.6   Sample Calibration Curve of Energy Meter 

 

 

 

8.4   THREE PHASE  ENERGY METER 

 

8.4.1   Introduction 

It is well established that for measurement of total power or energy in a n- conductor 

system, it is required to use a meter with (n-1) elements. The principle of single phase 

energy meter can as well be extended to obtain a poly-phase energy meter, in 

particular a three phase energy meter.  Usually, a three phase energy meter is available 

as a 2-element meter or 3-element meter, each element being similar in construction to 

the single phase meter and all elements mounted on a common shaft. The torque 

developed by each element is summed up mechanically and the total number of 

revolutions made by the shaft is proportional to the total three phase energy 

consumption.  

 

8.4.2   Construction, Operation and Testing 

In a two-element, three phase energy meter the two discs are mounted on a common 

spindle and each disc has its own brake magnet. The moving system drives a single 

gear train. Each unit is provided with its own copper shading ring, shading band, 

friction compensator, etc., for adjustments to be made to obtain the correct reading.  
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Figure  8.7   Three Phase Energy Meter 

 

A two element energy meter used for three phase energy measurements in three phase, 

three wire systems, is schematically shown in figure 8.7. It is needful that for the same 

power/ energy, the driving torque should be equal in the two elements. This is checked 

by torque adjustment. For torque adjustment, the two current coils are connected in 

series opposition and the two potential coils are connected in parallel. Full load 

current is allowed to pass through the current coil. This set up causes the two torques 

to be in opposition and so, if the torques are equal, then the disc should not move. If 

there is any slight motion indicating inequality of the two torques, then the magnetic 

shunt is adjusted until the disc stalls. Thus the torque balancing is obtained before 

testing the meter. The friction compensator and brake magnet positions are adjusted to 

each of the two/three elements separately, treating each of them as a single phase 

element on single phase AC supply. The calibration of three phase meter can also be 

performed in a similar manner, as that described earlier, for single phase energy 

meters.  

 

 

8.5   ELECTRONIC ENERGY METERS 

 

With the use of conventional Ferraris type induction watt hour meters at the consumer 

premises for tariff purposes, the supply undertakings as well as consumers are put to 

many disadvantages: 

� The supply undertakings are at a loss when the meters do not properly record the 

energy values. This could be due to many reasons such as meter tampering, meters 

exposed to different atmospheric disturbances and delay in resetting. 

� In cases where the meters record readings with a positive error i.e., the meter 

records the energy value higher than that consumed by the circuit in which it is 
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connected for metering purposes, then the consumer is expected to pay more for 

the energy consumed than what he really is supposed to. 

� Besides the above problems faced with malfunctioning of energy meters causing 

wrong billing, these meters fail to record the effect of leakage currents, harmonics 

in supply waveforms, etc. 

� It is not justifiable to charge the consumer for the harmonic energy, passing 

through the meter, for which both the consumer and utilities are equally 

responsible. Besides, this energy is not at all generated by the utilities ! 

 

Recently, the interest is towards using the digital methods for energy metering 

purposes.  The electronic energy meter is one such method adopted by most of the 

utilities. Although the requirements of accuracy in energy meters is still debatable, the 

hue and cry about the installation of electronic energy meters can be defended with a 

list of their advantages as under: 

• Simple in construction & reliable. 

• Very accurate compared to conventional energy meters. 

• Friction and magnetic leakage errors are absent since they are disc-less meters.  

• Tampering of meters is not possible at the consumer end. 

• Maintenance-free in operation. 

• Can record even the small leakage currents, thus raising the bill amounts. 

 

 

8.6   ENERGY  TARIFF 

 

Different Tariff schemes have been evolved as a means for realizing a balance 

between costs of power production, transmission & distribution with the cost 

recovered through bills from the different consumers on the supply network. Different  

tariff methods are adopted depending on the type of consumer. The total charges are 

divided mainly in to the following two categories:  

� Fixed Charges: The maximum demand to be simultaneously met with, fixes 

the rating of a generating plant. In other words, a fixed amount is spent for the 

given plant in proportion to its maximum demand requirement. Such expenses 

include the cost of plant, buildings, transmission and distribution equipment, 

etc. This part is referred as Fixed Charges. 

� Running Charges: The expenses made on fuel, salaries to employees, 

maintenance, etc., depend on the current load and hence the total number of 

generated units of energy by the system. This part is referred as Running 

Charges.  

 

Thus the consumer has to be charged in such a way that the total cost of electric 

generation and supply of power is equitably shared by all types of consumers in 

proportion to their respective maximum demand. This should be in addition to the 

charge to be borne by them for their total energy consumption. In AC systems, the 

power factor also plays a very important role. A low power factor (LPF) causes many 

disadvantages, especially from the supply authorities view point, as listed below:  

� Consumers with LPF loads require a much larger current for a given 

amount of active power, than would be necessary if their PF is high. 
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� The increased current requirements at LPF necessitate the use, in the power 

station, of generators of a correspondingly high current capacity. 

� LPF results in poor voltage regulation. 

� LPF causes the copper losses in machines and distribution lines to be high.  

� In effect, LPF results in increased running changes to the utilities. 

 

Thus, it is reasonable that a consumer, especially the industrial establishments,  should 

be charged extra to compensate for the increase in costs for which their LPF is 

responsible. The tariff should be such that the consumers maintaining good power 

factor values, up to unity, should be encouraged to do so and those who do not 

maintain good power factor should be charged extra.  Various tariff schemes have 

been used in practice by the supply undertakings. Some of the very common schemes 

are as follows:  

� KWh or Flat Rate Tariff : This involves charging the consumer in proportion 

to the KWh of energy consumed by him.  

� MD or Two- Part Tariff :  Here, the total charge includes two parts: the first 

part is the fixed charges based on the maximum demand and the second part is 

the running charges based on the KWh of energy consumed. The maximum 

demand is the average power over 20 – 30 minutes of predetermined period.  

� PF or Three- Part Tariff : This is followed mainly to encourage consumers 

to maintain a high power factor. Here, the total charge includes three parts: the 

first part is the fixed charges based on the maximum demand, the second and 

third parts are the running charges based on the KWh and KVArh of energy 

consumption.  

 

Thus the tariff schemes, necessarily make use of different special meters such as 

maximum demand indicators, KVArh meters and KVAh meters. These meters are  

installed at required strategic points in the industrial establishments.  

 

 

8.7   SOLVED  PROBLEMS 

 

1. A 240 volt, 5 ampere, single phase energy meter has a constant of 1200 

revolutions per kilo watt hour (KWh). When tested by applying 240 volts, the 

meter took 99.8 seconds to complete 40 revolutions. Find the percentage error. 

Is it running fast or slow ? 

  

Solution:  

The  total  energy  consumed  =  V I t  (cos ϕ)  Wh 

                  i.e.,            TREnergy = [ (240) (5) (99.8 / 3600) (1.0) ]  

             =   33.2667  Wh 

The indicated reading, IREnergy = revolutions made / kE in rev./ KWh 

                                                = ( 40 / 1200 ) 10
3
 

                 =  33.3333 Wh 

Thus, energy error = TREnergy – IREnergy 

                               = 33.2667 – 33.3333 

Percentage  error    = (- 0.0666 / 33.2667 ) 100  %   

                               = - 0.2 % (more) 
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Since the energy recorded is more, the energy meter is running fast under the 

given operating conditions. 

 

2. The meter constant of a 240 volt, 30 ampere, single phase energy meter is1800 

revolutions per KWh. When tested at half load, rated voltage and 0.8 power 

factor, the meter is found to make 100 revolutions in 70 seconds. Determine 

the percentage error at half load. 

  

Solution:  

The energy consumed at half load =  V (I/2) t  (cos ϕ)  Wh 

                         i.e.,            TREnergy = [ (240) (15) (70 / 3600) (0.8) ]  

                    =   56  Wh 

The indicated reading, IREnergy = revolutions made / (kE in rev./ KWh) 

                                                = ( 100 / 1800 ) 10
3
 

                 =  55.5555 Wh 

Thus, energy error =  TREnergy – IREnergy 

                               =  56 – 55.5555 

Percentage  error    =  (0.4444 / 56 ) 100  %   

                               =   0.7936  %  (less) 

 

It is observed that the energy recorded is less and hence the energy meter is 

running slow under the given operating conditions. 

 

3. The meter constant of an energy meter is1200 revolutions per KWh. It is found 

to make 20 revolutions in 80 seconds. Determine the load on the meter. 

  

Solution:  

The  energy  consumed  =  revolutions made / (kE in rev./ KWh) 

                                       =  20 / 1200  

          =  0.0167  KWh 

Thus, load on the meter =  Energy in KWh / Time in hours 

                                       =  ( 0.0167 ) / (80 /3600 ) 

                                       =  0.75   KW 

 

4. A single phase, 50 A, 230 V energy meter on full load test makes 61 

revolutions in 37 seconds. If the normal disc speed is 520 revolutions per 

KWh, determine the percentage error as a percentage of true speed. Is the 

situation beneficial to the consumer ? Reason out. 

 

Solution:  

The total energy consumed =  V I t  (cos ϕ)  Wh 

                                            = [ (230) (50) (37/3600) (1.0) ] 10
-3

  KWh. 

                                            =  0.1182  KWh 

Since the energy meter constant, kE is 520 rev./ KWh, the total revolutions 

should have been,     TRRev =  ( 0.1182 KWh ) (520 rev./KWh ) 

           =   61.4611 revolutions. 

But the indicated speed is 61 revolutions. Hence, the error in speed is 

The  Speed error = TRRev – IR Rev   = 61.4611 – 61 

Percentage  error = (0.4611 / 61.4611 ) 100  %  = 0.75  %  (slow) 
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The situation is beneficial to the consumer, since the meter is running slow for 

a given amount of energy consumed.  

 

5. Determine the registration error of an AC energy meter tested for a period of 

20 minutes at half load yielding the test results as follows : 

Supply voltage = 220 V 

Load current = 20 A 

Power Factor = Unity 

Initial Reading = 197.85 and  

Final Reading = 198.55.  

 

Solution:  

Energy consumed at half load =  V (I/2) t  (cos ϕ)  Wh 

                     i.e.,         TREnergy = [ (220) (10) (20/60) (1.0) ] 10
-3

   KWh. 

                                                 =  0.7333  KWh 

Assuming the given reading of the energy meter to be in units of KWh, the 

Energy registered by  the meter = 198.55 –197.85 

             i.e.,                   IREnergy   =   0.7  KWh 

Energy error        = TREnergy – IREnergy  

                            = 0.7333 – 0.7 

Percentage error  = (0.0333 / 0.7333) 100  %   

                            =  4.5454  %  (less) 

 

6. For a 20 A, 230 V energy meter, the number of revolutions per KWh is 480. If 

upon test at full load, the disc makes 40 revolutions in 66 seconds, determine 

the error in the following as a percentage of metered values : (i)speed  (ii)time 

taken  (iii)power consumed   and   (iv)energy consumed.  Comment on the 

results. 

 

Solution:  

The total power consumed =  V I (cos ϕ)  watts 

        =  (230) (20) (1.0) 10
-3

  KW 

        =  4.6  KW 

The total energy consumed = [ (power in KW) (time in hours) ] 

        = [ 4.6 x  66 /3600 ]  KWh. 

        =  0.0843  KWh 

 

(i) Error in Speed: Since the energy meter constant, kE is 480 rev./ KWh, the 

total revolutions should have been,   TRRev =  (0.0843 KWh ) (480 rev./KWh )  

                                    =   40.48 revolutions. 

But the indicated speed,  IRRev  is 40 revolutions. 

Thus, speed error = TRRev – IR Rev  

                             = 40.48 – 40 

Percentage error   = (0.48 / 40 ) 100  %   

                             = 1.2  %  (slow) 

 

(ii) Error in time: TRTime is 66 seconds and to determine the indicated time,  

IRTime, consider the expression for number of revolutions in terms of time: 
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Number of revolutions = (energy in KWh) (kE in rev./KWh)  

                                     = V I t (cos ϕ) (kE) 

               i.e.,           40 = [ (230) (20) ( t / 3600) (1.0) 10
-3

 ] (480) 

solving for t,  we get,   IRTime  = 65.2174 seconds.  

Thus, time error = TRTime – IRTime  

                           = 66 - 65.2174 

Percentage error = (0.7826 / 65.2174 ) 100  %   

                            =  1.2  %  (slow) 

 

(iii) Error in power consumed : TRPower is 4.6 KW and to determine the 

indicated power reading,  IRPower, consider the expression for number of 

revolutions in terms of power: 

Number of revolutions = (power in KW) (time in Hours) (kE in rev./KWh)  

                                     = P t (kE) 

               i.e.,           40 = P (66 / 3600) [480] 

solving for P, we get,  IRPower  = 4.5454  KW.  

Thus, Power error = TRPower – IRPower  

                              =  4.6 – 4.5454  

Percentage  error   = ( 0.0545 / 4.5454 ) 100  %   

                              =  1.2 % (less) 

 

(iv) Error in energy consumed: TREnergy is 0.0843 KWh and to determine the 

indicated energy reading,  IREnergy, consider the expression for number of 

revolutions in terms of energy: 

Number of revolutions = (Energy in KWh) (kE in rev./KWh)  

                                     = E (kE) 

               i.e.,           40 = [ E][480] 

solving for E, we get,  IREnergy  = 0.0833 KWh.  

Thus, Energy error = TREnergy – IREnergy  

                               =  0.0843 – 0.0833  

Percentage  error    = ( 0.001 / 0.0833 ) 100  %   

                               = 1.2 % (less) 

 

Thus the percentage error in the speed of the disc, the time taken for given 

revolutions of the disc, the power consumed by the load or the energy 

consumption in respect of the given energy meter is always the same.   

 

7. A single phase 230 V energy meter has a constant load current of 4.25 A 

passing through it for 5 hours at unity power factor. If the disc makes 1173 

revolutions during this period, determine the energy meter constant in 

revolutions per KWh. If the power factor is reduced to 85 %, calculate the 

number of revolutions of the disc observed in the above time.  

 

Solution:  

 

The total energy supplied =  V I t (cos ϕ)  Wh 

                                          =  (230) (4.25) (5) (1.0) 10
-3

   KWh. 

                                          =  4.8875  KWh 
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(i)  Energy meter constant, kE = rev. made / energy consumed in KWh 

                                                = [ 1173 / 4.8875 ] 

                                                =  240 rev./ KWh 

 

(ii) The energy at 85 % power factor =  V I t (cos ϕ)  Wh 

                                                           =  (230) (4.25) (5) (0.85) 10
-3

 KWh. 

                                                           =  4.1544  KWh 

 

Thus, the no. of rev. made  =  (Energy in KWh) (kE in rev./KWh) 

                                 = 4.1544 x 240 

                                            = 997  revolutions. 

 

8. A correctly adjusted, single phase, 230 V, energy meter has a constant of 600 

revolutions per KWh. (a) Determine the disc speed in RPM for a current of 

4.85 amperes at 0.9 lagging power factor. (b) If the lag adjustment is changed 

so that the voltage flux is leading the applied voltage at 84
0
, determine the 

error thus introduced at a power factor of 0.6 and unity. Comment on the 

results. 

 

Solution:  

(a)  The total energy supplied =  V I t (cos ϕ)  Wh 

                                                = [ (230) (4.85) (1/60) (0.9) ]  Wh. 

                                                = 16.7325  Wh 

 

Thus, the no. of revolutions per minute = energy in KWh  x  kE in rev./ KWh 

                                                               = 16.7325 (10
-3

) x  600   

i.e.,                             Speed of the disc = 10 RPM 

 

(b)  Steady speed,   N = KVI sin (∆ - ϕ) 

 

If lag adjustment is correct, then  ∆ = 90
0
 

so that,                   N1 = KVI cos ϕ 

 

If lag adjustment is changed in such a way that, ∆ = 84
0
,  then the speed is 

given by                 N2 = KVI sin (∆ - ϕ) 

 

Thus, the % error due to change in lag adjustment at a given PF is given by 

         Percentage error = [ (N2 – N1 ) / N1 ] 100  % 

                                    = [{ sin (∆ - ϕ) - cos ϕ } / cos ϕ ] 100 % 

 

(i) Error at 0.6 PF lag. (ϕ=53.13
0
) = [ {sin (84 – 53.13) – 0.6}/ 0.6 ]100  % 

                                                       =  - 14.4847 %  

 

(ii) Error  at  unity  PF  ( ϕ = 0
0 

)   = [{sin (84) – 1.0}/ 1.0]100  % 

                                                       =  -  0.5478 %  

 

The variation of percentage error with the decreasing values of power factor is 

shown in the table below. It can be observed from the table that the error 
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introduced by altering the lag adjustment increases with decrease in power 

factor and a serious error occurs at low power factor values.  

 

 

 

Power 

Factor 

Cos ϕϕϕϕ 

Angle 

 ϕϕϕϕ (deg.) 

( ∆∆∆∆ - ϕϕϕϕ )  

(deg.) 

Percentage  

error (%) 

1.0 0.00 84.00 - 0.55 

0.9 25.84 58.16 - 5.61 

0.8 36.87 47.13 - 8.39 

0.7 45.57 38.43 -11.21 

0.6 53.13 30.87 -14.48 

0.5 60.00 24.00 -18.65 

0.4 66.42 17.58 -24.50 

0.3 72.54 11.46 -33.79 

0.2 78.46 5.54 -51.76 

 

9. A three phase, two element, integrating type, energy meter connected on to a 

circuit of line voltage- 230 volts, Current- 10 amperes at unity power factor 

has a constant of 5.5555 KWh per revolution. The time required by the meter 

disc for 150 revolutions is 38.5 seconds. The meter is normally used with a 

potential transformer of ratio 22,000 / 220 V and a current transformer of ratio 

1000/5 A. Determine the error expressed as a percentage of true energy. 

 

Solution:  

Energy as recorded by the meter =  (rev. made) (kE in KWh / rev.) 

             i.e.,       IREnergy =  150 ( 5.5555 ) =  833.3333 KWh 

 

With the CT and PT ratio effects also taken into consideration, we have 

Actual energy  =  [√3 VL  (ratioPT) IL (ratioCT)  cos ϕ ] (time in Hrs) 

i.e.,  TREnergy = (√3 ) [230 (22000/220)] [10 (1000/5)] (1.0) (38.5/3600) x 10
-3

 

                    = 852.0728  KWh 

 

Hence,   Energy error  = TREnergy – IREnergy  = 852.0728 – 8333.3333    

Percentage  error         = ( 18.7395 / 852.0728 ) 100  %  =  2.2  % (less) 

 

10. Calculate the monthly bill for a month of 30 days in case of a consumer whose 

maximum demand is 150 KW and average monthly load factor is 30 %. The 

tariff in use is Rs. 10.0 per KW of maximum demand and 7.0 Paise per KWh 

of energy consumption. 

