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Principle of Operation 3-phase induction motor

Consider a portion of 3-phase induction motor as shown in Fig.  The Operation of the motor

can be explained as under:

(i) When 3-phase stator winding is energized from a 3-phase supply, a rotating magnetic

field is set up which rotates round the stator at synchronous speed Ns (= 120 f/P).

(ii) The rotating field passes through the air gap and cuts the rotor conductors,which as yet,

are stationary. Due to the relative speed between the rotating flux and the stationary rotor,

e.m.f.s are induced in the rotor conductors. Since the rotor circuit is short-circuited, currents

start flowing in the rotor conductors.

(iii) The current-carrying rotor conductors are placed in the magnetic field produced by the

stator. Consequently, mechanical force acts on the rotor conductors. The sum of the

mechanical forces on all the rotor conductors produces a torque which tends to move the

rotor in the same direction as the rotating field.

(iv) The fact that rotor is urged to follow the stator field (i.e., rotor moves in the direction of

stator field) can be explained by Lenz’s law. According to this law, the direction of rotor
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currents will be such that they tend to oppose the cause producing them. Now, the cause

producing the rotor currents is the relative speed between the rotating field and the stationary

rotor conductors. Hence to reduce this relative speed, the rotor starts running in the same

direction as that of stator field and tries to catch it.

We have seen above that rotor rapidly accelerates in the direction of rotatingfield. In practice,

the rotor can never reach the speed of stator flux. If it did, there would be no relative speed

between the stator field and rotor conductors, no induced rotor currents and, therefore, no

torque to drive the rotor. The friction and windage would immediately cause the rotor to slow

down. Hence, the rotor speed (N) is always less than the suitor field speed (Ns). This

difference in speed depends upon load on the motor. The difference between the synchronous

speed Ns of the rotating stator field and the actual rotor speed N is called slip. It is usually

expressed as a percentage of synchronous speed i.e.,



(i) The quantity Ns N is sometimes called slip speed.

(ii) When the rotor is stationary (i.e., N = 0), slip, s = 1 or 100 %.

(iii) In an induction motor, the change in slip from no-load to full-load is

hardly 0.1% to 3% so that it is essentially a constant-speed motor.
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Three Phase Induction Motors

Introduction

The three-phase induction motors are the most widely used electric motors in industry. They

run at essentially constant speed from no-load to full-load. However, the speed is frequency

dependent and consequently these motors are not easily adapted to speed control. We usually

prefer d.c. motors when large speed variations are required. Nevertheless, the 3-phase

induction motors are simple, rugged, low-priced, easy to maintain and can be manufactured

with characteristics to suit most industrial requirements. In this chapter, we shall focus our

attention on the general principles of 3-phase induction motors.

Three-Phase Induction Motor

Like any electric motor, a 3-phase induction motor has a stator and a rotor. The stator carries

a 3-phase winding (called stator winding) while the rotor carries a short-circuited winding

(called rotor winding). Only the stator winding is fed from 3-phase supply. The rotor

winding derives its voltage and power from the externally energized stator winding through

electromagnetic induction and hence the name. The induction motor may be considered to be

a transformer with a rotating secondary and it can, therefore, be described as a

“transformertype” a.c. machine in which electrical energy is converted into mechanical

energy.

Advantages

(i) It has simple and rugged construction.

(ii) It is relatively cheap.

(iii) It requires little maintenance.

(iv) It has high efficiency and reasonably good power factor.

(v) It has self starting torque.

Disadvantages

(i) It is essentially a constant speed motor and its speed cannot be changed

Construction

A 3-phase induction motor has two main parts (i) stator and (ii) rotor. The rotor is separated

from the stator by a small air-gap which ranges from 0.4 mm to 4 mm, depending on the

power of the motor.
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Stator

It consists of a steel frame which encloses a hollow, cylindrical core made up of thin

laminations of silicon steel to reduce hysteresis and eddy current losses. A number of evenly

spaced slots are provided on the inner periphery of the laminations [See Fig. (8.1)]. The

insulated connected to form a balanced 3-phase star or delta connected circuit. The 3-phase

stator winding is wound for a definite number of poles as per requirement of speed. Greater

the number of poles, lesser is the speed of the motor and vice-versa. When 3-phase supply is

given to the stator winding, a rotating magnetic field (See Sec. 8.3) of constant magnitude is

produced. This rotating field induces currents in the rotor by electromagnetic induction.

Rotor

The rotor, mounted on a shaft, is a hollow laminated core having slots on its outer periphery.

The winding placed in these slots (called rotor winding) may be one of the following two

types:

(i) Squirrel cage type (ii) Wound type

(i) Squirrel cage rotor. It consists of a laminated cylindrical core having parallel slots on its

outer periphery. One copper or aluminum bar is placed in each slot. All these bars are joined

at each end by metal rings called end rings [See Fig. (8.2)]. This forms a permanently short-

circuited winding which is indestructible. The entire construction (bars and end rings)

resembles a squirrel cage and hence the name. The rotor is not connected electrically to the

supply but has current induced in it by transformer action from the stator. Those induction

motors which employ squirrel cage rotor are called squirrel cage induction motors. Most of 3-

phase induction motors use squirrel cage rotor as it has a remarkably simple and robust

construction enabling it to operate in the most adverse circumstances. However, it suffers
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from the disadvantage of a low starting torque. It is because the rotor bars are permanently

short-circuited and it is not possible to add any external resistance to the rotor circuit to have

a large starting torque.

(ii) Wound rotor. It consists of a laminated cylindrical core and carries a 3- phase winding,

similar to the one on the stator [See Fig. (8.3)]. The rotor winding is uniformly distributed in

the slots and is usually star-connected. The open ends of the rotor winding are brought out

and joined to three insulated slip rings mounted on the rotor shaft with one brush resting on

each slip ring. The three brushes are connected to a 3-phase star-connected rheostat as shown

in Fig. (8.4). At starting, the external resistances are included in the rotor circuit to give a

large starting torque. These resistances are gradually reduced to zero as the motor runs up to

speed.

The external resistances are used during starting period only. When the motor attains normal

speed, the three brushes are short-circuited so that the wound rotor runs like a squirrel cage

rotor.
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Equivalent Circuit of Induction Motor

Fig. (8.26) shows the equivalent circuit per phase of a 3-phase induction motor. Note that

mechanical load on the motor has been replaced by an equivalent Electrical resistance RL

given by;

Note that circuit shown in Fig. (8.26) is similar to the equivalent circuit of a transformer with

secondary load equal to R2 given by eq. (i). The rotor e.m.f. in the equivalent circuit now

depends only on the transformation ratio K (= E2/E1). Therefore; induction motor can be

represented as an equivalent transformer connected to a variable-resistance load RL given by

eq. (i). The power delivered to RL represents the total mechanical power developed in the

rotor. Since the equivalent circuit of Fig. (8.26) is that of a transformer, the secondary (i.e.,

rotor) values can be transferred to primary (i.e., stator) through the appropriate use of

transformation ratio K. Recall that when shifting resistance/reactance from secondary to

primary, it should be divided by K2 whereas current should be  multiplied by K. The

equivalent circuit of an induction motor referred to primary is shown in Fig. (8.27).
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Note that the element (i.e., R'L) enclosed in the dotted box is the equivalent electrical

resistance related to the mechanical load on the motor. The following points may be noted

from the equivalent circuit of the induction motor: (i) At no-load, the slip is practically zero

and the load R'L is infinite. This condition resembles that in a transformer whose secondary

winding is open-circuited.

(ii) At standstill, the slip is unity and the load R'L is zero. This condition resembles that in a

transformer whose secondary winding is short-circuited.

(iii) When the motor is running under load, the value of R'L will depend upon the value of the

slip s. This condition resembles that in a transformer whose secondary is supplying variable

and purely resistive load.

(iv) The equivalent electrical resistance R'L related to mechanical load is slip or speed

dependent. If the slip s increases, the load R'L decreases and the rotor current increases and

motor will develop more mechanical power. This is expected because the slip of the motor

increases with the increase of load on the motor shaft.

Power Relations

The transformer equivalent circuit of an induction motor is quite helpful in analyzing the

various power relations in the motor. Fig. (8.28) shows the equivalent circuit per phase of an

induction motor where all values have been referred to primary (i.e., stator).

There will be stator core loss and stator Cu loss. The remaining power will be the power

transferred across the air-gap i.e., input to the rotor.
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Note that shaft torque Tsh will be less than Tg by the torque required to meet windage and

frictional losses.

Approximate Equivalent Circuit of Induction Motor

As in case of a transformer, the approximate equivalent circuit of an induction motor is

obtained by shifting the shunt branch (Rc - Xm) to the input terminals as shown in Fig.

(8.29). This step has been taken on the assumption that voltage drop in R1 and X1 is small

and the terminal voltage V1 does not appreciably differ from the induced voltage E1. Fig.

(8.29) shows the approximate equivalent circuit per phase of an induction motor where all

values have been referred to primary (i.e., stator).

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



The above approximate circuit of induction motor is not so readily justified as with the

transformer. This is due to the following reasons:

(i) Unlike that of a power transformer, the magnetic circuit of the induction motor has an air-

gap. Therefore, the exciting current of induction motor (30 to 40% of full-load current) is

much higher than that of the power transformer. Consequently, the exact equivalent circuit

must be used for accurate results.

(ii) The relative values of X1 and X2 in an induction motor are larger than the corresponding

ones to be found in the transformer. This fact does not justify the use of approximate

equivalent circuit

(iii) In a transformer, the windings are concentrated whereas in an induction motor, the

windings are distributed. This affects the transformation ratio In spite of the above drawbacks

of approximate equivalent circuit; it yields results that are satisfactory for large motors.

However, approximate equivalent circuit is not justified for small motors.
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Single-Phase Motors

Introduction

As the name suggests, these motors are used on single-phase supply. Singlephase motors are

the most familiar of all electric motors because they are extensively used in home appliances,

shops, offices etc. It is true that single-phase motors are less efficient substitute for 3-phase

motors but 3-phase power is normally not available except in large commercial and industrial

Establishments. Since electric power was originally generated and distributed for lighting

only, millions of homes were given single-phase supply. This led to the development of

single-phase motors. Even where 3-phase mains are present, the single-phase supply may be

obtained by using one of the three lines and the neutral. In this chapter, we shall focus our

attention on the construction, working and characteristics of commonly used single-phase

motors.

Construction

A single phase induction motor is very similar to a 3-phase squirrel cage induction motor. It

has (i) a squirrel-cage rotor identical to a 3-phase motor and a single-phase winding on the

stator.

Fig.(9.1)

Unlike a 3-phase induction motor, a single-phase induction motor is not self starting  but

requires some starting means. The single-phase stator winding produces a magnetic field that

pulsates in strength in a sinusoidal manner. The field polarity reverses after each half cycle

but the field does not rotate. Consequently, the alternating flux cannot produce rotation in a
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stationary squirrel-cage rotor. However, if the rotor of a single-phase motor is rotated in one

direction by some mechanical means, it will continue to run in the direction of rotation. As a

matter of fact, the rotor quickly accelerates until it reaches a speed slightly below the

synchronous speed. Once the motor is running at this speed, it will continue to rotate even

though single-phase current is flowing through the stator winding. This method of starting is

generally not convenient for large motors. Nor can it be employed fur a motor located at

some inaccessible spot. Fig. (9.1) shows single-phase induction motor having a squirrel cage

rotor and a singlephase distributed stator winding. Such amotor inherently docs not develop

any starting torque and, therefore, will not start to rotate if the stator winding is connected to

single-phase a.c. supply. However, if the rotor is started by auxiliary means, the motor will

quickly attain me final speed. This strange behaviour of single-phase induction motor can be

explained on the basis of double-field revolving theory.
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Types of Single-Phase Motors

Single-phase motors are generally built in the fractional-horsepower range and

may be classified into the following four basic types:

1. Single-phase induction motors

(i) split-phase type (ii) capacitor type

(iii) shaded-pole type

2. A.C. series motor or universal motor

3. Repulsion motors

(i) Repulsion-start induction-run motor

(ii) Repulsion-induction motor

4. Synchronous motors

(i) Reluctance motor (ii) Hysteresis motor

Double-Field Revolving Theory

The double-field revolving theory is proposed to explain this dilemma of no torque at start

and yet torque once rotated. This theory is based on the fact that an alternating sinusoidal flux

(f = fm cos wt) can be represented by two revolving fluxes, each equal to one-half of the

maximum value of alternating flux (i.e., fm/2) and each rotating at synchronous speed (Ns =

120 f/P, w = 2pf) in opposite directions. The above statement will now be proved. The

instantaneous value of flux due to the stator current of a single-phase induction motor is

given by; f = fm cos wt

Consider two rotating magnetic fluxes f1 and f2 each of magnitude fm/2 and rotating in

opposite directions with angular velocity w [See Fig. (9.2)]. Let the two fluxes start rotating

from OX axis at

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



t = 0. After time t seconds, the angle through which the flux vectors have rotated is at.

Resolving the flux vectors along-X-axis and Y-axis, we have,

Thus the resultant flux vector is f = fm cos wt along X-axis. Therefore, an alternating field

can be replaced by two relating fields of half its amplitude rotating in opposite directions at

synchronous speed. Note that the resultant vector of two revolving flux vectors is a stationary

vector that oscillates in length with time along X-axis. When the rotating flux vectors are in

phase [See Fig. (9.3 (i))], the resultant vector is f = fm; when out of phase by 180° [See Fig.

(9.3 (ii))], the resultant vector f = 0.

Let us explain the operation of single-phase induction motor by double-field revolving

theory.

(i) Rotor at standstill
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Consider the case that the rotor is stationary and the stator winding is connected to a single-

phase supply. The alternating flux produced by the stator winding can be presented as the

sum of two rotating fluxes f1 and f2, each equal to one half of the maximum value of

alternating flux and each rotating at synchronous speed (Ns = 120 f/P) in opposite directions

as shown in Fig. (9.4 (i)). Let the flux f1 rotate in anti clockwise direction and flux f2 in

clockwise direction. The flux f1 will result in the production of torque T1 in the anti

clockwise direction and flux f2 will result in the production of torque T2 In the clockwise

direction. At standstill, these two torques are equal and opposite and the net torque developed

is zero. Therefore, single-phase induction motor is not self-starting. This fact is illustrated in

Fig. (9.4 (ii)). Note that each rotating field tends to drive the rotor in the direction in which

the field rotates. Thus the point of zero slip for one field corresponds to 200% slip for the

other as explained later. The value of 100% slip (standstill condition) is the same for both the

fields.

