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Measuring Instruments

EE—

1.1 Introduction

The measurement of a given quantity is the result of comparison between the
quantity to be measured and a definite standard. The instruments which are used for
such measurements are called measuring instruments. The three basic quantities in
the electrical measurement are current, voltage and power. The measurement of these
quantities is important as it is used for obtaining measurement of some other quantity
or used to test the performance of some electronic circuits or components etc.

The necessary requirements for any measuring instruments are :

1} With the introduction of the instrument in the circuit, the circuit conditions
should not be altered. Thus the quantity to be measured should not get
affected due to the instrument used.

2} The power consumed by the instruments for their operation should be as
. small as possible.

The instrument which measures the current Howing in the circuit is called
ammeter while the instrument which measures the voltage across any two points of a
circuit is called voltmeter. But there is no fundamental difference in the operating
principle of analog voltméter and ammeter. The action of almost all the analog
ammeters and volimeters depends on the deflecting torque produced by an electric
current. In ammeters such a torgue is proportional to the current to be measured. In
voltmeters this torque is decided by a current which is proportional to the voltage to
be measured. Thus all the analog ammeters and voltmeters are basically current
measuring devices. The instruments which are used to measure the power are called
power meters or wattmeters.

(1-1)



Electrical Measurements 1-2 . Measuring instruments -

1.2 Classification of Measuring instruments

Electrical measuring instruments are mainly classified as:
a) Indicating instruments  b) Recording instruments ¢} Integrating instruments

a) Indicating instruments : These instruments make use of a dial and pointer for

showing or indicating magnitude of unknown quantity. The examples are ammeters,
volimeter etc.

b) Recording instruments : These instruments give a continuous record of the given
electrical quantity which is being measured over a specific period.

The examples are various types of recorders. In such recording instruments, the
readings are recorded by drawing the graph. The pointer of such instruments is
provided with a marker i.e. pen or pencil, which moves on graph paper as per the
reading. The X-Y plotter is the best example of such an instrument.

c) Integrating instruments : These instruments measure the total quantity of electricity
delivered over period of time. For example a household energymeter registers

number of revolutions made by the disc to give the total energy delivered, with the
help of counting mechanism consisting of dials and pointers.

1.3 Essential Requirements of an Instrument

In case of measuring instrumenls, the effect of unknown quantity is converted into
a mechanical force which is transmitted to the pointer which moves over a calibrated
scale. The moving system of such instrument is mounted on a pivoted spindle. For
satisfactory operation of any indicating instrument, following systems must be present
in an instrument.

1) Deflecting system producing deflecting torque Ty

2) Controlling system producing controlling torque T.

3) Damping system producing damping torque.

Let us see the various ways in which these torques are obtained in an indicating
instrument.

1.4 Deflecting System

In most of the indicating instruments the mechanical force proportional to the
quantity to be measured is generated. This force or torque deflects the pointer. The
system which produces such a deflecting torque is called deflecting system and the
torque is denoted as Ty The deflecting torque overcomes,

1) The inertia of the moving system
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2) The controlling torque provided by controlling system
3) The damping torque provided by damping system.

The deflecting system uses one of the following effects produced by current or
voltage, to produce deflecting torque.

1) Magnetic Effect : When a current carrying conductor is placed in uniform magnetic
field, it experiences a force which causes to move it. This effect is mostly used in
many instruments like moving iron attraction and repulsion type, permanent magnet
moving coil instruments ete.

2) Thermal Effect : The current to be measured is passed through a small element
which heats it to cause rise in temperature which iz converted to an e.m.f b}r a
thermocouple attached to it.

When two dissimilar metals are connected end to end to form a closed loop and
the two junctions formed are maintained at different temperatures, then em.f. is
induced which causes the flow of current through the closed circuit which is called a
thermocouple.

3) Electrostatic Effects : When two plates are charged, there is a force exerted
between them, which moves one of the plates. This effect is used in electrostatic
instruments which are normally voltmeters.

4) Induction Effects : When a non-magnetic conducting disc is placed in a magnetic
field produced by electromagnets which are excited by alternaling currents, an e.m.f.
is induced in it

If a closed path is provided, there is a flow of current in the disc. The interaction
between induced currents and the alternating magnetic fields exerts a force on the
disc which causes to move it. This.interaction is called an induction effect. This
principle is mainly used in energymeters.

5) Hall Effect : If a bar of semiconducting material is placed in uniform magnetic field
and if the bar carries current, then an em.f. is produced between two edges of
conductor. The magnitude of this em.f. depends on flux density of magnetic field,
current passing through the conducting bar and hall effect co-efficient which is
constant for a given semiconductor. This effect is mainly used in flux-meters.

Thus the deflecting system provides the deflecting torque or operating torque for
movemnent of pointer from its zero position. It acts as the prime mover for the
deflection of pointer.
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1.5 Controlling System

This system should provide a force so that current or any other electrical quantity
will produce deflection of the pointer proportional to its magnitude. The important
functions of this system are,

1) It produces a force equal and opposite to the deflecting force in order to make
the deflection of pointer at a definite magnitude. If this system is absent, then
the pointer will swing beyond its final steady position for the given magnitude
and deflection will become indefinite.

2) It brings the moving system back to zero position when the force which causes
the movement of the moving system is removed. It will never come back to its
zero position in the absence of controlling system.

Controlling torque is generally provided by springs. Sometimes gravity control is
also used.

1.5.1 Gravity Control

This type of control consists of a
small weight  attached to the
moving system whose position is
adjustable. This weight produces a
controlling torque due to gravity.
This weight is called control
weishl;.

The Fig. 1.1 shows the gravity
control system. At the zero position
of the pointer, the controlling
torque is zero. This position is
shown as position A of the weight
in the Fig. 1.2 If the system
deflects, the weight position also
changes, as shown in the Fig. 1.2

The system deflects through an
angle 8. The control weight acts at a
distance [ from the .center. The
component W sin @ of this weight
tries to restore the pointer back to
the zero position. This is nothing
but the controlling torque T..
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Thus,
controlling torque T, = Wasintg =
= Ksinb
here K = Wi

Mo gem:-rall}r all meters are current

gravity constant

sensing meters where,

Deflecting torque Ta = K
where K; = another constant.
In equilibrium position, Ta = T
Eil = Ksinb
| = sin 0

Thus the deflection is proportional to current i.e. gquantity o be measured.

Key Point: Bul as it s a function of sin 8, the scale for the instrument using

gravity control is not uniform.

Its advantages are :

1} Its performance is not time dependent.

2) It is simple and cheap.

3) The controlling torque can be varied by adjusting the position of the control

weighl.

4) Its performance is not temperature dependent.

Its disadvnntages are :

1) The scale is nonuniform causing problems to record accurate readings.

2} The system must be used in vertical position only and must be properly
levelled. Otherwise it may cause serious errors in the measurement.

3} As delicate and proper levelling

regquired, in general it 15 not used for

indicating instruments and portable instruments.
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1.5.2 Spring Control

Two hair springs are attached to the moving system which exerts -:unl:ru]]mg
torgue. To employ spring control to an instrument, following requirements are

essential.
1) The spring should be non-magnetic.
2) The spring should be free from mechanical stress.
3) The spring should have a small resistance, sufficient cross-sectional area.
4) It should have low resistance temperature co-efficient.
The arrangement of the springs is shown in the Fig. 1.3.

m\m..m.

bearing
Poinber
Linform scale
Balance
» @& oo
Caonbrol
5p nng:\ -— Spindie
&

Fig. 1.3 Spring control

The springs are made up of non-magnetic materials like silicon bronze, hard rolled
silver or copper, platinum silver and german silver. For most of the instruments,
phosphor bronze spiral springs are pmv:ded Flat spiral springs are used in almost all
indicating instruments.

The inner end of the spring is attached to the spindle while the outer end is
attached to a lever or arm which is actuated by a set of screw mounted at the front
of the instrument. So zero setting can be easily done. The controlling torque provided
by the instrument is directly proportidnal to the angular deflection of the pointer.
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The controlling torque produced by spiral spring is given by,

Ebt?
T.;' - r_l — .
12 L Kqb
where E = Young's modulus of spring material in N/m?*
- t = thickness in metres
= depth in metres
L = length in metres
- Ebt?
K, = - EDL
spring constant = <=
T = B

Now deflecting mi*que is proportional to current.

Tg = 1

At equilibrium, Ty = T,

I « 8

Key Point: Thus the deflection is proportional to the current. Hence the scale af the
instrument using spring control is uniform.

When the current is removed, due to spring force the pointer comes back to
initial position. The spring control is very popular and is used in almost all indicating
instruments.

1.5.3 Comparison of Controlling Systems

Gravity Control Spring Control

1. Adjustable small weighlt k= wsed whichl Two halr springs are used which exer
produces the confrolling torque. controlling forque.

2. Controlling torque can be variad, Controlling forgue is fixed.

3. The performance s not  lemperature| The performance is temperature depandénl
dapendent.
The scale is nonuniform. The scale is uniform,

5. Tha controlling torque i proportional to | The controlling tormque is proporticnal to 6
sin A,
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& The readings can nol be taken accuralely. | The readings can  be  laken  very
accurately,
T The syslem musi be used in verlical| The systern need not be necessarily in
poailion only. verical posiion,
8. Propar levalling is required as gravify| The levelling is nol requirsd.
contral,
9. Simple, cheap bul delicata. Simpla, rigid bul coslier compared o
gravidy coniral,
10. Rarely used for indicating and portable| Very popularly used in mosl of the
insfrumenis. instrumeants.
Table 1.1

1.6 Damping System

The deflecting torque provides some deflection and controlling torque acts in the
opposite direction to that of deflecting torque. So before coming to the rest, pointer
always oscillates due to inertia, about the equilibrium posiion.Unless pointer rests,
final reading can not be obtained. 5o to bring the pointer to rest within short time,
damping system is required. The system should provide a damping torque only when
the moving system is in motion. Damping torque is proportional to velocity of the

Dediection { moving system b1:1t it does not
depend on operating current. [t
must not  affect  controlling
torgque or increase the friction.

The quickness with which
the moving system settles to
the final steady  position
depends on relative damping.
[f the moving system reaches to
its final position rapidly but
smoothly  without oscillations,
the instrument is said to he critically damped. If the instrument is under damped, the
moving system will oscillate acout the final steady position with a decreasing
amplitude and will take sometime t. come to rest. While the instrument is said to be
over damped if the moving system moves slowly to ils final steady position. In over
damped case the response of the system is very slow and sluggish. In practice slightly
under damped systems are preferred. The time response of damping system for
various types of damping conditions is shown in the Fig. 1.4.

Criticalty damped

Fig. 1.4

The following methods are used to produce damping torque.
1) Air friction damping 2} Fluid frictio' . damping 3) Eddy current damping.



Electrical Measurements 1-9 Measuring Instruments

1.6.1 Air Friction Damping

This arrangement consists of a light aluminium piston which iz attached to the
moving system, as shown in the Fig. 1.5.

\

Scake FnlnlaF‘F

Spindie
Fig. 1.5 Air friction damping

The piston moves in a fixed air chamber. It is close to one end. The clearance
between piston and wall chambers is uniform and small. The piston reciprocates in the
chamber when there are oscillations. When piston moves into the chamber, air inside
is compressed and pressure of air developed due to fricion opposes the motion of
pointer, There is also opposition to motion of moving system when piston moves out
of the chamber. Thus the oscillations and the overshoot gets reduced due to to and fro
motion of the piston in the chamber, providing necessary damping torque. This helps
in settling down the pointer to its final steady position very quickly.

1.6.2 Fluid Friction Damping

Fluid friction damping may be used in some instruments, The method is similar to
air friction damping, only air is replaced by working fluid. The friction between the
disc and fluid is used for opposing motion. Damping force due to fluid is greater than
that of air due to more viscosity. The disc is also called vane.

The arrangement is shown in the

Fig. 1.6. It consists of a vane attached

to the spindle which is completely

: dipped in the oil. The frictional force

| _vameor  between oil and the vane is used to

produce the damping torque, which

opposes the oscillating behaviour of
the pointer.

||} Rotation

Fig. 1.6 Fluid friction damping
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The advantages of this method are :

.l} Due to more viscosity of fluid, more damping is provided.

2) The oil can also be used for insulation purposes.

3) Due to up thrust of oil, the load on thi: bearings is reduced, thus reducing the
frictional errors.

The disadvantages of this method are : _

1) This can be only used for the @n_'-;truments which are in vertical 'pusj{-inn.

2) Due to oil leakage, the instruments can not be kept clean.

1.6.3 Eddy Current Damping
This is the most effective way of providing damping. It is based on the Faraday's
law and Lenz's law. When a conductor moves in a magnetic field cutting the flux,
em.f. gets induced in it. And direction of this emf. is so as to oppose the cause
producing it. _
g - “In this method, an aluminium

. disc is connected to the spindle: The
\7 DﬂmF_ll‘r!Ir‘lﬂiMi _‘; arrangement of - disc is such that

when it rotates, it cuts the magnetic
flux lines of a permanent magnet.
The arrangement is shown in the

Alyminesm Fig' L7
aisc When the pointer . oscillates,
Spindie™ - aluminium disc rotates under the
Fig. 1.7 Eddy current damping influence of magnetic field of

damping magnet. So disc cuts the
flux which causes an induced e.m.f. in the disc. 'I'he disc is a closed- path hence
induced e.m.f.circulates current through the disc called tdd}* current. The direction of
such eddy current is so as oppose the cause producing it. The cause is relative motion
between disc and field. Thus it produces an opposing torque so as to reduce the
oscillations of pointer. This brings pointer to rest quickly. This is most effective and
efficient method of damping. :

1.7 D'Arsonval Galvanometer ~

The use of DFArsonval galvanometer is very common in variety of measuring
instruments. The galvanometer is basically used in an instrument for detecting the
presence of smdll voltages or currents in a circuit or to indicate zero current in
applications like bridge circuits. Thus galvanometer has to be very much sensitive.
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1.7.1 Construction

- The construction of I Arsonval galvanometer is shown in the Fig. 1.8.
Permanant

Farrmer

Mowing coil
Fig. 1.8 Construction of D'Arsonval galvanometer

It consists of the following parts,

1. Moving coil : The moving coil is rectangular or circular in cross-section,
carrying number of turns of fine wire. It carries the current proportional to the
quantity to be measured. It is suspended in the air gap between the poles of a
permanent magnet and iron core. It is free to turn about its vertical axis. The pole
faces are of partitujar shape such that the magnetic field is radial.

2, Iron core : It is spherical if coil is circular and cylindrical if coil is rectangular. It
is basically used to provide low reluctance path to the magnetic flux and to produce
strong magnctic field. This ensures higher deflecting torque and better sensitivity of
the galvanometer. The air gap is about 1/16 inches i.e. about 1.5 mm. If small moment
of inertia is necessary, the iron core can be omitted but it decreases the sensitivity.

3. Suspension : The suspension is a single fine strip of phosphor-bronze and
serves as one lead of the coil. The other lead takes the form of a loosely coiled spiral
of fine wire leading downwards from the bottom of the coil. This is lower suspension.
This type of galvanometer requires a perfect levelling so that the suspension coils
remain straight and in central position without rubbing the poles or iron core. In
galvanometers which do not require the perfect -levelling, taut suspensions with
straight flat strips are used, which are kept under tension from both sides.
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4. Damping : The damping is eddy current damping. The eddy currents developed
in the metal former on which coil is mounted, are responsible to produce damping
torque. For effective damping a low resistance is connected across the galvanometer
terminals. By adjusting the value of this resistance damping can be changed and
critical damping can be achieved.

5. Indication : The suspension carries a small mirror upon which a beam of light
is cast through a glass window in tae outer brass case surrounding the instrument.
The beam of light is reflected on the scale. The scale is usually 1m away from the
IETor.

6. Zero adjustment : A torsion head is provided for the adjustment of the coil
position and zero setting.

1.7.2 Torgue Equation

The various parameters involved in torque equation are,

! Length of coil measured along vertical axis in m.
r = Width of coil in m.
N = Number of turns of c.il.
B = Flux density in air gap in Wb/m? or Tesla.
i = Current through coil in A
K = Spring constant or restoring constant in MNm/rad.
a = Angle between plane of coil and direction of

magnetic field.

Area of coll inm? =l=r.

-
It

B; = Final steady state deflection of coil in rad.

F = Force on each side of a coil = N Bilsina N - (1)
Ts = Deflecting torque = Fxd = NBilsinar e (2)
Ty = NBiAsina ‘

As the field is radial in nature, o =90° hence sina =L

T4 NBiA = Gi=GiNm e 13)

all

N B A = Galvanometer constant

where G
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The restoring torque provided by the spring is directly proportional to the final
deflection of the coil.
T. = Kb - (4)

For final steady state position of coil,

Td = Tq.'
Gi o= Kby
Gi
0 = — - 6)

The scale 1s calibrated in mm. The scale is at a distance of 1 m from the mirror as

shown in the Fig. 1.9.