    

Solution:  

Average Load factor = Average load / Maximum Demand 

and      Average load = Energy in KWh / Time in hours 

Thus,         Load Factor = [E / time ] ( 1/MD ) 

   i.e.,                        0.3 = [ E / (30 x 24) ] (1/ 150)  

solving for E, we get,  Energy = 32,400  KWh 
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Thus, monthly bill =  Rs. [10.0 (MD in KW )+ (7.00 /100) (Energy in KWh )] 

                               =  Rs. 10 ( 150 ) + 0.07 ( 32,400 ) 

                               =  Rs. 3,768 /- 

 

11. It was found by three phase energy meter tests conducted during the month of 

December that the meter resulted in an error owing to the reversal of polarity 

of one of the potential transformers. The readings obtained for a period of the 

previous two months are as shown below. (a) Suggest a suitable method of 

obtaining the true bill. (b) Determine the loss suffered by the utility when the 

tariff followed is: Rs. 10.0 per KW of maximum demand per month and 8 

Paise per KWh of energy consumption. (c) Calculate the loss suffered if the 

power factor is increased to 75 % for the month of October.   

  

Month Power 

Factor (%) 

MDI 

Reading  (KW) 

Energy meter 

reading (MWh) 

October 65 500 20 

November 65 300 15 

 

                          

Solution:  

(a)  Consider the torque equation in respect of the two elements of the energy 

meter (in a similar way to those in watt-meters) :  

Torque on element 1, Td1 = VI cos ( 30 + ϕ  ) 

Torque on element 2, Td2 = VI cos ( 30 - ϕ  ) 

 

Thus, the net torque,   T1 = Td1 + Td2 

                                         = √ 3 V I cos ϕ 

 

If errors are introduced owing to the reversal of polarity of one of the potential 

transformers, then Td2 gets reversed, so that 

Resultant torque,         T2 = Td1  - Td2 

                                         =  V I sin ϕ 

Thus,                    T1 / T2  =  √ 3  cot ϕ 

 

i.e.,              True reading =  [ √ 3  cot ϕ ] ( Indicated reading ) 

Or,               Correct  bill  =  [ √ 3  cot ϕ ] ( Present  bill ) 

 

(b)   Since power factor is 0.65, during the period of two months  ϕ is 49.46
0 

,  

[cot ϕ] is 0.8553 and  √ 3 cot ϕ is 1.4815,  so that the monthly bill is given by : 

Bill for two months  = 10.0 [500 + 300 ] + (8 /100) [20 + 15 ] ( 10
3
 ) 

          = Rs. 10,800 /= 

and the Correct bill   =  (1.4815) (10,800) 

                                  =  Rs. 16,000 /= 

Thus, the loss suffered by the utility  =  Rs. 5,200 /= 

(c) Since the PF values are not equal, to find the total loss suffered by the 

utility over the period of the previous two months, they are separately billed as 

follows:  
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(i) For the month of October:  power factor is 0.75 ,  ϕ is 41.41
0
,  

[cot ϕ] is 1.1339  and  [√ 3  cot ϕ] is 1.96396.  Thus,  

Bill for October    = 10.0 [500 ] + (8 /100) [ 20 ] ( 10
3
 ) 

      = Rs. 6,600/= 

 

Correct bill for October =  (1.96396) (6,600) 

                                       =  Rs. 12,962.143 /= 

Thus, the loss suffered during October  =  Rs. 6,362.1427 /= 

 

(ii) For the month of November : power factor is 0.65 ,  ϕ is 49.46
0
, 

[cot ϕ] is 0.8553  and  [√ 3  cot ϕ] is 1.4815.  Thus,  

Bill for November  = 10.0 [300 ] + (8/100) [ 15 ] ( 10
3
 ) 

        = Rs. 4,200/= 

 

Correct bill for November  =  (1.4815) (4,200) 

                                            =  Rs. 6,222.2475 /= 

Thus, the loss suffered during November  =  Rs. 2,022.2475 /= 

 

Hence, the total loss suffered over the period of two months by the utility is 

equal to  Rs. 8,384.39 /= 

 

12. Calculate the average monthly power factor and cost per unit of energy 

consumption for a month of 30 days given that: KWh meter reading- 200,000; 

KVArh meter reading- 150,000; KW MD meter reading- 120 and KVAr MD 

meter reading- 90. The tariff in use is: Rs. 12 per KVA of demand per month 

and 5 Paise per KVAh per month.  

 

Solution :  

Total   KVAh    = √ ( KWh
2
 + KVArh

2 
) 

                          = √ ( 200,000
2
 + 150,000

2 
) 

                          = 250,000  KVAh                    KVArh             KVAh 

Total KVA MD = √ ( KW MD
2
 + KVAr MD

2 
)                            ϕ 

                          = √ ( 120
2
 + 90

2 
)                                  KWh   

                          = 150 KVA                                                               

Thus, Average PF, cos ϕ =  KW MD / KVA MD 

                                    = 120 / 150                     KVAr       KVA  MD 

                                    = 0.8                               MD 

                                                                                           ϕ 

Monthly bill  = 12.00 (150) + (5/100) (250,000)                     KW MD 

                      =  Rs. 14,300 /-   

 

Cost per unit =  Paise (14,300 / 200,000 )100 =  7.15  Paise per unit.  

 

 

8.8 EXERCISES 
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1. An energy meter is designed to make 100 revolutions of the disc for one unit 

of energy consumed. Calculate the number of revolutions made by it when 

connected to a load carrying 20 A at 230 V, 0.8 power factor for one hour. If it 

actually makes 360 revolutions, find the percentage error as a percentage of 

meter speed.                    (Ans. : 2.22 % - slow) 

 

2. A single phase energy meter rated for 230 V, 50 Hz., has a constant of 200 

revolutions per KWh. While applying a non-inductive load of 4.4 Amperes at 

normal voltage, the meter takes 3 minutes to complete 10 revolutions. Find the 

percentage error of the instrument.            (Ans.: 1.1858  % - less) 

 

3. A single phase, 220 V energy meter is adjusted to read correctly at unity power 

factor. It is observed that at one quarter full load current and 0.6 power factor, 

the effective shunt magnet flux lags behind the series magnet flux by 30.87
0
. 

Determine the percentage error introduced in measurements.   

        (Ans. : 14.485% ) 

 

4. The meter constant of a single phase energy meter is 900 revolutions per KWh. 

The current and voltage ratings of the meter are 10 A and 230 V. The time 

taken to complete 20 revolutions during a test at half load is 69 seconds. Find 

the error at this load.          (Ans.: - 0.82 % - more) 

 

5. A single phase, 220 V watt-hour meter has a constant load of 5 amperes 

passing through it for 6 hours at unity power factor. If the disc makes 2640 

revolutions during this period, determine the energy meter constant in 

revolutions  per  kilo watt - hour.  Calculate  the  power  factor of  the  load  if 

736 revolutions are made by the disc at 230 V, 5 A for 5 hours.   

           (Ans.: kE = 400 Rev. /  KWh,  PF = 0.8  lag) 

 

6. The constant of a single phase, 5 A, 220 V, watt-hour meter is 7200 

revolutions per KWh. Calculate the speed of the disc at full load. If the meter 

takes 44.87 seconds to complete 50 revolutions in a test run at half the full 

load, calculate the error in the speed of the instrument.    

           (Ans.: 132 rpm,  -1.3 % - fast) 

 

7. A single phase, 230 V, watt-hour meter has a constant load current of 4 

amperes passing through it for 5 hours at 0.8 power factor. If the disc makes 

883 revolutions during this period, determine the energy meter constant in 

revolutions per KWh. If the power factor is unity, calculate the number of 

revolutions made by the disc in the above time.     

        (Ans.: kE = 240 rev. / KWh, 1104 revolutions) 

 

8. A three phase, 2 element energy meter connected on to a circuit of line 

voltage- 120 volts, current- 5 amperes, at unity power factor has a constant of 

8.3333 KWh per revolution of the disc. The time required by the disc for 40 

revolutions is 60 seconds. The meter is normally used with a potential 

transformer of ratio 22000/ 110 V and a current transformer of ratio 500/5 A. 

determine the error expressed as a percentage of true reading in energy and 

speed.             (Ans.: Error = 3.775 % - less / slow) 
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9. It was found by three phase energy meter tests that the meter resulted in an 

error owing to the reversal of polarity of one of the potential transformers. The 

readings obtained for a period of the previous two months are as shown below. 

Suggest a suitable method of obtaining the correct bill for the consumer. 

Determine the loss suffered by the supply authorities when the tariff in use is: 

Rs. 6.5 per KW of MD per month and 9 Paise per KWh of energy 

consumption.           

 

Month Power 

Factor 

MDI Reading 

(KW) 

Energy meter 

reading (MWh) 

1 0.8 350 25 

2 0.8 250 20 

                          

(Ans.: True bill = 2.31(Present bill), Loss = Rs.10,410/-) 

  

10. Calculate the average monthly load factor and power factor given that the data 

recorded during a month of 30 days are: KVArh meter reading- 135,000; KWh 

meter reading- 290, 000; and MDI reading- 1600 MW.    

                     (Ans.:  25.1736 %,   90.66 % ) 

 

 

 

 

-------------- 
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Electronic Instruments 

 
In this chapter the instruments to measure voltage, current, resistance, 

inductance, power, capacitance, etc are presented. The instruments which are 

basically Electro-mechanical Instruments use D’Arsonval meter which is shown in 

Fig. 1 

 

 
Fig. 1 D’Arsonval meter 

 

Working of D’Arsonval meter 
 

   A commonly used sensing mechanism used in DC ammeters, voltmeters, and 

ohm meters is a current-sensing device called a D'Arsonval meter movement. 

The D'Arsonval movement is a DC moving coil type movement in which an 

electromagnetic core is suspended between the poles of a permanent magnet. The 

current measured is directed through the coils of the electromagnet so that the 

magnetic field produced by the current opposes the field of the permanent magnet 

and causes rotation of the core. The core is restrained by springs so that the needle 

will deflect or move in proportion to the current intensity. 

The D'Arsonval movement is a DC device and can only measure DC current 

or AC current rectified to DC. 

 

 

Limitations of  D’Arsonval meter 

• An amplifier is required for increasing the  

– Current sensitivity below 50µA 

– Voltage below 10mV 

• Power required greater than ½ µW 

– Drawn from the circuit under measurement 

– Varies with the voltage range 

  

The next few sections illustrate the modifications used for measuring AC current with 

a D’Arsonval meter. 
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Rectification for an Average Responding Voltmeter 

 
As shown in Fig. 2, the series-connected diode provides half-wave rectification 

and the average value of the half-wave voltage is developed across the resistor and 

is applied to the input terminals of the DC amplifier of an average responding 

meter.  

 
 

Fig.2 Half wave rectification 

 

 

Full-wave rectification can be obtained by the bridge circuit of Fig. 3, where 

the average value of the sine wave is applied to the amplifier and meter circuit.  

 
Fig. 3 Full wave Rectification 

 

 

Average-Responding AC voltmeters  

In these meters, the meter scale of an average responding meter is calibrated 

in terms of the rms value of a sine wave. As most of the wave-forms in electronics 

are sinusoidal, this is an entirely satisfactory solution and certainly much less 

expensive than a true rms-responding voltmeter.  

Nonsinusoidal waveforms, however, will cause this type of meter to read high 

or low, depending on the form factor of the waveform. 
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Peak Reading Voltmeter 

 

 
Fig. 4 

 

These meters are used when required to measure the peak value of a waveform 

instead of the average value. As shown in Fig. 4 the rectifier diode charges the 

small Capacitor to the peak of the applied input voltage and the meter will indicate 

the peak voltage.  

 

 

 

 

In most cases, the meter scale of an average responding (DC) meter is calibrated 

in terms of both the rms and peak values of the sinusoidal input waveform. The 

rms value of a voltage wave that has equal positive and negative excursions is 

related to the average value by the form factor  

 

 

Form Factor 
• The form factor, is the ratio of the rms value to the average value of this 

waveform, 

•  for a sinusoid it is expressed as 
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Form Factor of a Square Wave 

 

 

 
 

 
 

Since Erms = Eav ,   the calibrated meter scale (Erms = 1.11 Eav) reads high 

By a factor  11.1
_

_sin
=

wavesquare

wavee

k

k
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Form Factor of a Sawtooth Wave 

 

 
 

The derivation of the voltage e, its rms value, etc is shown below. 

 

    
 

Since Erms = 1.155Eav, the calibrated meter scale (Erms = 1.11 Eav) reads low By a 

factor  961.0
155.1

11.1

__

_sin
==

wavetoothsaw

wavee

k

k
.     

 

 
 

 

The effect of non-sinusoidal waveforms on ac voltmeter based on an average 

responding meter whose meter is calibrated in terms of form factor of a sinusoidal 

wave is presented above. As seen as any departure from a true sinusoidal wave 

causes a significant error in the measurement.  
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True RMS Meters 

As compared to the average and peak responding voltmeters the rms-

responding voltmeters present special circuit design problems. RMS implies that 

the input quantity (say voltage in voltmeter) has to be squared and then the square 

root of the average of the squared quantity is taken. 

 

These meters are used to provide accurate rms readings of complex waveforms 

i.e., non-sinusoidal waveforms having a crest factor of 10:1. Some of the 

applications are: 

– Measurements of electrical or acoustical noise 

– Low duty cycle pulse trains 

– Voltages of undetermined waveforms 

Problems with Waveforms having a DC Component 

 

Many waveforms have a DC component, which usually shows as the wave not 

being symmetrical above and below ground level. Determination of the rms level of 

such a waveform sometimes requires separate dc and ac measurements. First the 

DC level is measured on a DC voltmeter with the AC quantity filtered out. Then the 

AC rms level is measured on a capacitor-coupled AC voltmeter. The rms value of 

the original waveform is then determined as the square root of the sum of the 

squares of the two readings, 

  

 

 

The procedure above is not necessary with the true-rms instrument  described next 

 

Features of a True RMS Responding Voltmeter 

 

• Complex waveforms are accurately measured with a RMS Responding 

Voltmeter 

• Heating power of the waveform is sensed Which is proportional to the square 

of the rms value of the waveform (P α V
2

rms R) 

• The input to be measured is applied to a heater element. 

• The temperature of the heater element R, which is proportional to the applied 

input rms value is measured using a thermo couple. 
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• the output voltage from a thermocouple is directly proportional to the rms 

level of the current through its heater regardless of the current waveform.  

• an input voltage (E1) with a nonsinusoidal waveform is amplified and applied 

to a fine heater wire the thermocouple attached to the heater element generates 

a DC voltage proportional to the rise in temperature of the hot junction 

 

 

 
Fig. 5 Block diagram of a true rms-reading voltmeter 

 

Working: 

The 2 thermocouples form part of a bridge in the input circuit of the DC 

amplifier. The input voltage is amplified and fed to the heating element of the 

thermocouple. The heat produced by the wire is sensed by the measuring 

thermocouple which produces a proportional DC voltage. This DC voltage upsets 

the bridge balance. The unbalance voltage is amplified by the DC amplifier and 

fed back to the heating element of the balancing thermocouple. Bridge balance is 

reestablished when the two thermocouples produce the same output voltages. At 

this point the DC current in the heating element of the feedback thermocouple is 

proportional to the AC current in the input thermocouple i.e., the DC is 

proportional to the rms value of the input AC signal.  This DC value is 

indicated by the meter movement in the output circuit 

 

 

A frequent limitation of the usefulness of the rms responding voltmeter for 

measuring highly non-linear waveforms such as the pulse trains is the crest factor 

rating. A typical laboratory type rms responding voltmeter has a crest factor  of 

10/1. At 10% of full scale deflection it can go as high as 100/1. 

The crest factor of a waveform is the ratio of its peak value to its rms value. 
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The crest factor for a pure sine wave is 1.414,  but non-sinusoidal waveforms can 

have much larger crest factors. The rms level of waveforms with a crest factor of 2 

or 3 can be determined by most rms measuring instruments. Waveforms with 

higher crest factors are more difficult to measure.  The maximum waveform crest 

factor is usually specified for all rms measuring instruments 

 

Disadvantages of a true rms-reading voltmeter  

 
The accuracy of this technique has been difficult to control because of the non-

linear behavior of the thermocouple which complicates the meter calibration,  

Thermal variations & Sluggish response of the thermocouple which are also 

susceptible to burnout also aggravate the problem. 

 

Thermal variations are reduced by installing the heater and the thermo couple 

in an evacuated glass bulb and by using fine wires of low thermal conductivity. 

Use of null balance techniques reduces the effect of non linear behavior. Generally 

the Nonlinear behavior of the measuring and feedback (balancing) thermocouples 

cancel each other. 
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Electronic Multimeters 
 

One of the most versatile general-purpose instruments capable of measuring 

dc and ac voltages as well as current and resistance is the solid-state electronic 

multimeter or VOM.  

Although circuit details will vary from one instrument to the next, an electronic 

multimeter generally contains the following elements: 

• Balanced-bridge dc amplifier and indicating meter 

• Input attenuator or RANGE switch, to limit the magnitude of the input 

voltage to the desired value 

• Rectifier section, to convert an ac input voltage to a proportional dc value 

• internal battery and additional circuitry, to provide the capability of 

resistance measurement 

• FUNCTION switch, to select the various measurement functions of the 

instrument 

In addition, the instrument generally has a built-in power supply for ac line 

operation and, in most cases, one or more batteries for operation as a portable test 

instrument. 

 
Fig.6  Balanced Bridge dc amplifier with  input attenuator and indicating meter  
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Working of individual Components 

Balanced Bridge DC amplifier 

As shown in Fig. 6 the balanced-bridge dc amplifier uses FETs (BJTs can also 

be used). The two FETs should be well matched for current gain to ensure thermal 

stability of the circuit.  The two FETs form the upper arms of a bridge circuit.  

Source resistors R I and R2 , together with ZERO adjust resistor R3 , form the 

lower bridge arms.  The meter movement is connected between the source 

terminals of the FETs, representing two opposite corners of the bridge. Without an 

input signal, the gate terminals of the FETs are at ground potential and the 

transistors operate under identical quiescent conditions. In this case, the bridge is 

balanced and the meter indication is zero. However, small differences in the 

operating characteristics of the transistors, and slight tolerance differences in the 

various resistors, cause a certain amount of unbalance in the drain currents, and 

the meter shows a small deflection from zero.  