(ii) Rotor running

Now assume that the rotor is started by spinning the rotor or by using auxiliary circuit, in say

clockwise direction. The flux rotating in the clockwise direction is the forward rotating flux

(ff) and that in the other direction is the backward rotating flux (fb). The slip w.r.t. the

forward flux will be
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Thus fur forward rotating flux, slip is s (less than unity) and for backward rotating flux, the

slip is 2 - s (greater than unity). Since for usual rotor resistance/reactance ratios, the torques at

slips of less than unity arc greater than those at slips of more than unity, the resultant torque

will be in the direction of the rotation of the forward flux. Thus if the motor is once started, it

will develop net torque in the direction in which it has been started and will function as a

motor.
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Making Single-Phase Induction Motor Self-Starting

The single-phase induction motor is not self starting and it is undesirable to resort to

mechanical spinning of the shaft or pulling a belt to start it. To make a single-phase induction

motor self-starting, we should somehow produce a revolving stator magnetic field. This may

be achieved by converting a single-phase supply into two-phase supply through the use of an

additional winding. When the motor attains sufficient speed, the starting means (i.e.,

additional winding) may be removed depending upon the type of the motor. As a matter of

fact, single-phase induction motors are classified and named according to the method

employed to make them self-starting.

(i) Split-phase motors-started by two phase motor action through the use of an auxiliary or

starting winding.

(ii) Capacitor motors-started by two-phase motor action through the use of an auxiliary

winding and a capacitor.

(iii) Shaded-pole motors-started by the motion of the magnetic field produced by means of a

shading coil around a portion of the pole structure.

Split-Phase Induction Motor

The stator of a split-phase induction motor is provided with an auxiliary or starting winding S

in addition to the main or running winding M. The starting winding is located 90° electrical

from the main winding [See Fig. (9.13 (i))] and operates only during the brief period when

the motor starts up. The two windings are so resigned that the starting winding S has a high

resistance and relatively small reactance while the main winding M has relatively low

resistance and large reactance as shown in the schematic connections in Fig.(9.13 (ii)).

Consequently, the currents flowing in the two windings have reasonable phase difference c

(25° to 30°) as shown in the phasor diagram in Fig. (9.13 (iii)).
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Operation

(i) When the two stator windings are energized from a single-phase supply, the main winding

carries current Im while the starting winding carries current Is.

(ii) Since main winding is made highly inductive while the starting winding highly resistive,

the currents Im and Is have a reasonable phase angle a (25° to 30°) between them as shown in

Fig. (9.13 (iii)). Consequently, a weak revolving field approximating to that of a 2-phase

machine is produced which starts the motor. The starting torque is given by; Ts = kIm Is sina

where k is a constant whose magnitude depends upon the design of the motor.

(iii) When the motor reaches about 75% of synchronous speed, the centrifugal switch opens

the circuit of the starting winding. The motor then operates as a single-phase induction motor

and continues to accelerate till it reaches the normal speed. The normal speed of the motor is

below the synchronous speed and depends upon the load on the motor.

Characteristics

(i) The sinning torque is 15 to 2 times the full-loud torque mid (lie starting current is 6 to 8

times the full-load current.

(ii) Due to their low cost, split-phase induction motors are most popular singlephase motors

in the market.

(iii) Since the starting winding is made of fine wire, the current density is high and the

winding heats up quickly. If the starting period exceeds 5 seconds,the winding may burn out

unless the motor is protected by built-in-thermal relay. This motor is, therefore, suitable

where starting periods are not

frequent.

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



(iv) An important characteristic of these motors is that they are essentially constant-speed

motors. The speed variation is 2-5% from no-load to fullload.

(v) These motors are suitable where a moderate starting torque is required and where starting

periods are infrequent e.g., to drive:(a) fans (b) washing machines (c) oil burners (d) small

machine tools etc.The power rating of such motors generally lies between 60 W and 250 W.

Capacitor-Start Motor

The capacitor-start motor is identical to a split-phase motor except that the starting winding

has as many turns as the main winding. Moreover, a capacitor C is connected in series with

the starting winding as shown in Fig. (9.14 (i)). The value of capacitor is so chosen that Is

leads Im by about 80° (i.e., a ~ 80°) which is considerably greater than 25° found in split-

phase motor [See Fig. (9.14) (ii))]. Consequently, starting torque (Ts = k Im Is sin a) is much

more than that of a split-phase motor Again, the starting winding is opened by the centrifugal

switch when the motor attains about 75% of synchronous speed. The motor then operates as a

single-phase induction motor and continues to accelerate till it reaches the normal speed.

Characteristics

(i) Although starting characteristics of a capacitor-start motor are better than those of a split-

phase motor, both machines possess the same running characteristics because the main

windings are identical.

(ii) The phase angle between the two currents is about 80° compared to about 25° in a split-

phase motor. Consequently, for the same starting torque, the current in the starting winding is

only about half that in a split-phase motor. Therefore, the starting winding of a capacitor start

motor heats up less quickly and is well suited to applications involving either frequent or

Prolonged starting periods.

(iii) Capacitor-start motors are used where high starting torque is required and where the

starting period may be long e.g., to drive: (a) compressors (b) large fans (c) pumps (d) high

inertia loads The power rating of such motors lies between 120 W and 7-5 kW.
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Capacitor-Start Capacitor-Run Motor

This motor is identical to a capacitor-start motor except that starting winding is not opened

after starting so that both the windings remain connected to the supply when running as well

as at starting. Two designs are generally used. (i) In one design, a single capacitor C is used

for both starting and running as shown in Fig.(9.15 (i)). This design eliminates the need of a

centrifugal switch and at the same time improves the power factor and efficiency of the

motor.

(ii) In the other design, two capacitors C1 and C2 are used in the starting winding as shown in

Fig. (9.15 (ii)). The smaller capacitor C1 required for optimum running conditions is

permanently connected in series with the starting winding. The much larger capacitor C2 is

connected in parallel with C1 for optimum starting and remains in the circuit during starting.

The starting capacitor C1 is disconnected when the motor approaches about 75% of

synchronous speed. The motor then runs as a single-phase induction
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motor.

Characteristics

(i) The starting winding and the capacitor can be designed for perfect 2-phase operation at

any load. The motor then produces a constant torque and not a pulsating torque as in other

single-phase motors.

(ii) Because of constant torque, the motor is vibration free and can be used in: (a) hospitals

(6) studios and (c) other places where silence is important.

Shaded-Pole Motor

The shaded-pole motor is very popular for ratings below 0.05 H.P. (~ 40 W) because of its

extremely simple construction. It has salient poles on the stator excited by single-phase

supply and a squirrel cage rotor as shown in Fig. (9.16). A portion of each pole is surrounded

by a short-circuited turn of copper strip called shading coil.

Operation

The operation of the motor can be understood by referring to Fig. (9.17) which show one pole

of the motor with shading coil. (i) During the portion OA of the alternating-current cycle [See

Fig. (9.17)], the flux begins to increase and an e.m.f. is induced in the shading coil. The
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resulting current in the shading coil will be in such a direction (Lenz’s law) so as to oppose

the change in flux. Thus the flux in the shaded portion of the pole is weakened while that in

the unshaded portion is strengthened as shown in Fig. (9.17 (ii)). (ii) During the portion AB

of the alternating-current cycle, the flux has reached almost maximum value and is not

changing. Consequently, the flux distribution across the pole is uniform [See Fig. (9.17] (iii)

Since no current is flowing in the shading coil. As the flux decreases (portion BC of the

alternating current cycle), current is induced in the shading coil so as to oppose the decrease

in current. Thus the flux in the shaded portion of the pole is strengthened while that in the

unshaded portion is weakened as shown in Fig. (9.17 (iv)).

(iii) The effect of the shading coil is to cause the field flux to shift across the pole face from

the unshaded to the shaded portion. This shifting flux is like a rotating weak field moving in

the direction from unshaded portion to the shaded portion of the pole. (iv) The rotor is of the

squirrel-cage type and is under the influence of this moving field. Consequently, a small

starting torque is developed. As soon as this torque starts to revolve the rotor, additional

torque is produced by single-phase induction-motor action. The motor accelerates to a speed

slightly below the synchronous speed and runs as a single-phase induction motor.
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Introduction

A.C. system has a number of advantages over d.c. system. These days 3-phasea.c. system is

being exclusively used for generation, transmission and distribution of power. The machine

which produces 3-phase power from mechanical power is called an alternator or synchronous

generator. Alternators are the primary source of all the electrical energy we consume. These

machines are the largest energy converters found in the world. They convert mechanical

energy into a.c. energy. In this chapter, we shall discuss the construction and characteristics

of alternators.

Principle

An alternator operates on the same fundamental principle of electromagnetic induction as a

d.c. generator i.e., when the flux linking a conductor changes, an e.m.f. is induced in the

conductor. Like a d.c generator, an alternator also has an armature winding and a field

winding. But there is one important difference between the two. In a d.c. generator, the

armature winding is placed on the rotor in order to provide a way of converting alternating

voltage generated in the winding to a direct voltage at the terminals through the use of a

rotating commutator. The field poles are placed on the stationary part of the machine. Since

no commutator is required in an alternator, it is usually more convenient and advantageous to

place the field winding on the rotating part (i.e., rotor) and armature winding on the stationary

part (i.e., stator) as shown in Fig.The rotor winding is energized from the d.c. exciter and

alternate N and S poles are developed on the rotor. When the rotor is rotated in anti-

clockwise direction by a prime mover, the stator or armature conductors are cut by the

magnetic flux of rotor poles. Consequently, e.m.f. is induced in the armature conductors due
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to electromagnetic induction. The induced e.m.f. is alternating since N and S poles of rotor

alternately pass the armature conductors. The direction of induced e.m.f. can be found by

Fleming’s right hand rule and frequency is given by; f = NP/120

where N = speed of rotor in r.p.m. P = number of rotor poles

The magnitude of the voltage induced in each phase depends upon the rotor flux, the number

and position of the conductors in the phase and the speed of the rotor.

Construction of Alternator

An alternator has 3,-phase winding on the stator and a d.c. field winding on the rotor.

1. Stator

It is the stationary part of the machine and is built up of sheet-steel laminations having slots

on its inner periphery. A 3-phase winding is placed in these slots and serves as the armature

winding of the alternator. The armature winding is always connected in star and the neutral is

connected to ground.

2. Rotor

The rotor carries a field winding which is supplied with direct current through two slip rings

by a separate d.c. source. This d.c. source (called exciter) is generally a small d.c. shunt or

compound generator mounted on the shaft of the alternator. Rotor construction is of two

types, namely;

(i) Salient (or projecting) pole type

(ii) Non-salient (or cylindrical) pole type

(i) Salient pole type

In this type, salient or projecting poles are mounted on a large circular steel frame which is

fixed to the shaft of the alternator as shown in Fig. (10.2). The individual field pole windings

are connected in series in such a way that when the field winding is energized by the d.c.

exciter, adjacent poles have opposite polarities. Low and medium-speed alternators (120-400

r.p.m.) such as those driven by diesel engines or water turbines have salient pole type rotors

due to the following reasons:

(a) The salient field poles would cause .an excessive windage loss if driven at high speed and

would tend to produce noise.

(b) Salient-pole construction cannot be made strong enough to withstand the mechanical

stresses to which they may be subjected at higher speeds. Since a frequency of 50 Hz is

required, we must use a large number of poles on the rotor of slow-speed alternators. Low-
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speed rotors always possess a large diameter to provide the necessary spate for the poles.

Consequently, salient-pole type rotors have large diameters and short axial lengths.

(ii) Non-salient pole type

In this type, the rotor is made of smooth solid forged-steel radial cylinder having a number of

slots along the outer periphery. The field windings are embedded in these slots and are

connected in series to the slip rings through which they are energized by the d.c. exciter. The

regions forming the poles are usually left unslotted as shown in Fig. (10.3). It is clear that the

poles formed are non-salient i.e., they do not project out from the rotor surface.

High-speed alternators (1500 or 3000 r.p.m.) are driven by steam turbines and use non-salient

type rotors due to the following reasons:

(a) This type of construction has mechanical robustness and gives noiseless operation at high

speeds.

(b) The flux distribution around the periphery is nearly a sine wave and hence a better e.m.f.

waveform is obtained than in the case of salient-pole type. Since steam turbines run at high

speed and a frequency of 50 Hz is required, we need a small number of poles on the rotor of

high-speed alternators (also called turboalternators). We can use not less than 2 poles and this

fixes the highest possible speed. For a frequency of 50 Hz, it is 3000 r.p.m. The next lower

speed is 1500 r.p.m. for a 4-pole machine. Consequently, turboalternators possess 2 or 4

poles and have small diameters and very long axial lengths.
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E.M.F. Equation of an Alternator
Let Z = No. of conductors or coil sides in series per phase
= Flux per pole in webers
P = Number of rotor poles
N = Rotor speed in r.p.m.
In one revolution (i.e., 60/N second), each stator conductor is cut by Pwebers
i.e.,

If Kp and Kd are the pitch factor and distribution factor of the armature winding,
then,
Er.m.s. / phase 2.22KpKd fZ volts (ii)

Sometimes the turns (T) per phase rather than conductors per phase are
specified, in that case, eq. (ii) becomes:

Er.m.s. / phase 4.44KpKd fT volts (iii)
The line voltage will depend upon whether the winding is star or delta connected.

Voltage Regulation
The voltage regulation of an alternator is defined as the change in terminal voltage from no-

load to full-load (the speed and field excitation being constant) divided by full-load voltage.

Note that E0 V is the arithmetic difference and not the phasor difference. The factors

affecting the voltage regulation of an alternator are:

(i) IaRa drop in armature winding

(ii) IaXL drop in armature winding
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(iii) Voltage change due to armature reaction

We have seen that change in terminal voltage due to armature reaction depends upon the

armature current as well as power-factor of the load. For leading load p.f., the no-load voltage

is less than the full-load voltage. Hence voltage regulation is negative in this case. The effects

of different load power factors on the change in the terminal voltage with changes of load on

the alternator are shown in Fig. (10.19). Since the regulation of an alternator depends on the

load and the load power factor, it is necessary to mention power factor while expressing

regulation.

Determination of Voltage Regulation

The kVA ratings of commercial alternators are very high (e.g. 500 MVA). It is neither

convenient nor practicable to determine the voltage regulation by direct loading. There are

several indirect methods of determining the voltage regulation of an alternator. These

methods require only a small amount of power as compared to the power required for direct

loading method. Two such methods are:

1. Synchronous impedance or E.M.F. method

2. Ampere-turn or M.M.F. method

For either method, the following data are required:

(i) Armature resistance

(ii) Open-circuit characteristic (O.C.C.)
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(iii) Short-Circuit characteristic (S.C.C.)