Scale in mm

Light

Fig. 1.9 Measurement of deflection in mm

For small deflection, the radius of arc and angle of tumning, decide the deflection.
The angle through which the beam gets reflected is 28; if mirror is turned through 8.

dinmm = 208; xr

20Gir '
. (B)

d = e mm

Key Point : Usually r = 1 m = 1000 mum for the galvanometer.
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1.7.3 Intrinsic Constants of Galvanometer
The various intrinsic constants of galvanometer are,

1. Displacement constant (G) : The constant G defined in torque equation of a
- galvanometer is called displacement constant.

G = NBA=NBIxr Nm/A e (7}

2. Constant of inertia (J) : The inertia of the system opposes the motion. Thus
inertia produces a retarding torque given by,

d?6
TI = I F LI {E}
] = Constant of inertia about axis of rotation in kg-m?
de q
where Freaii Angular acceleration

B = Deﬂecﬁunatan}rﬁmet

3. Damping constant : Another torque retarding the motion is fricon in air and
elastic hysteresis in the suspension. It is assumed to be proportional to the angular
velocity of the moving system.

db
Th = D —
o 3t : - (9)
where D = Damping constant in Nm/rad s

4. Control constant : The elasticity of the suspension is proportional to the
displacement which produces controlling torque. This is required to bring the moving
system back to the original position. .

T. = K8 .. (10)

where K = control constant or restoring constant in Nm/rad
This constant is also called stiffness constant.
1.7.4 Dynamic Behaviour of Galvanometer

The dynamic behaviour of galvanometer is analysed through its equation of
motion.
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Coil
5 i ) to T, Jd?n
uspensicn . rques (=) =
TH-GI A dtﬂ
g
E To=D 4

N
il
Fig. 1.10 Torgues acting in galvanometer motion

-diﬂ di .
WUSIF+DE+KE=GJ .. (11)

'I'I'l.is: 15 second order differential equation governing the galvanometer motion. The
solution of this equation has two parts, 1) Complementary function, 2) Particular
integral. .

The Cﬂm-]ill,‘.mtnhr}’ function (C.F) represents the transient behaviour while
particular integral (P.1.) represents the steady state condition i.e. final deflection of the

mmring system.

The behaviour of system before it achieves the stnad}r state is transient behaviour.
When transient behaviour dies out, the system achieves final steady state position.

, The auxiliary equation of above differential equation is obtained as,
Jm* +Dm+K = 0 - (12)

The roots of this equation are,

_ -D+/D*-4K ~_ -D-fDT-4K -

T 7 ™ 7

Hence the solution has two exponential terms of powers my and my
B = Aem™t4Bemzt (CF) - (13)
where A, B = constants .
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2
MNow when steady state is reached then ij;t— and g—t-g are zero as moving system

attains a final steady state position of 8y, Using in equation {11) we get P.I. as,

:E

KHE = Gi ie ﬂi K

... as derived earlier

Thus the complete solution is the addition of C.F, and P.L

B = Aemt+Bem! + by
Transient term Steady slate e {14}

MNow the transient terms may be purely exponential or oscillatory which depends
on the nature of roots my and ma. This defines the various damping conditions of the
system.

1.7.41 Underdamped Motion
Both m; and my are complex conjugates of each other having negative real part.

D?-4]JK < 0 ... Underdamped

Key Point: The transient behaviour is damped oscillations ie. oscillations of decreasing
amplitude. After sometime amplitude becomies zero and system achieves steady state,

The roots are imaginary and complex conjugates of each other represented as,

-D# (- 1)’ [4JK-D?]

my, My = E} bu.t J—_].:i
my, ma = —Eﬂltj,mﬁ—n! - _atjog . (15)

where D = X 4K - D

a ] and  wy 3

Thus the su;lutiun becomes,

0 = Apl-artim) o Bel-o-jeat) 4 g, {16)
B = e ofAetha 4 Be-lwa] + 0y

But, eti? = cc:sEJ-jsi.nH, e~ 1% = cosf - jsind ... trigonometry

B = e %! [A(cosmgyt+]sinmgt) + Bcosmgt —j sinwg t) ]+ 8;
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= g-o [[A + B) coswgt+ (A - B) sinm._;t] o (17)
B = e [P coswgt+Q sinwgt] . (18}
where P = A+B and Q2 = j(A-B)
Let B = Fe °!sin{mgt+a) . (19}
B = Fe “!'[sinwatcosu + coswyt sina | - (20)

Comparing (18) and (20},

P =sinag and Q=cosa

P -
Hence | @ = tanl& | and F = JP2+Q?2

Thus the final equation for 8 for underdamped case is,

L
B = Fe 3 sin(wgt+a)+ - (21)

where | wg = S I damped frequency of oscillations in rad/s

The nature of such oscillations is shown in the Fig. 1.11.

Damped |
oscillation
/

-/ No— i)

]
]
]
]
]
]
]
r
]
]
L]
1
n
]
i
i
i
1
1
1

i -t
i
Iq—--—r Tmnmn‘ E—
i

Fig. 1.11 Underdamped motion of galvanometer
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The constants F and o are to be obtained from initial conditions.
Obtaining F and o

To obtain F and @ ie P and Q use initial condition e at t = 0 and 8 = 0 in the
equation (21},

0

sin

F sin{o) +8;

B

Differentiating equation (21) with time,

Butat t =10,

D
= F{——] Ea sinfwat+o )+ Fe,

ina + Fog cosa

JIK-D* g

7] D

Using (22) in (23),

But sin? o +cos? o

-8
“UTF

Using

J+(-

Doy
2] Fug

]21

-H?f}r Fuwy cosa

do D

dt 2]
S=0

o~ (5o
tanat = mdx%=

o+ (B)o
cose = 'z?li:;d =Q

=1

4]t +D?
F = g |Hw3+D%
PYERS]

Wy =

JIK-DE

2]

in equation (26),

%r

g Cos(wit+a)

e (22)

- (23)

. (24)

... (25)

e (26)
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- [58]

Using (24) and (26} in equation (21),

0

- (27)

¥

The angular frequency is wy hence,

g 1 J4JK-D%

b - (29)

- E iod = - = 27 |
T4 = time period = = ln[ W} - (30)

1.7.4.2 Undamped Motion

The motion existing when damping is made zero ie. D = 0 is called undamped
motion of the system. The roots my and my are purely imaginary with zero real part
for this case.

Key Point: The oscillations with zero daomping are natural oscillations without
opposition, having highest frequency. This frequency of undamped oscillations is called
matural frequency of oscillations demoted as o,

K
W, = J; rad /s (Putting D = 0 in wy) .. (31)
41K - D2
o = tan"l“ﬂE[TE']=Tﬂﬂ']m=m° D=0

Thus the solution of um:lamped maotion is,

= —lﬁenﬂinm- +.-|
a_a;[1 i (@t Q{F}J
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. (32)

Electrical Measurements

6 = 8;[1-coswyt]

These oscillations are shown in the Fig. 1.12.

} Constant frequency

f and amplitude

Fig. 1.12 Undamped motion of galvanometer
These are the oscillations with constant frequency and amplitude about the final

position 8. Such oscillations are called sustained oscillations.

1.7.4.3 Critically Damped Motion
For critically damping, the roots m; and m; are equal, real and negative. Thus D?

~4JK =0ie D? = 4 JK and D =2,fJK for critical damping.

-D
mo=mg o= e and | D=2J]K | .. Critically damped

Key Point: For Hus case, the transient response is nol oscillatory but  purely
exponential such thal pointer attains the steady position By very quickly.

As the response is not oscillatory, equation (28) is not applicable for this case.

The solution for the critically damped case is,

[
8 = 0 +e 3 [A+Bt]

Using t=0, 8 =10,
0 = 8 +A .. (34)
. - . da
Differentiating (33) and using t =0, i 0,
-Et —nl
e J [A+Bt]+e I B

i
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__D
0= -3 A+B ... (35)
_ __ Dby
A= -8, and Bs= _2]
IJI
B = E;[‘r—e i [1+%t]] - (36)

The value of damping constant for the critical damping is denoted by D, and
D =2,JK.
D _ 2JK [K

Thus, 2] = T AT =
Using in equation (36),

0 = 0 [1-e =t (140, )] . (37)

1.7.4.4 Overdamped Motion

The amount of damping is mathematically measured by defining a ratio of actual
damping D and critical damping D.. This is called a damping ratio and denoted by a
greek letter £. THis is also called relative damping.

E o= 'EE.- = —.—D--r = Damping ratio .- (38)

B 2K

Thus when the actual damping is more than the damping for critical case, the
motion is called overdamped and the roots my and ma are real, unequal and negative.

Key Point: For overdamped case, ihe tronsient motion s purely exponential  and
nonoscillatory. The pointer attains final position By exponentially, taking more time than
that of critical damping.

More the value of damping, the pointer response is slow and sluggish, taking
more time to attain the final position.

Key Point: For critical damping & = 1 wiile for overdamped case the damping ratio
-

The solution for overdamped motion interms of £ is given as,
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- (39)

8 = LB VB T coa(eE) _E-yE2 4T wa(s )
2482 -1 2 ET 1

The pointer motion for critically damped and the overdamped case is shown in
the Fig. 1.13.

Cwerdamped

E=15E=3  E=§

E=17
Critical
damping

]
I"— Time —*=
mimimum

Fig. 1.13 Critically and overdamped motion

Key Point: As this motion is slow, practically overdamping is avoided in  the
fiistridterts.

The critical damping is preferred practically for the instruments.

Mation Range of £ Mature of roots my and mx Response
Undamped E=0 Puraly complex with zero real part.

[}
L

Underdamped Dg=<1 Comples conjugates with negative real part.

1 1
Damped oscilations
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Criticalty damped E=1 Real, equal, negative.
-

Puraly exponential
and quick

Overdamped Ex>1 Real, unegual, nagative.

=l Long tirme
Purely exponentizl
bl wary slonw

Table 1.2 : Types of galvanometer motion

1.7.5 Logarithmic Decrement
Consider the underdamped galvanometer motion as shown in the Fig. 1.14.

First owershoot
Oy - By

Firsl undarshood
(fy - By)

ol s s s

= |

===
-
hrl. - -
s
Lab

Fig. 1.14 Overshoot and undershoot in motion

The amount by which the pointer exceeds its final position 8, during first attempt
is called the first overshoot. This is maximum in all the overshoots existing in the
transient period.

B8y = Maximum deflection at t = t;

First overshoot = 8, -4, ... (A0)

Thus at t = t;, the deflection is maximum equal to 8;. According to maxima
theorem, the time t; at which deflection is maximum, must satisfy dé / dtlt:h =0
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Rearrange equation (28) interms of £ as,

)

0, [I— LIPS TN sin{mﬂtm}]

_£1
where my = f.u.n.'ri‘fz-z,uztem '-|: 1;; ]
de
Attt = by, — = 0
I dt
i.e. a8 _ - {{—E,mn]lu' Sl gin (wgt+a) 4 e"-*“ﬂ'ﬁ:-ﬂr:ﬁs{mdl:+{1]'}=ﬂ
dt f1-g2

As £, wg and w, are not zero, the above equation gets satisfied by,

(—E g ) sin-{mdt o)y cosfuwgt+a)=0

@y ony1-E2  f1-£2
Sy - Sy - £

Lkan {ogtea) =

This equation is satisfied when gt =nir because tan (nm +8) = tanf.

nw

04

t =

For first overshoot n = 1, t = i

Fatting in equation (41),

[ th = 8 [1 Fe "-c."\'ﬁ] ‘

R Y e

Note that sin (mgty +a)| _ = = +sina = J1-£12

i : -
. I First overshoot = 0 =0y =8 la'-"é."'-ﬂ-i')

B
At =2, -
i

=fana

. (41)

. (42)

. (43)

. (44)
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B, = 0 [1_e—zme.u?—f,_2]

First undershoot = 8; —8. =8 (E' """5-""‘"':'5-‘2) .. (45)

Taking rabio of first over and undershoots,

E}‘l "-ﬂl — E-iiilr'il"a? . ::‘:
B ~B2 o 2a/i =e*iie - {46)
H] —ﬂr _ ﬂg

oot - Ji-gt -

The natural logarithm of the ratio of two successive swings is called logarithmic
decrement and denoted by A.

_ B =8 |_ =k
ho=n [u—. _uz} o . (48)
2n 2n
Nm‘-’ T.J = e ———
4 tg fi_ﬁ]
while . T, = =&
' mn
TI.I _ m?
ﬁ = y1=£ . (49)
L (T4
b o= nmE kT_u) .. (50)
where T, = Time pericd corresponding to w,.

Thus equation (28) can be expressed as,

ol Te e (26 T .
H = B[ |:1 T—u L SN ﬁ-i-SII‘I. ﬁ - {51}
8 = 0 ll—m—“e whifr sin(mdt+sin"1E]:| . (52)
kg i

1.7.6 Settling Time

The time required by the pointer to achieve the steady state when the complete
transient behaviour dies out is called settling time denoted as T..
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Practically as the exponential term is present in the equation of motion, § is kept
between 0.6 to 1 and motion is underdamped hence oscillatory. While a particular
band is defined about 8; denoted by + A. When transient oscillations decrease and
enter into 8; + A zone and remain thereafter within this interval then it is said that
the pointer has achieved the steady state. This is shown in the Fig. 1.15,

ok

N
s
i

B T T pp——
18
1

Fig. 1.15 Settling time

For £ 2% band defined from accuracy point of view,

4

Ts = Zon : .. (53)

This is possible for & between 0.6 to 1.0 hence Pl‘m’.“hﬂﬂ]l}’ E is designed between
this range.

1.7.7 Effect of External Resistance on Damping

The damping means opposition to the motion by dissipating the energy of
rotation. In galvanometer the damping is provided by two types,

1) Mechanical damping : This is due to the friction present in the mechanical
motion of the pointer. This is not very significant. The damplng torque produced due
to such mechanical effects is given by,

de
m = m ' T
T B at {54)

where D Mechanical damping constant

2} Electromagnetic damping : This is effective damping than the mechanical
damping. It is produced due to induced effects when coil moves in a magnetic field.
Thus when coil moves in a magnetic field,

H
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= .
i) The eddy currents are induced in the metal former. -

ii) The e.m.f. is induced i coil which circulates current through coil.
These two effects cause damping called electromagnetic damping.
Let 34

Resistance of galvanometer circuit = Rg + R,

where R, Resistance of galvanometer coil

E. = External resistance connected for damping

when coil rotates, e.m.f is induced in it which is gliven by,

- e = 2NxBlv .. (55)
where v = %m=%% = linear velocity
‘e = 2NBI S=NBAL | o Ixr=Area A
But G =NBA
e = G-’i—? . - (36)
i = %:%% . (57)

The torque produced due to this current ﬁnwing through the coil is,

Tet = NxBilxr=NBAi=G1i
G de G* db de
Tt = Gx— — = — — = Doy — . (B8
PO R R TR @ P g 38}
where - Dot = Damping constant of coil circuit
G?
Deait = = ... (59)

MNow let us find damping due to the metal former. [t consists of one sirip Le. N = 1.

Ts = Bil=r=BA1 - (60)
G . G db g
Miowr BA = N and I_WF:':IT o @as W o= 1 for former

Resistance of former

where Ky
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" T N NR; dt NIR, dt 7 dt
whero Diprmer = Damping constant of former
G2
D mrmeT
" NZR;

Total electromagnetic damping = (Do + Digemer ) %

T, = (G2, G2 |48
) R NZRg | dt
do
Te = Dy —
dt
22 2 :
here D. = FT + F-JU?Rr = damping constant due to

electromagnetic damping

The total damping due to both effects is,

To = To +Te=[Dn +D.] 5 =D

where D= D, +D.

1.7.7.1 Critical Resistance for Damping
The mechanical damping is very small and can be neglected.

e . oe
R N°R;

D =D, =

Practically the damping due to metal former is also very small.

o2
R

For the critical damping, £ = 1, R=R.and D =D, = ZJJ_‘;

D =

52
R.

2JIK =

. (61)

e (62)

. (63)

- 164)

. (65}
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R = -
) TK | e (66)
Ge
K. =Rc_Rﬁ=2.,'I|TE_Rﬂ .- (B7)

This is the value of external resistance required to adjust damping to the critical
damping. It is called external critical damping resistance (ECDR). '

1.8 Sensitivity of Galvanometer

The sensitivity of galvanometer can be defined with respect to current, voltage or
resistance  of galvanometer. Thus there are three sensitivities associated with a
galvanometer.