 

To return the meter to zero, the circuit is balanced by ZERO adjust control 

R3 for a true null indication.  

 

Output Indication 

When a positive voltage is applied to the gate of input transistor Q1, its drain 

current increases which causes the voltage at the source terminal to rise. The 

resulting unbalance between the Ql and Q2 source voltages is indicated by the 

meter movement, whose scale is calibrated to agree with the magnitude of the 

applied input voltage. 

 

Input Attenuator Or RANGE Switch 

 

Typical input voltage attenuator for a VOM is shown in Fig.7. The RANGE 

switch on the front of the panel of the VOM allows selection of the desired 

voltage range. The maximum voltage that can be applied to the gate of Q1 is 

determined by the operating range of FET (usually a few volts). The range of 

input voltages can easily be extended by an input attenuator or RANGE switch, 

as shown in Fig.7. The unknown dc input voltage is applied through a large 

resistor in the probe body to a resistive voltage divider. Thus, with the RANGE 
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switch in the 3-V position as shown, the voltage at the gate of the input FET is 

developed across 8 MΩ of the total resistance of 11.3 MΩ and the circuit is so 

arranged that the meter deflects full scale when 3 V is applied to the tip of the 

probe. With the RANGE switch in the 12-V position, the gate voltage is 

developed across 2 MΩ of the total divider resistance of 11.3 MΩ and an input 

voltage of 12 V is required to cause the same full-scale meter deflection. 

 

Fig. 7 
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Resistance Ranges 

When the function switch of the multimeter is placed in the OHMS position, the 

unknown resistor is connected in series with an internal battery, and the meter 

simply measures the voltage drop across the unknown. A typical circuit is shown 

in Fig.8, where a separate divider network, used only for resistance measurements, 

provides for a number of different resistance ranges. When unknown resistor Rx is 

connected to the OHMS terminals of the multimeter, the 1.5-V battery supplies 

current through one of the range resistors and the unknown resistor to ground.  

 
Fig.8 

 

Voltage drop Vx across Rx is applied to the input of the bridge amplifier and 

causes a deflection on the meter. Since the voltage drop across Rx is directly 

proportional to its resistance the meter scale can be calibrated in terms of 

resistance which in an Electronic multimeter is from left to right (vice versa for 

ordinary multimeter). i.e., High Rx => High Vx ( in ordinary multimeter High Rx 

=> Low current I) 
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Digital Voltmeters 

 

Digital voltmeters are essentially analog-to-digital converters with digital displays 

to indicate the measured voltage. DVM displays measurements of ac or dc 

voltages as discrete numerals instead of a pointer deflection on a continuous scale. 

The development of ICs has lead to drastic reduction of the size, power 

requirements and cost of DVM. Hence DVMs can actively compete with 

conventional analog instruments, both in portability and price. 

CONSIDERATIONS IN CHOOSING AN ANALOG VOLTMETER 

The most appropriate instrument for a particular voltage measurement depends on 

the performance required in a given situation. Some important considerations are 

– Input Impedance  

– Voltage Ranges 

– Decibels 

– Sensitivity Versus Bandwidth  

– Battery Operation  

 

Typical Operating And Performance Characteristics of DVMs 

 
• Input  range..  from   ±1.000000  V  to  ±1,000.000  V,  with  automatic  range 

selection and overload indication 

• Absolute accuracy.. as high as  ±0.005 per cent of the reading 

• Stability.` short-term, 0.002 per cent of the reading for a 24-hr period; long-

term, 0.008 per cent of the reading for a 6-month period 

• Resolution.. 1 part in 106 (1µ V can be read on the  1-V input range) 

• input  characteristics.. input  resistance  typically 10  MΩ; input  capacitance 

typically 40 pF 

• Calibration. internal calibration  standard allows calibration independent of 

the measuring circuit; derived from  stabilized reference source 

• Output  signals. print  command  allows  output  to  printer;  BCD  (binary- 

coded-decimal) output for digital processing or recording 

• Additional features may include additional circuitry to measure current, 

resistance, and voltage ratios. Other physical variables may be measured by 

using suitable transducers. 
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Classification of DVMs 

1. Ramp-type DVM 

2. Integrating DVM 

3. Continuous-balance DVM 

4. Successive-approximation DVM 

 

Ramp-type DVM 
  

Its Operating principle is based on the measurement of the time it takes for a linear 

ramp voltage to rise from 0 V to the level of the input voltage, or to decrease from 

the level of the input voltage to zero. This time interval is measured with an 

electronic time-interval counter, and the count is displayed as a number of digits 

on electronic indicating tubes. 

 

 

 

 
 

Fig. 9 Block diagram of a ramp-type digital voltmeter 

 

 

 

The working principle i.e., the Conversion from a voltage to a time interval is 

illustrated by the waveform in Fig. 10 
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Fig.10 

   

At the start of the measurement cycle, a ramp voltage is initiated; this voltage can 

be positive-going or negative-going. The negative-going ramp, (see Fig. 10) is 

continuously compared with the unknown input voltage. At the instant that the 

ramp voltage equals the unknown voltage, a coincidence circuit, or comparator, 

generates a pulse which opens a gate. The ramp voltage continues to decrease with 

time until it finally reaches 0 V (or ground potential) and a second comparator 

generates an output pulse which closes the gate. An oscillator generates clock 

pulses which are allowed to pass through the gate to a number of decade counting 

units (DCUs) which totalize the number of pulses passed through the gate.  The 

decimal number, displayed by the indicator tubes associated with the DCUs, is a 

measure of the magnitude of the input voltage. 

 

The sample-rate multivibrator determines the rate at which the measurement 

cycles are initiated. The oscillation of this multivibrator can usually be adjusted by 

a front-panel control , marked rate , from a few cycles per second to as high 1,000 

or more. The sample-rate circuit provides an initiating pulse for the ramp 

generator to start its next ramp voltage. At the same time, a reset pulse is 

generated which returns all the DCUs to their 0 state, removing the display 

momentarily from the indicator tubes. 
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Staircase-Ramp DVM 
 

It is a variation of the ramp-type DVM but is simpler in overall design,  

resulting  in  a  moderately  priced  general-purpose  instrument that  can  be  used 

in  the laboratory, on production test-stands, in repair shops, and at inspection 

stations. Stair case ramp DVM makes voltage measurements by comparing the 

input voltage to an internally generated staircase-ramp voltage. 

   

 

Fig. 11 

 

It contains a 10-MΩ input attenuator, providing five input ranges from 100 

mV to 1,000 V full scale. The dc amplifier with a fixed gain of  100, delivers 10 V 

to the comparator  at  any  of  the  full-scale  voltage  settings  of  the  input  

divider. The comparator senses coincidence between the amplified input voltage 

and the staircase-ramp voltage which is generated  as the  measurement  proceeds 

through its cycle . A Clock (4.5 kHz oscillator) provides  pulses  to  three  DCUs  

in  cascade. The units  counter provides a carry pulse to the  tens  decade  at every 

tenth input pulse. The  tens decade counts the carry pulses from  the units decade 

and provides its own carry pulse after it has counted ten carry pulses. This carry 

pulse is fed to the hundreds decade which  provides  a  carry  pulse  to  an  over-

range  circuit. The  over range circuit  causes  a front  panel indicator to light  up,  

warning  the  operator  that  the input  capacity of  the instrument  has  been  

exceeded. The  operator  should  then switch to the next higher setting on the input 

attenuator. 

Each  decade  counter  unit  is  connected  to  a  digital-to-analog  (D/A)  converter.   
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The outputs of the D/A converters are connected in parallel and provide an output 

current proportional to the current count of the DCUs. The staircase amplifier 

converts the D/A current into a staircase voltage which is applied to the 

comparator. When the  comparator senses coincidence of the input  voltage  and the 

staircase voltage, it provides a trigger pulse to stop the oscillator. The current 

content of the counter is then proportional to the magnitude of the input voltage. 

The sample rate is controlled by a simple relaxation oscillator. This oscillator 

triggers and resets the transfer amplifier at a rate of two samples per second. The 

transfer amplifier provides a pulse that transfers the information stored in the 

decade counters  to  the  front  panel  display  unit. The  trailing  edge  of  this  

pulse triggers  the  reset  amplifier  which  sets  the  three  decade  counters  to  zero  

and initiates a new measurement cycle by starting the master oscillator or clock. 

The  display circuits  store  each  reading until  a  new  reading  is  completed, 

eliminating any blinking or counting during the computation. 

The ramp type of A/D converter requires a precision ramp to achieve accuracy. 

Maintaining the quality of the ramp requires  a  precise,  stable capacitor and 

resistor in the integrator. In addition, the offset voltages and currents of the 

operational amplifier used in the integrator are critical in the accurate ramp 

generator. One method of reducing the dependence of the accuracy of the 

conversion on the resistor, capacitor, and operational amplifier is to use a technique 

called the dual-slope converter. 

 

Dual-Slope Converter 

In the dual-slope technique, an integrator is used to integrate an accurate 

voltage reference for a fixed period of time. The same integrator is then used to 

integrate with the reverse slope, the input voltage, and the time required to return 

to the starting voltage is measured. The Order of integrations does not matter. 

Consider the integration of the unknown first as shown in Fig. 12 
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Fig. 12 

 

The output voltage Vout is given by   

Where t - elapsed time from when the integration began.  The above Equation also 

assumes that the integrator capacitor started with no charge & thus the output of the 

integrator started at zero volts. 

 

If the integration were allowed to continue for a fixed period of time T1, the 

output voltage would be 

    
 

Notice that the integrator output has gone in the opposite polarity as the input.  

That is, a positive input voltage produces a negative integrator output. If a reference 

voltage Vref, were substituted for the input voltage Vx, as shown in Fig.13,  the 

integrator would begin to ramp toward zero at a rate of Vref/ RC assuming that the 

Vref was of the opposite polarity as the unknown input voltage. The integrator for 

this situation does not start at zero but at an output voltage of V1, and the output 

voltage Vout is 
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Fig.13 

 

Setting the output voltage of the integrator to zero and solving for Vx yields 

 

 
 

where Tx is the time required to ramp down from the output level of V1 to zero volts. 

Notice that the relationship between the reference voltage and the input voltage does 

not include R or C of the integrator but only the relationship between the two times. 

Because the relationship between the two times is a ratio, an accurate clock is not 

required but only that the clock used for the timing be stable enough that the 

frequency does not change appreciably from the up ramp to the down ramp. 

 
 

Fig. 14 
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As the integrator responds to the average of the input, it is not necessary to 

provide a sample and hold, as changes in the input voltage will not cause 

significant errors. Although the integrator output will not be a linear ramp, the 

integration will represent the end value obtained by a voltage equal to the average 

of the unknown input voltage. Therefore, the dual-slope analog-to-digital 

conversion will produce a value equal to the average of the unknown input. 

 

The dual-slope type of A/D conversion is a very popular method for digital 

voltmeter applications. When compared to other types of ADC techniques, the 

dual-slope method is slow but is quite adequate for a digital voltmeter used for 

laboratory measurements. For data acquisition applications, where a number of 

measurements are required, faster techniques are recommended. Many 

refinements have been made to the technique and many large-scale-integration 

(LSI) chips are available to simplify the construction of DVMs. 

 

When a dual-slope A/D converter is used for a DVM the counters may be 

decade rather than binary and the segment and digit drivers may be contained in 

the chip. When the converter is to interface to a microprocessor, and many high-

performance DVMs use microprocessors for data manipulation, the counters 

employed are binary. 

One significant enhancement made to the dual-slope converter is automatic 

zero correction. As with any analog system, amplifier offset voltages, offset 

currents, and bias currents can cause errors. In addition, in the dual-slope A/D 

converter, the leakage current of the capacitor can cause errors in the integration 

and consequentially, an error. These effects, in the dual-slope AID converter, will 

manifest themselves as a reading of the DVM when no input voltage is present.  

Fig.15  shows a method of counteracting these effects. 
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Fig.15 

 

The input to the converter is grounded and a capacitor, the auto zero capacitor, is 

connected via an electronic switch to the output of the integrator. The feedback of 

the circuitry is such that the voltage at the integrator output is zero. This 

effectively places an equivalent offset voltage on the automatic zero capacitor so 

that there is no integration. When the conversion is made, this offset voltage is 

present to counteract the effects of the input circuitry offset voltages. This 

automatic zero function is performed before each conversion, so that changes in 

the offset voltages and currents will be compensated. 

 

 

 
 

Fig. 16 Block Diagram of complete dual-slope A/D converter 
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Successive-approximation DVM 
 

 
 

Fig. 17 

 

A D/A converter is used to provide the estimates. The "equal to or greater 

than" or "less than" decision is made by a comparator. The D/A converter 

provides the estimate and is compared to the input signal. A special shift register 

called a successive-approximation register (SAR) is used to control the D/A 

converter and consequentially the estimates. At the beginning of the conversion all 

the outputs from the SAR are at logic zero. If the estimate is greater than the input, 

the comparator output is high and the first SAR output reverses state and the 

second output changes to a logic "one." If the comparator output is low, indicating 

that the estimate is lower than the input signal, the first output remains in the logic 

one state and the second output assumes the logic state one. This continues to all 

the states until the conversion is complete. 
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Q-Meter 
 

The Q meter is an instrument designed to measure some of the electrical 

properties of coils and capacitors. The operation of this useful laboratory 

instrument is based on the characteristics of a series-resonant circuit, i.e., that the 

voltage across the coil or the capacitor is equal to the applied voltage times the Q 

of the circuit. If a fixed voltage is applied to the circuit, a voltmeter across the 

capacitor can be calibrated to read Q directly. 

 
 

Fig. 18 Basic Q-Meter Circuit 

 

if E is maintained at a constant and known level, a voltmeter connected across the 

capacitor can be calibrated directly in terms of the circuit Q as 

 
 

Practical Q-meter Circuit  

 

 
 

Fig. 19 
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The wide-range oscillator with a frequency range from 50 kHz to 50 MHz 

delivers current to a low-value shunt resistance RsH. The value of this shunt is 

very low, typically on the order of 0.02 Ω. It introduces almost no resistance into 

the oscillatory circuit and it therefore represents a voltage source of magnitude E 

with a very small (in most cases negligible) internal resistance. The voltage E 

across the shunt, corresponding to E in Fig.19, is measured with a thermocouple 

meter, marked “Multiply Q by”. The voltage across the variable capacitor, 

corresponding to EC in Fig.19 , is measured with an electronic voltmeter whose 

scale is calibrated directly in Q values. 

To make a measurement, the unknown coil is connected to the test terminals 

of the instrument, and the circuit is tuned to resonance either by setting the 

oscillator to a given frequency and varying the internal resonating capacitor or by 

presetting the capacitor to a desired value and adjusting the frequency of the 

oscillator. The Q reading on the output meter must be multiplied by the index 

setting of the "Multiply Q by" meter to obtain the actual Q value. The indicated Q 

(which is the resonant reading on the “Circuit Q" meter) is called the circuit Q 

because the losses of the resonating capacitor, voltmeter, and insertion resistor are 

all included in the measuring circuit.  The effective Q of the measured coil will be 

somewhat greater than the indicated Q. This difference can generally be neglected 

except in certain cases where the resistance of the coil is relatively small in 

comparison with the value of the insertion resistor  

The inductance of the coil can be calculated from the known values of freq f and 

capacitance C as  XL =XC & L = 1 / (2πf)
2
C 

 

Measurement Methods 
 
There are three methods for connecting unknown components to the test terminals of 

a Q meter: direct, series, and parallel.  

The type of component and its size determine the method of connection  

 

Direct connection 

Most coils can be connected directly across the test terminals, exactly as shown in the 

basic Q-circuit of Fig.19.  The circuit is resonated by adjusting either the oscillator 

frequency or the resonating capacitor.  The indicated Q is read directly from the 
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"Circuit Q" meter, modified by the setting of the "Multiply Q by" meter.  When the 

"Multiply Q by" meter is set at the unity mark, the “Circuit Q" meter reads the correct 

value of Q directly.  

 

Series connection 

Low-impedance components, sub as low-value resistors, small coils, and large 

capacitors, are measured in series with the measuring circuit. Fig.20 shows the 

connections. The component to be measured here indicated by [Z], is placed in 

series with a stable work coil across the test terminals. (The work coil is usually 

supplied with the instrument) 

 

 
 

Fig.20 Q-meter measurement of a low-impedance component in series connection. 

 

Two measurements are made: 

 In the first measurement the unknown is short-circuited by a small shorting strap and 

the circuit is resonated, establishing a reference condition. The values of the tuning 

capacitor (C1) and the indicated Q (Q1) are noted.  

In the second measurement the shorting strap is removed and the circuit is resonated, 

giving a new value for the tuning capacitor (C2) and  a change in the Q value from Q1 

to Q2 . 
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For the second measurement, the reactance of the unknown can be expressed in terms 

of the new value of the tuning capacitor (C2) and the in-circuit value of the inductor 

(L). This yields 

 

 
 

 
 

XS is inductive if C1 > C2 and capacitive if C1 < C2 

 

The resistive component of the unknown impedance can be found in terms of 

reactance XS and the indicated values of circuit Q, since  

  
 

 
 

If Rs were purely resistive, in the tuning process C will not change, C1 = C2 

 

 
 

If the unknown is a small inductor, the value of the inductance is found from Eq. and 

is 

   
 

Q of the coil is found as 
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Where Rs & Xs are  

  
 

If the unknown where a large capacitor, Xs is used to find Cs value as 

 
& its Q is as above 

 

Parallel connection 

High-impedance components, such as high-value resistors, certain inductors, and 

small capacitors are connected them in parallel with the measuring circuit. 