(i) Armature resistance

The armature resistance Ra per phase is determined by using direct current and the voltmeter-

ammeter method. This is the d.c. value. The effective armature resistance (a.c. resistance) is

greater than this value due to skin effect. It is a usual practice to take the effective resistance

1.5 times the d.c. value (Ra = 1.5 Rdc).

(ii) Open-circuit characteristic (O.C.C)

Like the magnetization curve for a d.c. machine, the (Open-circuit characteristic of an

alternator is the curve between armature terminal voltage (phase value) on open circuit and

the field current when the alternator is running at rated speed. Fig. (10.20) shows the circuit

for determining the O.C.C. of an alternator. The alternator is run on no-load at the rated

speed. The field current If is gradually increased from zero (by adjusting field rheostat) until

open-circuit voltage E0 (phase value) is about 50% greater than the rated phase voltage. The

graph is drawn between open-circuit voltage values and the corresponding values of If as

shown in Fig. (10.21).

(iii) Short-circuit characteristic (S.C.C.)

In a short-circuit test, the alternator is run at rated speed and the armature terminals are short-

circuited through identical ammeters [See Fig. (10.22)]. Only one ammeter need be read; but

three are used for balance. The field current If is gradually increased from zero until the

short-circuit armature current ISC is about twice the rated current. The graph between short-

circuit armature current and field current gives the short-circuit characteristic
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(S.C.C.) shown in Fig.(10.23).

There is no need to take more than one reading because S.C.C. is a straight line passing

through the origin. The reason is simple. Since armature resistance is much smaller than the

synchronous reactance, the short-circuit armature current lags the induced voltage by very

nearly 90°. Consequently, the armature flux and field flux are in direct opposition and the

resultant flux is small. Since the resultant flux is small, the saturation effects will be

negligible and the short-circuit armature current, therefore, is directly proportional to the field

current over the range from zero to well above the rated armature current.

Synchronous Impedance Method
In this method of finding the voltage regulation of an alternator, we find thesynchronous

impedance Zs (and hence synchronous reactance Xs) of the alternator from the O.C.C. and

S.S.C. For this reason, it is called synchronous impedance method. The method involves the

following steps:

(i) Plot the O.C.C. and S.S.C. on the same field current base as shown in Fig. (10.24).

(ii) Consider a field current If. The open-circuit voltage corresponding to this field current is

E1. The short-circuit armature current corresponding to field current If is I1. On short-circuit

p.d. = 0 and voltage E1 is being used to circulate the snort-circuit armature current I1 against

the synchronous impedance Zs. This is illustrated in Fig. (10.25).
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(ii) The armature resistance can be found as explained earlier. Synchronous reactance,

(iv) Once we know Ra and Xs, the phasor diagram can be drawn for any load and any p.f.

Fig. (10.26) shows the phasor diagram for the usual case of inductive load; the load p.f. being

cos lagging. Note that in drawing the phasor diagram, current Ia has been taken as the

reference phasor. The IaRa
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Methods of starting of synchronous motors

A synchronous motor cannot start by itself. In order to make the motor self-starting, a squirrel

cage winding (also called damper winding) is provided on the rotor. The damper winding

consists of copper bars embedded in the pole faces of the salient poles of the rotor as shown

in Fig. (11.4). The bars are short-circuited at the ends to form in effect a partial squirrel cage

winding. The damper winding serves to start the motor.

(i) To start with, 3-phase supply is given to the stator winding while the rotor field winding is

left unenergized. The rotating stator field induces currents in the damper or squirrel cage

winding and the motor starts as an induction motor.

(ii) As the motor approaches the synchronous speed, the rotor is excited with direct current.

Now the resulting poles on the rotor face poles of opposite polarity on the stator and a strong

magnetic attraction is set up between them. The rotor poles lock in with the poles of rotating

flux. Consequently, the rotor revolves at the same speed as the stator field i.e., at synchronous

speed.

(iii) Because the bars of squirrel cage portion of the rotor now rotate at the same speed as the

rotating stator field, these bars do not cut any flux and, therefore, have no induced currents in

them. Hence squirrel cage portion of the rotor is, in effect, removed from the operation of the

motor. It may be emphasized here that due to magnetic interlocking between the stator and

rotor poles, a synchronous motor can only run at synchronous speed. At any other speed, this

magnetic interlocking (i.e., rotor poles facing opposite polarity stator poles) ceases and the

average torque becomes zero. Consequently, the motor comes to a halt with a severe

disturbance on the line.

Note: It is important to excite the rotor with direct current at the right moment. For example,

if the d.c. excitation is applied when N-pole of the stator faces Npole of the rotor, the

resulting magnetic repulsion will produce a violent mechanical shock. The motor will

immediately slow down and the circuit breakers will trip. In practice, starters for synchronous

motors arc designed to detect the precise moment when excitation should be applied.
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Torque equation & V curves

Consider an under-excited star-connected synchronous motor driving amechanical load. Fig.

(11.11 (i)) shows the equivalent circuit for one phase, while Fig. (11.11 (ii)) shows the phasor

diagram.

(i) Input power/phase, Pi = V Ia cos 

(ii) Mechanical power developed by the motor/phase,

Pm = Eb Ia cosine of angle between Eb and Ia

= Eb Ia cos()

(iii) Armature Cu loss/phase = I a
2-Ra Pi Pm

(iv) Output power/phasor, Pout = Pm Iron, friction and excitation loss.

Fig. (11.12) shows the power flow diagram of the synchronous motor.
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V curves

Electromagnetic devices draw a magnetizing current from the a.c source, in order to establish

the working flux. This magnetizing current lags the applied voltage by almost 900. A

synchronous motor is a double-excited machine, its armature winding is energised from an

a.c source and its field winding from d.c source. When synchronous motor is working at

constant applied voltage, the resultant air gap flux demanded by applied voltage remains

constant. This resultant air gap flux is established by both a.c in armature winding and d.c in

the field winding. If the field current is sufficient enough to set up the air-gap flux, as

demanded by constant applied voltage then magnetizing current or lagging reactive VA

requied from the a.c source is zero and therefore motor operates at unity power factor. This

field current, which causes unity power factor operation of the synchronous motor, is called

normal excitation or normal field current. If the current less than the normal excitation, i.e the

motor is under excited, then the deficiency in flux must be made up by the armature winding

m.m.f. In order to do the needful, the armature winding draws a magnetizing current or

lagging reactive VA from the a.c source and as a result of it, the motor operates at a lagging

power factor.

In case the field current is made more than its normal excitation, i.e the motor is over-excited,

operates at leading power factor. Fig(1) shows the variation of armature current and power

factor with field current at no load, half load and full load conditions.
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STATIC & DYNAMIC CHARACTERISTICS OF MEASUREMENT SYSTEM:
The performance characteristics of an instrument are mainly divided into two categories:

i) Static characteristics
ii) Dynamic characteristics
Static characteristics:

The set of criteria defined for the instruments, which are used to measure the quantities which
are slowly varying with time or mostly constant, i.e., do not vary with time, is called ‘static
characteristics’
The various static characteristics are:

i) Accuracy
ii) Precision
iii) Sensitivity
iv) Linearity
v) Reproducibility
vi) Repeatability
vii) Resolution
viii) Threshold
x) Drift
x) Stability
xi) Tolerance
xii) Range or span

Accuracy:

It is the degree of closeness with which the reading approaches the true value of the quantity to
be measured. The accuracy can be expressed in following ways:

a) Point accuracy:

Such accuracy is specified at only one particular point of scale.
It does not give any information about the accuracy at any other Point on the scale.

b) Accuracy as percentage of scale span:

When an instrument as uniform scale, its accuracy may be expressed in terms of scale range.
Accuracy as percentage of true value:

The best way to conceive the idea of accuracy is to specify it in
terms of the true value of the quantity being measured. Precision: It is the measure of
reproducibility i.e., given a fixed value of a quantity, precision is a measure of the degree of
agreement within a group of measurements. The precision is composed of two characteristics:
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a) Conformity:

Consider a resistor having true value as 2385692 , which is being measured by an ohmmeter. But
the reader can read consistently, a value as 2.4 M due to the nonavailability of proper scale. The
error created due to the limitation of the scale reading is a precision error.

b) Number of significant figures:
The precision of the measurement is obtained from the number of significant figures, in which
the reading is expressed. The significant figures convey the actual information about the
magnitude & the measurement precision of the quantity. The precision can be mathematically
expressed as:

Where, P = precision
Xn = Value of nth measurement
Xn = Average value the set of measurement values

Sensitivity:
The sensitivity denotes the smallest change in the measured variable to which the instrument
responds. It is defined as the ratio of the changes in the output of an instrument to a change in the
value of the quantity to be measured. Mathematically it is expressed as,
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Thus, if the calibration curve is liner, as shown, the sensitivity of the instrument is the slope of
the calibration curve. If the calibration curve is not linear as shown, then the sensitivity varies
with the input. Inverse sensitivity or deflection factor is defined as the reciprocal of sensitivity.
Inverse sensitivity or deflection factor = 1/ sensitivity
Reproducibility:
It is the degree of closeness with which a given value may be repeatedly measured. It is specified
in terms of scale readings over a given period of time.
Repeatability:
It is defined as the variation of scale reading & random in nature Drift:
Drift may be classified into three categories:
a) zero drift:
If the whole calibration gradually shifts due to slippage, permanent set, or due to undue warming
up of electronic tube circuits, zero drift sets in.
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b) span drift or sensitivity drift

If there is proportional change in the indication all along the upward scale, the drifts is called
span drift or sensitivity drift.

c) Zonal drift:
In case the drift occurs only a portion of span of an instrument, it is called zonal drift.

Resolution:
If the input is slowly increased from some arbitrary input value, it will again be found that output
does not change at all until a certain increment is exceeded. This increment is called resolution.

Threshold:
If the instrument input is increased very gradually from zero there will be some minimum value
below which no output change can be detected. This minimum value defines the threshold of the
instrument.

Stability:
It is the ability of an instrument to retain its performance throughout is
specified operating life.

Tolerance:
The maximum allowable error in the measurement is specified in terms of some value which is
called tolerance.

Range or span:
The minimum & maximum values of a quantity for which an instrument is designed to measure
is called its range or span.
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Dynamic characteristics:

The set of criteria defined for the instruments, which are changes rapidly with time, is called
‘dynamic characteristics’.
The various static characteristics are:
i) Speed of response
ii) Measuring lag
iii) Fidelity
iv) Dynamic error

Speed of response:
It is defined as the rapidity with which a measurement system responds to changes in the
measured quantity.

Measuring lag:
It is the retardation or delay in the response of a measurement system to changes in the measured
quantity. The measuring lags are of two types:

a) Retardation type:
In this case the response of the measurement system begins immediately after the change in
measured quantity has occurred.

b) Time delay lag:
In this case the response of the measurement system begins after a dead time after the application
of the input. Fidelity: It is defined as the degree to which a measurement system indicates
changes in the measurand quantity without dynamic error.

Dynamic error:
It is the difference between the true value of the quantity changing with time & the value
indicated by the measurement system if no static error is assumed. It is also called measurement
error.
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ERRORS IN MEASUREMENT

In order to understand the concept of errors in measurement, we should know the two terms
that defines the error and these two terms are written below:

True Value

It is not possible to determine the true of quantity by experiment means. True value may be
defined as the average value of an infinite number of measured values when average deviation
due to various contributing factor will approach to zero.

Measured Value

It may be defined as the approximated value of true value. It can be found out by taking means of
several measured readings during an experiment, by applying suitable approximations on
physical conditions.

Now we are in a position to define static error. Static error is defined as the difference of the
measured value and the true value of the quantity. Mathematically we can write an expression of
error as, dA = Am - At where dA is the static error Am is measured value and At is true value.

It may be noted that the absolute value of error cannot be determined as due to the fact that the
true value of quantity cannot be determined accurately.

Let us consider few terms related to errors.

Limiting Errors or Guarantee Errors

The concept of guarantee errors can better clear if we study this kind of error by considering one
example. Suppose there is a manufacturer who manufacture an ammeter, now he should
promises that the error in the ammeter he is selling not greater the limit he sets. This limit of
error is known as limiting errors or guarantee error.

Relative Error or Fractional Error

It is defined as the ratio of the error and the specified magnitude of the quantity. Mathematically
we write as,

Where dA is the error and A is the magnitude.

www.rejinpaul.com

Get useful study materials from www.rejinpaul.com



Now here we are interested in computing resultant limiting error under the following cases

(a) By taking the sum of two quantities: Let us consider two measured quantities a1 and a2. The
sum of these two quantities can be represented by A. Thus we can write A = a1 + a2. Now the
relative incremental value of this function can be calculated as

Separating the each term as shown below and by multiplying and dividing a1 with the first term
and a2 with the second term we have

From the above equation we can see that the resultant limiting error is equal to the sum of
products formed by multiplying the individual relative limiting errors by the ratio of each term to
the function. Same procedure can be applied to calculate the resultant limiting error due to
summation of more than two quantities. In order to calculate the resultant limiting error due to
difference of the two quantities just change the addition sign with subtraction and rest procedure
is same.

(b) By taking the product of two quantities: Let us consider two quantities a1 and a2. In this case
the product of the two quantities are expressed as A = a1.a2. Now taking log both sides and
differentiating with respect to A we have resultant limiting errors as

From this equation we can see that the resultant error is summation of relative errors in
measurement of terms. Similarly we can calculate the resultant limiting error for power of
factor. Hence the relative error would be n times in this case.

Types of Errors

Basically there are three types of errors on the basis; they may arise from the source.

Gross Errors

This category of errors includes all the human mistakes while reading, recording and the
readings. Mistakes in calculating the errors also come under this category. For example while
taking the reading from the meter of the instrument he may read 21 as 31. All these types of error
are come under this category. Gross errors can be avoided by using two suitable measures and
they are written below:
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(i) A proper care should be taken in reading, recording the data. Also calculation of error should
be done accurately.
(ii) By increasing the number of experimenters we can reduce the gross errors. If each
experimenter takes different reading at different points, then by taking average of more readings
we can reduce the gross errors.