1.8.1 Current Sensitivity
It is defined as the deflection obtained per unit current.

so= %S C g ()

Practically the values of current and deflection are very small. Hence the current
sensitivity is expressed in mmypA.

E. but d=23fl‘==G]l‘
i K

5

5, = EGIII#'A.

As wsually r = 1Im = 1000 mm,

200G G
= %x106 ~BonE MmkA e 12)

1.8.2 Voltage Sensitivity

It is defined as the deflection obtained in scale divisions per unit 'mltagf:
impressed on the galvanometer,

S, v
R}. my/ | - (3)
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T
!

2Gir _ 2000 Gi

But d = i K inmmforr=1m
2000 G i
S5 = ————— mm/pV
KR, x100 " /¥
5 ='--—-E--—-—IIIJI'IJ|’j.l1|H' -
Y 7 500 KR - (4)

1.8.3 Megohm Sensitivity

It is the resistance of the circuit in megaohm so that the deflection is one scale
division when one volt is impressed on the galvanometer. '

4 .
Sp = T™ioe M} scale division v (3)
But d_=¥mmfﬁrrzlm. ' .

G | o
|jn = o M/mm L | . (6)

For high sensitivity, G must be large and K should be small. As G = NBA, to get
high sensitivity, coil must be having more N, more cross-section area and must be
placed in high flux density magnetic field. Hence the coil has large number of tumns of
fine wire as area of cross-section cannot be increabed beyond limits. The K can be
decreased by using small stiffness constant springs.

mmp Example 1.1 @ A D'Arsonval galvanometer has the following data :

flux density = 8= 10-3 Whim?®, number of turns = 300, length of coil = 15 mm,
width of coil = 30 num, spring constant = 2.5%10-% Nm/rad ;
moment of inertin = 10%10-2 kg - m? . damping constant = 2x10°% Nimfrad - 577,
resistance of the coil = 80 Q. Calculate,
i} deflection of galvanometer for a curent of 1pA.
i) current sensitivity if the scale is kept 1 m away from the mirror.
(NTU, Nov.-04, Sel-1, Nov.-03, Set-3)
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Solution : B = §x10-* Wh/m?, N = 300, [ = 15 mm, r = 30 mm

K

ii}

i

= 25%10-% Nm/rad, | = 10x10-* Kg-m?, D = 2x10-% Nm/rad s 1, R, =80
A = Ixr=15230=45 mm? =450x 10~ m?
G = NBA = 300x8x10"* x 450=10-% =1.08x 10"+ Nm/A

i = 1pA
o = Gi_ LOBx10-3 x1x10-°%
K 25x10-%
= (.432 rad.
dinmm = 20; r e =1 m = 1000 mm

d = 2=0.432= 1000
= Bod mm

Ei = ﬂ;ﬂ

i i

864 mm/uA

Example 1.2 : A galvanomeler has the following parameters :

B =10=10"* Whim?, N = 200 turns, length of coil = 16 mm,
K=12x10"" Nmjrad, | =50=10" Kg -m?, D' = 5x 10" Nm/rad s !,
Resistmree of the coil = 120 £). Calculate,

1) deflection of the galvanomeler in radians and i mm when a current of 1 p A flows
through if, the scale being 1 m away

i) the current sensitivily iii) the voltage sensitivity

i) the megnohm sensitivity v) the frequency of damped oscillation
vi} the period of free oscillations  vii) the first maximum deflection

viil) Hhe relative damping ix} the logarithmic decrement

Sketch the hypical curve of the motion of the galvanometer for the above data.
(JNTU,Nov.-04, Set-2, Nov.-03, Set-3)
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Solution : Assuming square coil, A = I* = l6x16 = 256 mm?
NBA = 200x 10x 10 % x 256x10- % =512 10-* Nm/A

1)

1ii)

G

B

So

fg

I

i

Gi _ 512=10-4 =1x10-%
K 12:10-%

0.04266 rad

20¢ xr = 2 0.04266 = 100

85.333
=120

0.711 mm/pV

d _ 85333
ix10° 1x1075x10°

85.333 ML}/mm

JYK - D
2]

Jax50x10"7 x12x10° % - (5% 10-%)2

2x50=10"
(L4873 rad /sec

w. T =1 m = 1000 mm
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. 2n K
vi To = — and w, = |~
) Wy " I
T, = 2%, 20
JE (12x10-9
] 50=10-"
= 12825 sec.
vii) 0 = 8 [14e /2]
. -
where = DD Sx10 = 0.102

Do 2/IK 2J50%10  %12x10 °

B = 0.04266 {1 +e'“"‘-‘"“?|"rvlr"‘_“'.“".?] §
= (.07358 rad = 2x 1000 x 0.07358 n‘mﬂ'i“xm
= 147.164 mm Fir:;t maximum deflection
i) £ = relative damping = 0.102
ix) V= e _mx01R
J1-E2  J1-(0.102)2
= 03221

-

The typical curve of motion is shown in the Fig. 1.16.

—————— F—= S ————====== ), =147.164 mm
Mairmusm

overshoot ll‘,-D.WTEH:
=61.831 mm )

8, =85.333 mm

I ¢=u1m~:1

:..-.-- -

Fig. 1.16
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1.9 Permanent Magnet Moving Coil Instruments (PMMC)

The permanent magnet moving coil instruments are most accurate type for d.c.
measurements. The action of these instruments is based on the motoring principle.
When a current carrying coil is placed in the magnetic field produced by permanent
magnet, the coil experiences a force and moves. As the coil is moving and the magnet

is permanent, the instrument is
Pivol and jewel

bearing called permanent magnet
Sprin ~ Painter moving coil instrument. This
9 S . R .
: \HE@, basic  principle is  called
Balancing

D'Arsonval  principle.  The
Scale  amount of force experienced by

weight :D

N % o Mirror the coil is proportional to the
current passing through the
Parmanent coil. r
magnet  Coil and Core
former The PMMC instrument is

shown in the Fig. 1.17.
Fig. 1.17 Construction of PMMC instrument

The moving coil is either rectangular or circular in shape. It has number of turns
of fine wire. The coil is suspended so that it is free to turn about its vertical axis. The
coil is placed in uniform, horizontal and radial magnetic feld of a permanent magnet
in the shape of a horse-shoe. The iron core is spherical if coil is circular and is
cylindrical if the coil is rectangular. Due to iron core, the deflecting torque increases,
increasing the sensitivity of the instrument.

The controlling torque is provided by two phosphor bronze hair springs.

The damping torque is provided by eddy current damping. It is oblained by
movement of the aluminium former, moving in the magnetic field of the permanent
magnet.

The pointer is carried by the spindle and it moves over a graduated scale. The
pointer has light weight so that it can deflect rapidly. The mirror is placed below the
pointer to get the accurate reading by removing the parallax. The weight of the
instrument is normally counter balanced by the weights situated diametrically opposite
and rigidly connected to it. The scale markings of the basic d.c. FPMMC instruments
are usually linearly spaced as the deflecting torque and hence the pointer deflection
are directly proportional to the current passing through the coil. -
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The top view of PMMC instrument is shown in the Fig. 1.18.

Mirroe

Soft iron

Parmmanent

Fig. 1.18 PMMC instrument

™

Podntiay

Miowing

Scale

Balancing welght

In a practical PMMC instrument, a Y shaped membeg is attached to the fixed end
of the front control spring. An eccentric pin through the instrument case engages the
Y shaped member so that the zero position of the pointer can be adjusted from

outside.

1.9.1 Torque Equation

The equation for the developed torque can be obtained from the basic law of the

electromagnetic torque. The deflecting toque is given by,

Ty = NBAl

where Ty

N

B = flux density in air gap, Wh/m?

deflecting torque in N-m

N = number of turns of the coil
A

= effective coil area m?

I = Current in the moving coil, amperes

Ta = Gl

where ; = NBA = constant
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The controlling torque is provided by the springs and is proportional to the
angular deflection of the pointer.

T. = KB
where T. = controlling torque
K = spring constant, Nm/rad or Nm/deg

6 = angular deflection
For the final steady state position,
Tg = T,

Gl =

Key Point : Thus the deflection is direclly proportional fo the current passing Hhrough
the cail.

The pointer deflection can therefore be used to measure current.

As the direction of the current through the coil changes, the direction of the
deflection of the pointer also changes. Hence such instruments are well suited for the
d.c. measurements.

In the micro ammeters and milliammeters upto about 20 mA, the entire current to
be measured is passed through the coil. The springs carry current to the coil. Thus the
current carrying capacity of the springs, limits the current which can be safely carried.
For higher currents, the moving coil is shunted by sufficient resistance. While the
voltmeters having high ranges use a moving coil h}g-gl'her with sufficient series
resistance, to limit the instrument current. Most d.c voltmeters are designed to
produce full scale deflection with a current of 20, 10, 5 or 1 mA.

The power requirement of PMMC instrument is wvery small, typically of the
order of 25 yW to 200 uW. Accuracy is generally of the order of 2 to 5% of the full
scale reading.

mmp Example 1.3 : A PMMC instrument has a coil of dimensions 10 mm = 8 mm. The
flux density in the air gap is 0.15 Whim?. If the coil is wound for 100 turns, carrying
a current of 5 mA then calculate the deflecting torque. Calculate the deffection if the
spring constant is 0.2 x10-% Nm/degree.
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Solution : The deflecting torque is given by,

Ty = NBAI = lﬂﬂxﬂlﬁx{.&}xﬁx]ﬂ‘j‘ MNm

Now A = area = 10 x 8 = 80 mm? = 80 = 10-m?

Ty = 100x015= B0« 109 «5x10-* = 6 = 10-&Nm

Now Ty = T.= K8
Ax e = (0.2 = 1-9%0
= 10-¢
g = —{J.E:-:l-ﬂ'f' = 30 degrees

1.9.2 Advantages
The various advantages of PMMC instrumenis are,

1)
2)

3)
4)

5)
6)
7)
)
9)

It has uniform scale.

With a powerful magnet, its torque to weight ratio is very high. So operating
current is small.

The sensitivity is high.

The eddy currents induced in the metallic former over which coil is wound,
provide effective damping,

It consumes low power, of the order of 25 W to 200 uW.

It has high accuracy.

Instrument is free from hysteresis error.

Extension of instrument range is possible.

Not affected by external magnetic fields called stray magnetic fields.

1.9.3 Disadvantages
The various disadvantages of PMMC instruments are,

1} Suitable for d.e. measurements only,

2) Ageing of permanent magnet and the control springs introduces the errors.

3) The cost is high due to delicate construction and accurate machining.

4} The friction due to jewel-plvut suspension.
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1.9.4 Taut Band Instrument

The friction due to jewel-pivot suspension can be eliminated by using taut band
movement. The working principle of taut band instrument is same based on
'Arsonval's principle. The main difference is the method of mounting the coil.

In the taut band

W‘“T W Seal instrument the movable
] ¢ coil is suspended by means

Pointgr ——————= of two torsion ribbons. The
— — ribbons are placed under
N “h § [+ Ringbar magnet sufficient  tension  to
Cradia eliminate any - sag. This
< _/E ol r.ens!ﬂn is !valded h}: ﬂ'!l!
tension string. The coil is
(. S

mounted in a cradle and
. "/l surrounded by ring bar

magnet. The construction is
Fig. 1.19 Taut band instrument shown in the Fig 1.19.

The taut band instrument can be used in any position while jewel-pivot instrument
should be used vertically. The sensitivity of the taut band instruments is higher than
jewel-pivot instruments. The taut band instruments are relatively insensitive to shocks
and temperature and are capable of withstanding overloads.

1.9.5 Temperature Compensation

The basic PMMC instrument is sensitive to the temperature. The magnetic field
strength and spring tension decrease with increase in temperature. The coil resistance
increases with increase in the temperature. Thus pointer reads low for a given current.
The meter tends to read low by approximately 0.2 % per ° C rise in the temperature.

Hence the temperature compensation is

provided by appropriate use of series and

/_\ shunt resistances of copper and
manganin.

The simple compensation circuit uses

a resistance in series with the movable

coil, as shown in the Fig. 1.20. The

resistor is called a swamping resistor. It

is made up of manganin having

practically zero temperature coefficient,

Swamping resistor combined with copper in the ratio of
[copper + manganin] - 20/1 or 30/1.

Fig. 1.20 Simple temperature
compensation
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The resultant resistance of coil and the swamping resistor increases slightly as
temperature increases, just enough to compensate the change in springs and magnet
due to temperature. Thus the effect of lemperature is compensated.

More complicated but complete cancellation of temperature effects can be obtained
by using the swamping resistors in series and parallel combination as shown in the
Fig. 1.21.

Coil {copper)

Ewamping rasislons

Manganin Manganin

A

Coppar
+ Pps 4

Fig. 1.21 Improved temperature compensation

In this circuit, by correct proportioning of copper and manganin parts, complete
cancellation of the temperature effects can be achieved.

1.9.6 Errors in PMMC Instrument

The basic sources of errors in PMMC instruments are friction, temperature and
aging of various parts. To reduce the frictional errors ratio of torque to weight is
made very high.

The most serious errors are produced by the heat generated or by changes in the
temperature. This changes the resistance of the working coil, causing large errors. In
case of voltmeters, a large series resistance of very low temperature coefficient is used.
This reduces the temperature errors.

The aging of permanent magnet and control springs also cause errors. The
weakening of magnet and springs cause opposite errors. The weakening of magnet
cause less deflection while weakening of the control springs cause large deflection, for
a particular value of current. The proper use of material and preageing during
manufacturing can reduce the errors due to weakening of the control springs.

1.10 Moving lron Instruments
The moving iron instruments are classified as :

i) Moving iron attraction type instruments and

ii) Moving iron repulsion type instruments
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1.10.1 Moving Iron Attraction Type Instruments

The basic working principle of these instruments is very simple that a soft iron
piece if brought near the magnet gets attracted by the magnet.

The construction of the attraction type instrument is shown in the Fig. 1.22.

Fig. 1.22 Moving iron attraction type instrument

It consists of a fixed coil C and moving iron piece D. The coil "is flat and has a
narrow slot like opening. The moving iron is a flat disc which is eccentrically mounted
on the spindle. The spindle is supported between the jewel bearings. The spindle
carries a pointer which moves over a graduated scale. The number of turns of the
fixed coil are dependent on the range of the instrument.For passing large current
through the coil only few turns are required.

The controlling torque is provided by the springs but gravity control may also be
used for vertically mounted panel type instruments.

The damping torque is provided by the air friction. A light aluminium piston is
attached to the moving system. It moves in a fixed chamber. The chamber is closed at
one end. It can also be provided with the help of vane attached to the moving system.

The operating magnetic field in moving iron instruments is very weak. Hence
eddy current damping is not used since it requires a permanent magnet which would
affect or distort the operating field.
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1.10.2 Moving Iron Repulsion Type Instrument

These instruments have two vanes inside the coil, the one is fixed and other is
movable. When the current flows in the coil, both the vanes are magnetised with like
polarities induced on the same side. Hence due to the repulsion of like polarities,
there is a force of repulsion between the two vanes causing the movement of the
moving vane. The repulsion type instruments are the most commonly used
instruments.

The two different designs of repulsion type instruments are :
i) Radial vane type and
ii) Co-axial vane type

1.10.21 Radial Vane Repulsion Type Instrument

The Fig.-1.23 shows the radial vane repulsion type instrument. Out of the other
moving iron mechanisis, this is the most sensitive and has most linear scale.

Vana \ane
Fig. 1.23 Radial vane repulsion type Instrument

The two vanes are radial skrips of iron. The fixed vane is attached to the coil. The
movable vane is attached to the spindle and suspended in the induction field of the
coil. The needle of the instrument is attached to this vane. '

Eventhough the current through the coil is alternating, there is always repulsion
between the like poles of the fixed and the movable vane. Hence the deflection of the
pointer is always in the same direction.The deflection is effectively proportional to the
- actual currént and hence the scale is calibrated directly to read amperes or volts. The
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calibration is accurate only for the frequency for which it is designed because the
impedance is different for different frequencies.

1.10.2.2 Concentric Vane Repulsion Type Instrument

Fig. 124 shows the
concentric  vane  repulsion
type instrument. . The

Contral Paointer instrument has Fwo
Spring concentric  wvanes. One is
attached to the coil frame
rigidly while the other can
rotate  coaxially  inside the
stationary vane.