 
 

Fig.21 Circuit for Parallel Connection 

 

Before the unknown is connected, the circuit is resonated, by using a suitable 

work coil to establish reference values for Q and C (Q1 & C1 ). Next the 

component under test is connected to the circuit, the capacitor is readjusted for 

resonance, a new value for the tuning capacitance (C2) is obtained and a change in 

the value of circuit Q (∆Q) from Q1 to Q2. At the initial resonance condition, 

when the unknown is not yet connected into the circuit, the working coil (L) is 

tuned by the capacitor (C1). Therefore  
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When the unknown impedance is connected into  the circuit and the capacitor is tuned 

for resonance, the reactance of the working coil (XL) equals the parallel reactances of 

the tuning capacitor (Xc2) & the unknown (Xp)  

 
 

)(

1
 and       inductive, isunknown  If

21

2
CC

LLX PPP
−

==
ω

ω  

If the unknown is capacitive, Xp = 1/ωCp  and CP = C1 – C2 

 

In a parallel resonant circuit the total resistance at resonance is equal to the 

product of the circuit Q and the reactance of the coil. Therefore 

   
 

The resistance (Rp) of the unknown impedance is found by using the conductances in 

the circuit  

• GT -- total conductance of the resonant circuit 

• Gp -- conductance of the unknown impedance 

• GL -- conductance of the working coil  

 

GT = GP + GL 

GP = GT – GL 
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Sources of Error 

 

Distributed capacitance measurement 

 
The most important factor affecting measurement accuracy is the distributed 

capacitance or self capacitance of the measuring circuit. The presence of 

distributed capacitance in a coil modifies the actual or effective Q and the 

inductance of the coil. At the frequency at which the self-capacitance and the 

inductance of the coil are resonant, the circuit exhibits a purely resistive 

impedance. This characteristic may be used for measuring the distributed 

capacitance as shown in Fig.22 . 

 
Fig.22 

 

Working: make two measurements at different frequencies. The coil under test is 

connected directly to the test terminals of the Q meter, as shown in Fig.22. The 

tuning capacitor is set to a high value, preferably to its maximum position, and the 

circuit is resonated by adjusting the oscillator frequency. Resonance is indicated 

by maximum deflection on the "Circuit Q" meter. The values of the tuning 

capacitor ( C1) and the oscillator frequency (f1) are noted. The frequency is then 

increased to twice its original value  = 2f1  and the circuit is returned by adjusting 

the resonating capacitor (C2). 

The resonant frequency of an  LC circuit is given by   

At the initial resonance condition, the capacitance of the circuit equals C1 + Cd & the 

resonant frequency equals 
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After the oscillator and the tuning capacitor are adjusted, the capacitance of the circuit 

is C2 + Cd , and the resonant frequency equals 

 
 

Solving for the distributed capacitance  
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UNIT 6 

Syllabus 

Dual trace oscilloscope — front panel details of a typical dual trace oscilloscope. 

Method of measuring voltage, current, phase, frequency and period.  

Use of Lissajous patterns.  

Working of a digital storage oscilloscope. Brief note on current probes. 

 

 

 

An oscilloscope (also known as a scope, CRO, DSO or, an O-scope) is an 

instrument that allows observation of constantly varying signal voltages, usually 

as a two-dimensional graph of one or more electrical potential differences using 

the vertical or 'Y' axis, plotted as a function of time, (horizontal or 'x' axis).  

Although an oscilloscope displays voltage on its vertical axis, any other quantity 

that can be converted to a voltage can be displayed as well. In most instances, 

oscilloscopes show events that repeat with either no change, or change slowly. 

Oscilloscopes are commonly used to observe the exact wave shape of an electrical 

signal. In addition to the amplitude of the signal, an oscilloscope can show 

distortion, the time between two events (such as pulse width, period, or rise time) 

and relative timing of two related signals. Oscilloscopes are used in the sciences, 

medicine, engineering, and telecommunications industry. General-purpose CROs 

are used for maintenance of electronic equipment and laboratory work. Special-

purpose oscilloscopes may be used for such purposes as analyzing an automotive 

ignition system, or to display the waveform of the heartbeat as an 

electrocardiogram. 

 

Originally all oscilloscopes used cathode ray tubes as their display element 

and linear amplifiers for signal processing, (commonly called as CROs) however, 

modern oscilloscopes have LCD or LED screens, fast analog-to-digital converters 

and digital signal processors. Some oscilloscopes used storage CRTs to display 

single events for a limited time.  Oscilloscope peripheral modules for general 

purpose laptop or desktop personal computers use the computer's display, 

allowing them to be used as test instruments. 

 

Vtusolution.in

Vtusolution.in



vtu
so

lut
ion

.in

Display and general external appearance 

(front panel details of a typical dual trace oscilloscope.) 

The basic oscilloscope, as shown in the Fig.1, is typically divided into four 

sections:  

the display,  

vertical controls,  

horizontal controls and  

trigger controls.  

 

Fig.1 front panel details of a typical dual trace oscilloscope 

 

The display is usually a CRT or LCD panel which is laid out with both horizontal 

and vertical reference lines referred to as the graticule. In addition to the screen, 

most display sections are equipped with 3 basic controls- a focus knob, an intensity 

knob and a beam finder button. 

The vertical section controls the  amplitude of the displayed signal. This 

section carries a Volts-per-Division (Volts/Div) selector knob, an AC/DC/Ground 

selector switch and the vertical (primary) input for the instrument. Additionally, 

this section is typically equipped with the vertical beam position knob. 

 

The horizontal section controls the time base or “sweep” of the instrument. 

The primary control is the Seconds-per-Division (Sec/Div) selector switch. Also 
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included is a horizontal input for plotting dual X-Y axis signals. The horizontal 

beam position knob is generally located in this section. The trigger section 

controls the start event of the sweep. The trigger can be set to automatically restart 

after each sweep or it can be configured to respond to an internal or external 

event. The principal controls of this section will be the source and coupling 

selector switches. An external trigger input (EXT Input) and level adjustment will 

also be included. 

 

In addition to the basic instrument, most oscilloscopes are supplied with a 

probe as shown. The probe will connect to any input on the instrument and 

typically has a resistor of ten times the oscilloscope's input impedance. This 

results in a .1 (-10X) attenuation factor, but helps to isolate the capacitive load 

presented by the probe cable from the signal being measured.  Some probes have a 

switch allowing the operator to bypass the resistor when appropriate. 
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CRT 

 

The cathode ray is a beam of electrons which are emitted by the heated cathode 

(negative electrode) and accelerated toward the fluorescent screen. The assembly 

of the cathode, intensity grid, focus grid, and accelerating anode (positive 

electrode) is called an electron gun. Its purpose is to generate the electron beam 

and control its intensity and focus. Between the electron gun and the fluorescent 

screen are two pair of metal plates – one oriented to provide horizontal deflection 

of the beam and one pair oriented to give vertical deflection to the beam. These 

plates are thus referred to as the horizontal and vertical deflection plates. The 

combination of these two deflections allows the beam to reach any portion of the 

fluorescent screen. Wherever the electron beam hits the screen, the phosphor is 

excited and light is emitted from that point. This conversion of electron energy 
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into light allows us to write with points or lines of light on an otherwise darkened 

screen. 

 

In the most common use of the oscilloscope the signal to be studied is first 

amplified and then applied to the vertical (deflection) plates to deflect the beam 

vertically and at the same time a voltage that increases linearly with time is 

applied to the horizontal (deflection) plates thus causing the beam to be deflected 

horizontally at a uniform (constant) rate. The signal applied to the vertical plates is 

thus displayed on the screen as a function of time. The horizontal axis serves as a 

uniform time scale. The linear deflection or sweep of the beam horizontally is 

accomplished by use of a sweep generator that is incorporated in the oscilloscope 

circuitry. The voltage output of such a generator is that of a sawtooth wave as 

shown in Fig. 2. 

 

 

 

Application of one cycle of this voltage difference, which increases linearly with 

time, to the horizontal plates causes the beam to be deflected linearly with time 

across the tube face the pattern on the tube face repeats itself and hence appears to 

remain stationary.  The persistence of vision in the human eye and of the glow of 

the fluorescent screen aids in producing a stationary pattern.  In addition, the 

electron beam is cut off (blanked) during flyback so that the retrace sweep is not 

observed. 
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CRO Operation:  

A simplified block diagram of a typical oscilloscope is shown in Fig. 3. The signal 

to be displayed is amplified by the vertical amplifier and applied to the vertical 

deflection plates of the CRT. A portion of the signal in the vertical amplifier is 

applied to the sweep trigger as a triggering signal.  

 

Fig.3  

The sweep trigger then generates a pulse coincident with a selected point in 

the cycle of the triggering signal. This pulse turns on the sweep generator, 

initiating the sawtooth wave form. The sawtooth wave is amplified by the 

horizontal amplifier and applied to the horizontal deflection plates. Usually, 

additional provisions signal are made for applying an external triggering signal or 

utilizing the 60 Hz line for triggering.  Also the sweep generator may be bypassed 

and an external signal applied directly to the horizontal amplifier. 

 

CRO Controls  

The controls available on most oscilloscopes provide a wide range of operating 

conditions and thus make the instrument especially versatile. 

 

CATHODE-RAY TUBE Controls 

Power and Scale Illumination:  Turns instrument on and controls illumination of 

the graticule.  

Focus:  Focus the spot or trace on the screen.  

Intensity:  Regulates the brightness of the spot or trace. 
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VERTICAL AMPLIFIER SECTION Controls 

Position:  Controls vertical positioning of oscilloscope display.  

Sensitivity:  Selects the sensitivity of the vertical amplifier in calibrated steps.  

Variable Sensitivity:  Provides a continuous range of sensitivities between the 

calibrated steps. Normally the sensitivity is calibrated only when the variable knob 

is in the fully clockwise position.  

AC-DC-GND:   

Selects desired coupling (ac or dc) for incoming signal applied to vertical 

amplifier, or grounds the amplifier input. Selecting dc couples the input directly to 

the amplifier; selecting ac send the signal through a capacitor before going to the 

amplifier thus blocking any constant component. 

HORIZONTAL-SWEEP SECTION Controls 

Sweep time/cm:  Selects desired sweep rate from calibrated steps or admits 

external signal to horizontal amplifier.  

Sweep time/cm Variable:  Provides continuously variable sweep rates.  

Position:  Controls horizontal position of trace on screen.  

Horizontal Variable:  Controls the attenuation (reduction) of signal applied to 

horizontal amplifier through Ext. Horiz. connector 

TRIGGER Controls 

The trigger selects the timing of the beginning of the horizontal sweep.  

Slope:  Selects whether triggering occurs on an increasing (+) or decreasing (-) 

portion of trigger signal.  

Coupling:  Selects whether triggering occurs at a specific dc or ac level.  

Source:  Selects the source of the triggering signal.  

          INT - (internal) - from signal on vertical amplifier 

          EXT - (external) - from an external signal inserted at the EXT. TRIG. 

INPUT. 

          LINE - 60 cycle trigger  

Level:  Selects the voltage point on the triggering signal at which sweep is 

triggered. It also allows automatic (auto) triggering of allows sweep to run free 

(free run). 
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Measurements of Voltage:   

Consider the circuit in Fig. 4(a).  

The signal generator is used to produce a 1000 hertz sine wave.  

To determine the size of the voltage signal appearing at the output of terminals of 

the signal generator, an AC (Alternating Current) voltmeter is connected in 

parallel across these terminals (Fig. 4a). The AC voltmeter is designed to read the 

dc "effective value" of the voltage. 

 

 

This effective value is also known as the "Root Mean Square value" (RMS) value 

of the voltage. The peak or maximum voltage seen on the scope face (Fig. 4b) is 

Vm volts and is represented by the distance from the symmetry line CD to the 

maximum deflection. The relationship between the magnitude of the peak voltage 

displayed on the scope and the effective or RMS voltage (VRMS) read on the AC 

voltmeter is                    VRMS = 0.707 Vm (for a sine or cosine wave). 

The voltage of a waveform is measured by multiplying the 

VOLTS/DIV setting by the peak-to-peak vertical divisions occupied by the 

waveform. The time period is determined by multiplying the horizontal divisions 

for one cycle by the TIME/DIV Setting. 
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Problem 

Determine the pulse amplitude, frequency, rise time and fall time of the waveform 

in Fig. 5. 

 Solution: 

pulse amplitude PA = (4 vertical divisions) x (2 V/ div) = 8V 

T = (5.6 Horizontal divisions) x ( 5 µs /div ) =  28 µs 

Frequency,  f = 1/T = 1/28 µs = 35.7 kHz 

rise time,  tr = (0.5 div) x ( 5 µs /div ) =  2.5 µs  

 

Fig. 5 

 

 

Problem on finding phase difference between two sine Waves as shown in Fig.6. 
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Fig. 6 

From the figure.6  observe that 1 complete cycle takes 8 divisions = 360
o
 

The phase difference = 1.4 Div = 360
o
 x 1.4 / 8 = 63

 o
 

 

Frequency Measurements:   

Frequencies can then be determined as reciprocal of the periods.  

For example:  Set the oscillator to 1000 Hz in Fig.4. Display the signal on the 

CRO and measure the period of the oscillations. Use the horizontal distance 

between two points such as C to D in Fig. 4b. 

Lissajous patterns    may    also be    used    for    accurate Frequency 

Measurements as illustrated later. 
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Dual Trace Oscilloscopes 

Fig. 7 illustrates the construction of a typical dual trace oscilloscope. There are 

two separate vertical input channels, A and B, and these use separate attenuator 

and preamplifier stages. Therefore the amplitude of each input, as viewed on the 

oscilloscope, can be individually  controlled. 

 

 

Fig. 7 Block Diagram of a Dual Trace Oscilloscope 

 

After pre-amplification the two channels meet at an electronic switch. This has the 

ability to pass one channel at a time into the vertical amplifier, via the delay line. 

There are two common operating modes for the electronic switch, called alternate 

and chop, and these are selected from the instrument's front panel.  

The alternate mode is illustrated in Fig.8. In this the electronic switch 

alternates between channels A and B, letting each through for one cycle of the 

horizontal sweep. The display is blanked during the flyback and hold-off periods, 

as in a conventional oscilloscope. Provided the sweep speed is much greater than 

the decay time of the CRT phosphor, the screen will show a stable display of both 

the waveform at channels A and B. The alternate mode cannot be used for 

displaying very low frequency signals. 
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Fig. 8 

 

Chopped Operating mode 

In this mode the electronic switch free runs at a high frequency of the order of 

100 kHz to 500 kHz. The result is that small segments from channels A and B are 

connected alternately to the vertical amplifier, and displayed on the screen.  

Provided the chopping rate is much faster than the horizontal sweep rate, the 

display will show a continuous line for each channel. If the sweep rate approaches 

the chopping rate then the individual segments will be visible, 

and the alternate mode should now be used. 

 

The time base circuit shown in Fig. 7 is similar to that of a single input 

oscilloscope. Switch S2 allows the circuit to be triggered on either the A or B 

channel waveforms, or on line frequency, or on an external signal. The horizontal 

amplifier can be fed from the sweep generator or the B channel 

via switch S1. This is the X - Y mode and the oscilloscope operates from channel 

A as the vertical signal and channel B as the horizontal signal, giving very 

accurate X - Y measurements.  
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Several operating modes can be selected from the front panel for display, such as 

channel A only, channel B only, channels A and B as two traces, and signals A + 

B, A - B, B - A or - (A + B) as a single trace. 

 

Dual beam oscilloscope.  

The dual trace oscilloscope cannot capture two fast transient events, 

as it cannot switch quickly enough between traces. The dual beam oscilloscope 

has two separate electron beams, and therefore two completely separate vertical 

channels. The two channels may have a common time base system, or they may 

have independent time base circuits. An independent time base allows different 

sweep rates for the two channels but increases the size and weight of the 

oscilloscope. 
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Lissajous Figures:   

When sine-wave signals of different frequencies are input to the horizontal and 

vertical amplifiers a stationary pattern is formed on the CRT when the ratio of the 

two frequencies is an integral fraction such as 1/2, 2/3, 1/5, etc. These stationary 

patterns are known as Lissajous figures and can be used for comparison 

measurement of frequencies. 

The ratio of the two frequencies is  

 

 

Some examples illustrating the frequency measurement are presented below. 

Example: 1 

 

Example:2 
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Example:3 

  

 

 

 

Phase Measurements 

Two sinusoidal waveforms of the same frequency produce a Lissajous pattern, 

which may be a straight line, a circle or an ellipse depending upon the phase and 

magnitude of the voltages. A circle can be formed only when the magnitude of the 

two signals are equal and the phase difference between them is either 90
0
 or 270

0
  

A straight line results when the two voltages are equal and are either in phase 

with each other or 180
0
 out of phase with each other. The angle formed with the 

horizontal is 45
0 

when the magnitudes of voltages are equal.  

An increase in the vertical deflection voltage causes the line to have an angle 

greater than 45
0
 with the horizontal. On the other hand a greater horizontal 

voltages makes the angle less than 45
0
 with the horizontal. 

 

Example 1: Lissajous pattern with equal frequency and voltages and zero phase shift. 
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Example 2: Lissajous pattern with equal frequency and voltages and 90
o
 phase shift. 

 

 

However, if the two voltages are not equal and/or out of phase an ellipse is 

formed. If the Y voltage is larger, an ellipse with vertical major axis is formed 

while if the X plate voltage has a greater magnitude, the major axis of the ellipse 

lies along horizontal axis. For equal voltages of same frequency & progressive 

variation of phase voltage causes the pattern to vary from a straight diagonal line 

to ellipses of different eccentricities and then to a circle, after that through another 

series of ellipses and finally a diagonal straight line again. 
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Example 3: Lissajous pattern with equal frequency and voltages and with different  

phase shifts. 

 

    

Determination of angle of phase shift  

Regardless of the two amplitudes of the applied voltages the ellipse provides a 

simple means of finding phase difference between two voltages. Referring to Fig.9 

the sine of the phase angle between the voltages is given by   

sin Ф = Y1/Y2 = X1/X2  

  Fig.9 
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Probes 

Open wire test leads (flying leads) are likely to pick up interference, so they 

are not suitable for low level signals. Furthermore, the leads have a high 

inductance, so they are not suitable for high frequencies. Hence the input signals 

to an oscilloscope are usually connected via coaxial cables with probes on one end 

[see Fig. 1]. These are normally just convenient-to-use insulated connecting clips. 

 As illustrated, each probe has two connections, an input and a ground.  

This type of probe is usually referred to as a 1:1 (one-to-one) probe, (Fig. 10) 

because it does not contain resistors to attenuate the input signal. 

 

 

Fig. 10 Typical 1:1 probe 

 

Using a shielded cable (i.e., coaxial cable) is better for low level signals.  

Coaxial cable also has lower inductance, but it has higher capacitance: a typical 

50 ohm cable has about 90 pF per meter. Consequently, a one meter direct (1X) 

coaxial probe will load a circuit with a capacitance of about 110 pF and a 

resistance of 1 mega-ohm. 