Systematic Errors

In order to understand these kinds of errors, let us categorize the systematic errors as

(i) Instrumental Errors

These errors may be due to wrong construction, calibration of the measuring instruments. These
types of error may be arises due to friction or may be due to hysteresis. These types of errors also
include the loading effect and misuse of the instruments. Misuse of the instruments results in the
failure to the adjust the zero of instruments. In order to minimize the gross errors in measurement
various correction factors must be applied and in extreme condition instrument must be re-
calibrated carefully.

(ii) Environmental Errors

This type of error arises due to conditions external to instrument. External condition includes
temperature, pressure, humidity or it may include external magnetic field. Following are the
steps that one must follow in order to minimize the environmental errors:

(A)Try to maintain the temperature and humidity of the laboratory constant by making some
arrangements.
(B)Ensure that there should not be any external magnetic or electrostatic field around the
instrument.

Observational Errors

As the name suggests these types of errors are due wrong observations. The wrong observations
may be due to PARALLAX. In order to minimize the PARALLAX error highly accurate meters
are required, provided with mirrored scales.

Random Errors

After calculating all systematic errors, it is found that there are still some errors in measurement
are left. These errors are known as random errors. Some of the reasons of the appearance of these
errors are known but still some reasons are unknown. Hence we cannot fully eliminate these
kinds of error.
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Transducers

he transducer may be defined as any device that convert the energy from one form to another,
Most of the transducers either convert electrical energy in to mechanical displacement and
convert some non electrical physical quantities like temperature, Light, Pressure , Force , Sound
etc to an electrical signals. In an electronics instrument system the function of transducers is of
two types.

1. To detect or sense the pressure, magnitude and change in physical quantity being
measured.

2. To produce a proportional electrical signal.

Classification of Transducers

Passive Transducers

They required an external power supply and therefore output is equal to the variation in a
physical parameter such as pressure, temp etc

1. Thermister
2. Resistance Temperature Transducer

Self Generated Transducers

The self generated transducers don’t use the external power supply source. However they
provide an electrical output when stimulated by some physical form of energy. The self
generated transducers are sub divided into many groups.

1. Thermal Transducers

 Thermo Couple
 Thermister
 Resistor Heat Control

 Optical Transducer

 Photo Conductive
 Photo Voltic

 Mechanical Transducers

 Strain Guage
 Magnetic Transducers
 LVDT Transducers
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Variable Resistance Transducer
The variable resistance transducers are one of the most commonly used types of
transducers. The variable resistance transducers are also called as resistive transducers or
resistive sensors. They can be used for measuring various physical quantities like
temperature, pressure, displacement, force, vibrations etc. These transducers are usually
used as the secondary transducers, where the output from the primary mechanical
transducer acts as the input for the variable resistance transducer. The output obtained
from it is calibrated against the input quantity and it directly gives the value of the input.

Principle of Working of Variable Resistance Transducer

The variable resistance transducer elements work on the principle that the resistance of the
conductor is directly proportional to the length of the conductor and inversely proportional to the
area of the conductor. Thus if L is the length of the conductor (in m) and A is its area (in m
square), its resistance (in ohms) is given by:

R = ρL/A

Where ρ is called as resistivity of the material and it is constant for the materials and is measured
in ohm-m
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Strain Gauges

Strain gauges are devices whose resistance changes under the application of force or strain. They
can be used for measurement of force, strain, stress, pressure, displacement, acceleration etc.

It is often easy to measure the parameters like length, displacement, weight etc that can be felt
easily by some senses. However, it is very difficult to measure the dimensions like force, stress
and strain that cannot be really sensed directly by any instrument. For such cases special devices
called strain gauges are very useful.

There are some materials whose resistance changes when strain is applied to them or when they
are stretched and this change in resistance can be measured easily. For applying the strain you
need force, thus the change in resistance of the material can be calibrated to measure the applied
force. Thus the devices whose resistance changes due to applied strain or applied force are called
as the strain gauges.

Principle of Working of Strain Gauges

When force is applied to any metallic wire its length increases due to the strain. The more is the
applied force, more is the strain and more is the increase in length of the wire. If L1 is the initial
length of the wire and L2 is the final length after application of the force, the strain is given as:

ε =(L2-L1)/L1

 Further, as the length of the stretched wire increases, its diameter decreases. Now, we know
that resistance of the conductor is the inverse function of the length. As the length of the
conductor increases its resistance decreases. This change in resistance of the conductor can be
measured easily and calibrated against the applied force. Thus strain gauges can be used to
measure force and related parameters like displacement and stress. The input and output
relationship of the strain gauges can be expressed by the term gauge factor or gauge gradient,
which is defined as the change in resistance R for the given value of applied strain ε.

 Materials Used for the Strain Gauges

Earlier wire types of strain gauges were used commonly, which are now being replaced by the
metal foil types of gauges as shown in the figure below. The metals can be easily cut into the
zigzag foils for the formation of the strain gauges. One of the most popular materials used for the
strain gauges is the copper-nickel-manganese alloy, which is known by the trade name
‘Advance.’ Some semiconductor materials can also be used for making the strain gauges.

 Strain Gauges
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 Applications of the Strain Gauges

The strain gauges are used for two main purposes:

1) Measurement of strain: Whenever any material is subjected to high loads, they come under
strain, which can be measured easily with the strain gauges. The strain can also be used to carry
out stress analysis of the member.

2) Measurement of other quantities: The principle of change in resistance due to applied force
can also be calibrated to measure a number of other quantities like force, pressure, displacement,
acceleration etc since all these parameters are related to each other. The strain gauges can sense
the displacements as small as 5 µm. They are usually connected to the mechanical transducers
like bellows for measuring pressure and displacement and other quantities.

Thermistors:

Thermistors work on the principle that resistance of some materials changes with the
change in their temperature. When the temperature of the material changes, its resistance
changes and it can be measured easily and calibrated against the input quantity. The commonly
used thermistors are made up of the ceramic like semiconducting materials such as oxides of
manganese, nickel and cobalt. Thermistors can be used for the measurement of temperature, as
electric power sensing devices and also as the controls for various processes.

Thermistors are temperature sensitive resistors. All resistors vary with temperature, but
thermistors are constructed of semiconductor material with a resistivity that is especially
sensitive to temperature. However, unlike most other resistive devices, the resistance of a
thermistor decreases with increasing temperature. That's due to the properties of the
semiconductor material that the thermistor is made from. For some, that may be
counterintuitive, but it is correct. Here is a graph of resistance as a function of temperature for a
typical thermistor. Notice how the resistance drops from 100 k, to a very small value in a
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range around room temperature. Not only is the resistance change in the opposite direction from
what you expect, but the magnitude of the percentage resistance change is substantial.

Capacitve Transducer

The capacitive transducer is used extensively for the measurement of displacement, pressure etc.
Let us see the principle of working of capacitive transducer or sensor also called as variable
capacitance transducer.

The capacitive transducer or sensor is nothing but the capacitor with variable capacitance. The
capacitive transducer comprises of two parallel metal plates that are separated by the material
such as air, which is called as the dielectric material. In the typical capacitor the distance
between the two plates is fixed, but in variable capacitance transducers the distance between the
two plates is variable.

In the instruments using capacitance transducers the value of the capacitance changes due to
change in the value of the input quantity that is to be measured. This change in capacitance can
be measured easily and it is calibrated against the input quantity, thus the value if the input
quantity can be measured directly.

Capactive Transducer or Capacitive Sensor or Variable Capacitance Transducer

 The capacitance C between the two plates of capacitive transducers is given by:
C = εo x εr x A/ d
Where C is the capacitance of the capacitor or the variable capacitance transducer
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εo is the absolute permittivity
εr is the relative permittivity
The product of εo & εr is also called as the dielectric constant of the capacitive transducer.
A is the area of the plates
D is the distance between the plates
It is clear from the above formula that capacitance of the capacitive transducer depends
on the area of the plates and the distance between the plates. The capacitance of the
capacitive transducer also changes with the dielectric constant of the dielectric material
used in it.
Thus the capacitance of the variable capacitance transducer can change with the change
of the dielectric material, change in the area of the plates and the distance between the
plates. Depending on the parameter that changes for the capacitive transducers, they are
of three types as mentioned below.
1) Changing Dielectric Constant type of Capacitive Transducers

In these capacitive transducer the dielectric material between the two plates changes, due
to which the capacitance of the transducer also changes. When the input quantity to be
measured changes the value of the dielectric constant also changes so the capacitance of
the instrument changes. This capacitance, calibrated against the input quantity, directly
gives the value of the quantity to be measured. This principle is used for measurement of
level in the hydrogen container, where the change in level of hydrogen between the two
plates results in change of the dielectric constant of the capacitance transducer. Apart
from level, this principle can also be used for measurement of humidity and moisture
content of the air.
2) Changing Area of the Plates of Capacitive Transducers

The capacitance of the variable capacitance transducer also changes with the area of the
two plates. This principle is used in the torquemeter, used for measurement of the torque
on the shaft. This comprises of the sleeve that has teeth cut axially and the matching shaft
that has similar teeth at its periphery.
3) Changing Distance between the Plates of Capacitive Transducers

In these capacitive transducers the distance between the plates is variable, while the area
of the plates and the dielectric constant remain constant. This is the most commonly used
type of variable capacitance transducer. For measurement of the displacement of the
object, one plate of the capacitance transducer is kept fixed, while the other is connected
to the object. When the object moves, the plate of the capacitance transducer also moves,
this results in change in distance between the two plates and the change in the
capacitance. The changed capacitance is measured easily and it calibrated against the
input quantity, which is displacement. This principle can also be used to measure
pressure, velocity, acceleration etc
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Piezoelectric Effect

This article describes what is piezoelectric effect, piezoelectric transducers, materials that exhibit
piezoelectric effect, advantages and disadvantages of the piezoelectric transducers, and
applications of piezoelectric transducers.

There are certain materials that generate electric potential or voltage when mechanical strain is
applied to them or conversely when the voltage is applied to them, they tend to change the
dimensions along certain plane. This effect is called as the piezoelectric effect. This effect was
discovered in the year 1880 by Pierre and Jacques Curie. Some of the materials that exhibit
piezoelectric effect are quartz, Rochelle salt, polarized barium titanate, ammonium dihydrogen,
ordinary sugar etc.

 Piezoelectric Transducers

Piezoelectric Transducers

The piezoelectric transducers work on the principle of piezoelectric effect. When mechanical
stress or forces are applied to some materials along certain planes, they produce electric voltage.
This electric voltage can be measured easily by the voltage measuring instruments, which can be
used to measure the stress or force.

 The physical quantities like stress and force cannot be measured directly. In such cases the
material exhibiting piezoelectric transducers can be used. The stress or the force that has to be
measured is applied along certain planes to these materials. The voltage output obtained from
these materials due to piezoelectric effect is proportional to the applied stress or force. The
output voltage can be calibrated against the applied stress or the force so that the measured value
of the output voltage directly gives the value of the applied stress or force. In fact the scale can
be marked directly in terms of stress or force to give the values directly.
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The voltage output obtained from the materials due to piezoelectric effect is very small and it has
high impedance. To measure the output some amplifiers, auxiliary circuit and the connecting
cables are required.

 Materials used for the Piezoelectric Transducers

There are various materials that exhibit piezoelectric effect as mentioned above. The materials
used for the measurement purpose should posses desirable properties like stability, high output,
insensitive to the extreme temperature and humidity and ability to be formed or machined into
any shape. But none of the materials exhibiting piezoelectric effect possesses all the properties.
Quartz, which is a natural crystal, is highly stable but the output obtained from it is very small. It
also offers the advantage of measuring very slowly varying parameter as they have very low
leakage when they are used with high input impedance amplifiers.

Due to its stability, quartz is used commonly in the piezoelectric transducers. It is usually cut into
rectangular or square plate shape and held between two electrodes. The crystal is connected to
the appropriate electronic circuit to obtain sufficient output.

Rochelle salt, a synthetic crystal, gives the highest output amongst all the materials exhibiting
piezoelectric effect. However, it has to be protected from the moisture and cannot be used at
temperature above 115 degree F. Overall the synthetic crystals are more sensitive and give
greater output than the natural crystals.

 This article describes what is piezoelectric effect, piezoelectric transducers or piezo
transducers or piezo sensors, materials that exhibit piezoelectric effect, advantages and
disadvantages of the piezoelectric transducers, and applications of piezoelectric transducers.The
materials used for the measurement purpose should posses desirable properties like stability,
high output, insensitive to the extreme temperature and humidity and ability to be formed or
machined into any shape. The piezoelectric crystals have high impedance so they have to be
connected to the amplifier and the auxiliary circuit, which have the potential to cause errors in
measurement. To reduce these errors amplifiers high input impedance and long cables should be
used.

 Advantages of Piezoelectric Transducers

Every devise has certain advantages and limitations. The piezoelectric transducers offer several
advantages as mentioned below:

1) High frequency response: They offer very high frequency response that means the parameter
changing at very high speeds can be sensed easily.

2) High transient response: The piezoelectric transducers can detect the events of microseconds
and also give the linear output.

3) High output: They offer high output that be measured in the electronic circuit.
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LVDT

This article describes linear variable differential transformer or LVDT. It works on the principle
of differential transformer that has one primary winding and two secondary windings. The
voltage output from the LVDT is proportional to the movement of the core whose displacement
is to be measured

Linear variable differential transformer is popularly known as LVDT. As the name suggests
LVDT comprises of the differential transformer that provides the AC voltage output proportional
to the displacement of the core passing through the windings. The LVDT comprises of the one
primary winding, and two secondary windings connected to each other in series opposing
manner as shown in the figure below. The body whose displacement is to be measured is
connected to the iron core.

 Construction of the LVDT

The LVDT is basically a differential transformer, whose voltage output is proportional to the
displacement of the object hence it is given the name linear variable differential transformer. The
differential transformer has a hollow magnetic core on which three coils are wound as shown in
the figure below. There is one primary coil in the middle of the core through which the input
voltage is applied. There are two secondary coils at the two ends of the central core, which are
connected to each other in the phase opposition manner and through which the output is
obtained. Through the hollow another solid core is passed, which is connected to the body whose
displacement is to be measured.

 Working of the LVDT
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The input voltage is supplied to the primary coil from the external source of power and the
output is obtained from the secondary coils. The amplitude and the phase of the output depend
on the relative coupling between the two output coils and primary coil. The relative coupling is
in turn dependent on the position of the solid core inside the hollow core.

The figure below shows the output characteristics of the typical differential transformer. As
shown in the figure there is certain position of the core, called as the null position, for which the
output voltage is zero, this is an ideal position and is very difficult to attain. Beyond the null
position the core moves either to the left or to the right and there is certain output voltage
obtained from the differential transformer.