Both the vanes are
magnetised to  the same
Field polarity due to the current
col in  the coil. Thus the
movable vane rotates under
the repulsive force. As the
movable vane is attached to
the  pivoted  shaft,  the
repulsion  results  in  a
rotation of the shaft. The
pointer deflection is
proportional to the current in the coil. The concentric vane type instrument is
moderately sensitive and the deflection is proportional to the square of the current
through coil. Thus the instrument is said to have square law response. Thus the scale
of the instrument is non-uniform in nature. Thus whatever may be the direction of the
current in the coil, the deflection in the moving iron instruments is in the same
direction. Hence moving iron instruments can be used for both a.c. and dc
measurements. Due to square law response, the scale of the moving iron instrument is
non-uniform. :

Fixed Vane Movable Vane

Fig. 1.24 Concentric vane repulsion type instrument

1.10.3 Torque Equatlnn of Moving Iron Instruments

Consider a small increment in current supplied to the coil i_:Jf the instrument.Due to
this current let df be the deflection under the deflecting torque Ty. Due to such
deflection, some mechanical work will be done,

Mechﬁni::al work = T,d0
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There will be a change in the energy stored in the magnetic field due to the
change in inductance. This is because the vane ftries to occupy the position of
minimum reluctance hence the force is always in such a direction so as to increase the
inductance of coil. The inductance is inversely proportional to the reluctance of the
magnelic circuit of coil.

Let I = initial current

L instrument inductance

(2] deflecHon

1

dl = increase in current
di = change in deflection
dL. = change in inductance

In arder to effect an increment dl in the current, there must be an increase in the

applied voltage given by,

_d(Li)
& = T
= 1 % + L g as both 1 and L are changing.

The electrical energy supplied is given by,

CdL L dl
eldt [IIH_EJMI

12 dL + IL dI

LI o %{L+dL] (1+ dI)>2

P et

The stored energy increases from

Hence the change in the stored energy is given by,

_ 1 1 _ 1o
= 3(L+dL)(I+dD? - 511

Neglecting higher order terms, this becomes, IL dI-i-% 12 dL.

The energy supplied is nothing but increase in stored energy plus the energy
required for mechanical work done.

I*dL+ 1L dl = ILdI+% 1°dL + Ty -db
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Ty-dd = 5 12dL
I ., dL

Ty = 125>

d 2 da

While the controlling torque is given by,

T. = Kb
where K = spring constant
1., dL
K EJ' = _ Iz kit e "
T under equilibrium
1
g = J1°dL
2 K da

Thus the deflection is proportional to the square of the current through the coil.
And the instrument gives square law response.

1.10.4 Advantages
The various advantages of moving iron instruments are,

1)
2)
3)
3
5)

6)

7)

The instruments can be used for both a.c. and d.c. measurements.

As the torque to weight ratio is high, errors dué to the friction are very less. .
A single type of moving element can cover the wide range hence these
instruments are cheaper than other types of instruments.

There are no current carryving parts in the moving system hence these meters
are extremely rugged and reliable.

These are capable of giving good accuracy. Modern moving iron instruments
have a d.c. error of 2% or less.

These can withstand large loads and are not damaged even under severe
overload conditions,

The range of instruments can be extended.

1.10.5 Disadvantages . '
The various disadvantages of moving iron instruments are,

1) The scale of the moving iron instruments is not uniform and is cramped at the

lower end. Hence accurate readings are not possible at this end.

2) There are serious errors due to hysteresis, frequency changes and stray

magnetic fields,
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3) The increase in temperature increases the resistance of coil, decreases stiffness
of the springs, decreases the permeability and hence affect the reading
severely.

4) Due to the non linearity of B-H curve, the deflecting torque is not Exﬂctl].r
proportional to the square of the current.

5) There is a difference between ac. and d.c. calibraions on account of the effect
of inductance of the meter. Hence these meters must always be calibrated at
the frequency at which they are to be used. The usual commercial moving iron
instrument may be used within its spﬁ:ified- accuracy from 25 to 125 Hz
frequency range.

"76) Power consumption is on highes-side.

'1.10.6 Errors in Moving Iron Instruments

The various errors in the moving iron instruments are,

1) Hysteresis error : Due to hysteresis effect, the Aux density for the same current
while ascending and descending values is different. While descending, the flux density-
is higher and while ascending it is lesser. 5o meter reads higher for descending values
of current or voltage. So remedy for this is to use smaller iron parts which can
demagnetise quickly or to work with lower flux densities.

2) Temperature error : The temperatuve error arises due to the effect of
temperature on the temperature coefficient of the spring. This error is of the order of
0.02% per C ghange in temperature. Errors can cause due to self heating of the coil
and due to which change in resistance of the coil. S0 coil and series resistance must
have low temperature coefficient. Hence manganin is generally used for the series
resistances. )

3) Stray magnetic field error : The operating magnetic field in case of moving iron
instruments is very low. Hence effect of external ie. stray magnetic field can cause
error. This effect depends on the direction of the stray magnetic field with respect to
the operating field of the instrument.

4) Frequency error : These are related to a.c. operation of the instrument. The
change in frequency affects the reactance of the working coil and also affects the
magnitude of the eddy currents. This causes errors in the instrument.

5) Eddy current error : When instrument is used for a.c. measurements the eddy
currents are produced in the iron parts of the instrument. The eddy current affects the
instrument current causing the change in the deflecting torque. This- produces the
error in the meter reading. As eddy currents are frequency dependent, frequency

changes cause eddy current error.
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ey Example 1.4 : The inductance of a moving iron instrument is given by

L={12+606-0)uH

where ® is the deflection in “radians from zero position. The spring constant s
12: 1070 Nenfradians. Caleulate the deflection for @ current of 8 A.

- Solution : The rate of change of inductance with deflection is,

dL

d ,

6 — 2 pH/radians

From the torque equation,

_—
A

0 =

P | e
=

n..ln:'f.
o) -

I

2 12x10+*

0TS0 = 6-20

B = 252 radians = 144.74°

1.11 Basic D.C. Ammeter

* leh I I'
.
o O
, \ Basic
- Frigber

Fig. 1.25 Basic d.c. ammeter

The shunt resistance can be calculated as :

Let R = internal resistance of coil

n

R. shunt resistance

I

= (6 - 20) » 10" H/radians

*[6-28]x10%

The basic d.ec. ammeter is
nnlh.ing but a ¥ Arsonval
galvanometer. The coil winding of
a basic movement is very small
and light and bence it can carry
very small currents. 50 as
mentioned  earlier, for large
currents, the smajor part of current
is required to be bypassed using a
resistance called shunt. It is shown
in the Fig. 1.25.

full scale deflection cllnenf



Electrical Measurements 1-47 _ Measuring Instrumeants

lsn = shunt current
I = total current
Mow 1 = 1 + 1,

As the bwo resistances R and R, are in parallel, the voltage drop across them is
same. '

loRay = TuBn
L B
R, = = 0o
wh i
bt lg = 1=1g
1, &
R.".I - [LL] m
[_I—Im}
R, R where m = —I—-
m- 1| Ilrl

The m is called multiplying power of the shunt and defined as the ratio of total
current to the current through the coil. It can be expressed as,

| K
m = — =1+ —=
I.-.| Rrh

The shunt resistance may consist of a constant temperature resistance wire within
the case of the meter or it may be external shunt having low resistance.

Thus to increase the range of ammeter ‘'m’ times, the shunt resistance required is .
1/{m-1) times the basic meter resistance. This is nuthlng but e:tenumn of ranges of
an ammeter. :

J
mp Example 1.5 1 A 2 mA meter with an internal resistance of 100 £ is to be converted
to (-150 mA ammeter.Caleulate the value of the sheanl resistance required.

Solution : Given values are,

R, = 1000, I, =2mA, I=150 mA
I||| Ii‘l“
[T

2x10°# =100
(150107 — 2x10 7]

LS

B =

1.351 {2
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mmp Example 1.6 : A moving coil ammeter has fived shunt of 0.01 €2 With a coil
resistance of 750 L amd a voltage drop of 400 mV across if, the full scale deflection s
obtained.

a) Calculate the current through shunt.

b Calculate the resistonce q,F meter fo give fuﬂ scale d;.;l'lfm'uu 1]" the shunted current is
a0 A

Solution : a) Th¥ drop across the shunt is same as drop across the coil.
LnRa = 400 mV
400x10-3

[.._.!, = T=MA

i .
b} The voltage across shunt for shunted current of 50 A is,
Van Ln Ry = 50 = 0.01

i

I

05V

-For this voltage the meter should give full scale deflection. In first case, the current
through meter for full scale deflection was,
400mV = 400x103

o = =R, 750
= 533 x10-4A
The same 1, must flow for new voltage across the meter of 0.5 V
InRym = 0.5 |
533 x10*R, = .{]'.5
Ryn = 937.50Q2

This is the resistance of the meter requirgd for 50 A shunted current to give full
scale deflection. ' :

1.12 Multirange Ammeters

]harmgeufﬂwbasicd-c,ammmrmnheextﬂﬂedbyuﬂhgmmhﬂnfﬂumﬁ
and a selector switch. Such a meter is called multirange ammeter and is shown in the

Fig. 1.26. _

Ry, Ra, R; and Ry are four shunts. When connected in parallel with the meter,
they can give four different ranges 1;, I3, Is and I4. The selector switch § is
multiposition switch, having low contact resistance and high current carrying capacity.
The make before break type switch is used for the range changing.
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te If the ordinary switch is used,

Ry = R,< Ry;< R, wh.i.lel range changing- the switch .-

remains open and full current

passes through the meter. The

_ meter may get damaged due to
Basic : 5

o — meter  Such high current. So make before

C e break switch is used. The design of

such switch is so that it makes

contact with next terminal before
completely breaking the contact with the previous terminal.

-+

Q

Fig. 1.26 Multirange ammeter

The multirange ammeters are used for the ranges upto 50 A. While using the
multirange ammeter, highest range should be used first and thus the current range
should 'be decreased till good upscale reading is obtained. All the shunts are very

precise resistances and hence cost of such multirange ammeter is high.

The mathematical analysis of basic d.c. ammeter is equally applicable to such
multirange ammeter. Thus,

EI = Rm,u"'l'l'lq—].
R; = Rp/my -1 and so on,

where m;, mz, mj...... are the shunt multiplying powers for the currents I,

mep Example 1.7 : Design a multiange d.c. milliammeter with a basic meter having a
resisfance - 75 €1 and full scale deflection for the current of 2 mA. The required ranges

are (- 10 mA, 0 - 50 mA and 0 -.100 mA.
Solution : The first range is 0 - 10 mA,

I, = 10 mA
While Iln = 2mA and R, =750
1R 2x75
Fp = =

(i =1m)  (10-2)
= 18.75 Q)

The second range is 0 - 50 mA,

I, = 50 mA
R, = mRm _ 2x75
2T h-1.) (B50-7)

3.125 ()
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The third range is 0 - 100 mA,
I3 = 100 mA
Ry = tmRm 27 1530

- 1a)  (100-2)

The designed multirange ammeter with a selector switch is shown in the Fig. 1.27.

Fig. 1.27
1.13 The Aryton Shunt or Universal Shunt

melar

Fig. 1.28 Ammeter with Aryton shunt

We have seen that in
multirange ammeter, a make
before break switch is must
The aryton shunt or the
universal shunt eliminates the
possibility of having a meter
without a shunt. The meter
with the aryton shunt is shown
in the Fig. 1.28.

The selector switch 5,
selects the appropriate shunt

required to change the range of
the meter. When the position

of the switch is '1' then the resistance R; is in parallel with the series combination of
Rz, B3 and Ry . Hence current through the shunt is more than the current through the
meter, thus protecting the basic meter. When the switch is in the position 2°, then the
series resistance of R, and R. is in parallel with the series combination of B3 and
Rp. The current through the meter is more than through the shunt in this position. In
the position "¥, the resistances Ry, B; and Ry are in series and acts as the shunt. In
this position, the maximum current flows through the meter. This increases the

sensitivity of the meter.

The voltage drop across the two parallel branches is always equal.
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Thus, Ly Baw = IRy
But in position 1, Ry is in parallel with K+ Ei+ R,
LIR] = 1y [Rz +Rs + Ry ) (1)

where Iy is the first range required.
In position 2, Ry+ R is in parallel with Ra+ R, .

L By+ Ra) = In(Ra+ Ryp) .- (2)
where 3 is the second range required.
In position 3, B;+ R:+ R is in parallel with K.
Sl B+ Rr + Ra) = 1R 3D
where 13 is the third range required.

The current range 13 is the minimum while 1; is the maximum range possible.
Solving the equations (1), (2) and (3) the required Aryton shunt can be designed.

wmp Example 1.8 : Design an Arylon shunt to provide an ammeter with the current
mmges 1 A, 5 A and 10 A. A basic meter resistance is 50 L) and fullscale deflection
current s 1 mA.

Solution : The required meter with Aryton shunt is shown in the Fig. 1.29.

Fig. 1.29
In position 1, B; is shunt with R; + K3+ Ry,

LR = Im(Rz+ Ry + Rp)

where L = 0A, I, =1mA and R, = 500
10R, = 1=107*{R:+ Rsy + 50)
By = 10-%R:+ Ry + 50 o (1)

In position 2, R; + Rj is shunt with Ri + Ry,
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1:(R;+ Ra)

where 12
5(Ri+ Ra)

R+ Ra

Im(Rs + Riy)
= 5 A

1=10-4 (R4 + 50)
= 2x10-%(Ry + 50) - (2)

In position 3, R;+ Ky + Ry is shunt with R,

S LR+ R + Ry
where la

Ry+ B2 + Ry
o B,+ B2 + Es
From (3), E;+ R:

= IR

= 1A

= 1x10°? x50

- 005 o e (3
= 0.05 - Rs

Substituting in (2) we get, 0.05 - Ry = 2x10"%(R; + 50)

0.05 - R

1.0002 Rs

R3

B+ Ra

s R
Substituting in (1),
Ry

1000 E,

Ry

Rz

= 2x10-4Ry +001

= 0.4

= 0.0399 0

= 0.05 - 0.0399 = 0.01

= 001 - R,

Ry = 10°4[ 0.01 - Ry + 0.0399 + 50]
= 10-6- 10-4R; + 5x10-3

5.00139 103

= 0,005 0

= 0.005

Thus the various sections of the Aryton shunt are 0.005 €2, 0.005 € and 0.03%9 Q.

1.13.1 Precautions to be taken while using an Ammeter
The following precautions must be taken while using an ammeter :

1) As the ammeter resistance is very low, it should never be connected across any
source of e.m.f. Always connect an ammeter in series with the load.

2) The polarities must be observed correctly. The opposite polarities deflect the
pointer in opposite direction against the mechanical stop and this may damage

the pointer.
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3

While using multirange ammeter, first use the highest current range and then
decrease the current range until sufficient deflection is obtained. So to increase
the accuracy, finally select the range which will give the reading near full scale
deflection. '

1.14 Requirements of a Shunt

1)

2}
3)

4)

3)
&)

The temperature coefficient of shunt and the meter should be low and should -
be as equal as possible.

The shunt resistances should be stal:_:]e and constant with time.

The shunt resistances should not carry currents which will cause excessive
temperature rise.

The type of material used to join the shunts should have low thermo dielectric
voltage drop i.e. the soldering of joints should not cause a voltage drop.

Due to the soldering, the values of resistance should not be change.

The resistances should have low thermal electromotive force with copper.

The manganin is usually used for the shunts of de. instruments while the
constantan is useful for the shunts of a.c. instruments.

1.15

=

Basic D.C. Voltmeter
R, The basic d.c. voltmeter is nf:ithing but
a PMMC DXArsonoval galvanometer. The
Multiplies 11'“ resistance is required to be connected in

N series with the basic meter to use it as a
G Ry - voltmeter. This series resistance is called a
Bazie  multiplier. The main function of the
meter  multiplier is to limit the current through

the basic meter so that the meter current

Fig. 1.30 Basic d.c. voltmeter does not exceed the full scale deflection
value. The voltmeter measures the voltage

across the bwo points of a circuit or a voltage across a circuit component. The basic
d.c. voltmeter is shown in the Fig. 1.30.

The voltmeter must be connected across the two points or a component, to
measure the potential difference, with the proper polarity.

Thie multiplier resistance can be calculated as :

Let R, = internal resistance of coil i.e. meter

R. = series mulliplier resistance



Electrical Measurements 1-54 Measuring Instruments

I full scale deflection current

v

H

full range voltage to be measured

From Fig. 1.30, - V L (R +R,)

V = I R # 1 Ry
ImR-, - V_Imnm
- VoL
I

The multiplying factor for multiplier is the ratio of full range voltage to be
measured and the drop across the basic meter.