 The coaxial cable consists of an insulated central conductor surrounded by a 

braided circular conductor which is covered by an outer layer of insulation as 

shown in Fig. 11. The central conductor carries the input signal, and the circular 

conductor is grounded so that it acts as a screen to help prevent unwanted signals 

being picked up by the oscilloscope input.  
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Fig. 11 

 

 The coaxial cable connecting the probe to the oscilloscope has a capacitance 

(Ccc) which can overload a high-frequency signal source.The input impedance of 

the oscilloscope at the front panel is typically 1 MΩ in parallel with 30pF. The 

coaxial cable can add another 100 pF to the total input capacitance. The circuit of 

a signal source, probe, and oscilloscope input is illustrated in Figure 12.  

 

 

Fig. 12 Equivalent circuit of signal source, probe and oscilloscope input 

 

 The total impedance offered by the coaxial cable and the oscilloscope input 

should always be much larger than the signal source impedance. Where this is not 

the case, the signal is attenuated and phase shifted when connected to the 

oscilloscope. At frequencies where the reactance of (Ccc+ Ci) is very much larger 

than Rs and Ri, the capacitances have a negligible effect and the oscilloscope 

terminal voltage is Vi = Vs * Ri / (Ri + Rs). To minimize loading, attenuator 

probes (e.g., 10X probes) are used.  
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Attenuator probes  

Attenuator probes attenuate the input signal, usually by a factor of 10.  They also 

normally offer a much larger input impedance than a 1:1 probe, thereby 

minimizing loading effects on the circuit under test. Compensation is included for 

oscilloscope input capacitance and coaxial cable capacitance. Because of the 10-

fold attenuation, these probes are usually referred to as 10:1 probes; however, 

other probes are available with different attenuation factors. A typical probe uses a 

9 megaohm series resistor shunted by a low-value capacitor to make an RC 

compensated divider with the cable capacitance and scope input. The RC time 

constants are adjusted to match.  

 For example, the 9 megaohm series resistor is shunted by a 12.2 pF capacitor 

for a time constant of 110 microseconds. The cable capacitance of 90 pF in 

parallel with the scope input of 20 pF and 1 megohm (total capacitance 110 pF) 

also gives a time constant of 110 microseconds.  

 

 Fig. 13 

 

 In practice, there will be an adjustment so the operator can precisely match the 

low frequency time constant (called compensating the probe) as shown in Fig.13. 

Matching the time constants makes the attenuation independent of frequency. At 

low frequencies (where the resistance of R is much less than the reactance of C), 

the circuit looks like a resistive divider; at high frequencies (resistance much 

greater than reactance), the circuit looks like a capacitive divider. 
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The input capacitance and input resistance vary from one oscilloscope to another 

even for otherwise identical instruments. It is important that every probe be 

correctly adjusted when it is first connected for use with a particular oscilloscope. 

The results of the different compensations are shown in Fig.14. 

 

  

    

Fig. 14 

 

Another 10:1 probe and its equivalent circuit are shown in Figure 15. In this case 

capacitor C1 is a fixed quantity, and an additional variable capacitor ( C3) is 

included in parallel with Ci and Ccc.  
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Fig.15 Compensating capacitor C3 in parallel with the instrument input terminals 

 

Probes with 10:1 attenuation are by far the most common; for large signals (and 

slightly-less capacitive loading), 100:1 probes are not rare. There are also probes 

that contain switches to select 10:1 or direct (1:1) ratios. 

 

Active Probes  

  Active probes contain electronic amplifiers that increase the probe input 

resistance and minimize its input capacitance. Typical active probes use FET input 

stages, or FET input operational amplifiers.  The circuit is connected to function 

as a voltage follower. The amplifier has a gain of 1 and a typical input impedance 

of 1MΩ||3.5 pF. Input impedances of 10 MΩ or greater are also possible with FET 

input stages, and the input capacitance effect can be further reduced by resistive 

attenuation.  Power must be supplied to operate the amplifier.  This may be 

derived from the oscilloscope, or the probe may contain its own regulated power 

supply with a line cord. Inside the probe, a coil wound around the core provides a 

current into an appropriate load, and the voltage across that load is proportional to 

current. However, this type of probe can sense AC, only. 
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Current probes 

They provide a method of inductively coupling the signal to the CRO input, so 

that a direct electrical connection to the test circuit is not required.  

The current probe consists of a sensor, a coax cable & a termination circuit as 

shown in Fig. 16. 

 

 

Fig. 16 

SPLIT-CORE 

Passive current probe, the most popular type, can be opened & clipped around a 

conductor (see Fig. 17) whose current is to be measured. The current sensing 

device of this probe is a “Current Transformer” of split core design, consisting a 

stationary U-piece & a Movable flat piece. A multi –turn coil of approximately 25 

turns is wound on one leg of the ferrite core to form the secondary turn primary. 

The input signal to the probe is the current in the conductor under test; the o/p 

signal is the voltage developed across the transformer secondary.  

 This current probe senses only the changes in current & hence can be used 

only to measure A C Signal. When correctly terminated, the sensitivity of this 

probe is of the order of 10ma/mv. The transformer o/p voltage is  coupled from 

the probe head to the termination via a coaxial cable.  The termination circuitry 

can be passive or active, depending on the kind of probe generally the termination 
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of the coax is in its characteristics impedance. Additional circuitry to improve the 

response characteristics of the probe is also contained in the termination box. 

 

 

Fig. 17 

  

 A more-sophisticated probe (originally made by Tektronix) includes a 

magnetic flux sensor (Hall effect sensor) in the magnetic circuit.  The probe 

connects to an amplifier, which feeds (low frequency) current into the coil to 

cancel the sensed field; the magnitude of that current provides the low-frequency 

part of the current waveform, right down to DC.  The coil still picks up high 

frequencies.  
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Comparison Between Analog And Digital Storage Oscilloscopes.  

 The advantage of the analog storage oscilloscope is that it has a higher 

bandwidth and writing speed than a digital oscilloscope, being capable of 

operating speeds of about 15 GHz. The digital oscilloscope is primarily limited in 

speed by the digitizing capability of the analog to digital converter. Aliasing 

effects also limit the useful storage bandwidth A digital oscilloscope digitizes the 

input signal, so that all subsequent signals are digital. A conventional CRT is 

used, and storage occurs in electronic digital memory. Fig. 18 shows a block 

diagram of a basic digital storage oscilloscope. 

  

  

Fig. 18 Block diagram of a basic digital storage oscilloscope 

 

The input signal is digitized and stored in memory in digital form. In this state it is 

capable of being analyzed to produce a variety of different information. To view 

the display on the CRT the data from memory is reconstructed in analog form.  

The analog input voltage is sampled at adjustable rates (up to 100,000 samples per 

second) and data points are read onto the memory. A maximum 4096 points are 

storable in PG214 instrument. Sampling  rate memory size  are  selected  to  suit 

the  duration  and  waveform  of  the  physical event being recorded. Once the 

sampled record of the event is captured in memory, many user manipulations are 

possible since memory can be read out without being erased. 

 If the memory is read out rapidly and repetitively, an input event which is a 

single shot transient becomes a repetitive or continuous waveform that can be 

observed easily on an ordinary scope (not a storage scope). The digital memory 

also  may  be  read  directly (without going  through DAC) to,  say,  a computer 

where a stored program can manipulate the data in almost any way desired. 
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 Pre-triggering recording allows the input signal preceding the trigger point to 

be recorded. In ordinary triggering the recording process is started by the trigger. 

As in a digital recorder, DSO can be set to record continuously (new data coming 

into the memory pushes out old data, once memory is full), until the trigger signal 

is  received; then the  recording  is  stopped, thus  freezing  data  received prior to 

the trigger signal in the memory. An adjustable trigger delay allows operator 

control of the stop point,  so that the trigger may occur near the beginning, middle 

or end of the stored information. 

 Fig. 21 shows the Complete Block Diagram of a Digital Storage 

Oscilloscope.  

The IE-522 Digital Storage Oscilloscopes (DSO) an example of commercial 

DSOs has the following features:  Sampling rate 20 Mega-samples per second per 

channel. Max. (simultaneous) capture of both channels. Pre-trigger: 25%, 50%, 

75%, for Single Shot, Roll normal. 

  

 

 Digitizing occurs by taking a sample of the input waveform at periodic 

intervals. In order to ensure that no information is lost, sampling theory states that 

the sampling rate must be at least twice as fast as the highest frequency in the 

input signal. If this is not done then aliasing will result as illustrated in Fig. 19. 

This requirement for a high sampling rate means that the digitizer, which is an 

analog to digital converter, must have a fast conversion rate. This usually requires 

expensive flash analog to digital converters, whose resolution decreases as the 

sampling rate is increased. It is for this reason that the bandwidth and resolution of 

a digital oscilloscope is usually limited by its analog to digital converter. 
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Fig. 19 

 `One method of overcoming the need for a high performance converter is to use 

an analog store, as in Fig 20 which is a digital oscilloscope using as analogue 

storage to eliminate the need for a very fast analogue to digital converter. The 

input signals are sampled, and these are stored in an analog shift register. They 

can then be read out at a much slower rate to the analogue to digital converter, 

and the results stored in a digital store. This method allows operation at up to 100 

mega samples per second, 
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Fig. 21 Complete Block Diagram of a Digital Storage Oscilloscope 
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UNIT 7: 

Transducers: Classification and selection of transducers. Strain gauges. LVDT. 

Measurement of temperature and pressure. Photo-conductive and photo-voltaic cells. 

 06 Hours 

 

Nearly all engineering applications require some form of measuring, controlling, calculating, 

communicating and recording of data. These operations, grouped or isolated, are inherent in 

measurement instrumentation. If the equipment is to be used for the quantitative analysis of an 

analogue signal, i.e., a naturally occurring signal, the following must be taken into consideration: 

 

 The analogue signal to be measured may be temperature, pressure, humidity, 

velocity, flow rate, linear motion, position, amongst others. This signal must be 

converted into an analogue electrical signal, typically voltage or current, and then 

into a digital form that can be processed by an electronic circuit. The first task (see 

Fig. 1) requires sensors to convert the physical quantities into electrical signals. 

Generally, the broad definition of a sensors/ transducers includes 

devices which convert physical quantities (mechanical force) into 

analogue electrical signal (in the range of millivolts or milliamps). 

 

Fig. 1 Data acquisition block diagram 

 

Classification of Transducers 

The Classification of Transducers is done in many ways. Some of the criteria for the 

classification are based on their area of application, Method of energy conversion, Nature of 
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output signal, According to Electrical principles involved, Electrical parameter used, 

principle of operation, & Typical applications.  

The transducers can be classified broadly  

i. On the basis of transduction form used 

ii. As primary and secondary transducers 

iii. As active and passive transducers 

iv. As transducers and inverse transducers. 

Broadly one such generalization is concerned with energy considerations wherein they are 

classified as active &  Passive transducers. 

 A component whose output energy is supplied entirely by its input signal (physical 

quantity under measurement) is commonly called a ‘passive transducer’. In other words the 

passive transducers derive the power required for transduction from an auxiliary source. 

 Active transducers are those which do not require an auxiliary power source to produce 

their output. They are also known as self generating type since they produce their own 

voltage or current output. 

Some of the passive transducers ( electrical transducers), their electrical parameter 

(resistance, capacitance, etc), principle of operation and applications are listed below.  

The table 1 & 2 list the principle of operation and applications of the resistance transducers 

respectively. 

 The capacitive, inductive, etc transducers are listed next. 
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Table 1. Type & principle of operation of resistance transducers 

 

Table 1. Type & applications of resistance transducers 
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Capacitance Transducers  

1. Variable capacitance pressure gage -           

Principle of operation: Distance between two parallel plates is varied by an externally applied 

force  

Applications: Measurement of  Displacement, pressure 

2. Capacitor microphone                  

Principle of operation: Sound pressure varies the capacitance between a fixed plate and a 

movable diaphragm. Applications: Speech, music, noise  

3. Dielectric gage  

Principle of operation: Variation in capacitance by changes in the dielectric. 

Applications: Liquid level, thickness 

Inductance Transducers 

1. Magnetic circuit transducer        

Principle of operation: Self inductance or mutual inductance of ac-excited coil 

is varied by changes in the magnetic circuit. 

Applications: Pressure, displacement 

2. Reluctance pickup                       

Principle of operation: Reluctance of the magnetic circuit is varied by changing the 

position of the iron core of a coil. 

Applications: Pressure, displacement, vibration, position 

3. Differential transformer               
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Principle of operation: The differential voltage of two secondary windings of a 

transformer is varied by positioning the magnetic core through an externally applied 

force. 

Applications: Pressure, force, displacement, position 

4. Eddy current gage                          

Principle of operation: Inductance of a coil is varied by the proximity of an eddy current 

plate. 

Applications: Displacement, thickness 

5. Magnetostriction gage 

Principle of operation: Magnetic properties are varied by pressure and stress. 

Applications: Force, pressure, sound  

Voltage and current Transducers 

1. Hall effect pickup       

Principle of operation: A potential difference is generated across a semiconductor 

plate (germanium) when magnetic flux interacts with an applied current. 

Applications: Magnetic flux, current 

2. Ionization chamber       

Principle of operation: Electron flow induced by ionization of gas due to radioactive 

radiation. Applications: Particle counting, radiation 

3. Photoemissive cell     

Principle of operation: Electron emission due to incident radiation on photoemissive 

surface. Applications: Light and radiation 

4. Photomultiplier tube                     
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Principle of operation: Secondary electron emission due to incident radiation on 

photosensitive cathode.  

Applications: Light and  radiation, photo-sensitive relays 

Self-Generating Transducers  (No External Power) – Active Transducers 

1. Thermocouple and thermopile        

Principle of operation: An emf is generated across the junction of two dissimilar 

metals or semiconductors when that junction is heated. 

Applications: Temperature, heat flow, radiation 

2. Moving-coil generator       

Principle of operation: Motion of a coil in a magnetic field generates a voltage. 

Applications: Velocity. vibration 

3. Piezoelectric pickup     

An emf is generated when an external force is applied to certain crystalline materials,  

such as quartz  

Sound, vibration. acceleration, pressure changes  

4. Photovoltaic cell    

Principle of operation: A voltage is generated in a semi-conductor junction device when 

radiant energy stimulates the cell  

Applications: Light meter, solar cell 
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SELECTING A TRANSDUCER 

  In a measurement system the transducer is the input element with the critical 

function of transforming some physical quantity to a proportional electrical signal.  Selection 

of the appropriate transducer is therefore the first and perhaps most 

important step in obtaining accurate results. A number of elementary questions 

should be asked before a transducer can be selected, for example, 

What is the physical quantity to be measured? 

Which transducer principle can best be used to measure this quantity? 

What accuracy is required for this measurement? 

 

Transducer selection depending on the physical quantity to be measured is Determined by the 

type and range of the measurand.  

Which transducer principle can best be used? 

An appropriate answer to the question requires that the input and output characteristic of the 

transducer be compatible with the recording or measurement system.  

In most cases, these two questions can be answered readily, implying that the proper 

transducer is selected simply by the addition of an accuracy/ tolerance. In practice this is 

rarely possible due to the complexity of the various transducer parameters that affect the 

accuracy. The accuracy requirements of the total system determine the degree to which 

individual factors contributing to accuracy must be considered. Some of the factors affecting 

accuracy are: 

1. Fundamental transducer parameters.: type and range of measurand, sensitivity, 

excitation 

2. Physical conditions : mechanical and electrical connections, mounting provisions, 

corrosion resistance 
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3. Ambient conditions: nonlinearity effects. hysteresis effects, frequency response, 

resolution 

4. Environmental conditions : temperature effects, acceleration, shock and vibration 

5. Compatibility of the associated equipment :  zero balance provisions, sensitivity 

tolerance, impedance matching, insulation resistance 

The total measurement error in a transducer- activated system may be  reduced to fall within 

the required  accuracy range by the following techniques: 

1. Using in-place  system  calibration  with  corrections  performed  in  data reduction 

2. Simultaneously monitoring the environment and correcting the data accordingly 

3. Artificially controlling the environment to minimize possible errors 

Some individual errors are predictable and can be calibrated out of the system. When the 

entire system is calibrated, these calibration data may then be used to correct the recorded 

data. Environmental errors can be corrected by data reduction if the environmental effects are 

recorded simultaneously with the actual data. Then the data are corrected by using the known 

environmental characteristics of the transducers. These two techniques can provide a 

significant increase in system accuracy. 

Another method to improve overall system accuracy is to control artificially the environment 

of the transducer. If the environment of the transducer can be kept unchanged, these errors 

are reduced to zero. This type of control may require either  physically moving the transducer 

to a more favorable position or providing the required isolation from the environment by a 

heater enclosure.  

 

The following is the summary of the factors influencing the choice of a transducer for 

measurement of a physical quantity: 

1. Operating principle 
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2. Sensitivity 

3. Operating Range 

4. Accuracy 

5. Cross Sensitivity: Situations where the actual quantity is measured in one plane and the 

transducer is subjected lo variations in another plane. More than one promising transducer 

design has had to be abandoned because the sensitivity to variations of the measured quantity 

in a plane perpendicular to the required plane has been such as to give completely erroneous 

results when the transducer has been used in practice. 

6. Errors. The transducer should maintain the expected input-out relationship as 

described by its transfer function so as to avoid errors. 

7. Transient and Frequency Response. The transducer should meet   desired time 

domain specifications like peak overshoot, rise time, settling time and small dynamic 

error. It should ideally have a flat frequency response curve. In practice, however, 

there will be cutoff frequencies and higher cut off frequency should he high in order 

to have a wide bandwidth. 

8. Loading Effects. The transducer should have a high input impedance and a low output 

impedance to avoid loading effects. 

9. Environmental Compatibility. It should be assured that the transducer selected to 

work under specified environmental conditions maintains its input/ output 

relationship and does not break down. For example, the transducer should remain 

operable under its temperature range. It should be able to work in corrosive 

environments, should be able to withstand pressures and shocks 

and other interactions to which it is subjected to. 

10. Insensitivity to Unwanted Signals. Tile transducer should be minimally sensitive to 

unwanted signals and highly sensitive to desired signals. 
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11. Usage and Ruggedness. The ruggedness both of mechanical and electrical intensities 

of transducer versus its size and weight must be considered while selecting a suitable 

transducer. 

12. Electrical aspects. The Electrical aspects that need consideration while selecting a transducer 

include the length and type of cable required. Attention also must be paid to signal to noise 

ratio in case the transducer is to be used in conjunction 

with amplifiers. 

13. Stability and Reliability. The transducers should exhibit a high degree of stability during its 

operation and storage life. Reliability should be assured in case of failure of transducer in 

order that the functioning of the instrumentation system continues unaffected. 