Within certain limits on either side of the null position the output obtained from the differential
transformer is proportional to the movement of the core. This means the output from the
differential transformer is linear with respect to the motion of the core. The linear variable
differential transformer or LVDT works within this range of motion of the core. Thus in LVDT
the voltage output obtained is linear with respect to the motion of the core moving inside it.

In LVDT the linear range obtained through the device is dependent on the length of the
secondary coils. The magnitude of the output voltage obtained across the sides of the null
position is same but they are opposite in phase. Thus it is possible to distinguish the two outputs
from LVDT by determining the phase difference between the output voltages.

The output obtained from the LVDT is calibrated against the input motion of the core. The body
whose displacement is to be measured is connected to this core, thus any motion of the body
gives direct output from the LVDT in the form of the displacement.

Advantages of LVDT

1) The biggest advantage of the LVDT is that the output obtained from it is proportional to the
displacement of the mechanical member whose displacement is being measured.

2) LVDT cannot be overloaded mechanically since the core is completely separated from the
other parts of the device.

3) Another important advantage of LVDT is that the output obtained from it is fairly high and it
can be measured easily without requiring the need of the intermediate amplification.
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3) LVDT is insensitive to the temperature and the changes in the temperature.

Capacitor microphones

This type of microphone converts pressure fluctuations into electrical potentials through the use
of changing an electrical capacitor. This is why condenser microphones are also known as
capacitor microphones. An electrical capacitor is created when two charged electrical conductors
are placed at a finite distance from each other. The basic relation that describes capacitors is:

Q=C*V

where Q is the electrical charge of the capacitor’s conductors, C is the capacitance, and V is the
electric potential between the capacitor’s conductors. If the electrical charge of the conductors is
held at a constant value, then the voltage between the conductors will be inversely proportional
to the capacitance. Also, the capacitance is inversely proportional to the distance between the
conductors. Condenser microphones utilize these two concepts.

Figure 3: Sectional View of Condenser Microphone

The capacitor in a condenser microphone is made of two parts: the diaphragm and the back plate.
Figure 3 shows a section view of a condenser microphone. The diaphragm is what moves due to
impinging pressure fluctuations and the back plate is held in a stationary position. When the
diaphragm moves closer to the back plate, the capacitance increases and therefore a change in
electric potential is produced. The diaphragm is typically made of metallic coated Mylar. The
assembly that houses both the back plate and the diaphragm is commonly referred to as a
capsule.

To keep the diaphragm and back plate at a constant charge, an electric potential must be
presented to the capsule. There are various ways of performing this operation. The first of which
is by simply using a battery to supply the needed DC potential to the capsule. A simplified
schematic of this technique is displayed in figure 4. The resistor across the leads of the capsule is
very high, in the range of 10 mega ohms, to keep the charge on the capsule close to constant.
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Figure 4: Internal Battery Powered Condenser Microphone

Another technique of providing a constant charge on the capacitor is to supply a DC electric
potential through the microphone cable that carries the microphones output signal. Standard
microphone cable is known as XLR cable and is terminated by three pin connectors

Resistance temperature detector (RTD)

A resistance temperature detector (RTD) can also be called a resistance thermometer as the
temperature measurement will be a measure of the output resistance.

The main principle of operation of an RTD is that when the temperature of an object increases or
decreases, the resistance also increases or decreases proportionally. The main difference between
a RTD and a Thermistor is that the sensing element used in a RTD is a metal and a thermistor
uses ceramic or polymer material. As platinum is the most commonly used metal for making
RTD’s, the device can also be called Platinum Resistance Thermometers (PRT’s).

RTD Types

RTD types are broadly classified according to the different sensing elements used. Platinum,
Nickel and Copper are the most commonly used sensing elements. Platinum is considered the
best as it has the widest temperature range. This is shown in the resistance versus temperature
graph below. Platinum type RTD is also known for its best interchange ability than copper and
nickel. It also has the highest time stability. PRT’s can also be used in unsuitable environments
where it can reduce atmospheric metallic vapours and also catalizable vapours if the element is
bare. It can also be used in radioactive environments. In industrial applications, a PRT is known
to measure temperatures as high as 1500 degree Fahrenheit while copper and Nickel can measure
only to a maximum of 400 degree Fahrenheit.
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RTD-Resistance Versus Temperature Graph

RTD Styles

RTD’s are available with single, double, or triple windings, each electrically separated. Use of
more than one winding enables two independent measuring circuits to measure the same
temperature, and also permits more than one measurement to be made with only one sensor
installation. However, the additional mass introduced to the sensor by adding windings and their
associated support and encapsulating materials increases both the response time and the
conduction error. Using separate sensors provides mechanical independence of the sensors for
maintenance.

RTDs should generally be of spring-loaded, tip-sensitive construction, with a 1/4-inch-diameter
sheath.

RTD Wiring Arrangements

RTD’s are available with either two, three, or four output wires for connection to the secondary
instrument as shown in the figure below. The various wiring arrangements are designed to
reduce and/or eliminate any errors introduced due to resistance changes of the lead wires when
they also undergo temperature changes. RTDs used for electrical equipment generally use either
a three-wire system or a four-wire system having paired lead wires.

Copper lead wires are satisfactory for all the arrangements. For a given RTD, all the lead-wires
should be of the same gauge and the same length, and should be run in the same conduit.

The four wire system is little affected by temperature induced resistance changes in lead-wires,
and, of all the arrangements, it is affected least by stray currents. It, therefore, is used to measure
temperature differences and is used generally for making very accurate measurements. The
three-wire system is generally satisfactory for industrial measurement using a secondary
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instrument that is remote, say, more than 3 meters distant from the RTD. Although the error
caused by temperature change in the leads is virtually eliminated in a 3-wire arrangement, a
slight non-linearity in the resistance change is introduced with this scheme.

Resistance Temperature Detector-(RTD)-2 Wire,3 Wire,4 Wire Systems

Power Supply for RTD

An electric dc power supply is required to provide current for the resistance measuring circuit.
The power supply is normally applied through the secondary instrument. If the secondary
instrument is a transmitter having a current output of (4-20) mA, then the power is carried by the
two output wires of the transmitter.
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Rotary Variable Differential Transformer (RVDT)

A rotary variable differential transformer (RVDT) is a type of electrical transformer used for
measuring angular displacement.

More precisely, a Rotary Variable Differential Transformer (RVDT) is an electromechanical
transducer that provides a variable alternating current (AC) output voltage that is linearly
proportional to the angular displacement of its input shaft. When energized with a fixed AC
source, the output signal is linear within a specified range over the angular displacement.

RVDTs utilize brushless, non-contacting technology to ensure long-life and reliable, repeatable
position sensing with infinite resolution. Such reliable and repeatable performance assures
accurate position sensing under the most extreme operating conditions.

Most RVDT are composed of a wound, laminated stator and a salient two-pole rotor. The stator,
containing four slots, contains both the primary winding and the two secondary windings. Some
secondary windings may also be connected together.

Basic RVDT construction and operation is provided by rotating an iron-core bearing supported
within a housed stator assembly. The housing is passivated stainless steel. The stator consists of
a primary excitation coil and a pair of secondary output coils. A fixed alternating current
excitation is applied to the primary stator coil that is electromagnetically coupled to the
secondary coils. This coupling is proportional to the angle of the input shaft. The output pair is
structured so that one coil is in-phase with the excitation coil, and the second is 180 degrees out-
of-phase with the excitation coil. When the rotor is in a position that directs the available flux
equally in both the in-phase and out-of-phase coils, the output voltages cancel and result in a
zero value signal. This is referred to as the electrical zero position or E.Z. When the rotor shaft is
displaced from E.Z., the resulting output signals have a magnitude and phase relationship
proportional to the direction of rotation. Because RVDTs perform essentially like a transformer,
excitation voltages changes will cause directly proportional changes to the output
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(transformation ratio). However, the voltage out to excitation voltage ratio will remain constant.
Since most RVDT signal conditioning systems measure signal as a function of the
transformation ratio (TR), excitation voltage drift beyond 7.5% typically has no effect on sensor
accuracy and strict voltage regulation is not typically necessary. Excitation frequency should be
controlled within +/- 1% to maintain accuracy

Although the RVDT can theoretically operate between ±45°, accuracy decreases quickly after
±35°. Thus, its operational limits lie mostly within ±30°, but some up to ±40°. Certain types can
operate up to ±60°.

The advantages of the RVDT are :

 low sensitivity to temperature, primary voltage & frequency variations
 sturdiness
 low cost
 simple control electronics
 small size
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A digital voltmeter, or DVM, is used to take highly accurate voltage
measurements. These instruments measure the electrical potential difference between two
conductors in a circuit. DVMs are electric voltmeters, and the preferred standard, as they
offer several benefits over their analog counterparts. Voltmeters are used to measure the gain
or loss of voltage between two points in a circuit. The leads are connected in parallel on each
side of the circuit being tested. The positive terminal of the meter should be connected
closest to the power supply. In turn, the negative terminal would be connected after the
circuit being tested. The analog dial or digital display will exhibit the
voltagemeasurement.
Ramp type DVM

It uses a linear ramp technique or staircase ramp technique. The stair case ramp
technique is simpler than the linear ramp technique.

Linear ramp technique

The basic principle of such measurement is based on the measurement of the time
taken by linear ramp to rise from 0 V to the level of the input voltage or to decrease from
the level of the input voltage to zero. The time measured with the help of electronic time
interval counter and the count is displayed in the numeric form with the help of digital
display.

Block Diagram

Properly attenuated input signal is applied as one input to the input comparator

The ramp generator generates the proper linear ramp signal which is
applied to both the comparators.

The input comparator is used to send the start pulse while the ground
comparator is

used to send the stop pulse.

When the input ramp are applied to the input comparator and at the point
when negative going ramp becomes equal to input voltages the comparator
sends the start pulse due to which gate opens.
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The oscillator drives the counter. The counter starts counting the pulses
received

from the oscillator.

Now the input ramp is applied to the ground comparator and it is decreasing.
Thus when ramp becomes zero, both the inputs of ground comparator becomes
zero and send it the stop pulse due to which gate closed.

The sample rate multivibartor determines the rate at which the measurement
cycles are initiated.

Staircase Ramp Technique

In this type of DVM, instead of linear ramp, the staircase ramp is used.
The staircase ramp is generated by the digital to analog converter. The technique of
using staircase ramp is also called null balance technique.

Block Diagram

The input voltage is properly attenuated and is applied to a null detector. The
input to null detector is the staircase ramp generated by the digital to analog
converter. The ramp is continuously compared with the input signal.

The logical control circuit sends a rest signal. This signal resets the counter.
The digital to analog converter is also resetted by same signal.
The output counter is given to the digital to analog converter which generates the
ramp signal.

At every count there is an incremental change in the ramp generated. Thus
the staircase ramp is generated at the output of the digital to analog converter.
This is given as the second input of the null detector.
The increase in ramp continues till it achieves the voltage equal to input
voltage. When the two voltages are equal, the null detector generates a signal
which inturn initiates the logic control circuit.

The oscillator drives the counter. The counter starts counting the pulses
received

from the oscillator.

Now the input ramp is applied to the ground comparator and it is decreasing.
Thus when ramp becomes zero, both the inputs of ground comparator becomes
zero and send it the stop pulse due to which gate closed.
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The increase in ramp continues till it achieves the voltage equal to input
voltage. When the two voltages are equal, the null detector generates a signal
which inturn initiates the logic control circuit.
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successive approximation type digital voltmeter

The potentiometric used in the servo balancing type DVM is a linear divider

but in successive approximation type a digital divider is used.

The digital divider is a Digital to analog (D/A) converter.

The servo motor replaced by an electronic logic.

The basic principle of measurement by this method is similar to the simple

example of determination of weight of the object.

The object is placed on one side of the balance and the approximate

weight is placed on the other side.

If this weight is smaller than the object, another small weight is added

weight is removed and smaller weight is added.

Thus by such successive procedure of adding and removing, the weight of

the object is determined.

The successive approximation type DVM works exactly on the same principle.

In successive approximation type DVM, the comparator compares the

output of digital to analog converter with the unknown voltage.

Accordingly, the comparator provides logic high or low signals.

The digital to analog converter successively generates the set pattern of signals.

The procedure continues till the output of the digital to analog converter

becomes equal to the unknown voltage.

dual slope integrating type digital voltmeter.

Block Diagram
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This is the most popular method of analog to digital conversion.

In the ramp techniques, the noise can cause large errors but in dual slope method

the noise is averaged out by the positive and negative ramps using the process of

integration.

The basic principle of this method is that the input signal is integrated for a fixed

interval of time.

And then the same integrator is used to integrate the reference voltage with reverse

slope.

Hence the name given to the technique is dual slope integration technique.

When the switch S1 is in the position 1, the capacitor C starts charging from zero

level.

The rate of charging is proportional to the input voltage level.

After the interval t1, the input voltage is disconnected and a negative voltage – V

ref is connected by throwing the switch S1 in position 2.

Thus the input voltage is dependent on the time periods t1 and t2 and not on the

values of R1 and C.

servo potentiometric type digital voltmeter

Block diagram
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In this potentiometric type voltmeters internal reference voltage is provided.

A voltage comparison technique is used to measure the input voltage.

The unknown voltage is compared with the reference voltage with the help of the

setting of the calibrated potentiometer i.e. potential divider.

The arm of the potentiometer is varied to obtain the null condition i.e.

balance condition.

The internal reference voltage is present at the two terminals of the

potentiometer

. When the null condition is obtained, the value of the unknown voltage is
indicated by the dial setting of the potentiometer.

Practically, the null balancing is not obtained manually but is

obtained automatically.

Such a voltmeter is called self balancing potentiometric type DVM.

The servomotor is used to vary the arm of the potentiometer hence it is also

called servo balancing potentiometer type DVM.

Digital Multimeter

The digital multimeter, DMM is one of the most useful items of test equipment. Basic
instruments can measure current voltage and resistance, but most include the capability to
measure many other values.

The digital multimeter, DMM, is one of the most common items of test equipment used in the
electronics industry today.

While there are many other items of test equipment that are available, the multimeter is able to
provide excellent readings of the basic measurements of amps, volts and ohms.

In this potentiometric type voltmeters internal reference voltage is provided.

A voltage comparison technique is used to measure the input voltage.

The unknown voltage is compared with the reference voltage with the help of the

setting of the calibrated potentiometer i.e. potential divider.

The arm of the potentiometer is varied to obtain the null condition i.e.

balance condition.