Let v = drop across the basic meter = |, R
.y v
m = mulbiplying factor = ™
_ . {Rm L H-.]
[I11 R'1II
R,
m = [+_—

Hence multiplier resistance can also be expressed as,
R-. = {1“— 1] Hm

Thus to increase the range of voltmeter 'm’ times, the series resistance required is
im~1} times the basic meter resistance. This is nothing but extension of ranges of a
voltmeter.

mp Example 1.9 : A moving coil instrument gives a full scale deflection with a current
of #00 uA, while the trternal resistance of the meter is 500 €L [F is to be used as a
volbmeter to measure a voliage range of 0 = 100 V. Calculate the multiplier resistance

reeded.
Solution : Given values are, B, =500€2, I, = 40pA and V=10V
v 10
Mow R, = —=R, = —— =500 = 249.5 ki1
o Tm ox1p 00 = 2495

This is the required multiplier resistance.
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iy Example 1.10 : A moving coil instrument gives a full scale deflection for a current of
20 mA with o polential difference of 200 m\V acress it Calewlate @ i) Shunl required 1o
use it a5 an ammeter to get @ range of 0 - 200 A i) Multiplice reqrived to wse it as a
aoltmeter of ramge O - 5000V

Solution : The meter current Iy, = 20 mA

Drop across meter , Vi = 200 mV

MNow V. = ImEy
200°mV 5 (20 mA)R,,

By = 100

i) For using it as an ammeter, 1 = 200 A
InRy  20x10 % x10

Re = Y9, = 200-20%103
= 0.001 2
This is the required shunt.
i) For using it as a voltmeter, Vo= 500V
R, = Il - Ry,
- 'zh% 10 = 24.99 kO

This is the required multiplier.

1.16 Multirange Voltmeters

The range of the basic dc. voltmeter can be extended by using number of
multipliers and a selector switch. Such a meter is called multirange voltmeter
and is shown in the Fig. 1.31.

Ry
. vy AN
Ry
g AN ——
0
+ > 2 Fta

_l
b i — o

Basic mater

Fig. 1.31 Multirange voltmeter
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The B, R, Ry and Ry are the four series mull.‘ip!:iers. When connected in series .
with the meter, they can give four different voltage ranges as V,, V1,V: and V,. The

selector switch S is multiposition switch by which the required multiplier can be
selected in the Tircuit.

The mathematical amalysis of basic d.c. voltmeter is equally applicable for such
multirange voltmeter. Thus,

Ry = — -Rn R;=]—-—Rm and so on.

1.16.1 Practical Multirange Voltmeter
More practical arrangement of multiplier resistances is shown in the Fig. 1.32.

Ry Ry
A A
+ R,
Vv " Basic meter
N
Fig. 1.32

in this arrangement, the multipliers are connected in a series string. The
connections are brought out from the junctions of the resistances. The selector switch
is used to select the required voltage range.

When the switch 5 is at posibion V, B; + Rz + Ry + By acts as a multiplier
resistance. While when the switch 5 is at position V4 then the resistance Ry only acts
as multiplier resistance. The V is the lowest voltage range while ¥, is the maximum
voltage range.

The multiplier resistances can be calculated as :

In position Vj, the multiplier is Ry only. The total resistance of the circuit is say

Rr.
Lin
Ry = Rr -Rn v (1)

In position V3, the multiplier is Ry + Ry
Rr = Vi/ln

" Ry + Ry Rr - Ry,
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Rs = Ry - (Rq + Ry) | @

In position V3, the multiplier is E; + B3 + Ry
Er = Va/ln
-'-I:R1+R3+R.|} R]_'—Rm

R1 = RT - {Rm b Rg_ + E;} {3:]

In position V;, the multiplier is B; + B2 + Ry + Ry

]{]':E

Im

Ry + Rz +_E1 + Ry =Ry - R,

Rl =RT-{Rm+RE+'R:|,+R.‘} ...{-‘1]

Using the equations (1), (2), (3) and {4) multipliers can be designed. 'I_'Ire advantage

of this arrangement is that the multiplier except Ry have standard resistance values

and can be obtained commercially in precision tolerances. The first resistance ie. Ry
only is the resistance having special value and must be manufactured specially to
meet the circuit requirements.

sy Example 1.11 : A basic D Arsonoval movement with an internal resistance of 50 0

and a full scale deflection current of 2 mA is to be used as a multimnge voltmeter.
Design the series string of  multipliers to obtain the voltage ranges of 0 - 10 V,
0-50V,0-100V,0-500 V. -

Solution : The arrangement is shown in the Fig. 1.33.

Ra Ry Ry
AWy MMy
| | 1 =2 ma
+
Vg= 10V o= 500
- &
Fig. 1.33

For a meter, REK, = 5010 and Iy =2 mA

For position V3 = 10 V, Series multiplier is Ry.
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Ry =;'FT“.. m=%-5ﬂ ....nsR,:%—Em
= 4.95 k0
For position Vi = 50 V, series multiplier is (R; + Ra).
(Ry + R3) = r—mj-*ﬂm
R; = 2:?]_3 - 50 - 4950
= 20 k2
For position V3 = 100 V, series multiplier is (Ra+ R; + Ry).
(Ra+ Ry + Ry) = -{% - R
Ry = — 0 _ 50 - 4950 — 20000 = 25 ki
2x10-3
For position V; = 500 V, multiplier is { Bj+ Bz + B3 + By ).
SR+ By # By + Ry) = ;%— R
Ry, = 2}{51”[_?_3--54]-4950-1541:1]-10&]]
Ry = 200 k)

Thus Ry, Rz, B3 and Ry forms a series siring of multipliers.

1.17 Sensitivity of Voltmeters

In a multirange voltmeter, the ratio of the total resistance Ry to the voltage range
remains same. This ratio is nothing but the reciprocal of the full scale deflection
current of the meter i.e. 1/1,,. This value is called sensitivity of the voltmeter.

Thus the sensitivity of the voltmeter is defined as,

5= Full scale deflection current

5 = [inwmm

Key Point : The sensitivity range is specified on the meter dial and it indicates the
resistance of the meter for a one volt range.
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The internal resistance of the voltmeter is not the same in each of its ranges. The
higher is the range of the voltmeter, greater is its internal resistance. Internal resistance
of a voltmeter can be obtained from its sensitivity as,

Internal resistance of voltmeter = Maximum voltage (range) = Sensitivity in {2/V

The sensitivity is useful in calculating the resistance of a multiplier in d.c
voltmeter.

Consider the practical multirange voltmeter circuit shown in the Fig. 1.34.

Ry Ry
MW
R,
= Basic
mater
-
Fig. 1.34
Let 5 = sensitivity rating in 03/V

Em internal resistance of basic meter or coil

Then the muttipliu.r resistance can be obtained as,
By = SV, -(R, + R: + B3 + Ry)
B = SV: =(Rn + Ry + Ry)
Ry = 5V3 - (Rp +Ry)
Ry = S5V, -R,
where Vi, Vi, V1 and V, are the required voltage ranges,

Key Point : This method is called the sensitivity method of calculating the multiplier
resistances. :

‘omp Example 1.12 @ Soloe the Exaomple 1.71, by the sensitivity method.

Solution : The basic meter has Ky= 500 and 1= 2 mA

1 1
Now 5 = —=—— _ =5000/V

Im  2x10°3 /
while V, = 500V, V; =100V, Vi3 =50V, V=10V

Ry = S V4 ~-Ry =500x 10 - 50
= 4.95 k0
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then Ry = 5Vi - (Rm + Ry)
= 500 x 50 - (50 + 4.95 x 10* ) = 20 kK
then Ry = SV; —(Ry + R3 + Ry)
= 500 = 100 - (50 + 20 = 10% + 4.95 = 10%)
= 25 ki)
and By = 5V; - (R + Ry + Ra+ Ry)

= 500 = 500 — (50 + 25 = 107 + 20 = 107 + 4.95 = 10%)

200 k2
These are the same values as obtained before in Examplu 1.11.

iy Example 1.13 : Calculate the value of the wadtiplier resistance on the 500 V range of
a d.c. voltmeter, that uses 50 pA meter movement with an infernal resistance of 200 €1,

Solution : The sensitivity of the meter is,
1 1

5 = ﬁ = m = 20000 ﬂ.l'r\l'r
MNow R: = SV - Rm
- where V' = wvoltage range

Ry = 20000 x 500 - 200 = 9.99 M

sy Example 1.14 : The meter A has o range of 0 - 100 V and mulbiplier resistance of
25 k). The meter B has a range 0 - 1000 V and a multiplier vesistance of 150 k. Both
meters have basic meter resistance of 1 Y. Which meter is more sensitive 7 -

Solution : For meter A, R, =25 K2, Rn=1K} V=10V
MNow R: = SV-Rp,
25x10° = §x 100 - 1=103
5 = 260 00/V
For meter B, R = 1501, Rp=1kl, V=1000V
Ri = 5V=-Rn
150x10° = 5x 1000 - 1 x107
5 = 151 /V

The meter A is more sensitive than meter B.
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1.17.1 Loading Effect

While selecting a meter for a particular measurement, the sensitivity rating is very
important. A low sensitive meter may give the accurate reading in low resistance
circuit but will produce totally inaccurate reading in high resistance circuit.

The voltmeter is always connected across the two points between which the
potential difference is to be measured. If it is connected across a low resistance then as
voltmeter resistance is high, most of the current will pass through a low resistance
and will produce the voltage drop which will be nothing but the true reading. But if
the voltmeter is connected across the high resistance then due to two high resistances
in parallel, the current will divide almost equally through the two paths. Thus the
meter will record the voltage drop across the high resistance which will be much
lower than the true reading.

Thus the low sensitivity instrument when used in high resistance circuit gives a
lower reading than the true reading. This is called loading effect of the voltmeters. It
is mainly caused due to low sensitivity instruments.

i Example 1.15 : The Fig. 1.35 shows a simple series circuit of By and Ra connected
Fooa 250 V d.c. source. If the vollage across Rs is to be measured Dy the voltmeters
having
i) a sensibrvity of 500 £V i) a sensitivity of 10,000 £V

Find which voltmeter will read more accurately. Both the meters are used on the 150 V

ringe.
+J|.
R, g 2040
250
R, g 25 ki) %:;
Voltmeter
1 : -
- o
Fig. 1.35
Solution : By the voltage divider rule, the voltage across R; is,
2% .
V= @ P
= 13888 V

This is the true voltage across Rs.
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Case i) 5=5000/V
The voltmeter resistance will be,
By = 5xV =500« 150
= 7h ki)
Reg = Rzl Ry

25=75
@5+79

= 1875 k)

I

Hence the voltage across R, is,

V = . x 25()

Ry
Ry +R1)

1875
(1875 + 20)
- 12096 V

Thus first voltmeter will read 12096 V.
Case i) 5 = 10,000 2 /V
The voltmeter resistance will be

Ry =5V
= 10000 = 150 as voltage range 150 V
= 1.5 M

Req = Rz [|Ry

_ 25x1.5=10% =102
(25107 + 1.5=109)

Hence the voltage across B is,

Req 2459

V = W“E-HJ:mH

= 13786 V

= 24.59 K

250

Thus the second voltmeter reads more accurately.

Key Point : Thus the high sensitivity voltmefer gives more accurale reading, Hhough
the voltage range for both the melers is same.
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ey Example 1.16 : Two different voltmeters are used to  measure  the wvoltage
icross Ry shownt i the Fig, 1.36.

. R, 5 ki}
25y =
Rhglhﬂ *
Volimeter
Fig. 1.36

The two meters wsed are ag follows :
i} Meter with sensitivity 1 Y / V' and range 5 V.
i) Meter with sensitivity 20 K / V' and range 5 V.
Calculate @ a) True voltage across Ry,
b) Reading on volfmeter 1
c} Reading on voltmeter 2
d) % error in the lwo voltmeters
¢) % accuracy of the two voltmeters
Solution : a) By voltage divider rule, the true voltage across Ry without any meter is,
Ry
Ras+Ry

1 »
(1+5)

= 4167 V

V =

w 25

25

b) Cun;si::ler first voltmeter with 5 = 1 k(}/V
Ry = Sx Vg =1x5
= 5Kl
Thus circuit becomes,

1=5
145

Rﬂq = Rb||Rv=

= (0.833 kD)
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+ R,
BV —
Ry R,
Fig. 1.37

Hence the voltmeter reading is,

R _ D&33
Vi= [R.,qm,,;,"ﬁ = {5+0333]“25

= 35V

¢) Consider second voltmeter with S = 20 kv
R-'l.l' SH vmr# = 2{];":5
100 k2

The circuit becomes as shown in the Fig. 1.37 (a) earlier, now with Ry = 100 k.

100=1

I;':'l"il = Rhllﬂv=ﬁm

0.99 k2
Hence the voltage reading is,

R eq

V@ = R

0.99

(099+5

= 4132V

d) The percentage error can be calculated as :

true value— measured value
true value

_ 4167-3571
- 4167

14.3%

% error in voltmeter 1 = 100

100
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4167 —-4132
4167
= [L.B4%

I
=

% error in volimeter 2 =

e) The percentage accuracy can be obtamned as :
Y A for voltmeter 1= 100 - % error = 100 - 14.3 = 85.7%

% A for voltmeter 2= 100 — 0.84 = 99.16%
Thus volimeter 2 15 99.16% accurate while voltmeter 1 is 85.7% accurate,

1.17.2 Precautions to be taken while using a Voltmeter
The following precautions must be taken while using a voltmeter :

1} The voltmeter resistance is very high and it should always be connected across
the circuit or component whose voltage is to be measured.

2} The polarities must be observed correctly. The wrong polarities deflect the
pointer in the opposite direction against the mechanical stop and this may
damage the pointer.

3) While using the multirange voltmeter, first use the highest range and then
decrease the voltage range until the sufficient deflection is obtained.

1) Take care of the loading-effect. The effect can be minimised by using high

sensitivity voltmeters.

1.17.3 Requirements of a Multiplier
1) Their resistance should not change with time.
2} The change in their resistance with temperature should be small.
3} They should be non-inductively wound for a.c. meters.

Commonly used resistive materials for construction of multiplier are manganin
and constantan.

1.18 Ammeter and Voltmeter

The meters which are connected in series with the circuit whose current is to be
measured are called ammeters. The power loss in ammeter is 'Ry where R, is
ammeter resistance. To have low power loss, ammeter resistance must be very low.

The meters which are connected in parallel with the circuit whose voltage is to be

measured are called voltmeters. The power loss in volimeters is V2/Rv where Ry is
voltmeter resistance. To have low power loss, voltmeter resistance must be very high.

The construction and working principle of both the meters is same. Both are
basically current sensing devices but they have following differences :
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Sr. No. Ammeter Voltmeler i
1
1. It is a cuwrent measuring device which| It is a woltage measuring device which
measures current through circuit, ‘| measures potential difference between the two
points of a circuit,
2 Always connecled in series with circuit. Always connecled in parallel with the circult.
3. Tha resistance is vany very small. The resistance is very wary high.
4, Deflecting torgue is produced by cumrent io Dﬂﬂmwmp{'ﬂdmw;Iw.
ba measured directhy. which s proportional to the woliage io be
measured,
Table 1.3

1.19 Electrostatic Instruments

Basically electrostatic instruments are all voltmeters. Fractically such instruments
may be used for measurement of current and power but both the types of
measurements require measurement of voltage across a known impedance. The main
‘advantage of such instruments is the measurement of high voltages in both a.c. and
d.c. circuits without any errors due to eddy current losses and hysteresis.

1.19.1 Principle of Operation

The operation of all the electrostatic instruments is based on the principle that
there exists a force between the two plates with opposite charges. This force can be
obtained using the principle that the mechanical work done is equal to the stored
Energy if there is a relative motion of plates.

Consider two plates A and B where plate A is fixed while B is movable. Two
plates are oppositely charged and plate B is restrained by a spring connected to fixed
point. Let the force of attraction between the two plates be F newton. Let the
capacitance between the two plates be C farad.

The energy stored E is the given by,
E=3CV2] | (1)

When applied voltage increases by dV, the current flowing through capacitance
also changes and it is given by,

. _dq _d
TR A
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Fixad plate Maving plate
Fig. 1.38 Principle of electrostatic voltmeter

. dyv dC
= — =N —
i C ar 4 at {2)

The input energy is given by,
Vidt = CV dV +VIdC e 4 3)

Also due to change in applied voltage by value dV, the capacitance increases by
dC. Because plate B moves towards a fixed plate A which decreases the distance of
separation between two plates increasing net capacitance.

Thus the new energy stored is given by,
p 1 2
E' = i{C+dC}|:1.F+d1"'] . (4)

The change in stored energy is given by,
: 1 : 1
E-E = 5 (C+dC)(V+dV)* -5 CV?2

H

1 1 -
5 (C+dC) (VI +2V dV +dV?) -5 CV?