14. Static Characteristics. Apart from low static error, the transducers should have a low 

nonlinearity, low hysteresis, high resolution and a high degree of repeatability. The 

transducer selected should be free from load alignment effects. It should 

not need frequent calibration, should not have any component limitations, and should be 

preferably small in size, 
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Resistive Transducers 

The resistance of a metal conductor is expressed by a simple equation that involves a few 

physical quantities. The relationship is R = ρL/A, where R = resistance Ω, L = length of 

conductor m. A = cross-sectional area of conductor ; m
2
, and ρ = resistivity of conductor 

material ; Ωm. 

Any method of varying one of the quantities involved in the above relationship can be the 

design basis of an electrical resistive transducer.  

Strain gauges  

Strain gauges work on the principle that the resistance of a conductor or a semiconductor 

changes when strained. This property can be used for measurement of displacement, force 

and pressure. The resistivity of materials also changes with change of temperature thus 

causing a change of resistance. If a metal conductor is stretched or compressed, its resistance 

changes on account of the fact that both length and diameter of conductor change. Also there 

is a change in the value of resistivity of the conductor when it is strained and this property is 

piezoresistive effect. Therefore, resistance strain gauges are also known as piezoresistive 

gauges.  

 The strain gauges are used for measurement of strain and associated stress in 

experimental stress analysis. Secondly, many other detectors and transducers, notably the 

load cells, torque meters, diaphragm type pressure gauges, temperature sensors, 

accelerometers and flow meters, employ strain gauges as secondary transducers. 

Theory of Strain Gauges 

The change in the value of resistance by straining the gauge may be partly explained by the 

normal dimensional behaviour of elastic material.  

If a strip of elastic material is subjected to tension, as shown in Fig.1 or in other words 

positively strained, its longitudinal dimension will increase while there will be a reduction 

in the lateral dimension  
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Fig. 1 

In order to find  how  ∆R  depends  upon  the  material  physical  quantities,  the  expression 

for R = ρL/A is differentiated with respect to stress s  
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Observe that per unit change in resistance is due to per unit change in length ∆L/L, per unit 

change in area ∆A/A, per unit change in resistivity ∆ρ/ρ  
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Using Poisson’s ratio 

 

For small variations, the above relationship can be rewritten as 

  

Gauge factor 

Gauge factor is defined as the ratio of per unit change in resistance to per unit change 

in length 

  

  

  

Hence the Gauge factor Gf = 1 + 2ν + (∆ρ/ρ)/ε 
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Where the term 1 => Resistance change due to change of length, 2ν => Resistance 

change due to change in area , (∆ρ/ρ)/ε => Resistance change due to  piezoresistive 

effect  

The strain is usually expressed in terms of microstrain. 1 microstrain = 1 µm/m. 

If the change in the value of resistivity of a material when strained is neglected, the 

gauge factor is :  

Gf = 1 + 2v 

The common value for Poisson's ratio for wires is 0.3.This gives a gauge factor of 1.6 

for wire wound strain gauges. Poisson's ratio for all metals is between 0 & 0.5.This 

gives a value of 2 

Example 1: A resistance wire strain gauge uses a soft iron wire of small diameter. The gauge 

factor is + 4.2. Neglecting the piezoresistive effects, calculate the Poisson's ratio. 

Solution.  The gauge factor is given  by Eqn., Gf = 1 + 2v  = 4.2 

Poisson's ratio = v = (4.2 -1)/2 = 1.6 

Example 2: A compressive force is applied to a structural member.  The strain is 5 micro-

strain. Two separate strain gauges are attached to the structural member, one is a nickel wire 

strain gauge having a gauge factor of -12.1 and the other is nichrome wire strain gauge 

having a gauge factor of 2.  Calculate the value of resistance of the gauges after they are 

strained. The resistance of strain gauges before being strained is  120 Ω. 

Solution: compressive  strain is taken a negative ε = -5x10
-6

 

We have ∆R/R = Gf ε.  

Hence, Change in value of resistance of  nickel wire strain gauge =  

 ∆R =RxGfxε = 120x(-12.1)x(-5x10
-6

) = 7.26m Ω (increase in resistance) 

Similarly for nichrome it is 120x(2)x(-5x10
-6

) = -1.2m Ω (decrease)  
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Strain gauges are broadly used for two major types of applications and they are : 

(i) experimental stress analysis of machines and structures, and (ii) construction  of  force, 

torque,  pressure, flow and acceleration transducers. 

 

Types of Strain Gauges  

1. Unbonded metal  strain  gauges 

2. Bonded metal  wire strain gauges 

3. Bonded metal  foil  strain gauges 

4. Vacuum deposited thin metal film  strain gauges 

5. Sputter deposited thin metal strain gauges 

6. Bonded semiconductor  strain  gauges 

7. Diffused metal  strain gauges. 

 

Unbonded Metal Strain Gauge 

An unbonded metal strain gauge is shown in Fig.2. This gauge consists of a wire stretched 

between two points in an insulating medium such as air. The wires are of copper nickel, 

chrome nickel or nickel iron alloys. The flexture element is connected via a rod to a 

diaphragm which is used for sensing of pressure. The wires are tensioned to avoid buckling 

when they experience a compressive force  
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Fig. 2 

The unbonded metal wire gauges, used almost exclusively in transducer applications, 

employ preloaded resistance wires connected in a Wheatstone bridge as shown in 

Fig.3.  

 Fig.3. 
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At initial preload, the strains and resistances of the four arms are nominally equal, 

with the result the output voltage of the bridge, eo = 0. Application of pressure 

produces a small displacement which is about 0.004 mm (full scale), the displacement 

increases tension in two wires and decreases it in the other two thereby increasing the 

resistance of two wires which are in tension and decreasing the resistance of the 

remaining two wires. This causes an unbalance of the bridge producing an output 

voltage which is proportional to the input displacement and hence to the applied 

pressure. Electric resistance of each arm is 120 Ω to 1000Ω, the input voltage to the 

bridge is 5 to 10 V, and the full scale output of the bridge is typically about 20 mV to 

50 mV. 

Some of the unbonded metal wire gauges are shown in Fig. 4 

 

 Linear strain gauge 

 Rosette  
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 Torque gauge 

 Helical  gauge 

Fig. 4 

Bonded Metal Foil Strain Gauges 

This class of strain gauges is only an extension of the bonded metal wire strain gauges. The 

bonded metal wire strain gauges (Fig. 5) have been completely superseded by bonded metal 

foil strain gauges  

Advantages 

The spreading of wire permits a uniform distribution of stress over the grid.  The carrier is 

bonded with an adhesive material to file specimen under study. This permits a good transfer 

of strain from carrier to grid of wires. The wires cannot buckle as they are embedded in a 

matrix of cement and hence faithfully follow both the tensile and compressive strains of the 

specimen.  
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 Fig. 5 

Foil type gauges have a much greater heat dissipation capacity as compared with wire 

wound strain gauges on account of their greater surface area for the same volume. For this 

reason, they can be used for higher operating temperature range.  Also the large surface area 

leads to better bonding. The sensing elements of foil gauges are formed from sheets less 

than 0.005 mm thick by photocopying process, which allow greater flexibility with regard to 

shape.  

Evaporation Deposited Thin  Metal Strain Gauges 

Evaporation deposited thin film metal strain gauges are mostly used for the fabrication of 

transducers. They are of sputter deposited variety. Both processes begin with a suitable 

elastic metal element. The elastic metal element converts the physical quantity into a 

strain. To cite an example of a pressure transducer, a thin, circular metal diaphragm is 

formed. Both the evaporation and sputtering processes form all the strain gauge elements 

directly on the strain surface, they are not separately attached as in the case of bonded strain 

gauges. 

Semiconductor Strain Gauges 
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For a high sensitivity, a high value of gauge factor is desirable. A high gauge factor means a 

relatively higher change in resistance which can be easily measured with a good degree of 

accuracy. Semiconductor strain gauges are used where a very high gauge factor and a small 

envelope are required. They depend for their action upon piezo-resistive effect i.e. the 

change in the value of the resistance due to change in resistivity.  Semi-conducting materials 

such as silicon and germanium are used as resistive materials  

 

Fig. 6 

A typical strain gauge consists of a strain sensitive crystal material and leads that are 

sandwiched in a protective matrix as shown in Fig.6. The production of these gauges 

employs conventional semi-conductor technology using semi-conducting wafers or filaments 

which have a thickness of 0.05 mm and bonding them on a suitable insulating substrates, 

such as teflon. Gold leads are generally employed for making the contacts.  

Advantages: high gauge factor of about  130. This allows measurement of very small strains 

of the order of 0.01 microstrain. Hysteresis characteristics of semi-conductor strain gauges 

are excellent. Some units maintain it to less than 0.05%. Fatigue life is in excess of 10 x 10
6
 

operations and the frequency response is upto 10
12

 Hz. Semi-conductor strain gauges can be 

very small ranging in length from 0.7 to 7 mm. They are very useful for measurement of 

local strains.  

Disadvantages : The major and serious disadvantage of semiconductor strain gauges is that 

they are very sensitive to changes in temperature, Linearity of the semi-conductor strain 

gauge is poor , semi-conductor strain gauges are more expensive and difficult to attach to the 

object under study  
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Diffused Strain Gauges 

are primarily used in transducers. The diffusion process used in IC manufacture is employed. 

In pressure transducers, for example,  the diaphragm would be of silicon rather than metal 

and the strain gauge effect would be realized by depositing impurities in the diaphragm to 

form an intrinsic strain gauge. This type of construction may allow lower manufacturing 

costs in some designs, as a large number of diaphragms can be made on a single silicon 

wafer.  

Rosettes 

In addition to single element strain gauges, a combination of strain gauges called "Rosettes" 

are available in many combinations for specific stress analysis or transducer applications. In 

practical problems, an element may be subjected to stresses in any direction and hence it 

is not possible to locate the direction of principle stress. Therefore, it is not possible to 

orient the strain gauges along the direction of principle stress. Hence there is a necessity 

to evolve a strain gauge measurement system which measures the values of principle 

strains and stresses without actually knowing their directions. The solution to the 

problem lies in using three strain gauges to form a unit called a Rosette as shown in Fig. 

7 

 

3-Element Rosette60º Planer (foil) 
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3-Element Rosette 60º Planer (wire) 

 

 

3-Element Rosette 90º Planer (foil) 
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 2-Element Rosette 90º Planer (foil) 

  

2-Element Rosette 45º Planer (foil) 

Fig. 7 
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LVDT  

DISPLACEMENT TRANSDUCERS 

The concept of converting an applied force into a displacement is basic to many types of 

transducers. The mechanical elements that are used to convert the applied force into a 

displacement are called force-summing devices.  

Some of the Force-summing Devices Used by Pressure transducers are   

  1) Diaphragm, flat or corrugated 

2) Bellows 

3) Bourdon tube, circular or twisted 

4) Straight tube 

Some of the Force-summing Devices Used in accelerometer and vibration pickups are  

1)Mass cantilever, single or double suspension 

2)Pivot torque 

 The above Force-summing Devices are shown in Fig. 8 

The displacement created by the action of the force-summing device is converted into a 

change of some electrical parameter.  

The electrical principles commonly used in the measurement of displacement are Capacitive, 

Inductive , Differential transformer, Ionization, Oscillation, Photoelectric, Piezoelectric, 

Potentiometric  
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 Diaphragm 

 Bellows 

 Bourdon tube  
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 Mass cantilever(single or double suspension ) 

Fig. 8 

Vtusolution.in

Vtusolution.in



vtu
so

lut
ion

.in

Linear Variable Differential Transformer – LVDT Transducer 

The differential transformer transducer measures force in terms of the displacement of the  

ferromagnetic core of a transformer.  The basic construction of the LVDT is given in Fig, 9. 

The transformer consists of a single primary winding and two secondary windings which are 

placed on either side of the primary.  The secondaries have an equal number of turns but they 

are connected in series opposition so that the emfs induced in the coils OPPOSE each other. 

The position of the movable core determines the flux linkage between the ac-excited primary 

winding and each of the two secondary winding.  

 Fig. 9 Construction of the LVDT 
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Fig. 10  

Relative positions of the core generate the indicated output voltages as shown in Fig. 10. The 

linear characteristics impose limited core movements, which are typically up to 5 mm from 

the null position. 

With the core in the center, (or reference position or Fig. 11,), the induced emfs in the 

secondaries are equal, and since they oppose each other, the output voltage will be 0 V. 

When an externally applied force moves the core to the left-hand position, more magnetic 

flux links the left-hand coil than the right-hand coil and the Differential Output E0 = ES1 – 

ES2 Is in-phase with Ei as ES1 > ES2 . The induced emf of the left hand coil is therefore larger 

than the induced emf of the right-hand coil. The magnitude of the output voltage is then 

equal to the difference between the two secondary voltages, and  it is in phase with the 

voltage of the left-hand coil.  

 Similarly, when the core is forced to move to the right,  more flux links the right-hand 

coil than the left-hand coil and the resultant output voltage is now in phase with the emf of 

Vtusolution.in

Vtusolution.in



vtu
so

lut
ion

.in

the right-hand coil, while its magnitude again equals the difference between the two induced 

emfs. 

 

Fig. 11 
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Fig. 12  

Ideally the output voltage at the null position should be equal to zero.  In actual practice there 

exists a small voltage at the null position. (refer Fig. 12). This may be on account of 

presence of harmonics in the input supply voltage and  also due to harmonics produced 

in the output voltage due to use of iron Displacement core. There may be either an 

incomplete magnetic or electrical unbalance or both which result in a finite output voltage 

at the null position.  This finite residual voltage is generally less than 1% of the maximum 

output voltage in the linear range.  Other causes of residual voltage are stray magnetic fields 

and temperature effects. 
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Example 1: 

The output of an LVDT is connected to a 5 V voltmeter through an amplifier whose 

amplification factor is 250. An output of 2 mV appears across the terminals of LVDT when 

the core moves through a distance of 0.5 mm. Calculate the sensitivity of the LVDT and that 

of the whole set up. The milli-voltmeter scale has 100 divisions. The scale can be read to I/5 

of a division. Calculate the resolution of the instrument in mm. 

Solution: 

sensitivity of the LVDT = output voltage / displacement = 2 x 10
-3

 /0.5 

     = 4 x 10
-3

 V/mm = 4mV / mm 

sensitivity of the Instrument   = amplification factor x sensitivity of LVDT 

   = 4 X 10
-3

 X 250 = 1V/mm = 1000 mV/mm 

1 scale division = 5/100 V = 50mV 

Minimum voltage that can be read on the voltmeter = (1/5) x 50 = 1mV  

Resolution of instrument = 1 x 10
-3

 mm 

Applications of LVDT 

Acting as a secondary transducer it can be used as a device to measure force, weight and 

pressure etc. The force measurement can be done by using a load cell as the primary 

transducer while fluid pressure can be measured by using Bourdon tube which acts as 

primary transducer. The force or the pressure is converted into a voltage.  

In these applications the high sensitivity of LVDTs is a major attraction. 
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Resistive Transducers for Pressure Measurement 

The electrical strain gauges attached to a diaphragm as shown in Fig.13  may be used for 

measurement of pressure. 

 

Fig. 13 

The output of these strain gauges is a function of the local strain, which in turn is a function 

of the diaphragm deflection and the differential pressure.  

The deflection generally follows a linear variation with differential pressure    

P = P2 – P1  (when the deflection is less than one third of the diaphragm thickness.) 

One of the disadvantages of the method is the small physical area is required for mounting 

the strain gauges.  Change in resistance of strain gauges on account of application of pressure 

is calibrated in terms of the differential pressure. Gauges of this type are made in sizes 

having a lower range of : 100 kN/m
2 

to 3 MN/m
2
 to an upper range of 100 kN/m

2
 to 100 

MN/m
2
. 
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Inductive Transducers for Pressure Measurement 

Inductive transducers have been used as secondary transducers along with a diaphragm for 

measurement of pressure. Fig.14 shows an arrangement which uses two coils; 

an upper and a lower coil which form the two arms of an a c. bridge.  

The coils have equal number of turns. The other two arms of the bridge are formed by two 

equal resistances each of value R. The diaphragm is symmetrically placed with respect to the 

coils  when Pl = P2, the reluctances of the paths of magnetic flux for both the coils are equal 

and hence the inductances of the coils are equal. Under this condition the bridge is balanced 

and the output eo, of the bridge is zero. Suppose P2 is greater than Pl and  the differential 

pressure P = P2 - Pl deflects the diaphragm upwards through a distance d the reluctance of 

the flux path of the upper and lower coils vary. The bridge becomes unbalanced and the 

output voltage is directly proportional to displacement d. 
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Measurement of Temperature 

The principles used in the measurement  of pressure are also applied in the measurement of 

temperature, flow and liquid levels. Hence some of the working principles of the instruments 

are repeated 

Resistance Thermometers  

Resistance-temperature detectors, or resistance thermometers, employ a sensitive element of 

extremely pure platinum, copper, or nickel that provides definite resistance value at each 

temperature within its range.  

Principle of working: The resistance of a conductor changes when its temperature is changed. 

This property is utilized for measurement of temperature. The variation of resistance R with 

temperature T (ºK) can be represented by the following relationship for most of the metals as: 

R = Ro (1 + α1T + α2T
2
 +......+αnT

n
 + ..) 

where Ro = resistance at temperature T= 0 and α1,α2,α3,αn are constants. 

The resistance thermometer uses the change in electrical resistance of conductor to determine 

the temperature. The resistivity of metals showing a marked dependence on temperature was 

discovered by Sir Humphry Davy. 

RTD - resistance temperature detector   

All metals produce a positive change in resistance with temperature. The requirements of 

a conductor material to be used in RTDs are : 

(i) The change in resistance of material per unit change in temperature should be as large as 

possible. This implies a metal with a high value of resistivity should be used for RTDs. 

ii) The material should have a high value of α so that minimum volume of material is used 

Rt = Rref ( 1 + α ∆T)  

A high value of α is desirable in a temperature-sensing element so that a substantial change 

in resistance occurs for a relatively small change in temperature.  
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This change in resistance (∆R) can be measured with a Wheatstone bridge which may be 

calibrated to indicate the temperature that caused the resistance change rather than the 

resistance itself. 

Fig. 15 shows the variation of resistance with temperature for several commonly used 

materials. The graph indicates that the resistance of platinum and copper increases almost 

linearly with increasing temperature, while the characteristic for nickel is decidedly 

nonlinear. 