The internal reference voltage is present at the two terminals of the

potentiometer

. When the null condition is obtained, the value of the unknown voltage is
indicated by the dial setting of the potentiometer.

Practically, the null balancing is not obtained manually but is

obtained automatically.

Such a voltmeter is called self balancing potentiometric type DVM.
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instruments can measure current voltage and resistance, but most include the capability to
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Practically, the null balancing is not obtained manually but is

obtained automatically.

Such a voltmeter is called self balancing potentiometric type DVM.

The servomotor is used to vary the arm of the potentiometer hence it is also

called servo balancing potentiometer type DVM.

Digital Multimeter

The digital multimeter, DMM is one of the most useful items of test equipment. Basic
instruments can measure current voltage and resistance, but most include the capability to
measure many other values.

The digital multimeter, DMM, is one of the most common items of test equipment used in the
electronics industry today.

While there are many other items of test equipment that are available, the multimeter is able to
provide excellent readings of the basic measurements of amps, volts and ohms.
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In addition to this the fact that these digital multimeters use digital and logic technology, means
that the use of integrated circuits rather than analogue techniques, enables many new test
features to be embedded in the design.

As a result, most of today's digital multimeters incorporate many additional measurements that
can be made.

DMM facilities

While the facilities that a digital multimeter can offer are much greater than their analogue
predecessors, the cost of DMMs is relatively low. DMMs are able to offer as standard the basic
measurements that would typically include:

 Current (DC)
 Current (AC)
 Voltage (DC)
 Voltage (AC)
 Resistance

However, using integrated circuit technology, most DMMs are able to offer additional test
capabilities. These may include some of the following:

 Capacitance
 Temperature
 Frequency
 Transistor test - hfe, etc
 Continuity (buzzer)

While some of these additional test features may not be as accurate as those supplied by
dedicated test instruments, they are nevertheless very useful, especially where approximate
readings only are needed.

In addition to an increase in the number of basic measurements that can be made, refinements
of some of the basic measurements are also available on some models. True RMS multimeters
are available. In many instances, AC waveforms use forms of average measurements that are
then converted to RMS measurements using a form factor. This method of measurement is very
dependent upon the shape of the waveform and as a result a true RMS digital multimeter may
be required. In addition to the availability of a true RMS meters, similar refinements of the
other basic measurements are also available in some instances.

In addition to the additional measurement capabilities, DMMs also offer flexibility in the way
measurements are made. Again this is achieved because of the additional capabilities provided
by the digital electronics circuitry contained within the digital multimeter. Many instruments
will offer two additional capabilities:

 Auto-range: This facility enables the correct range of the digital multimeter to be selected so
that the most significant digits are shown, i.e. a four-digit DMM would automatically select an
appropriate range to display 1.234 mV instead of 0.012 V. Additionally it also prevent
overloading, by ensuring that a volts range is selected instead of a millivolts range. Digital
multimeters that incorporate an auto-range facility usually include a facility to 'freeze' the meter
to a particular range. This prevents a measurement that might be on the border between two
ranges causing the meter to frequently change its range which can be very distracting.

 Auto-polarity: This is a very convenient facility that comes into action for direct current and
voltage readings. It shows if the voltage of current being measured is positive (i.e. it is in the
same sense as the meter connections) or negative (i.e. opposite polarity to meter connections).
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Analogue meters did not have this facility and the meter would deflect backwards and the meter
leads would have to be reversed to correctly take the reading.

DMM measurements

Digital multimeters can make a variety of different measurements. Using them is normally very
easy, but the right techniques must be adopted to make the measurements correctly.

This DMM tutorial includes pages outlining the techniques required for making various
measurements.

 How to use a DMM: There are some basic hints and tips on using a DMM that apply across
most DMM measurements. Read how to use a digital multimeter

 Voltage measurements: The voltage measurement is one of the most widely used and most
simple DMM measurements. Read how to make a voltage measurement.

 Current measurement: Current measurements are a little more complicated requiring the
digital multimeter to be placed within the circuit Read how to make a current measurement.

 Resistance measurement: It is often necessary to measure the resistance of a component. This
is easy to accomplish, but certain precautions must be observed. Read how to make a resistance
measurement.

Basics of how a DMM works

The key process that occurs within a digital multimeter for any measurement that takes place is
that of voltage measurement. All other measurements are derived from this basic measurement.

Accordingly the key to understanding how a digital multimeter works is in understanding this
process.

There are many forms of analogue to digital converter, ADC. However the one that is most
widely used in digital multimeters, DMMs is known as the successive approximation register
or SAR. Some SAR ADCs may only have resolution levels of 12 bits, but those used in test
equipment including DMMs generally have 16 bits or possibly more dependent upon the
application. Typically for DMMs resolution levels of 16 bits are generally used, with speeds of
100k samples per second. These levels of speed are more than adequate for most DMM
applications, where high levels of speed are not normally required.

Successive approximation register ADC used in most DMMs

As the name implies, the successive approximation register ADC operates by successively
homing in on the value of the incoming voltage.

The first stage of the process is for the sample and hold circuit to sample the voltage at the
input of the DMM and then to hold it steady.
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With a steady input voltage the register starts at half its full scale value. This would typically
require the most significant bit, MSB set to "1" and all the remaining ones set to "0". Assuming
that the input voltage could be anywhere in the range, the mid-range means that the ADC is set
in the middle of the range and this provides a faster settling time. As it only has to move a
maximum of the full scale rather than possibly 100%.

To see how it works take the simple example of an 4-bit SAR. Its output will start at 1000. If
the voltage is less than half the maximum capability the comparator output will be low and that
will force the register to a level of 0100. If the voltage is above this, the register will move to
0110, and so forth until it homes in on the nearest value.

It can be seen that SAR converters, need one approximating cycle for each output bit, i.e. an n-
bit ADC will require n cycles.

DMM operation

Although the analogue to digital converter forms the key element within the instrument, in
order to fully understand how a digital multimeter works, it is necessary to look at some of the
other functions around the ADC.

Although the ADC will take very many samples the overall digital multimeter will not display
or return every sample taken. Instead the samples are buffered and averaged to achieve high
accuracy and resolution. This will overcome the effects of small variations such as noise, etc.,
noise created by the analogue first stages of the DMM being an important factor that needs to
be overcome to achieve the highest accuracy.

Operation flow diagram for operation of a DMM

Measurement time

One of the key areas of understanding how a digital multimeter works is related to the
measurement time. Apart from the basic measurement there are a number of other functions
that are required and these all take time. Accordingly the measurement time of a digital
multimeter, DMM, may not always appear straightforward.

The overall measurement time for a DMM is made up from several phases where different
activities occur:

 Switch time: The switch time is the time required for the instrument to settle after the input
has been switched. This includes the time to settle after a measurement type has been changed,
e.g. from voltage to resistance, etc. It also includes time to settle after the range has been
changed. If auto-ranging is included the meter will need to settle if a range change is required.

 Settling time: Once the value to be measured has been applied to the input, a certain time will
be required for it to settle. This will overcome any input capacitance levels when high
impedance tests are made, or generally for the circuit and instrument to settle.

 Signal measurement time: This is the basic time required to make the measurement itself. For
AC measurements, the frequency of operation must be taken into account because the minimum
signal measurement time is based on the minimum frequency required of the measurement. For
example, for a minimum frequency of 50 Hz, an aperture of four time the period is required, i.e.
80 ms for a 50Hz signal, or 67ms for a 60Hz signal, etc.
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 Auto-zero time: When autorange is selected, or range changes are made, it is necessary to zero
the meter to ensure accuracy. Once the correct range is selected, the auto-zero is performance
for that range.

 ADC calibration time: In some DMMs a calibration is periodically performed. This must be
accounted for, especially where measurements are taken under automatic or computer control.

It is always useful to know how a digital multimeter works in order to be able to make the best
use of it and the most accurate measurements. However it should be remembered that different
multimeters from different manufacturers may work in different ways. It is therefore always
helpful to consult the manufacturer's instructions to understand how a particular digital
multimeter works.

DIGITAL STORAGE OSCILLOSCOPES (DSO)

Oscilloscopes also come in analog and digital types. An analog oscilloscope works by directly
applying a voltage being measured to an electron beam moving across the oscilloscope screen.
The voltage deflects the beam up and down proportionally, tracing the waveform on the screen.
This gives an immediate picture of the waveform as described in previous sections. In contrast,
a digital oscilloscope samples the waveform and uses an analog-to-digital converter (or ADC)
to convert the voltage being measured into digital information. It then uses this digital
information to reconstruct the waveform on the screen (Figure 5.19).

For many applications either an analog or digital oscilloscope will do. However, each type does
possess some unique characteristics making it more or less suitable for specific tasks. People
often prefer analog oscilloscopes when it is important to display rapidly varying signals in "real
time" (or as they occur). Digital oscilloscopes allow us to capture and view events that may
happen only once. They can process the digital waveform data or send the data to a computer
for processing. Also, they can store the digital waveform data for later viewing and printing.

Necessity for DSO and Its Advantages
If an object passes in front of our eyes more than about 24 times a second over the same
trajectory, we cannot follow the trace of the object and we will see the trajectory as a
continuous line of action. Hence, the trajectory is stored in our physiological system. This
principle is used in obtaining a stationary trace needed to study waveforms in conventional
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oscilloscopes. This is however, is not possible for slowly varying signals and transients that
occur once and then disappear. Storage oscilloscopes have been developed for this purpose.
Digital storage oscilloscopes came to existence in 1971 and developed a lot since then. They
provide a superior method of trace storage. The waveform to be stored is digitized, stored in a
digital memory, and retrieved for displayed on the storage oscilloscope. The stored waveform
is
continuously displayed by repeatedly scanning the stored waveform. The digitized waveform
can be further analyzed by either the oscilloscope or by loading the content of the memory into
a computer. They can present waveforms before, during and after trigger. They provide
markers, called the cursors, to help the user in measurements in annotation (detailing) of the
measured values.

Principles of Operation

Principle Diagram Representing Operation of the DSO
A simplified block diagram of a digital storage oscilloscope is shown in Figure 5.20. The input
circuitry of the DSO and probes used for the measurement are the same as the conventional
oscilloscopes. The input is attenuated and amplified with the input amplifiers as in any
oscilloscope. This is done to scale the input signal so that the dynamic range of the A/D
converter can be utilized maximally. Many DSOs can also operate in a conventional mode,
bypassing the digitizing and storing features. The output of the input amplifier drives the
trigger circuit that provides signal to the control logic. It is also sampled under the control of
the control logic. The sample and hold circuit takes the sample and stores it as a charge on a
capacitor. Hence, the value of the signal is kept constant during the analog to digital
conversion. The analog to digital converter (A/D) generates a binary code related to the
magnitude of the sampled signal. The speed of the A/D converter is important and “flash”
converters

are mostly used. The binary code from the A/D converter is stored in the memory. The memory
consists of a bank of random access memory (RAM) integrated circuits (ICs).

The Time-Base Circuit
The control logic generates a clock signal applied to the binary counter. The counter
accumulates
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pulses and produces a binary output code that delivered to a digital to analog (D/A) converter
to
generate the ramp signal applied to the horizontal deflection amplifier. The horizontal
deflection
plates are supplied with this ramp signal to let the electron to travel across the screen
horizontally at a constant speed. The speed of the transition of electron depends upon the slope
of the ramp that is controlled by the clock rate. The capacity of the counter is taken to have the
maximum number accumulated corresponding to the rightmost position on the screen. With the
next clock pulse, the binary output of the counter drops to all zeros yielding the termination of
the ramp.

The Displayed Signal
Meanwhile, the data currently in the store is read out sequentially and the samples pass to the
second D/A converter. There they are reconstructed into a series of discrete voltage levels
forming a stepwise approximation of the original waveform. This is fed to the vertical
deflection plates via the vertical deflection amplifier. For a multi-trace oscilloscope, each
channel has the same circuitry and outputs of the D/A converters are combined in the vertical
deflection amplifier. The delay line used in conventional oscilloscopes for synchronization is
not needed in digital storage oscilloscopes since this function can be easily handled by the
control logic. The read out and display of samples constituting the stored waveform need not
occur at the same sample rate that was used to acquire the waveform in the first place. It is
sufficient to use a display sample rate adequate to ensure that each and every trace displayed is
rewritten fifty or more times a second to prevent the flicker of the display. Eventually, the time
interval of the signal on the display is not Td of the input signal. Assume that we have a
sampling rate of 1000 samples per second and we use 1000 samples for the display. The time
referred to the input signal is Td = 1 second and it takes 1 second for the DSO to store the
information into the memory. Writing to the memory and reading from the memory are
independent activities. Once the information is stored, it can be read at any rate. Assume the
memory is scanned using a clock signal of 50 kHz. Then, it takes (1/50) second to scan 1000
memory cells and aTd which is the duration of the signal that actually appears on the screen
becomes 20 millisecond.

Current Trends
The DSOs can work at low sweep rates allowing utilization of cheaper CRTs with wider screen
and deflection yoke (coils that provide magnetic field instead of electrical field produced by the
deflection plates). In some current DSOs, even liquid crystal displays (LCDs) are used with
television like scanning techniques. This allows the development of hand-held and battery
operated instruments. Some of these techniques will be dealt with in the section for display
technologies.

Comparison of Analog and Digital Modes of operation

While analog devices make use of continually varying voltages, digital devices employ binary numbers
which correspond to samples of the voltage. In the case of digital oscilloscopes, an analog-to-digital
converter (ADC) is used to change the measured voltages into digital information. Waveforms are taken
as a series of samples. The samples are stored, accumulating until enough are taken in order to describe
the waveform, which are then reassembled for display. Digital technology allows the information to be
displayed with brightness, clarity, and stability. There are, however, limitations as with the performance
of any oscilloscope. The highest frequency at which the oscilloscope can operate is determined by the
analog bandwidth of the front-end components of the instrument and the sampling rate.
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The digital storage oscilloscope, or DSO for short, is now the preferred type for most
industrial applications. Instead of storage-type cathode ray tubes, DSOs use digital memory,
which can store data as long as required without degradation. A digital storage oscilloscope
also allows complex processing of the signal by high-speed digital signal processing circuits.

The vertical input is digitized by an analog to digital converter to create a data set that is stored
in the memory of a microprocessor. The data set is processed and then sent to the display,
which in early DSOs was a cathode ray tube, but is now more likely to be an LCD flat panel.
DSOs with color LCD displays are common. The data set can be sent over a LAN or a WAN
for processing or archiving. The screen image can be directly recorded on paper by means of an
attached printer or plotter, without the need for an oscilloscope camera. The oscilloscope's own
signal analysis software can extract many useful time-domain features (e.g., rise time, pulse
width, amplitude), frequency spectra, histograms and statistics, persistence maps, and a large
number of parameters meaningful to engineers in specialized fields such as
telecommunications, disk drive analysis and power electronics.