3 CViecy cw+% -::-wu%vz dC +2 VdV dC
1 2 _1 oy2
+ 5 dC dv 3 CV

Neglecting higher order terms of small quantities such as dC and dV, we can
write,

E-E = %v!dmcudv .. (5)

_ From the principle of the conservation of energy, we can write,
input energy = increment in stored energy + mechanical work done.
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1

L CVAV + VI AC = (E"h” dC+C'!-"d.‘l."]+|:Fdx}

|
Fdx = = V- d
X 7 C
1 dC ' '
F=.y? s
5V 5 . (6)

From above expression it is clear that the force of attraction is directly proportional
to the square of the applied voltage V.

The above theory can be extended to the rotational motion, with the angular
deflection 8 in place of the linear displacement x.

o 1,,,dC
Ta = 5V2s e 7

If the meter uses the spring control with torsional spring constant K then,

T. = Kb e (8)
But Te = T: for steady position
1 dC
2 ol Ko
=1 oy dC .
T - O

1. Such an instrument can be used for ac and d.ec. measurements as the
deflection is proportional to the square of the voltage to be measured.

2 It shows square law response hence the scale is nonuniform which is
compressed at the lower end.

1.20 Types of Electrostatic Voltmeters

Following are the two types of electrostatic voltmeter.

i) Quadrant type electrostatic voltmeter which is used to measure voltages upto
10 kV to 200 kV.

i) Attracted disc type electrostatic voltmeter which is used to measure voltages
above 20 kV.



Electrical Measurements 1-69 Measuring Instruments

1.20.1 Quadrant Type Electrostatic Voltmeter

The instrument consists of four fixed metal double quadrants arranged such that
there is a small air gap between the quadrants and the total assembly forms shallow
circular box. Inside this box a double sectored needle is suspended by means of a
phosphor bronze thread. The necdle is suspended such that it is placed equidistant
from above and below quadrant plates as shown in the Fig. 1.39.

Moving
vana
or neadla

Fized
quadranis

Supply

Filg. 1.39 Quadrant electromeater

As shown in the above Fig. 1.39 the fixed quadrants are connected together. The
voltage to be measured either a.c. or d.c. is connected between the fixed quadrants
and the moving needle. This needle rotates due to the electrostatic force set up due to
the charge accumulation on the quadrant plates. Then the suspension exerts a
controlling torque and the needle settles at the position where both the torques,
controlling and deflection, are equal. '
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There are b0 typ s of the electrical connections in the quadrant electrometer,
i} Heterostatic connection
ii) Idiostatic connection

1.20.2 Heterostatic Connection

In this type of connection, a high voltage battery is used to charge the needle to a
voltage considerably higher than the voltage to be measured. The connection diagram
is as shown in the Fig. 1.40.

*
= HT.
— baltery
== + + + +
L L -+ T i #M
—_———— & & 4)\:‘- -
Cuadrants MNeadls
(Maoving)
L W 2n4
s Voltage to be measured 8 Voltage 1o be measured

(a) (b}

Fig. 1.40 Heterostatic connection

In this connechon, the quadrants are connected together in diagonally opposite
pairs. The moving vane ie. needle is positively charged due to battery. The deflecting
force due to top and bottom quadrants on movable needle cancels each other on both
sides, The only deflecting force responsible is force of attraction between left quadrant
and right moving sector and force of repulsion between right quadrant and left
moving sector.

1.20.2.1 Theory of Heterostatic Connection

To obtain the torque equation for the heterostatic connection, consider only one
half portion of the needle with two quadrants adjacent to it. This is shown in the
Fig. 1.41.
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A L
. 1L
Ak = T2
Ci Vs T C>
M L

Fig. 1.41 Position of needle with some deflection

The needle is considered as a sector of circle with radius r. Now this arrangement
of two quadrants with needle exactly in between, resembles the two capacitors placed
side by side. At equilibrium position, as needle is placed symmetrically, the
capacitances C; and C; are equal. But when needle rotates, the value of one capacitor
becomes greater than other.

Let W

Potential of needle, V = Voltage being measured
Vi = Potential of quadrant L, Vu = Potential of quadrant M

Let the needle deflects in anticlockwise direction through an angle 8.

Let Ci = Capacitance of left hand capacitor

C: = Capacitance of right hand capacitor

d = Distance of needle from either top or bottom plates
of quadrants
e EA
Ly o= ? - (1)
. +0
A = Arca of vane = M = 12,1 o +8)

Note that needle spans through an angle (@ +8) under guadrant M and half as
there are two faces of vanes.
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, grt o +8)
- o (2
G > (2)
The two capacitances C; are in parallel hence,
« god
C, = 2Ci=m e (3
d
And C: = 20 = F-’—'{T;'i:-'}.]' . (4)
The energy stored in C; = % Cr (V) — Vo2

The energy stored in Cs = % Ca (Vi = VP
The total energy stored is,

W = LG (V) - Vi) + %Cz (V1 = Vil .. (5)

1
2

Let Ty be the torque in the position 8 then for an infinitesimal change di of the
needle, the work done in moving system is Ty df. This work done is equal to the
increase in the stored energy dW.

Tedd = dW
dw
T[l = ﬁ . r ['EI}
To = -Llc, (v = V)2 +1Cy (V) = Vi) |
] 3612 1 lx L 5 4 I i
= Loy, o 29S8 Ly 2 962
T = EWL Vi) du'*zl:\'rl Vi) 10 - l:?l.
_ dCy _ d [erPla+8)| _ er?
Now G ) I S
dc; _ dferi@-)]_ er?
d ~ d8| d | d
Using in the equation (7),
I 2
To = 3 (Vi-Vi)ixie 2 (Vi - Vi) S

To = S [(Vi= Vi) = (Vi - V)2 | . @)
2d '
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But the medium is air henc'e £=Ep,

E-|!| l'
Ty =

5 WV = VU2V =V + Vil = (9)

The above expression is obtained considering only two quadrants and half needle
hence tor all four quadrants the deflecting torque will be doubled

Tﬂ _ E-ul'

WV = V0OV =(VL + ""rh-i]“

. (10)

Key Point : The torque is positive only when 2V; > (Vi + Vi ) Now V is the
polential lo be measured and is equal to Vi = Vi

Ty = %}gv [2V) ~(Vy + V)] . (1)

If potential of needle Vi is very large compared to voltage to be measured then

2
Ty = "”d' « V%2V,

Tﬂﬂ::‘“‘lv1

.. For heterostatic with V, large
Key Point : Thus in heterostatic connection, the uniform scale is cbtained

1.20.3 idiostatic Connection

This is connection generally used in commercial instruments. In this type of

connection, needle is connected to any one of the pairs of qua::lr.'mt as shown in I:he
Fig. 1.42, directly without external voltage,

e §
L e
=== T ¥+ +:
éﬂuuumnu
:hﬂ:wlnn] - .
. L W - JT
o=— Vipliage to be measured < vollage to ba measured
(a) )

Fig. 1.42 Idiostatic connection
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The moving needle is negatively charged, the left hand quadrant is negatively
charged and the right hand quadrant is positively charged. The force of attraction on
needle due to top and bottom parts of right hand quadrant cancel each other. So there
is no motion of needle due to right hand quadrant. Similarly the force of repulsion on
needle due to top and bottom parts of left hand quadrant also cancel each other.

Thus the right hand positively charged quadrant attracts the part of the needle
near to left hand quadrant while the left hand negatively charged quadrant repels the
part of the needle to right hand quadrant. This rotats the needle and hence the

pointer.

1.20.3.1 Theory of Idiostatic Connection

For idiostatic connection, the external voltage applied to the needle V, =0 V. And
the potential of quadrant is nothing but the voltage Vi which is applied to the needle
directly. )
While the voltage to be measured is ¥V = Vi = VL.

Thus using these values in the expression of Ty,

Eﬂ-r

Ty = = {(VIR2VL-Vi -V i = Iﬂ’}l{ Vi)
To = E“d’ V2 .. (12)

The negative sign is neglected as it indicates the direction of rotation ::lpp-tt.‘iite to
that which has been assumed.

Ta = V2 ... For idiostatic

'Key Point : As forque is proportional to square of the applied voltage, the scale is
nonuniform for idiostatic connection. Note that as deflecting torque is proportional to
the square of the voltage to !u' meastred, the idiostatic connection is wsed for a.c.
measurements,

mmp Example 1.17 :  An electrostatic voltmeter is controlled by a spring with a constant
4x10-% Nm/rad and has a full scale deflection of 90° when voltage of 1500 V is applied
to it. The capacitance at zero voltage is 10 pF. Find its capacitance when the pointer
indicates 1500 V.

Solution : K = 4x10-* Nm/rad, V = 1500 V, C, = 10 pF, 8" = 90° = g rad

1 s
= oy &
Y= W ,
" 1 dC
E e (1500)2
2 2:4111]“‘{ e de
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‘:—g- = 5.585x10-12 F/rad

%,:;:n“ = 5.585x10-12

C-Cy = {5-555::10'”}[%—0]:g,m,g,;m-u
C' = Cy+8.7728x10-12 = 18,7728 pF

1.20.4 Kelvin Multicellular Volimeter

It is one of the most important commercial form of an electrostatic voltmeter. It is
basically a quadrant electrometer with large number of needles and only one
quadrant. Basically it is used for a voltage range of 100 to 1000 volts. By modifying
basic voltmeter it is possible to measure voltages of the range of 40V only.

Thus to obtain a very high force for very small voltages, a large number of cells
are used in the instruments hence it is called multicellular. The kelvin multicellular
voltmeter is as shown in the Fig. 1.43.

Torsion head

ey | ee——
;I';‘ == Coach apring
= Phosphor-Bronze
SLSEISIoN
Poanler ”
g
Edgewisa
acale
e Fini]
e e ]
Moving /ﬁ
Vanas

Damping vana
{od immarsed)

Fig. 1.43 Kelvin multicellular voltmeter
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The moving mechanism is suspended with the help of Phospor-Bronze suspension.
To protect the suspension against the vibration, the coach spring is used. For the zero
adjustment, warm wheel actuated torsion head is used. The pmnter and scale are of
edgewise type alongwith oil immersed damping vane.

It is very essential to use a safety collar above the pointer to avoid movements of
the system caused due to short circuit of quadrants. Two guard plates are fitted inside
the case of the instrument. These are electrically connected to the moving mechanism
and metal case of the instrument.

In such instruments, number of cells used increases as the voltage to be measured
decreases. For example to measure voltage of the order of 1530 V, 10 to 15 cells are
required while for the measurement of 3000 V one cell may be sufficient.

The deflection torgue for o cells is given by

T

n = torque of 1 cell

T

&
22
n-—=Tr
d

1.21 Attracted Disc Electrostatic Voltmeter

The attracted disc type instruments are generally used for the measurement of
voltages above 20 kV. The system consists of two plates such that one plate can move
freely while other is fixed, Both the plates are perfectly insulated from each other. The
voltage to be measured is applied across the plates as a supply voltage as shown in
the Fig. 144. Due to_the supply voltage, electrostatic field gets produced which
developes a force of alttraction between the two plates. Due to the force of attraction,
the movable plate gets deflected. In this medlaru.ﬂm the controlling torque is provided

by a spring.

Poinler

A

5
upply ﬂwthuﬂ

Fig. 1.44 Attracted disc type llm instrument
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1

1.21.1 Kelvin Absolute Electrometer

This instrument is of attracted disc type electrostatic vnltmeh:r._ The basic structure
of this instrument is as shown in the Fig. 1.45.

. Micromeler
L~ hoad
Fal I_rl et
Cross-hair Coach spring
Lens
H gﬂ Tﬁﬂ
#‘A L . l
Guard fing R\\ Pointed
[ ] Moving rods
m N, =
Fixed

disc
Fig. 1.45 Kelvin absolute electrometer

The moving disc is suspended exactly above the centre of fixed disc from a
micrometer head with the help of a spring. The moving disc is surrounded by a ring
called guard ring, keeping some air gap between moving disc and ring. This guard
ring is very useful in reducing fringing effects. It is connected electrically with the
moving disc.

With the help of a device consisting lenses and finely pointed rod it is possible to
determine zero setting of a disc consisting a fine cross-hair.

In actual practice, the potential to be measured is supplied to the two disc. Due to
the force of attraction, the moving disc is attracted downwards. With the help of
micrometer head, the moving plate is brought back to zero position setting again. This

movement required is observed accurately.

For accurate measurement, it is very important to calibrate the instrument
properly. During the calibration, first instrument is short circuited. Then the moving
plate is set to its zero position. Then known weights are added to the disc. Then the
calibration is done by observing the movements required to bring the moving disc
back to the original zero position. Thus instrument measures the force of attraction
produced by the potential difference between the two discs. Then the potential
difference can be expressed interms of this force.



Electrical Measurements 1-78 Measuring Instruments

1.21.2 Theory of Attracted Disc Type Voltmeter
As we have seen already that the force of attraction F between the two parallel
plates with potential difference V between them is given by,

I dC
F = o VI N . {1
2 dx )

Let A be the area of each plate and £=eqe, is the permittivity of the medium. Let
d be the distance between the two plates.

Then the capacitance C is given by,

C = % tarads - (2)
Differentiating equation {2) with respect to x,’ -
dC Ac
- = - - 3
dx d? : G)

The negative sign indicates that with decrease in distance of seperation d,
capacitance C increases. 5o neglecting negative sign, the force of attraction can be
rewritten as, - .

1 +f AE . A
F=§ V-[Ef] N v ‘.4}

V = ’%‘:—- volts e (3)

Thus this instrument gives an absolute determination of voltage as it is given
interms of force and linear dimensions. The deflecting force is adequate only when the
voltage to be measured is high. For avoiding the errors due to corona effect, special
construction is necessary to ensure good insulation. The superior dielectric strength of
a high vacuum is used in modern instruments which enables to get more force for a
given voltage with very small clearance between the plates.

1.22 Advantages and Disadvantages of Electrostatic Instruments
The varipus advantages of electrostatic instruments are,
1) They give correct measurement in both a.c. as well as d.c. circuits.

2) They are most useful in high voltage measurements.
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3) There are no frequency and waveform variations as the deflection is
proportional to the square of voltage.

4) As there is no iron part in the working system of these instruments, they are
free from errors due to eddy currents and hysteresis.

5) The power loss in these instruments is very small.
6) Costly resistance wires are not used in this instruments.

7} The operating current is very small hence does not affect the performance of
other circuits connected to the same supply.

The various disadvantages of electrostatic instruments are,
1) They are not suitable for low voltage measurements.

2) These are large in size, bulky and not very robust.

3) These are expensive instruments.

4) The scale is not uniform.

1.23 Extension of Range of Electrostatic Instruments

The range of various instruments can be extended using multipliers. Similarly the
range of electrostatic instruments is also extended using multipliers. The multipliers
used for electrostatic instruments are of two types,

1. Resistance potential divider 2. Capacitance multipliers

1.23.1 Resistance Potential Divider

The use of resistance potential divider for extending the range of an electrostatic
instrument is shown in the Fig. 1.46.

Fig. 1.46 Use of resistance potential divider

E = Total resistance of potential divider
V = Voltage to be measured
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_|
Il

The resistance whose m-lmge n:lmp is appllcd to an
electrostatic volimeter

The voltage across an electrostatic voltmeter

v

C

i}

The capacitance of an electrostatic voltmeter

The resistance r and capacitance C forms a parallel circuit and the equiql.ealent
impedance is,

. 1
L o= r||-jXe whn:re}{czﬁ
‘ ' rx ‘_i]
__\@C)_ —jr _ -jrxj
- i rwC-j [reC-jlxj
r-_
wlC
Z = ——
1+ jraC (n

Thus the equivalent impedance across the voltage V is,

r (R (1+jraC)+r
I-I-il'l'.I!rC_ {1+ )rawl)

Zr = R=r+Z=R-r+

B+ jorC(R-r}

Z1 = _
! (T+jreC)

. (2)

The factor by which voltage is changed due to potential divider is called its
multiplying power and given by,
B+ jorC(R-r)
V_Zr _ (1+jred)
v

z _r
1+ rw
; R_
I R+imr::{ r) _ ]_:+ij{]1— r) e (3)

The numerical value of multiplying power m is,

F
m = J[[—:] +@2C2(R-r1)2 oo (4)

If w, C and r are very small then w? C? r? < 1 and can be neglected,
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5 = - 3)

Y 2@ — e 2
_RJ1+mCr{R n* _R

1. At high voltages, the cost of this method is high.

2. At high voltages, the power loss and wastage is excessive.

3. At high voltages, the accuracy is very less due to stray capacitance effects.

4. When used for a.c. measurements, it should be wound noninductively and
capacitor leakage resistance must be high.

Thus this method is ot suitable for high mllage& biit vsed for d.c. measurements
as capacitance potential divider can not be used for d.c. crcuits.

1.23.2 Capacitance Multipliers

The capacitance multiplier method is nothing but the use of capacitance potential
divider. There are two methods of connecting capacitor for potential division.