 

Fig. 15  
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The sensing element of a resistance thermometer is selected according to the intended 

application. The Table below summarizes the characteristics of the three most commonly 

used resistance materials. Platinum wire is used for most laboratory work and for industrial 

measurements of high accuracy. Nickel wire and copper wire are less expensive and easier 

to manufacture than platinum wire elements, and they are often used in low-range industrial 

applications. 

  

Resistance thermometers are generally of the probe type (see Fig.16) for immersion in the 

medium whose temperature is to be measured or controlled. A typical sensing element for a 

probe-type thermometer is constructed by coating a small platinum, or silver tube with 

ceramic material, winding the resistance wire over the coated tube, and coating the finished 

winding again with ceramic. This small assembly is then fired at high temperature to assure 

annealing of the winding and then it is placed at the tip of the probe, The probe is protected 

by a sheath to produce the complete sensing element. Practically all resistance thermometers 

for industrial applications are mounted in a tube or well to provide protection against 

mechanical damage and to guard against contamination and eventual failure. Protecting 

tubes are used at atmospheric pressure; when they are equipped with a pipe thread bushing, 

they may be exposed to low or medium pressures. Metal tubes offer adequate protection to 
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the sensing element at temperatures to 2100 
o
F, although they may become slightly porous at 

temperatures above 1,500
o
F and then fail to protect against contamination. 

  

Fig. 16 

A typical bridge circuit with resistance thermometer Rt in the unknown 

position is shown in Fig. 17. The function switch connects three different resistors in the 

circuit  
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Fig. 17 

 The Wheatstone bridge has certain disadvantages when it is used to measure the resistance 

variations of the resistance thermometer. These are the effect of contact resistances of 

connections to the bridge terminals, heating of the elements by the unbalance current, and  

heating of the wires connecting the thermometer to the bridge. Slight modifications of the 

Wheatstone bridge, such as the double slide-wire bridge, eliminate most of these problems. 

 Despite these measurement difficulties, the resistance thermometer method is so accurate 

that it is one of the standard methods of temperature measurement within the range -183 to 

630
o
C. 

To this day platinum is used as the primary element in all high accuracy resistance 

thermometers. In fact, the platinum resistance temperature detector (PRTD) (see Fig. 17) is 

used as an interpolation standard from oxygen point (-182.96) to antimony point (630.74 
o
C). 

Platinum is especially suited for this purpose, as it can withstand high temperatures while 

maintaining excellent stability.  As a nobel metal, it shows limited susceptibility to 

contamination.  
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Fig. 17 Industrial Platinum Resistance Thermometer 
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Thermistors 

Some materials, such as carbon and germanium, have a negative temperature coefficient of 

resistance that implies that the resistance decreases with an increase in temperature. 

Thermistors or thermal resistors, are semiconductor devices that behave as resistors with a 

high, usually negative temperature coefficient of resistance.  

In some cases, the resistance of a thermistor at room temperature may decrease as much as 6 

per cent for each 1
o
C rise in temperature. This high sensitivity to temperature change makes 

the thermistor extremely well suited to precision temperature measurement, control. and 

compensation. Thermistors are widely used in applications, especially in the lower 

temperature range of -100'C to 300 
o
C. Thermistors are composed of a sintered mixture of 

metallic oxides, such as manganese, nickel, cobalt, copper, iron, and uranium. Their 

resistances range from 0.5 Ω to 75 MΩ and they are available in a wide variety of shapes and 

sizes. Smallest in size are the beads with a diameter of 0.15 mm to 1.25 mm. 

   

 Beads may be sealed in the tips of solid glass rods to form probes that are somewhat easier 

to mount than beads. Disks and washers are made by pressing thermistor material under high 

pressure into flat cylindrical shapes with diameters from 2.5 mm to 25 mm. Washers can be 

stacked and placed in series or in parallel for increased power dissipation. 
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Thermistors for Measurement of Temperature :   

A thermistor produces a large change of resistance with a small change in the temperature 

being measured. This large sensitivity of thermistor provides good accuracy and resolution. 

A typical industrial-type thermistor with a 2000 Ω resistance at 25
o
C and  a resistance 

temperature co-efficient of  3.9% per 
o
C  exhibits a change of 78 Ω per degree  

o
C change in 

temperature.  

 

Fig. 18 Simple series circuit for measurement of temperature using a thermistor  

  

Fig. 19 Measurement of temperature using a thermistor & a bridge circuit for getting higher 

sensitivities 

Three important characteristics of thermistors make them extremely useful 

in measurement and control applications: the resistance-temperature characteristic, the 

voltage-current characteristic, and the current-time characteristic.  
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Thermocouples 

In 1821 Thomas Seebeck' discovered that when two dissimilar metals were in 

contact, a voltage was generated where the voltage was a function of temperature. The 

device, consisting of two dissimilar metals joined together, is called a Thermocouple and the 

voltage is called the Seebeck voltage. As an example, joining copper and Constantan 

produces a voltage on the order of a few tens of milli-volts (see Fig. 20) with the positive 

potential at the copper side. An increase in temperature causes an increase in voltage. 

 

Fig. 20 

 There are several methods of joining the two dissimilar metals. One is to weld the wires 

together. This produces a brittle joint, and if not protected from stresses, this type of 

thermocouple can fracture and break apart. During the welding process gases from the 

welding can diffuse into the metal and cause a change in the characteristic of the 

thermocouple.  
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Another method of joining the two dissimilar metals is to solder the wires together.  This 

has the disadvantage of introducing a third dissimilar metal. But if both sides of the 

thermocouple are at the same temperature, the Seebeck voltage due to thermocouple action 

between the two metals of the thermocouple and the solder will have equal and opposite 

voltages and the effect will cancel.  

A more significant disadvantage is that the thermocouple is a desirable transducer for 

measuring high temperatures. In many cases the temperatures to be measured are higher 

than the melting point of the solder and the thermocouple will come apart. There will be at 

least two thermocouple junctions in the system. To contend with this, it is necessary that the 

temperature of one of the junctions be known and constant.  Therefore, there is a fixed offset 

voltage in the measuring system. It was customary a long time ago to place this junction in a 

mixture of ice and water, thus stabilizing the temperature to O
o
C as shown in Fig.21 

More modern techniques use electronic reference junctions that are not necessarily at 0
o
C. 

This junction is called the reference or cold junction due to the fact that this junction was in 

the ice bath.  

  

Fig. 21 
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Thermocouple Error Sources 

Open junction. There are many sources of an open junction, some of 

which were outlined earlier. Usually, the error introduced by an open junction is of such an 

extreme magnitude that an open junction is easily spotted. By simply measuring the 

resistance of the thermocouple, the open junction can be identified. 

Decalibration. This error is a potentially serious fault, as it can cause more subtle errors that 

may escape detection. Decalibration is due to altering the characteristics of the thermocouple 

wire, thus changing the Seebeck Voltage. This can be caused by subjecting the wire to high 

temperatures,diffusion of particles from the atmosphere into the wire, or by cold working the 

wire. The last effect may be caused by straining the wire by drawing it through a long 

conduit. 

Insulation degradation.  The thermocouple is often used at very high temperatures.  In some 

cases the insulation can break down and cause a significant leakage resistance which will 

cause an error in the measurement of the Seebeck voltage. In addition, chemicals in the 

insulation can diffuse into the thermocoupe wire and cause decalibration  

Galvanic action  

Chemicals coming in contact with the thermocouple wire can cause a galvanic action. This 

resultant voltage can be as much as 100 times the Seebeck effect, causing extreme errors. 

Thermal conduction.  

The thermocouple wire will shunt heat energy away from the source to be measured.  For 

small masses to be measured, small-diameter thermocouple wire could be used. However, the 

smaller-diameter wire is more susceptible to the effects described previously . if a reasonable 

compromise between the degrading effects of small thermocouple wire and the loss of 

thermal energy and the resultant temperature error cannot be found, thermocouple extension 

wire can be used. This allows the thermocouple to be made of small-diameter wire, while the 

extension wire that covers the majority of the connecting distance is of a much larger 

diameter and not as susceptible to the degrading effects. 
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Photo-conductive and  photo-voltaic cells  

Photosensitive elements are versatile tools for detecting radiant energy or light. They 

exceed the sensitivity of the human eye to all the colors of the spectrum and 

operate even into the ultraviolet and infrared regions. 

The photosensitive device has found practical use in many engineering applications.  

Vacuum-type phototubes  

observation of light pulses of short duration, or light modulated at relatively high 

frequencies. 

Gas-type phototubes  

used in the motion picture industry as sound-on-film sensors. 

Multiplier phototubes 

tremendous amplifying capability  

Photoconductive cells (LDR) 

known as photoresistors or light-dependent resistors, find wide use in industrial and 

laboratory control applications  

Photovoltaic cells  

semiconductor junction devices used to convert radiation energy into electrical power  

example is the solar cell used in space engineering applications. 
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Photoconductive Cells 

Photoconductive cells are elements whose conductivity is a function of the incident 

electromagnetic radiation. Many materials are photoconductive to some degree, but the 

commercially important ones are cadmium sulfide, germanium, and silicon. The spectral 

response of the cadmium sulfide cell closely matches that of the human eye, and the cell is 

therefore often used in applications where human vision is a factor, such as street light 

control or automatic iris control for cameras. 

  

The essential elements of a photoconductive cell are the ceramic substrate, a layer of 

photoconductive material, metallic electrodes to connect the device into a circuit, and a 

moisture-resistant enclosure.(refer Fig. 22) 
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Fig. 22 

 Semiconductor junction photocells are used in some applications. The volt-ampere 

characteristics of a p-n junction may appear as the solid line in Fig,23  

but when light is applied to the cell, the curve shifts downward, as shown by the 

broken line. 
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Fig. 23 

 

Fig. 24 
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Fig. 24 uses the electrical resistance of the material varies with the amount of light energy 

striking it. When the photo-cell has the appropriate light incident upon it,  its resistance is 

low and the current through the relay is consequently high to operate the relay.  When the 

light is interrupted or shut off partially or completely, the resistance of the photocell 

increases thereby reducing the current and switching off the relay The low resistance of 

photo-conductive cells when they are exposed lo light means that they can and are designed 

to carry moderate currents, such as are capable of operating a relay coil directly without any 

amplification. They can be designed to operate upon low voltages and are thus used in 

industrial control equipments. For example they can be used for counting packages moving 

on a conveyor belt, in burglar alarm circuits, wherein the interception of light actuates an 

alarm circuit. The devices used would be  sensitive in the infra-red region, so that the burglar 

cannot see the beam of light . 

When the cell is kept in darkness, its resistance is called dark resistance.  The dark 

resistance may be as high as 10 x 10
12

 Ω.  If the cell is illuminated its resistance decreases.  

 

 

Vtusolution.in

Vtusolution.in



vtu
so

lut
ion

.in

Photovoltaic Cells 

They generate a voltage which is proportional to EM radiation’s Intensity.  They are called 

photovoltaic cells because of their voltage generating characteristics. They, in fact, convert 

the EM energy into electrical energy. They are active transducers i.e  they do not need an 

external source to power them. 

Photovoltaic cells may be used in a number of applications. The silicon solar cell converts 

the radiant energy of the sun into electrical power. The solar cell consists of a thin slice of 

single crystal p-type silicon, up to 2 cm square  into which a very thin (0.5 micron) layer of 

n-type material is diffused. The conversion efficiency depends on the spectral content and 

the intensity of the illumination. 

A photovoltaic cell is a giant diode, constructing a PN junction between appropriately doped 

semiconductors. Photons striking the cell pass through the thin P-doped upper layer 

and are absorbed by electrons in the lower N layer, causing formation of conduction 

electrons and holes. The depletion zone potential of the N junction then separates these 

conduction holes and electrons causing a difference of potential to develop across the 

junction. 

Advantages of the photovoltaic cell,  is its ability to generate a voltage without any form of 

bias and its extremely fast response..This means that it can be used as an energy converter 

directly. One use of this is in photographic exposure meters which require no battery. The 

cell voltage operates the meter directly, or may be directly linked to the iris to control the 

aperture . 

Multiple-unit silicon photovoltaic devices may be used for sensing light in applications such 

as reading punched cards in the data-processing industry. Used to sense the pattern of holes 

in  the card tapes. The size of the transducer may be an advantage if the holes are closely 

spaced .Gold-doped germanium cells with controlled spectral response characteristics act 

as photovoltaic devices in the infrared region of the spectrum and may be used as infrared 

detectors. 
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UNIT 8 

(a) Interfacing resistive transducers to electronic circuits. Introduction to data 

acquisition systems.  2 Hours 

 

(b) Display Devices and Signal Generators: X-Y recorders. Nixie tubes. LCD 

and LED display. Signal generators and function generators.  4 Hours 

 

UNIT 8a: 

Interfacing resistive transducers to electronic circuits.  

Introduction to data acquisition systems. 

 

 

 

Interfacing resistive transducers to electronic circuits 

 

The major problem with resistive transducers, which includes strain gages, 

temperature transducers is that the resistance change  is  very  small.   As  an  

example,  consider  measuring  the  current through a resistance transducer such as 

an RTD.  A simple panel meter is used as an Indicator to provide a remote reading 

of temperature.  The change in the meter Indication  is  very  small  for  small  

temperature  changes.  As  an  example,  the change in resistance of a platinum 

resistance  thermometer is 0.385 per cent per degree  Celsius. In  this  case,  a  1-

degree  change in  temperature  will  produce  a 0.385 Per  cent change  in the  

indicating  meter,  which  will  be  hardly  visible.  

 A solution to this Problem is to connect the resistance transducer in a bridge 

circuit as shown in Fig.1 
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Fig. 1 Resistance Transducer in a Bridge Circuit 

 

First, the zero output voltage Point can be set for a convenient point such as 0 

degrees Celsius or 0 degrees Fahrenheit instead of an absolute zero, which   would  

be the situation if only the transducer current were measured. The setting of the 

zero output point can  be achieved  by  adjusting  the  values of  R1,  R2 ,  and  R3  

to  provide  bridge balance at the desired temperature. The change of output  

voltage in Fig 1. is 

                                         Eqn.1 

The output voltage is not a linear function of the change in resistance because 

of the ∆R term in the denominator of Eqn. 1. 

 

An improvement may be made by providing a constant current source for the 

bridge as shown in Fig.2.  
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Fig. 2 Wheatstone bridge powered from a constant current source 

 

The equation for the output voltage as a function of resistance is 

 

There is an improvement in the linearity of the output voltage as a function of the 

change in resistance, as the ∆R term in the denominator is divided by a factor of 

4R rather than 2R and thus the effects of the ∆R term in the denominator are 

reduced (as compared to Eqn. 1) 

If the change in resistance is small, which is often the case with a resistance 

thermal device, the error due to the lack of linearity is small. Absolute linearity 

can be achieved by using two transducers as shown in Fig. 3 
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Fig. 3 Wheatstone bridge employing two RTDs  

 

The output voltage as a function of R is       

       

This technique requires the use of two matched transducers in the environment to 

be measured. Most resistive transducers are not expensive items, and providing 

two matched transducers on a common header is not a difficult task. 

 

Often when a transducer is eventually connected to a digital system, a 

microprocessor can be employed to "linearize" the bridge output voltage. 

 

INTERFACING TRANSDUCERS TO ELECTRONIC CONTROL AND 

MEASURING SYSTEMS 

The output voltages and currents from many transducers are very small signals. 

In addition to the low levels, it is often necessary to transmit the transducer output 

some distance to the data collection or control equipment.  

Also in an industrial environment, where there is large electrical machinery, the 

electrical noise present can cause serious difficulties in low-level circuits. These 
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noises can be either radiated as an electromagnetic field or induce in the wiring of 

the plant as ground loops, and induced spikes on the ac power supply.  

Regardless of the source of noise, low-level signals must be transmitted from place to 

place with care. One effective method of combating noise is to increase the strength of 

low level signals before transmission through wires. This is often done with an 

amplifier called an instrumentation amplifier. There are several characteristics of an 

instrumentation amplifier that set them apart from operational amplifiers. The features 

of a Three Op-Amp Differential topology of an instrumentation amplifier are:  

 Combination of inverting and non-inverting topologies; 

 The output signal is an amplified version of the difference between the two input 

signals; 

 AVD = R2/R1; 

 V0 = AVD(V2 – V1); 

 

 

Fig. Instrumentation Amplifier 

Vtusolution.in

Vtusolution.in



vtu
so

lut
ion

.in

Data acquisition systems  

Data acquisition systems are used to measure and record signals obtained in 

basically two ways: 

1. Signals originating from direct measurement of electrical quantities; these 

may include dc and ac voltages, frequency , or resistance, and are typically 

found in such areas as electronic component testing, environmental 

studies, and quality analysis work. 

2. Signals originating from transducers, such as strain gages and 

thermocouples  

Instrumentation systems can be categorized into two major classes: analog 

systems and digital systems.  

Analog systems deal with measurement information in analog form.  

An analog signal may be defined as a continuous function, such as a plot of 

voltage versus time, or displacement versus pressure.  

Digital systems handle information in digital form. 

 A digital quantity may consist of a number of discrete and discontinuous pulses 

whose time relationship contains information about the magnitude or the nature of 

the quantity. 

Data acquisition systems are used in a large and ever-increasing number of 

applications in a variety of industrial and scientific areas, such as the biomedical, 

aerospace, and telemetry industries. The type of data acquisition system, whether 

analog or digital, depends largely on the intended use of the recorded input data.  

In general, analog data systems are used when wide bandwidth is required or 

when lower accuracy can be tolerated.  

Digital systems are used when the physical process being monitored is slowly 

varying (narrow bandwidth) and when high accuracy and low per-channel cost is 

required.  
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Digital systems range in complexity from single-channel dc voltage measuring 

and recording systems to sophisticated automatic multichannel systems that 

measure a large number of input parameters, compare against preset limits or 

conditions, and perform computations and decisions on the input signal.  

Digital data acquisition systems are in general more complex than analog systems,  

both in terms of the instrumentation involved and the volume and complexity of 

input data they can handle. Digital systems require converters to change analog 

voltages into discrete digital quantities or numbers. Conversely, digital 

information may have to be converted back into analog form, such as a voltage or 

a current, which can then be used as a feedback quantity controlling an industrial 

process.  

 

Analog Data Acquisition System 

An analog data acquisition system typically consists of some or all of the 

following elements: 

1. Transducers for translating physical parameters into electrical signals. 

2. Signal conditioners for amplifying, modifying, or selecting certain 

portions of these signals. 

3. Visual display devices for continuous monitoring of the input signals. 

These devices may include single- or multichannel oscilloscopes, storage 

oscilloscopes, panel meters, numerical displays, and so on. 