Digital storage also makes possible another type of oscilloscope, the equivalent-time sample
oscilloscope. Instead of taking consecutive samples after the trigger event, only one sample is
taken. However, the oscilloscope is able to vary its timebase to precisely time its sample, thus
building up the picture of the signal over the subsequent repeats of the signal. This requires that
either a clock or repeating pattern be provided. This type of oscilloscope is frequently used for
very high speed communication because it allows for a very high "sample rate" and low
amplitude noise compared to traditional real-time oscilloscopes.

Digital oscilloscopes are limited principally by the performance of the analog input circuitry,
the duration of the sample window, and resolution of the sample rate. When not using
equivalent-time sampling, the sampling frequency should be at least the Nyquist rate, double
the frequency of the highest-frequency component of the observed signal, otherwise aliasing
occurs.

Advantages over the analog oscilloscope are:

 Brighter and bigger display with color to distinguish multiple traces
 Equivalent time sampling and averaging across consecutive samples or scans lead to higher

resolution down to µV
 Peak detection
 Easy pan and zoom across multiple stored traces allows beginners to work without a trigger

o This needs a fast reaction of the display (some oscilloscopes have 1 ms delay)
o The knobs have to be large and turn smoothly

 Also slow traces like the temperature variation across a day can be recorded
 Allows for automation.

A disadvantage of digital oscilloscopes is the limited refresh rate of the screen. On an analog
oscilloscope, the user can get an intuitive sense of the trigger rate simply by looking at the
steadiness of the CRT trace. For a digital oscilloscope, the screen looks exactly the same for
any signal rate which exceeds the screen's refresh rate. Additionally, it is sometimes difficult to
spot "glitches" or other rare phenomena on the black-and-white screens of standard digital
oscilloscopes; the slight persistence of CRT phosphors on analog oscilloscopes makes glitches
visible even if many subsequent triggers overwrite them. Both of these difficulties have been
overcome recently by "digital phosphor oscilloscopes", which store data at a very high refresh
rate and display it with variable intensity, to simulate the trace persistence of a CRT
oscilloscope.
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Application of measurement system

The oscilloscope is basically a graph-displaying device - it draws a graph of an electrical
signal. In most applications the graph shows how signals change over time: the vertical (Y)
axis represents voltage and the horizontal (X) axis represents time. The intensity or brightness
of the display is sometimes called the Z axis. (See Figure 1.) This simple graph can tell you
many things about a signal. Here are a few:

 You can determine the time and voltage values of a signal.
 You can calculate the frequency of an oscillating signal.
 You can see the "moving parts" of a circuit represented by the signal.
 You can tell if a malfunctioning component is distorting the signal.
 You can find out how much of a signal is direct current (DC) or alternating current

(AC).
 You can tell how much of the signal is noise and whether the noise is changing with

time.

Waveform Measurements
Many terms are used to describe the types of measurements that you make with your
oscilloscope. This section describes some of the most common measurements and terms.
Frequency and Period
If a signal repeats, it has a frequency. The frequency is measured in Hertz (Hz) and equals the
number of times the signal repeats itself in one second, referred to as cycles per second. A
repetitive signal alsohas a period – this is the amount of time it takes the signal to complete one
cycle. Period and frequency are reciprocals of each other, so that 1/period equals the frequency
and 1/frequency equals the period. For example, the sine wave in Figure 10 has a frequency of
3 Hz and a period of 1/3 second.
Voltage
Voltage is the amount of electric potential – or signal strength – between two points in a circuit.
Usually, one of these points is ground, or zero volts, but not always. You may want to measure
the voltage from the maximum peak to the minimum peak of a waveform, referred to as the
peak-to-peak voltage.
Amplitude
Amplitude refers to the amount of voltage between two points in a circuit. Amplitude
commonly refers to the maximum voltage of a signal measured from ground, or zero volts. The
waveform shown in Figure 11 has an amplitude of 1 V and a peak-to-peak voltage of 2 V.
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Phase
Phase is best explained by looking at a sine wave. The voltage level of sine waves is based on
circular motion. Given that a circle has 360°, one cycle of a sine wave has 360°, as shown in
Figure 11. Using degrees, you can refer to the phase angle of a sine wave when you want to
describe how much of the period has elapsed. Phase shift describes the difference in timing
between two otherwise similar signals. The waveform in Figure 12 labeled “current” is said to
be 90° out of phase with the waveform labeled “voltage,” since the waves reach similar points
in their cycles exactly 1/4 of a cycle apart (360°/4 = 90°). Phase shifts are common in
electronics.

Oscilloscope MeasurementTechniques
This section reviews basic measurement techniques. The two most basic measurements you can
make are voltage and time measurements. Just about every other measurement is based on one
of these twofundamental techniques.This section discusses methods for taking measurements
visually with the oscilloscope screen. This is a common technique with analog instruments, and
also may be useful for “at-a-glance” interpretation of DSO and DPO displays.
Note that most digital oscilloscopes include automated measurement tools. Knowing how to
make measurements manually as described here will help you understand and check the
automatic measurements of DSOs and DPOs. Automated measurements are explained later in
this section.
Voltage Measurements
Voltage is the amount of electric potential, expressed in volts, between two points in a circuit.
Usually one of these points is ground (zero volts) but not always. Voltages can also be
measured from peak-to-peak – from the maximum point of a signal to its minimum point. You
must be careful to specify which voltage you mean. The oscilloscope is primarily a voltage-
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measuring device. Once you have measured the voltage, other quantities are just a calculation
away. For example, Ohm’s law states that voltage between two points in a circuit equals the
current times the resistance. From any two of these quantities you can calculate the third using
the following formula: Another handy formula is the power law: the power of a DC signal
equals the voltage times the current. Calculations are more complicated for AC signals, but the
point here is that measuring the voltage is the first step toward calculating other quantities.
Figure 70 shows the voltage of one peak (Vp) and the peak-to-peak voltage (Vp–p).

The most basic method of taking voltage measurements is to count the number of divisions a
waveform spans on the oscilloscope’s vertical scale. Adjusting the signal to cover most of the
screen vertically makes for the best voltage measurements (see Figure 67). The more screen
area you use, the more accurately you can read from the screen.Many oscilloscopes have on-
screen line cursors that let you make waveform measurements automatically on-screen, without
having to count graticule marks. A cursor is simply a line that you can move across the screen.
Two horizontal cursor lines can be moved up and down to bracket a waveform’s amplitude for
voltage measurements, and two vertical lines move right and left for time measurements. A
readout shows the voltage or time at their positions.

Time and Frequency Measurements
You can make time measurements using the horizontal scale of the oscilloscope. Time
measurements include measuring the period and pulse width of pulses. Frequency is the
reciprocal of the period, so once you know the period, the frequency is one divided by the
period. Like voltage measurements, time measurements are more accurate when you adjust the
portion of the signal to be measured to cover a large area of the screen, as illustrated in Figure
68.
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Pulse Width and Rise Time Measurements
In many applications, the details of a pulse’s shape are important. Pulses can become distorted
and cause a digital circuit to malfunction, and the timing of pulses in a pulse train is often
significant. Standard pulse measurements are pulse width and pulse rise time. Rise time is the
amount of time a pulse takes to go from a low to high voltage. By convention, the rise time is
measured from 10% to 90% of the full voltage of the pulse. This eliminates any irregularities at
the pulse’s transition corners. Pulse width is the amount of time the pulse takes to go from low
to high and back to low again. By convention, the pulse width is measured at 50% of full
voltage. Figure 69 (see next page) illustrates these measurement points. Pulse measurements
often require fine-tuning the triggering. To become an expert at capturing pulses, you should
learn how to use  trigger holdoff and how to set the digital oscilloscope to capture pretrigger
data, as described in the Systems and Controls of an Oscilloscope section. Horizontal
magnification is another useful feature for measuring pulses, since it allows you to see fine
details of a fast pulse.

Wheatstone Bridge

The Wheatstone Bridge was originally designed by Charles Wheatstone to measure unknown
resistance values and as a means of calibrating measuring instruments, voltmeters, ammeters,
etc, by the use of a long resistive slide wire. Although today digital multimeters provide the
simplest way to measure a resistance, The Wheatstone Bridge can still be used to measure very
low values of resistances down in the milli-Ohms range.

The Wheatstone bridge (or resistance bridge) circuit can be used in a number of applications
and today, with modern Operational Amplifiers we can use the Wheatstone Bridge Circuit to
interface various transducers and sensors to these amplifier circuits.

The Wheatstone Bridge circuit is nothing more than two simple series-parallel arrangements of
resistors connected between a voltage supply terminal and ground producing zero voltage
difference when the two parallel resistor legs are balanced. A Wheatstone bridge circuit has
two input terminals and two output terminals consisting of four resistors configured in a
diamond-like arrangement as shown. This is typical of how the Wheatstone bridge is drawn.
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Wheatstone bridge

It is used to measure an unknown electrical resistance by balancing two legs of a bridge

circuit, one leg of which includes the unknown component. Its operation is similar to

the original potentiometer.

Operation :

Rx is the unknown resistance to be measured; R1, R2 and R3 are resistors of known

resistance and the resistance of R2 is adjustable. If the ratio of the two resistances in the

known leg (R2 / R1) is equal to the ratio of the two in the unknown leg (Rx / R3), then the

voltage between the two midpoints (B and D) will be zero and no current will flow

through the galvanometer Vg. R2 is varied until this condition is reached. The direction of

the current indicates whether R2 is too high or too low.

Detecting zero current can be done to extremely high accuracy (see galvanometer).

Therefore, if R1, R2 and R3 are known to high precision, then Rx can be measured to high

precision. Very small changes in Rx disrupt the balance and are readily detected.At the

point of balance, the ratio of R2 / R1 = Rx / R3

Therefore,

Alternatively, if R1, R2, and R3 are known, but R2 is not adjustable, the voltage

difference across or current flow through the meter can be used to calculate the value of

Rx, using Kirchhoff's circuit laws (also known as Kirchhoff's rules). This setup is

frequently used in strain gauge and resistance thermometer measurements, as it is usually

faster to read a voltage level off a meter than to adjust a resistance to zero the voltage.

Wheatstone bridge

It is used to measure an unknown electrical resistance by balancing two legs of a bridge
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precision. Very small changes in Rx disrupt the balance and are readily detected.At the

point of balance, the ratio of R2 / R1 = Rx / R3

Therefore,

Alternatively, if R1, R2, and R3 are known, but R2 is not adjustable, the voltage

difference across or current flow through the meter can be used to calculate the value of

Rx, using Kirchhoff's circuit laws (also known as Kirchhoff's rules). This setup is

frequently used in strain gauge and resistance thermometer measurements, as it is usually

faster to read a voltage level off a meter than to adjust a resistance to zero the voltage.
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Then, Kirchhoff's second rule is used for finding the voltage in the loops ABD and BCD:

The bridge is balanced and Ig = 0, so the second set of equations can be rewritten as:

Then, the equations are divided and rearranged, giving:

From the first rule, I3 = Ix and I1 = I2. The desired value of Rx is now known to be given
as:

If all four resistor values and the supply voltage (VS) are known, the voltage across

the bridge (VG) can be found by working out the voltage from each potential divider and

subtracting one from the other. The equation for this is:

This can be simplified to:

With node B being (VG) positive, and node D being (VG) negative.

Kelvin Bridge

Before we introduce Kelvin Bridge, it is very essential to know what is the need of this
bridge, though we have Wheatstone bridge which is capable of measuring electrical resistance
accurately as it gives accuracy of 0.1%. To understand the need of Kelvin bridge let us
categorize the electrical resistances on the basis of view point of measurement:

Electrical resistances are classified as follows:
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(a) High resistance: under this category resistance is greater than 0.1 M ohm.
(b) Medium resistance: under this category resistance is ranging from 1 ohm to 0.1M ohm.
(c) Low resistance: under this category resistance value is lower than 1 ohm.

Now the logic of doing this classification is that if we want to measure electrical resistance, we
have to use different devices for different categories. It means if the device is used in
measuring the high resistance gives high accuracy, it may or may not give such high accuracy
in measuring the low value of resistance. So, we have to apply our brain to judge what device
must be used to measure a particular value of electrical resistance. However there are other
kind of methods also like ammeter-voltmeter method, substitution method etc but they give
large error as compared to bridge method and are avoided in most of the industries. Now let us
again recall our classification done above, as we move from top to bottom the value of
resistance decreases hence, we require more accurate and precise device to measure the low
value of resistance. One of the major drawback of the Wheatstone bridge is that, it can measure
the resistance from few ohm to several mega ohm but to measure low resistance it gives
significant error. So, we need some modification in Wheatstone bridge itself, and the modified
bridge so obtained is Kelvin bridge, which is not only suitable for measuring low value of
resistance but has wide range of applications in the industrial world.

Let us discuss few terms that will be very helpful to us in studying the Kelvin Bridge.
(a) Bridge : They are usually consists of four arms, balance detector and source. They works on the
concept of null point technique. They are very useful in practical applications because there is no need
of making the meter precise linear with an accurate scale. There is no requirement of measuring the
voltage and electric current, the only need is to check the presence or absence of electric current or
voltage. However the main concern is that during the null point meter must be able to pick up fairly
small electric current. A bridge can be defined as the voltage dividers in parallel and the difference
between the two dividers is our output. It is highly useful in measuring components like electrical
resistance, capacitance, inductor and other parameter of circuit. Accuracy of any bridge is directly
related to bridge components.
(b) Null point: It can be defined as the point at which the null measurement occurs when the reading of
ammeter or voltmeter is zero.

Kelvin Bridge Circuit

As we have discussed that Kelvin Bridge is a modified Wheatstone bridge and provides high
accuracy especially in the
measurement of low resistance. Now the question that must be arise in our mind that where do
we need the modification. The answer to this question is very simple, it is the portion of leads
and contacts where we must do modification because of these there is an increment in net
resistance.
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Let us consider the modified Wheatstone bridge or Kelvin bridge circuit given below:

Here, t is the resistance of the lead.
C is the unknown resistance.
D is the standard resistance (whose value is known).
Let us mark the two points j and k. If the galvanometer is connected to j point the resistance t is added
to D which
results in too low value of C. Now we connect galvanometer to k point it would result in high value of
unknown resistance C.
Let us connect the galvanometer to point d which is lying in between j and k such that d divides t into
ratio t1 and t2, now from the above figure it can be seen that

Then also the presence of t1 causes no error, we can write,

Thus we can conclude that there is no effect of t (i.e. resistance of leads). Practically it is impossible to
have such situation however the above simple modification suggests that the galvanometer can be
connected between these points j and k so as to obtain the null point.
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Maxwell bridge

This bridge is used to find out the self inductor and the quality factor of the circuit. As it is
based on the bridge method (i.e. works on the principle of null deflection method), it gives very
accurate results. Maxwell bridge is an AC bridge so before going in further detail let us know
more about the ac bridge.