Method 1 : In first method, a single capacitor is connected in series with the
voltmeter and the voltage to be measured is applied across the combination as shown
in the Fig. 1.47.

E
%

Fig. 1.47 Capacitor multiplier-method
Let C = Series capacitor
C, = Capacitor of voltmeter

W

‘u’ultage across voltmeter
¥V = Voltage to be measured

The total capacitance across the supply is,

C, = CxC,

. Tic. ... Cand C, in series

The total impedance across the supply is,
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1 ({C+Cy)
Ly o= = <1
I jul,  juCC, )
The impedance of voltmeter is,
- 1
Z = B
juCy @
Thus the multiplying power of the multiplier s,
(C+Cy)
v o4 juC C,
M == —= — =
v e [
jw Ty,
C+Cy Cy
= =] 1 e
m ™ + . o (3)

1. To have high value of multiplying power, the voltmeter capacitor must be high.
2. The voltmeter capacitor varies with the deflection of the moving needle hence
the voltmeter must be calibrated alongwith the series multiplier capacitor.

Method 2 : In many practical cases a set of capacitors connected in series across
the voltage to be measured is used. The voltmeter is connected across one of the
suitable capacitors as shown in the Fig. 1.48.

Electroslatic
voltmelar

Fig. 1.48 Capacitor multiplier-method 2

[he capacitors C; and C, are in parallel hence their resultant is C; + C,. While 3,
Ca ..o Gy are in series and their equivalent is C. where,

— K —— i ———

{._1-., {--t ":_-‘-' '::n

Thus Cooand (O + Cop are in series hence the resultant capacitor across the voltage
Vos,
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- ‘1':31 :1:'1 + {:‘1.]
y 8 = N
¢ Co+ 0+, @)

1 Co+Cy+C,
?_. = - - = - - 5
jun el (O =T ) 3
While across the voltage v the capacitor is Ci + C, hence the impedance is,
1

. S .o (6]

jor (G +C)

Thus the multiplving power is,

Gt G+ Gy
oz VGGG

AR 1
j{Cy +C4 )

=1 — v
+[ G

If Ci is large with respect to ., then there is no appreciable change in the
multiplyin[; power alnngwith the deflection of the pm'nter.

mmp  Example 1.18 1 An absolute electrometer Tas nomovable circular vane having 75 wm
digmeter. Al the time of measurement, the plates are 5 mm apart and the ferce of
atbraction s 3x10°% N, Find the voltage across Hie plates if the air is used as a
diclectric.

Solution : d = 5 mm, r = radius of vane = % =375 mm, F =310 N

A = ard = ax37.5<10-7) = 4.4178=10F m?

2Fd*

where & = g = 8.854 = 1012 as air
Ar

V =

= 195827 V

L}

2x3x10 P (5=10-1)2
J-l.él'?ﬂ:lﬂ' F o B854 x 1071
mep Example 1.19 1 The movable mane of o quadrant decirometer s moved Hirough 30
scale divisions when connected idiostatically to a potentinl difference of 700 V. When
connected heterostatically with the quadrants connected to small voltage V and needle
comnected fo T00 V, the deflection is 12 scale divisions. Find the value of V.

Solution : For idiostatic connection,
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0; = Tga V? where B, =30, V=70V
For heterostatic connechion,

B, = Typa 2V,V where8, =12, V, = 1000 V

8, _ vV
B, 2V, V
0 _ (o
12 2x1000= ¥V
V = 1.2V

mmp Example 1.20 :  An cectrastatic voltmeter has oo parallel plates, one moding and
other fixed. The force exerted on moving plate is 4 =107 N when 20 kV- voltage is
applied between the plafes. Find the change in capacitance for a movement of 1 mm of
the movable plate. The radius of movable plate is 50 mm and air is used as a dielectric.

Solution : F=4x10%N, V=20 kV, r = 50 mm
A = nr! = axB0=x10%)? =7.8539x10° m?

2Fd?
AEg

V =

7.8539%10 7 = B854 <1012

d = 0.0589 m = 58.9 mm

The distance between plates is 58.96 mm
Let di = 5896 mm

d: = NMNew distance after movement of 1 mm
d: = 5896 - 1 = 57.96 mm

- I:n.ﬁ
M C =
o d
dC = Change in capacitance = C; - C;

1 1

= gn A ————

“ Lii &

= 8.854 %1012 x7.8539x 10 L
57.96x10-* 58.96=10-3

dC = 2.0348x10°" F _ ... Change in capacitance
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mmp Example 1.21 :  The capacitance of. 0 — 1000 V electrostatic voltmeter increases
uniformly from 36 to 42 pF from zevo to full scale deflection. 1t is required to extend Hw

range of voltmeter to 10000 V' by wsing an external series capacitor. Calculate the value
of the-series capacitor.

Solution : V = 10000 V, v = 1000 V

V10000
=3 "0 -

For full scale, C. = 42 pF

T Mow m = | +%

42

10 =1 + —

C
C = 4.667 pF ... Series capacitor required

Examples with Solutions

nmp Example 1.22 : A galvomomeler gives g deflection of 2000 mm on a linear scale
distarmt 2 m for a steady current of 1 pA, The period of undamped oscillations s 3.1415
sec and moment of inertie 2% 10°% kg - m2. Calculate the resistance required to obtain
critical damping. Assume damping due to obher effects to be negligible.

Solution : r=2m = 2000 mm, d = 200 mm, T, = 31415 sec, | = 2= 10 ¢ kg—mz,.

d = 2r by
0 = 5= Tanp = 005 rad
But o = %
005 = c“ﬂ—::mﬁ
G = 50«10 K i
s E"E = 3.1415
31415 = 2n Y10 B

K.
K = 8x10"* Nm/rad
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G o= 04 Nm/A
For critical damping,
G? {(0.4)*

K. =

: N AT T T Y = 20 kil
VK 2J2x10 "= 8x10 %
inmp Example 1.23 :  The deflechon of o galvanometer 15 zero with no cwrrent and 70 mon
witht a sfeady curreid of 6.2 pA. Ns first maxinuon deflection, after application of a step
veltage 1= 128 e, The maxinnon deflection in e next cyele is 20 mm. Defermine

i) current sensibiviby i) logarithmic decrement and i) relative damping E.

. . . By il
Solution : i) 5, _T =53 = 11.2903 mm/uA
1.
i) thy 0y [] -t ] = first maximum deflection
and 4 By [] + e V=i f-?] = second maximom deflection
B -0 = By e =&
and B -0y = 0, e MY
__:r..l
“| |.]| _ |;.'l. TR . . Zatf -d
e — @ il 2
nZ
Bk o=
|.I v
vl 5
0y -0 .
R — - m =
H i
127 70 .
i N Lo
LH§ Al
iy S
- e I ' o
5 s L ! 2
/ [.5323
i) L= e
vI-57
N nio . (053237 2
L5327 = e L I_l_! = "'5".:'1:
g-gr T ) Ta-gd)
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[
002871 = =
=E
ED = 00279]
E = 0167

Inmp Example 1.24 : The inductance of o moving  iron  instrument s given by
L=(10+50-0%) uH where 0 is the deflection in radians from zero position. The
spring constant iz 12« 10" Nmfrad. Estomate the deflection for a current of 5 A

ﬂN_nJ.- MET‘M] S’EI = *'

Solution : The rate of change of inductance is,

dL.

8 - (5<20) uH/rad = (5-20)x10-% H/rad

112 dL 1 (5)?
b= —=sx————x(5-W)x10-%
IR A0 2 1T

B = 1.04166 (5 - 20)

B = 1L.6BY]1 rad = 96.782°

vy Example 1.25 :  The deflecting torque of an ammeter varies as Hhe square of the
current passimg Hhrowgl it If o current of 5 A produces a deflection of 90% what will be
the deflection for a cwrvenl of 10 A when the instrument s, 1) spring controlled i1}
graiity controffed. (JNTLU, May-04, Set - 1)

Solution : The deflection torque varies as square of the current.
Ty = Kyg I¢
1) Spring controlled

[. = K@

T, = Ty ie Kb = K417
_ Ki o i
B = = < =Kl

9W¢ = Ky =(5)° e K, =36

B o= K, 17 =3.6%(10) =360° Lfor 1 =10 A

(i) Gravity controlled

T. = IE'CH sin



Electrical Measurements 1-88 Measuring Instruments

T, = Ty ie. K sin® =Ky I?
sin 0 = I"é_:lf - K 12
sin (90°) = K2 %(5)2 ie Ko = o2
sinf = K, 11=%x[]l}]3=4 | e for =10 A
8 = sinl4

But this is mathematically undefined. Thus for I = 10 A, with gravity control, the
instrument cannot achieve steady state and may get damaged.

mmp Example 1.26 : A moving coil instrument whose resisfance is 25 0 gives a full scale
deflection with a current of 1 mA. This instrument is to be used with a manganin
sirund to extend ifs range fo 100 mA. Caleulnte the ervor coused by a;10 °C rise in
temperature when, ey .

i} Copper moving coil s connected divectly across the manganin shunt.

b A 75 €3 manganin resislance s used in series with the instrument moving coil. The

temperature coefficient of copper is 0004/ °C and that of manganin is 000015/ °C.
(INTU, May-05, Set - 4)

Solution : The arrangement is shown in the Fig. 1.49.

| Iy = 1 MA
I -

.@) R, =250

g To) e
- For

H"mmpalalure
compensation

Fig. 1.49

i} Initially copper coil is directly acri.=s the shunt without 75 {2} -esistance in series.

[ = 100mA, I, = 1 mA

1 Bm
—=14m
[m REh

I

Im
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00 _ .25
1 R
Ry = 025250
when temperature increases by 10 °C ie. At= 10 °C
R, = R [1+1:r.3 A t] where «, = resistance temperature
coefficient at t °C
Raw = Rm[lracA t] = 25[14 0004 «10]= 26 Q2

Rin Ren [1+agm & t]= 0.2525[1 +0.00015 = 10]
_ 0.25287 3
when | = 100 mA then, '

Ra [ = 0.25287

R +Rn | 025287+36

I =

09632 mA

But I, = 1 mA required for full scale deflection.

(I —Tm) 1o - (0-9632-1)
l-rn_ l

= 100

% error

= = 3.679 %
i} Now R, = 75 {1 manganin resistance is connected in series with the meter.

Ruwl = Ry +R, =25+75=1000

Rhu-la!
= M) =1+
1] |} + R..
1 =
Ry = ﬁ[}F=1,ﬂ1ﬂ

After, 10 °C rise in temperature,

wat = R + Ry = 264 Ri[l+an A t]
26+75 [1+0.00015%10] = 101.1125 0

Rin Ren [l 4+ A t]=101[1+0.00015% 10] = 1.01151 02
When | = 100 mA then,
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fm = 2 ﬁﬂﬁ;m. xI= 1.uu;iﬂ:l1%11-11:5 =100
= (09904 A
But I = 1 mA required for full scale deflection
% error = !:”.JT;.I_“‘ = 100 = _'I]l‘:?l:i'_.l._',lli_—l « 100 = — 0.96 %

Thus the use of manganin resistance in series with the coil provides the
temperature compensation, reducing the error. Such a resistance is called
swamping resistor.

e Example 1.27 : The spring  constant  of 30000V electrostatic voltmeter s
706x10°% Nufrad. The full scale deflection of Hiwe instrument is 80 Assuming the
rate of change of capacitance with the angular deflection o be constant over He
gperatirg ravee, calordale the fotal chige of capacitance from zero to full scale.

(JNTU, May-05, Set - 1)

Solution : K = 7.06< 10~ * Nmfrad, V = 3000 V, 0 = mv:( E‘f’;ﬂ“] rad
1 L dC
D = — vt
K * Ao
B=n 1 , dC
80~ 2x706k10 0 00T Ry
E{; - 22’2 .l".'DEI.". ’ﬂ LERE :H.[!:': hi = 219 ‘I,"I-I:_lft':'ld
o 180 (30007

T For zero o Full scale = El% » {di)

B0 x 7
= 71 B
‘”’[ 80

J=3.l}53-5 pF

mmp Example 1.28 1 An  electrostatic  volbmeter s constructed  well  six parallel,
semicircular fixed plates equispaced at 4 mm interoals and five interleaved sewicercular
movalde  plates Hat move e plane midieay betweenr the fived  plates o oaire The
mstrament is sprimg confrofled, IF the rodivg of the movable plites s 40w, calewlake
e spriatg constand of 10 &V corresponds o full scale deflechion of 1007, Neglect edye
effects and plate teckness. The pernttioity of air fs 8BRS = 1001 Efm,

(INTU, May-05, Set - 3)
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Solution : Let the deflection is 0 radians. At this time the plates overlap as shown in
Fig. 1.50 (a) and form a capacitor as shown in the Fig. 1.50 (b).

Six
fined _ )
plates Five mb::ng
Mowing plate Fhy .
C la,
Overlapping
forms i S
{ capacitor I 4 mm
r Twi # ===
A capaciors
4] pairl - d '—4{ =2 mm|
,\ parallal _
Fised
plate 8 o-
r = 40 mm
(a) (b)
Fig. 1.50

When moving plate moves, it forms two capacitors in parallel with respect to
upper and lower fixed plates as shown in the Fig. 1.50 (b).

, En A
MNow C] = “d
0 p
A = Eﬁ;., . Iy
C =2 =2%e0xr28 _tor’d
- dx 2 d
de d

The torque exerted by each unit is,

vz dC

. 1
Ty [ unit = 3 0
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There are 5 such units,
,dC 5 .5 eqr?

5
Ty = = VIi—=V¥
d bl do 2 d
while T. = K8 ... spring constant
But T, = Ty
_ 5‘ 3 En I'2
Ko = 3 v2 il
Now V = 10 kV, 6 =|m==% rad, £, = 8.85x10- 12
(0 5 (10x10%)7 x 885% 10712 % (40x 10-3)°
"8 - 127 2x10 3

K = 1.014=10"* Nmj/rad = 17.708 x 10~ * Nm/degree

Review Questions

E:l.'pfnr'l: e canstruction of D Arsenoal galvanameler.
e flie Forgue aguabion of D Arsonoa! galoamomeler,
Dfine e infrinsic constants of D" Arsonval galtanometer,
Drerive the dymanrie befwrionr of [V Arsononl qalfvanometer.

ok B

Explnin the following mations in 2" Arsonoal gploanomeler, 1) underdamped i) overdamped
st} Critically donrped.

What is relative damping 7 Explain its effect an galvanomeler motion.

Explain {ogrrithimic decrement for o goalvanomoeter.

Derive My expression for fhe frst oversitoo! in a gafoenomeler mation.

o N

Explain Hw effect of external resistance on demping ql"gﬂ.fmamﬂre'!r;.

ML Derive the satiie of external reststance for critical doviping.

11, Which are the damping effects present in galtanometer 7 Which is significant 7

12, Difine the sensitivity of galvanmometer in 3 ways.

13, Deserily Bie construction and working of PMMO instriaent,

14, Derive the cquation for deffection in spring contralled PMMC instriment.

15, How is the current rnu';ge of & PMMC instrunient extended with the help of shunts ?

16, Deserile Hhe T-I-"Br-’i'fl.l‘f of universal shunt wsed for multirnge anometers. Derive exprissions for the
reststanees of different sections.

17, Describe how a volentinl divider arepngement 5 used for multiplicrs wsed  for mudtivange
voltmeters. Derite expressions for resistance of different sechions.

18. State the advaniages, disadvanlages and errors in PMMC instruments.
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19.
20

21
22,
23,

24

26.
27.

29.

31, State the bosic requirement of any mensuring instrument. How the varions measuring instriments
32

33

.36,
37.

8.
kL
0.

Deseribe the general requittments of shunts for ammeters and multipliers,
Explmin the working of aftraction type and repulsion type moping iron mstmmh urith  meat
dingrams,
Derive the torque equation for moving iron inslruments. .
Dieseribe e constructional details and working of the dlectrodymamometer type instrument.
A maning cofl instrument has following data : number of turns = 100, width of coil = 20mm,
depth of coil = 30 mm, flux demsity i air gap 0.1 Whim®. Caleulate the deflecting forque whim
carrying o current of 10 mA. Also calculate the deflection if spring constant is 2«10~*Nm/degrees.
[Ans : 60x10-% Nm, 307 ]

Design o multirange ammeter with the manges of 1A, 5 A, 25 A and 125 A employing individal
shunts in eoch cose. A D'Arsonoal movement with an internal resistance of 73001 and full scale
current of 5 mA is avaifable. [Ans. : 36702, 0.73 0% 0146 02, 0.0292102 ]
A basic [VArsorval movement with full seale reading of 50 pA and an inbernal resistanee of
18008) is moweilable. It is do be conperted inbo O0-1 W, 0-5 V, 0525 V oamd (-125 V' multirange
voltmeter wsimg individual multiphiers. Calculate the values of the individual mu!t.l{:.l'fﬂ's.