4. Graphic recording instruments for obtaining permanent records of the 

input data. These instruments include stylus-and-ink recorders to provide 

continuous records on paper charts, optical recording systems such as 

mirror galvanometer recorders, and ultraviolet recorders. 

5. Magnetic tape instrumentation for acquiring input data, preserving their 

original electrical form, and reproducing them at a later date for more 

detailed analysis. 
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Digital Data Acquisition System 

A digital data acquisition system may include some or all of the elements 

shown in Fig. 4 

The essential functional operations within a digital system include handling 

analog signals, making the measurement, converting and handling digital data, and 

internal programming and control.  

 

Fig. 4 Elements of a digital data-acquisition system 

1. Transducer  

Translates physical parameters to electrical signals acceptable by the acquisition 

system. Some typical parameters include temperature, pressure,  acceleration, 

weight displacement, and velocity. Electrical quantities, such as voltage, 

resistance, or frequency, also may be measured directly. 

2. Signal conditioner  

Generally includes the supporting circuitry for the transducer. This circuitry may 

provide excitation power, balancing circuits and calibration elements. An example 

of a signal conditioner is a strain-gage bridge balance and power supply unit. 

3. Scanner, or multiplexer.  

Accepts multiple analog inputs and sequentially connects them to one measuring 

instrument  

4. Signal converter.  
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Translates the analog signal to a form acceptable by the analog-to-digital 

converter.  An example of a signal converter is an amplifier for amplifying low-

level voltages generated by thermocouples or strain gages. 

5. Analog-to-digital (AID) converter.  

Converts the analog voltage to its equivalent digital form. The output of the  

converter may be displayed visually and is also available as voltage outputs in 

discrete steps for further processing or recording on a digital recorder. 

6. Auxiliary equipment  

This section contains instruments for system programming functions and digital 

data processing. Typical auxiliary functions include linearizing and limit 

comparison. These functions may be performed by individual instruments or by a 

digital computer. 

7. Digital recorder 

Records digital information on punched cards, perforated paper tape, magnetic 

tape, typewritten pages, or a combination of these systems.  The digital recorder 

may be preceded by a coupling unit that translates the digital information to the 

proper form for entry into the particular digital recorder selected. 
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Display Devices and Signal Generators: X-Y recorders. Nixie tubes. LCD and 

LED display. Signal generators and function generators.  
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Some Popular Display Devices their Applications, Advantages  & Disadvantages 

are given below. 

CRTs  

• Large display, small and large group viewing, console display. 

• Bright, efficient, uniform, planar display, all colours, high reliability 

• Bulky, high voltage, non-digital address, high initial cost. 

LEDs  

• Indicators and small displays, individual viewing, flat panel 

• Bright, efficient,  

• Available in different colours such as red, yellow, amber, green  colours, 

• compatible with ICs,  

• small size 

• High cost per element,  limited reliability, low switching speed,  

LCDs 

• Indicators and small displays, individual viewing, flat panel 

• Good contrast in bright ambient light, low power, compatible with ICs  

• Limited temperature range (0 - 60
o
C), Limited reliability, ac operation 

NIXIEs 

• Indicators, small, medium & large displays, Small group viewing 

• Bright, range of colors,  

• low cost element, 

• Compatible with ICs 

• High drive power 
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ELs 

• Indicators & small displays, flat panel 

• Low cost element 

• Many colors 

• Not compatible with ICs 
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Display Devices in detail 

X-Y recorders 

A strip chart recorder records the variations of a quantity with respect to time 

while a X-Y Recorder is an instrument which gives a graphic record of the 

relationship between two variables. In strip chart recorders, usually self-balancing 

potentiometers are used. These self-balancing potentiometers plot the emf as a 

function of time.  

In X-Y Recorders, an emf is plotted as a function of another emf. This is done by 

having one self-balancing potentiometer control the position of the rolls (i.e., the 

paper) while another self-balancing potentiometer controls the position of the 

recording pen (stylus). In some X-Y recorders, one self- balancing potentiometer 

circuit moves a recording pen (stylus) in the X direction while another self-

balancing potentiometer, circuit moves the recording pen (stylus) in the Y 

direction at right angles to the X direction while the paper remains stationary. 

Hence a X-Y Recorder consists of a pair of servo systems, driving a recording pen 

in two axes through a proper sliding pen and moving arm arrangement as shown 

in Fig. 5. 

There are many variations of X-Y recorders. The emf used for operation of X-Y 

recorders, may not necessarily measure only voltages. The measured emf may be 

the output of a transducer that measure displacement force, pressure, light 

intensity or any other physical quantity. 
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Fig.5 
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Nixie Tube 

It is a non-planar display device. It is a gaseous glow tube having a set of 

electrodes, each shaped in the form of a digit.  The selected electrode (3 as shown 

in Fig. 6) is surrounded by a gaseous discharge, or glow when the digit is selected. 

The electrodes are stacked one behind the other and hence the various digits 

appear in different planes in the readout.  

 Fig.6 
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Fig.7 

In summary the Nixie Tube is a cold cathode glow discharge tube, popularly 

known as Nixie which is the trade mark of M/s Burrough' s Corporation U.S.A.  

Working:  The display works on the principle that when a gas breaks down, a 

glow discharge is produced. A gauze electrode with a positive voltage supply 

functions as an anode, and there are 10 separate wire cathodes, each in the shape 
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of a numeral from 0 to 9 (see Fig. 7). The electrodes are enclosed in a glass filled 

envelope with connecting pins at the bottom. Neon gas is usually employed and it 

gives an orange-red glow when activated. However, other colours are available 

when different gases are used. 

There is one anode and 10 cathodes. After a negative voltage is applied to the 

selected cathode, a simple gas discharge diode is formed which lights the selected 

digit. A transistor gate is usually employed at each cathode so that the desired 

numeral can be switched on.  

The circuitry driving the nixie tubes is simpler than that for seven segment 

displays. However, high voltages (150 - 220 V) are required to produce glow 

discharge.The current required is of the order of 1- 5 mA. The Nixie tubes are 

bulkier in size than the seven segmental displays. 

Modern Nixies vary in construction. The original Nixie had 10 cathodes 

representing numerals 0 - 9 but additional cathodes displaying decimal symbol 

and + and - signs are being used. Special Nixies (shown in Fig. 8) have 15 

cathodes constituting 15 segments that be used to produce numeric as well as 

alphanumeric characters.  

       Fig.8 
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Digital Display Methods 

In digital instruments, the output devices indicate the value of measured quantity 

in decimal digits. This is done by using a Digital display device. A digital display 

device may receive digital information in any form but it converts that information 

to decimal form. 

The basic element in a digital display device is the display for a single digit 

because a multiple digit display is nothing  but a group of single digit displays. A 

single digit display is capable of indicating the numbers from 0 to 9. There is also 

usually provision for a decimal point between each of the numerals. Generally  

Seven & Fourteen Segmental Display or Dot matrices 3 x5 & 27 dots, 5 x 7 

methods are used to display the character. LEDs (Light emitting diodes) and  

LCDs (Liquid crystal diodes) are used widely for segmental displays and dot 

matrix displays. 
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Liquid crystal Diodes (LCD)  

Liquid crystal cell displays (LCDs) are used in similar applications where 

LEDs are used. These applications are display of numeric and alphanumeric 

characters in dot matrix and segmental displays. 

The LCDs are of two types : Dynamic scattering type and Field effect type. 

The construction of a dynamic scattering liquid crystal cell is shown in Fig. 9 

 

Fig. 9 

The liquid crystal material may be one of the several organic compounds which 

exhibit optical properties  of a crystal though they remain In liquid  form. Liquid 

crystal is layered between glass sheets with transparent electrodes deposited on the 

inside faces. When  a  potential is  applied  across  the cell, charge carriers  

flowing  through  the liquid  disrupt  the  molecular arrangement and produce 

turbulence. When the liquid is  not activated, it is transparent. When the liquid is 

activated the molecular turbulence causes light to be scattered in all directions and 

the cell appears to be bright. The phenomenon is called dynamic scattering. 

The construction of a field effect liquid crystal display is similar to that of the 

dynamic scattering type, with the exception that two thin polarizing optical filters 

are placed at the inside of each glass sheet. The liquid crystal material in the field 

effect cell is also of different type from that employed in the dynamic scattering 

cell. The material used is twisted nematic type and actually twists the light passing 

through the cell when the latter is not energized. This allows the light to pass 
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through the optical filters and the cell appears bright. When the cell is energized, 

no twisting of light takes place and the cell appears dull 

Liquid crystal cells are of two types. (i) Transmittive type and (ii) Reflective type. 

In the Transmittive type cell, both glass sheets are transparent, so that light from a 

rear source is scattered in the forward direction when the cell is activated. The 

reflective type cell has a reflecting surface on one side of glass sheets. The 

incident light on the front surface of the cell is dynamically scattered by an 

activated cell.  

Both types of cells appear quite bright when activated even under ambient light 

conditions.  

The liquid crystals are light reflectors or transmitters and therefore they consume 

small amounts of energy (unlike light generators).  

Unlike LEDs which can work on d.c. the LCDs require a.c. voltage supply. A 

typical voltage supply to dynamic scattering LCD is 30 V peak to peak with 50 

Hz. 
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LED 

The LED  is basically a semiconductor PN junction diode capable of emitting 

electromagnetic radiation under forward conductions.  The radiation emitted by 

LEDs can be either in the visible spectrum or in the infrared region, 

depending on the type of the semiconductor material used. Generally, infra-red 

emitting LEDs are coated with Phosphor so that, by the excitation of phosphor 

vislible light can be produced. LEDs are useful for electronics display and 

instrumentation.  

The advantage of using LEDs in electronic displays are as follows. 

1. LEDs are very small devices, and can be considered as point sources of light. 

They can therefore be stacked in a high-density matrix to serve as a numeric 

and alphanumeric display. (have a character density of several thousand per 

square metre). 

2. The light output from an LED is function of the current flowing through it. An 

LED can therefore, be smoothly controlled by varying the current. 

This is particularly useful for operating LED displays under different ambient 

lighting conditions. 

3. LEDs are highly efficient emitters of EM radiation.  

4. LEDs with light output of different colours, i.e. red. amber, green and yellow 

are commonly available. 

5. LEDs are very fast devices, having a turn ON-OFF time of less than 1 us. 

6. The low supply voltage and current requirements of LEDs make them 

compatible with DTL and TTL, ICs. 
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Signal Generators 

A signal generator is a vital component in a test setup, and in electronic 

troubleshooting and development, whether on a service bench or in a research 

laboratory. Signal generators have a variety of applications, such as checking the 

stage gain, frequency response, and alignment in receivers and in a wide range of 

other electronic equipment.They provide a variety of waveforms for testing 

electronic circuits, usually at low powers.  

The term oscillator is used to describe an instrument that provides only a 

sinusoidal output signal, and the term generator to describe an instrument that 

provides several output waveforms, including sine wave, square- wave, triangular 

wave and pulse trains, as well as an amplitude modulated waveform. 

When we say that the oscillator generates a signal, it is important to note that no 

energy is created; it is simply converted from a DC source into AC energy at some 

specific frequency. 

There are various types of signal generator but several requirements are 

common to all types. 

• The frequency of the signal should be known and stable. 

• The amplitude should be controllable from very small to relatively large 

values. 

• Finally, the signal should be distortion-free 

 

The above mentioned requirements vary for special generators, such as function 

generators, pulse, and sweep generators. 

 

 

Various kinds of signals, at both audio and radio frequencies, are required at 

various times in an instrumentation system. In most cases a particular signal 

required by the instrument is internally generated by a self-contained oscillator. 
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The oscillator circuit commonly appears  in a fixed frequency form. (e.g. when it 

provides a 1000 Hz excitation source for an ac bridge). In other cases, such as in a 

Q-meter, oscillators in the form of a variable frequency arrangement for covering 

Q-measurements over a wide range of frequencies, from a few 

100 kHz to the MHz range, are used. 

 

In contrast with self-contained oscillators that generate only the specific 

signals required by the instrument, the class of generators that are available as 

separate instruments to provide signals for general test purposes are usually 

designated as signal generators.  

These AF and RF generators are designed to provide extensive and continuous 

coverage over as wide a range of frequencies as is practical. 

In RF signal generators, additional provision is generally made to modulate the 

continuous wave signal to provide a modulated RF signal. The frequency band 

limits are listed in Table below. 

 

Most of the service type  AF generators  commonly  cover from  20  Hz  to 200 

kHz, which is far beyond the AF range. 
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In more advanced  laboratory types of  AF generators, the frequency range 

extends quite a bit further e.g. a Hewlett Packard model covers 5 Hz - 600 kHz 

and a Marconi model generates both sine and square waves and has a very wide 

range of 10Hz – 100 MHz. 

 

FIXED FREQUENCY AF OSCILLATOR 

In many cases, a self-contained oscillator circuit is an integral part of the 

instrument circuitry and is used to generate a signal at some specified audio 

frequency. Such a fixed frequency might be a 400 Hz signal used for audio testing 

or a 1000 Hz signal for exciting a bridge circuit. Oscillations at specified audio 

frequencies are easily generated by the use of an iron core transformer to obtain 

positive feedback through inductive coupling between the primary and secondary 

windings. 

Variable AF Oscillator 

Variable AF Oscillators used for general lab purpose should cover at least full 

audio range i.e., from 20 Hz to 20kHz and have a constant pure sine wave output. 

They are of RC feedback oscillator type or Beat Frequency Oscillator type (BFO) 

BASIC STANDARD SIGNAL GENERATOR (SINEWAVE) 

The sine wave  generator  represents  the largest single category of signal 

generator. This instrument covers a frequency range from a few Hertz to many 

Giga-Hertz. The sine wave generator in its simplest form is given in Fig. 10  

 

Fig. 10 Basic Sine Wave Generator 
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The simple sine wave generator  consists of two basic blocks, an oscillator and an 

attenuator. The  accuracy  of the frequency,  stability,  and  freedom from  

distortion  depend  on  the  design  of the  oscillator, while  the  amplitude depends 

on the design of the attenuator. 

STANDARD  SIGNAL  GENERATOR 

A  standard  signal  generator  produces  known  and controllable  voltages. It is 

used as power source for the measurement of gain, signal to noise ratio (S/N), 

bandwidth, standing wave ratio and other properties. It is extensively used in the 

testing of radio receivers and transmitters. The instrument  is   provided   with   a   

means  of  modulating   the   carrier frequency,  which  is  indicated  by  the  dial  

setting  on  the  front  panel (see Fig. 11). The modulation  is  indicated  by  a  

meter. The  output  signal  can  be  AmplitudeModulated (AM) or Frequency 

Modulated FM. Modulation may be done by a sine  wave,  square  wave,  

triangular  wave  or  a  pulse. 

 

Fig. 11 Conventional Standard Signal Generator 

The carrier frequency is generated by a very stable RF oscillator using an LC 

tank circuit, having a constant output over any frequency range. The output 

voltage is read by an output meter. Buffer amplifiers provided in high freq 

oscillators to isolate the oscillator circuit from the output circuit. 

 

Vtusolution.in

Vtusolution.in



vtu
so

lut
ion

.in

Modern Signal Generator 

In a modern signal generator (see Fig. 12) to improve freq stability, a single 

master oscillator is used with freq dividers for lower ranges. The master oscillator 

is insensitive to temperature variations, design of succeeding stages, etc. The other 

components are B1 –Untuned buffer amplifier;  B2, B3 additional buffers for 

isolation of master oscillator from power amplifier to avoid loading effects. The 

master oscillator is fine tuned by a motor driven variable capacitor – 

programmable automatic frequency control circuits. 

 Fig. 12 
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AF Sine and Square Wave Generator 

A wien bridge oscillator (suitable for AF range) is used in this generator (refer 

Fig. 13). The frequency of the oscillations can be changed by varying the 

capacitance in the oscillator or in steps by switching in resistors of different 

values. 

The output of the oscillator goes to a function switch which directs the 

oscillator output to either sine wave amplifier or to the square wave shaper. The 

attenuator varies the amplitude of the output which is taken through a push-pull 

amplifier. 

 

Fig. 13 

The front panel of the signal generator consists of the following: 

Frequency selector :It selects the frequency in different ranges and varies it 

continuously in a ratio of 1 : 10. The scale is non-linear. 

Frequency multiplier It selects the frequency range over 5 decades, from 10 Hz to 

1 MHz. 

Amplitude multiplier:  It attenuates the sine wave in 3 decades, x 1, x 0.1 and x 

0.01. 

Variable amplitude It attenuates the sine wave amplitude continuously. 
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Symmetry control  It varies the symmetry of the square wave from 30% to 70%. 

Amplitude It attenuates the square wave output continuously. 

Function switch It selects either sine wave or square wave output. 

Output available This provides sine wave or square wave output. 

Sync This terminal is used to provide synchronization of the internal signal with 

an external signal. 

On-Off Switch 
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FUNCTION GENERATOR 

A function generator (refer Fig. 14) produces different waveforms of adjustable 

frequency. The common output waveforms are the sine, square, triangular and 

sawtooth 

waves. The frequency may be adjusted, from a fraction of a Hertz to several 

hundred kHz. The various outputs of the generator can be made available at the 

same time. For example, the generator can provide a square wave to test the 

linearity of an amplifier and simultaneously provide a sawtooth to drive the 

horizontal deflection amplifier of the CRO to provide a visual display.  

   Fig. 14 

Generally freq is varied by either L or C. Here it is done by varying the current 

supplied to the integrator. The freq controlled voltage regulates the 2 current 

sources. The upper current source controls the integrator whose output is 

.   

The voltage comparator multivibrator changes states at a pre-determined 

maximum level of the integrator output voltage. This change cuts off the upper 

current supply and switches on the lower current supply. The lower current source 

supplies a reverse current to the integrator, so that 

its output decreases linearly with time. When the output reaches a pre- determined 

minimum level, the voltage comparator again changes state and switches on the 

upper current source. The output of the integrator is a triangular waveform whose 

frequency is determined by the magnitude of the current supplied by the constant 

current sources. 
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The comparator output delivers a square wave voltage of the same frequency. The 

resistance diode network alters the slope of the triangular wave as its 

amplitude changes and produces a sine wave with less than 1% distortion. 

Pulse Generator & a Square Wave Generator 

These generators are used as measuring devices in combination with a CRO. They 

provide both quantitative and qualitative information of the system under test.  

They are made use of in transient response testing of amplifiers. The fundamental 

difference between a pulse generator and a square wave generator is in the duty 

cycle. 
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