AC Bridges

AC Bridges consist of a source, balance detector and four arms. In AC bridges, all the four
arms consists of impedance. The AC bridges are formed by replacing the DC battery with an
AC source and galvanometer by detector of Wheatstone bridge.They are highly useful to find
out inductance, capacitance, storage factor, dissipation factor etc.

Now let us derive general expression for an AC bridge balance

Figure given below shows AC bridge network:

Now at the balance condition, the potential difference between b and d must be zero. From this, when
the voltage drop from from a to d equals to drop from a to b both in magnitude and phase.
Here Z1, Z2, Z3 and Z4 are the arms of the bridge.

Thus, we have from figure e1 = e2

From equation 1, 2 and 3 we have Z1.Z4 = Z2.Z3 and when impedance are replaced by
admittance, we have Y1.Y4 = Y2.Y3.
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Now consider the basic form of an AC bridge. Suppose we have bridge circuit as shown below,

In this circuit R3 and R4 are pure electrical resistances. Putting the value of Z1, Z2, Z3 and Z4 in
the equation that we have derived above for AC bridge.

Now equating the real and imaginary parts we get

Following are the important conclusions that can be drawn from the above equations:
(a) We get two balanced equations that are obtained by equating real and imaginary parts this
means that for an ac bridge both the relation (i.e.magnitude and phase) must be satisfied at the
same time. Both the equations are said to be independent if and only if both equation contain
single variable element. This variable can be inductor or resistor.

(b) The above equations are independent of frequency that means we do not require exact
frequency of the source voltage and also the applied source voltage waveform need not to be
perfectly sinusoidal.

Anderson's Bridge

Let us understand why there is need of Anderson's bridge though we have Maxwell bridge
and Hay's bridge to measure quality factor of the circuit. The main disadvantage of using Hay's
bridge and Maxwell bridge is that, they are unsuitable of measuring the low quality factor.
However Hay's bridge and Maxwell bridge are suitable for measuring accurately high and
medium quality factor respectively. So, there is need of bridge which can measure low quality
factor and this bridge is modified Maxwell's bridge and known as Anderson's bridge.

Actually this bridge is the modified Maxwell inductor capacitance bridge. In this bridge double
balance can obtained by fixing the value of capacitance and changing the value of electrical
resistance only. It is well known for its accuracy of measuring inductor from few micro Henry
to several Henry. The unknown value of self inductor is measured by method of comparison of
known value of electrical resistance and capacitance. Let us consider the actual circuit
diagram of Anderson's bridge.(see figure given below).
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In this circuit the unknown inductor is connected between the point a and b with electrical resistance r1

(which is pure resistive). The arms bc, cd and da consist of resistances r3, r4 and r2 respectively which
are purely resistive. A standard capacitor is connected in series with variable electrical resistance r and
this combination is connected in parallel with cd. A supply is connected between b and e.
Now let us derive the expression for l1 and r1:
At balance point, we have the following relations that holds good and they are:
i1 = i3 and i2 = ic + i4

Now equating voltages drops we get,

Putting the value of ic in above equations, we get

The above equation (7) obtained is more complex that we have obtained in Maxwell bridge. On
observing the above equations we can easily say that to obtain convergence of balance more easily, one
should make alternate adjustments of r1 and r in Anderson’s bridge.

Now let us look how we can obtain the value of unknown inductor experimentally. At first set the signal
generator frequency at audible range. Now adjust r1 and r such that phones gives a minimum sound.
Measure the values of r1 and r (obtained after these adjustments) with the help of multimeter. Use the
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formula that we have derived above in order to find out the value of unknown inductance. The
experiment can be repeated with the different value of standard capacitor.

Schering Bridge:

A Schering Bridge is a bridge circuit used for measuring an unknown electrical

capacitance and its dissipation factor. The dissipation factor of a capacitor is the the ratio

of its resistance to its capacitive reactance. The Schering Bridge is basically a four-arm

alternating-current (AC) bridge circuit whose measurement depends on balancing the

loads on its arms. Figure 1 below shows a diagram of the Schering Bridge.

The Schering Bridge

In the Schering Bridge above, the resistance values of resistors R1 and R2 are known,

while the resistance value of resistor R3 is unknown. The capacitance values of C1 and

C2 are also known, while the capacitance of C3 is the value being measured. To measure

R3 and C3, the values of C2 and R2 are fixed, while the values of R1 and C1 are adjusted

until the current through the ammeter between points A and B becomes zero. This

happens when the voltages at points A and B are equal, in which case the bridge is said to

be 'balanced'. When the bridge is balanced, Z1/C2 = R2/Z3, where Z1 is the impedance of

R1 in parallel with C1 and Z3 is the impedance of R3 in series with C3. In an AC circuit

that has a capacitor, the capacitor contributes a capacitive reactance to the impedance. The

capacitive reactance of a capacitor C is 1/2πfC.

As such, Z1 = R1/[2πfC1((1/2πfC1) + R1)] = R1/(1 + 2πfC1R1) while Z3 =
1/2πfC3 + R3. Thus, when the bridge is balanced:
2πfC2R1/(1+2πfC1R1) = R2/(1/2πfC3 + R3); or
2πfC2(1/2πfC3 + R3) = (R2/R1)(1+2πfC1R1); or
C2/C3 + 2πfC2R3 = R2/R1 + 2πfC1R2.

When the bridge is balanced, the negative and positive reactive components are equal and
cancel out, so
2πfC2R3 = 2πfC1R2 or
R3 = C1R2 / C2.
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Similarly, when the bridge is balanced, the purely resistive components are equal, so
C2/C3 = R2/R1 or
C3 = R1C2 / R2.

Wien’s Bridge :

Circuit and derives the expression for the unknown element at balance,

Wien Bridge has a series RC combination in one and a parallel combination in the adjoining
arm. Wien's bridge shown in fig 2.1.
its basic form is designed to measure f r e qu ency. It can also be used for the instrument of an
unknown capacitor with great accuracy, The impedance of one arm is

The admittance of the parallelarm is

Using the bridge balance equation,we have

We have

Therefore
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Equating the real and imaginary terms we have as,

Therefore,

.................. (1.1)

And,

The two conditions for bridge balance, (1.1) and (1.3), result in an expression determining the
required resistance ratio R2/R4 and another express determining the frequency of the applied
voltage. If we satisfy Eq. (1.1) an also excite the bridge with the frequency of Eq. (1.3), the
bridge will be balanced.
In most Wien bridge circuits, the components are chosen such that R 1 = R3 = R and C1 = C3
= C.
Equation (1.1) therefore reduces to R2IR4 =2 at Eq. (1.3) to f= 1/2ПRC, which is the general
equation for the frequency of fl bridge circuit.
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Q meter :

Introduction:

For many years, the Q meter has been an essential piece of equipment for laboratories

engaged in the testing of radio frequency circuits. In modem laboratories, the Q meter has

been largely replaced by more exotic (and more expensive) impedance measuring devices

and today, it is difficult to find a manufacturer who still makes a Q meter. For the radio

amateur, the Q meter is still a very useful piece of test equipment and the writer has given

some thought to how a simple Q meter could be made for the radio shack. For those who are

unfamiliar with this type of instrument, a few introductory notes on the definition of Q and

the measurement of Q, are included.

WHAT IS Q AND HOW IS IT MEASURED?

The Q factor or quality factor of an inductance is commonly expressed as the ratio of its

series reactance to its series resistance. We can also express the Q factor of a capacitance as

the ratio of its series reactance to its series resistance although capacitors are generally

specified by the D or dissipation factor which is the reciprocal of Q.A tuned circuit, at

resonance, is considered to have a Q factor. In this case, Q is equal to the ratio of either the

inductive reactance, or the capacitive reactance, to the total series loss resistance in the

tuned circuit. The greater the loss resistance and the lower the Q, the greater the power lost

on each cycle of oscillation in the tuned circuit and hence the greater the power needed to

maintain oscillation.

Another way to derive Q is as follows:

Q = fo/Δf where fo is the resonant frequency and Δf is the 3 dB bandwidth.Sometimes we

talk of loaded Q (such as in transmitter tank circuits) and, in this case, resistance for

calculation of Q is the unloaded tuned circuit series resistance plus the additional loss

resistance reflected in series into the circuit from its coupled load. There are other

ways of expressing Q factor. It can be expressed approximately as the ratio of

equivalent shunt resistance to either the inductive or the capacitive reactance. Series

loss resistance can be converted to an equivalent shunt resistance using the following

formula:
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R(shunt) = R (series). (Q² + 1)

Finally, Q factor of a resonant circuit is equal to its voltage magnification factor and

Q can also be expressed as the ratio of voltage developed across its reactive elements to the

voltage injected in series with the circuit to produce the developed voltage. To measure Q

factor, Q meters make use of this principle.A basic Q meter is shown in Figure 1.

Terminals are provided to connect the inductance (Lx) to be measured and this is resonated

by a variable tuning capacitor (C). Terminals are also provided to add capacitance (Cx), if

required. The tuned circuit is excited from a tunable signal source which develops voltage

across a resistor in series with the tuned circuit. The resistor must have a resistance small

compared to the loss resistance of the components to be measured so that its value can be

ignored. A resistance of a mere fraction of an ohm is necessary. Metering is provided to

measure the AC injection voltage across the series resistor and the AC output voltage

across the terminals of the tuning capacitor. The output measurement must be a high input

impedance circuit to prevent loading of the tuned circuit by the metering circuit.

Basic Q Meter
At resonance of Lx and Cx, Q = V2/V1
*Meter V2 is Calibrated to read voltage referred to that across C.

Q is measured by adjusting the source frequency and/or the tuning capacitor for a

peak in output voltage corresponding to resonance. Q factor is calculated as the ratio of

output voltage measured across the tuned circuit to that injected into it. In practice, the

signal source level is generally set for a calibrate point on the meter which measures injected

voltage and Q is directly read from calibration on the meter which measures output voltage.
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Some of the uses of Q Meter:

The Q meter can be used for many purposes. As the name implies, it can measure Q and is

generally used to check the Q factor of inductors. As the internal tuning capacitor has an air

dielectric its loss resistance is negligible compared to that of any inductor and hence the Q

measured is that of the inductor. The value of Q varies considerable with different types of

inductors used over different ranges of frequency. Miniature commercial inductors, such as

the Siemens B78108 types or the Lenox-Fugal Nanored types, made on ferrite cores and

operated at frequencies up to 1MHz, have typical Q factors in the region of 50 to 100. Air

wound inductors with spaced turns, such as found in transmitter tank circuits and operating

at frequencies above 10 MHz, can be expected to have Q factors of around 200 to 500.

Some inductors have Q factors as low as five or 10 at some frequencies and such inductors

are generally unsuitable for use in selective circuits or in sharp filters. The Q meter is very

useful to check these out.The tuning capacitor (C) of the Q meter has a calibrated dial

marked in pico-farads so that, in conjunction with the calibration of the oscillator source,

the value of inductance (Lx) can be derived. The tuned circuit is simply set to resonance by

adjusting the frequency and/or the tuning capacitor for a peak in the output voltage meter

and then calculating the inductance (Lx) from the usual formula:

Lx = 1/4π²f²C

For L in μH, C in pF and f in MHz this reduces to: 25330/f²C

Another use of the Q meter is to measure the value of small capacitors. Providing the

capacitor to be tested is smaller than the tuning range of the internal tuning capacitor, the

test sample can be easily measured. Firstly, the capacitor sample is resonated with a selected

inductor by adjusting the source frequency and using the tuning capacitor set to a low value

on its calibrated scale. The sample is then disconnected and using the same frequency as

before, the tuning capacitor is reset to again obtain resonance. The difference in tuning

capacitor calibration read for the two tests is equal to the capacitance of the sample. Larger

values of capacitance can be read by changing frequency to obtain resonance on the second

test and manipulating the resonance formula. A poorly chosen inductor is not the only cause

of low Q in a tuned circuit as some types of capacitor also have high loss resistance which

lowers the Q. Small ceramic capacitors are often used in tuned circuits and many of these

have high loss resistance, varying considerably in samples often taken from the same batch.

If ceramic capacitors must be used where high Q is required, it is wise to select them for

low loss resistance and the Q meter can be used for this purpose. To do this, an inductor
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having a high Q, of at least  200, is used to resonate the circuit, first  with the tuning

capacitor (C) on its own and then with individual test sample capacitors in parallel. A

drastic loss in the value of Q, when the sample is added, soon shows up which capacitor

should not be used.

DISTRIBUTED COIL CAPACITANCE :

Direct measurement of Q in an inductor, as discussed in previous paragraphs. is based on the

circuit having two components, inductance and capacitance. Inductors also have distributed

capacitance (Cd) and if this represents a significant portion of the total tuning capacitance, the

Q value read will be lower than its actual value. High distributed capacitance is common in

large value inductors having closely wound turns or having multiple layers.

Actual Q can be calculated from Qe, as read, from the following:

Q = Qe (1 + Cd/C)
Where Cd = Distributed capacitance
and C = Tuning Capacitance

Q value error is reduced by resonating with a large value of tuning capacitance; otherwise

distributed capacitance can be measured and applied to the previous formula. Two methods of

measuring distributed capacitance are described in the "Boonton Q Meter Handbook". The

simplest of these is said to be accurate for distributed capacitance above 10 pF and this

method is described as follows:

1. With the tuning capacitor (C) set to value C1 (say 50 pF), resonate with the sample
inductor by adjusting the signal source frequency.

2. Set the signal source to half the original frequency and re-resonate by adjusting C to a
new value of capacitance C2.

3. Calculate distributed capacitance as follows: Cd = (C2 -4C1) /3

Another effect of distributed capacitance in the inductor is to make its inductance value (as

calculated from the calibration of the tuning capacitance and the calibration of the signal

source) appear higher than its actual value. Again, this error can be reduced by tuning with a

large value of capacitance C and/or adding Cd to C in the calculation
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