[Ans. : 18.2 k), 98.27 IO}, 498.2 k(), 2498.2 k1 |
Write a shiorf note on Tauwl Bard fﬂﬂ'nmlmt..
Explain e tenperature compenaation in PMMC frstraenents.
State the advantages and disadvantages of moving iron instrument.
Wikt is sensitivity of voltmeters 7 Explain.
What is a foading offect 7 Explain with the suitable example.

ire classified ? .

Which lorgues are  necessary for the 5luﬁﬁfu.r aperation if any indicating insfrument 7 Explain
trricfly hone these borques are produced in tarious instriments,

Witich are the marious effects unith wirich -iqﬂ;':ﬁng torgue is produced 7

Diifferentinte betuween spring control muf grovity conlrol miethods uséd to produce e controdling
torgue. f

Expinin Ny varions methods of dﬂmpm;; quue' in an indicating instrument.

Why scale of moving iron imstruments s non-weifoem while that of PMMC  instruments s
uniforsr.

How the range of de. ammeler and ded vollmeler can be extended 7 Derive the expressions o
calculate strumt resistance and multiplier resistance,

Expinin principle of electrostatic instruments.

Explain briefly quadrant type electrometer.

Explain attracted-dise type electrometer with neat diagrams.
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41

42
43

Wrile m mole on
i Kelem mndticellular vollmcter
i) Keloin absolute elecirometer.

List padomerrbivges aond fizadvantages of eloctrostalic imstruments,

Explain Hre extension of mnge of electrostatic instriments,

I



Instrument Transformers

.
2.1 Introduction

In heavy currents and high voltage a.c. circuits, the measurement can not be done
by using the method of extension of ranges of low range meters by providing suitable
shunts. In such conditions, specially constructed accurate ratio transformers called
instrument transformers. These can be used, irrespective of the voltage and current
ratings of the a.c. circuits. These transtormers not only extend the range of the low
range instruments but also isolate them from high current and high voltage a.c.
circuits. This makes their handling very safe. These are generally classified as
(i} current transformers and (i) potential transformers.

2.2 Current Transformers (C.T.)

The large alternating currents which can not be sensed or passed through normal
ammeters and current coils of wattmeters, energymeters can easily be measured by
use of current transformers along with normal low range instruments.

A transformer is a device which consists of two windings called primary and
secondary. It transfers energy from one side to another with suitable change in the
level of current or voltage. A current transformer basically has a primary coil of one
or more turns of heavy cross-sectional area. In some, the bar carrying high current
may act as a primary. This is connected in series with the line carrying high current.

The secondary of the transformer is

HE‘G".I'r' L [ 2
b To toad rrndr.t up of a _lnrp;c- number of ':un.\s of
- fine wire having small cross-sectional
e e I .t .
' | m . area. This is vusually rated for 5 A. This

Pramary i CT . .
o T is connected to the coil of normal range
Eﬂimﬂﬂﬂf'l"'ﬂ.::*ﬂr&‘;'--" ammeter. Symbolic representation of a
2] @ current transformer is as shown in the
Amimieter 'J_" [‘Ig. 2.1

Fig. 2.1 Current transformer
(2 -1)
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2.2.1 Working Principle

- These transformers are basically step up transformers ie. stepping up a voltage
from primary to secondary. Thus the current reduces from primary to secondary. So
from current point of view, these are step down transformers, stepping down the
current value considerably from primary to secondary.

Let MNi = Number of turns of primary
Nz = Number of turms of secondary
I = Primary current
I; = Secondary current

Lo N2
5 My

As N is very high compared to N, the ratio I to Iy is also very high for current
transformers. Such a current ratio is indicated for representing the range of current
transformer. For example, consider a 500 : 5 range then it indicates that C.T. Steps
down the current from primary to secondary by a ratio 500 to 5.

L, 500

L 7
Knowing this current ratio and the meter reading on the secondary, the actual
high line current flowing through the primary can be obtained.

hmp Example 2.1 : A 250 : 5, current fransformer is used along with an ammeter. If
ammeter reading is 2.7 A, estimate the line current.

Solution : I, _ 250

. But as ammeter is in secondary, [ = 2.7 A

L _ 50
27 8§
I = 135 A

S0 line current is 135 A.

2.3 Construction of Current Transformers

There are two types of constructions used for the current transformers which are,
1. Wound type 2. Bar type
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2.3.1 Wound Type Current Transformer

In wound type construction, the primary is wound for more than one full turn, on
the core. The construction is shown in the Fig. 2.2

lll.,ﬂ"ﬂ.,'ﬂ"ffffffffffffffffffffffff.|I".|I".|I".|I".|I" .l"r

7 ,f'
..-*"

'ﬂ.

-,

7))

-
b e h“““‘““m

7

Fig. 2.2 Wound type current transformer

In a low voltage wound type current transformer, the secondary winding is
wound on a bakelite former. The heavy primary winding is directly wound on the top
of the secondary winding with a suitable insulation in between the two. Otherwise the
primary is wound completely separately and then taped with suitable insulating
material and assembled with the secondary on the core.

The current transformers can be ring type or window type. Some commonly used
shapu-s'. for thn: stampings of window type current transformers are shown in the

@\

o
{a) Rectangular (b) Ring (c) Stadium
Fig. 2.3 Stampings for current transformers
The core material for wound type is nickel-iron alloy or an oriented electrical steel.
Before installing the secondary winding on core it is insulated with the help of end
collars and circumferential wraps of pressboards. Such pressboards provide additional
insulation and protection to the winding from damage due to the sharp corners.
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2.3.2 Bar Type Current Transformer

In this type of current transformer, the primary winding is nothing but a bar of
suitable size. The construction is shown in the Fig. 2.4.

I

i
| [=— Bar type
Secondary - ' ,
laads b primary
' :
o
¥
i :
: i
Secondary . ; Core
1 i insulation
L}

1

Fig. 2.4 Bar type current transformer

The insulation on the bar type primary is bakelized paper tube or a resin directly
moulded on the bar. Such bar type primary is the integral part of the current
transformer. The core and the secondary windings are same in bar type transformer.

The stampings used for the laminations in current transformers must have high
cross-sectional area than the ordinary transformers. Due to this, the reluctance of the

interleaved corners remains as low as pl.:ﬁ:iil:‘rle- Hence the mrre::pc:-nding n‘mgnetizing
current is also small. The windings are placed very close to each other so as to reduce

the leakage reactance. To avoid the corona effect, in bar type transformer, the external
diameter of the tube is kept large. '

The windings are so designed that without damage, they can withstand short
circuit forces which may be caused due to short circuit in the circuit in which the -
current transformer is inserted.

For small line voltages, the tape and varnish are used for insulation. For line

voltages above 7 kV the oil immersed or compound filled current transformers are
used.

2.4 Why Secondary of C.T. Should not be Open 7

It is very important that the secondary of C.T. should not be kept open. Either it
should be shorted or must be connected in series with a low resistance coil such as
current coils of wattmeter, coil of ammeter etc. If it is left open, then current through
secondary  becomes zero hence the ampere turms produced by secondary which
generally oppose primary ampere turns becomes zero. As there is no counter m.m.f,
unopposed primary mm.f. (ampere turns) produce high flux in the core, This produce
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excessive core losses, heating the core beyond limits. Similarly heavy em.fs will be
induced on the primary and secondary side. This may damage the insulation of the
winding. This is danger from the operator point of view as well. It is usual to ground
the C.T. on the secondary side to avoid a danger of shock to the operator.

Hence never open the secondary winding circuit of a current transformer while its
primary winding is energised.

Thus most of the current transformers have a short circuit link or a switch at
secondary terminals. When the primary is to be energised, the short circuit link must
be closed so that there is no danger of open circuit secondary.

2.5 Potential Transformers (P.T.)

o ; Frp_-r The basic principle of these

i ' o transformers is same as  current

i E : T transformers. The high alternating voltage
,.:E'BE ' 0-110 V Load are reduced in a fixed proportion for the
t Az ] Voltmeter {  measurement purpose with the help of

b ! — potential transformers. The construction

/ - . Secondary of P.T. of these transformers is similar to the
Primary of P.T. normal transformer. These are extremely
Fig. 2.5 Potential transformer accurate ratio step down transformers.

The windings are low power rating
windings. Primary winding consists of large number of turns while secondary has less
number of turns and usually rated for 110 V, irrespective of the primary voltage
rating. The primary is connected across the high voltage line while secondary is
connected to the low range voltmeter coil. One end of the secondary is always
grounded for safety purpose. The connections are shown in the Fig. 2.5.

As a normal transformer, its ratio can be specified as,
Yoo N
‘I-'r; MNa
So if vultja.ge ratio of P.T, is known and the voltmeter reading is known then the
high voltage to be measured, can be determined.

mmp Example 2.2 : A 11000 ; 110, potential transformer is used along with a voltmeter
reading 87.5 V. Estimate the value of line voltage,

Solution : For a P.T.
Vi _ 11000
v: T 1o

and V: = B75V
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Vi 11000
87.5 110
Vi = B7500 V

This is the value of high u(:rltagc to be measured.

2.5.1 Construction

The potential transformer use larger core and conductor sizes compared to
conventional power transformer. In potential transformer, economy of material is not
an important consideration at the time of design. The accuracy is an important
consideration.

The shell type or core type construction is preferred for potential transformer. The
shell type is used for low voltage while core type for high voltage transformers. At
the time of assembly special core is required to reduce the effect of air gap at the

joints.

The coaxial primary and secondary windings are used, to reduce the leakage
reactance. The secondary winding which is a low voltage winding is always next to
the core. The primary winding is a single coil in low voltage transformers. For high
voltages, insulation is the main problem. Hence in high voltage potential transformers,
primary is divided into number of small sections of short coils to reduce the need of
insulation between coil layers.

The cotton tape and varnished cambric are used as the insulations for windings.
Hard fiber separators are used in between the coils. The oil immersed potential
transformers are used for the voltage levels above 7 kV.

For oil filled potential
transformers, oil filled
bushings are used. Two
bushings are required when
no side of the line is at earth High voltage
potential. od oushings

The overall constructon = [~

of 51'n51|E phase, two wim:linlg ary Core
potential  transformer  is low voltage —
shown in the  Fig. 2.6,  indng j == Insulation
Pramary -
hagh woltage [
witudiineg

Fig. 2.6 Single phase potential transformer
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2.6 Comparison of C.T. and P.T.

The comparison of C.T. and P.T. is given in the following table,

Sr. Current Transformer Potentlal Transformer

Mo,

1. It ean be Feated a5 Senes transtofmas I ean b irealed as parallel transformer under
under virtual shor circuil conditions. opan circuil secondary.

2. Secondary must be always shorted, Secondary is nearly ender open circunt

canditions.

4. A small woltage exisls across its r.armlnals Full line voltage appears across its terminals.
as connected in seres, : e

4. The winding carles full line ciFrent The winding ks impressed with full fine mﬁage.

3. The primary current and excifation varies The ling vollage s almost constant hence
over a wide range, exciting current and flux density vares over a

limited range.

6. The primary cument is independent of the The primary current depends on the secondary
sacondary circuit condilions. circuit conditions,

7 Meeds only ong bushing as the two ends Twao bushings are reguired when naither side of
of primary winding are browghi out throwgh | the line is al ground potential.

the same insulator, Hence there is saving
in cost,

Table 2.1

2.7 Ratios of Instrument Transformers

The various ratios defined for the instrument transformers are,

1. Actual ratio [R]

The actual transformation ratio is defined. as the ratio of the magnitude of actual
primary phasor to the corresponding magnitude of actual secondary phasor.

Magnitude of actual primary current

R
Magnih.:de of actual secﬂndary current

v For C.T.

Magnitude of actual primary voltage

R o=
Magmt‘ude of actual secondary voltage .. For P.T.

The actual ratio is also called transformation ratio.

2. Nominal ratio [ K, ]

The nominal ratio is defined as the ratio of rated primary quantity to the rated
secondary quantity, either current or voltage.
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K. = Rated primary current
" Rated secondary current ... For C.T.
Rated primary voltage
Kn
Rated secondary voltage .. For P.T.

3. Turns ratio [n]

Number of turns of secondary winding

"7 “Number of turns of primary winding ... For C.T.

_ Number of tumns of primary winding
Number of turns of secondary winding

. For P.T.

2.7.1 Ratio Correction Factor (RCF)
It is the ratio of transformation i.e, actual ratio to the nominal ratio.
R

==

RCF

n

Le. K

RCF = K,

The ratio which 15 indicated on the name 1.'r|':'|t|: of a transformer is alwa}rs it=s
nominal ratio.

2.8 Burden of an Instrument Transformer

The nominal ratio of an instrument transformer, does not remain constant in
practice as the load on the secondary changes. It changes because of effect of
secondary current, power factor and magnetising as well as core loss components of
current and this causes errors in the measurements. For the particular class of
transformers the specific loading at rated secondary winding voltage is specified such
that the errors do not exceed the limits. Such a permissible load is called burden of an
instrument transformer.

Thus the permissible load across the secondary winding expressed in volt-amperes
at the rated secondary winding voltage or current, such that errors do not exceed the
limits is called burden of an instrument transformer.

( Secondary winding induced voltage) ]
Total impedance of secondary circuit

Total secondary winding burden =

including load and winding
\ 2

Secondary winding Total impedance of secondary circuit
b
current J

including load and winding
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If only the impedance of the load is considered then burden due to only load can
be obtained.

( Secondary winding induced vol I:.*:IEE]2

Secondary winding burden due to load =
ry winding hurden due fo foa Impedance of the load on secondary

Secondary winding }’
= [ ary mg] * [Impedance of the load on secondary |

current

2.9 Theory of Current Transformers

- Consider the equivalent circuit of a current transformer as shown in the Fig. 2.7
along with the load.

p s s “s
[ M T
: Ip .

I I *
Ve Ry X, Ep ” g E, Vg Load
| ) L3
3 i

N, N,
Fig. 2.7 Equivalent circuit of current transformer

The various symbols are,
Secondary turns N,

Turns ratio = . =
Primary turns N,

n

1l

fp = Resistance of primary winding

xp = Reactance of primary winding

r. = Resigtance of secondary winding

Ky = Renclallnm of secondary winding

r. = Resistance of external burden i.e. load on secondary
% = Reactance of external burden ie load on secondary
Ep = Primary induced voltage

E. = Secondary induced voltage

V.= Secondary terminal voltage

[p = Primary current

. = Secondary current

o = No load current or exciting current
I, = Core loss component of [ ie Ig cosdp



Electrical Measurements 2-10 Instrument Transformers

I Magnetising component of I i.e. Iy singg
= Working flux of transformer
& = Angle between E; and [,

= Phase angle of total impedance of secondary including burden

— tan l[:-;,-. +:-:1.J

Iy + Fe
8 = Phase angle of transformer

A = Phase angle of load or burden i.e. r, +j x,

= ftan! 2%
I

u = Angle between Iy and working flux ¢.

2.9.1 Derivation of Actual Ratio

Consider the phasor diagram of the transformer with a lagging p.f. load, as shown
in the Fig. 2.8.

= § Flux

Il Is
paraliel to

L &

Fig. 2.8 Phasor diagram of current transformer



Electrical Measuremaents

2-11 Instrument Transformers

Consider £ bac as shown in the small section which is,

2 bac =
b
ab

1

1l

GP-8 -, ac=1y, Oa=nl, Oc=1I;

ac sin (90°-8 —a) =1 sin [90°(5 + a )]=1p cos(d +a)
ac cos (90°-8 - o) =1o cos[90°~(u +8)]=10 sin(d +a)

From right angle triangle Obc,

(Oc)?

i.e. i P

Actual ratio

R =

(Ob)* +(be)” =(0a+ab)” +(bc)’

[nl, +lgsings +a)J +[lo cos(é +a)]

n? 17 +2nl, Igsin(8 +a)+13 sin? (8 +a ) +13 cos? (6 +a)

(1)

Jnﬂ:_; i;i_.i" sin(d +o)+12

R =-" - As per definition

yn® B2 +2n 1 Iy sin(§ +a) +13

S

Ly

Practically for properly dEﬂig;néd transformer ly<< nl,,

R =

B =

an 12 +2nl, Iy sin(d +a) +13 sin? (8 +a)
1.

- (2)

.. Adjusting 7 as I sin? (6 +a)

nl. +In15m{h +u)=n +:—uﬁin{ﬁ+a_‘|
A R

o (3)

This is approximate value of actual ratio but practically very close to actual result.

The equation (3) can be further expanded as,

R =

But lycosa =1, and

R =

1
n + g [smuﬁ COS0 + COSO slnu]

Iy sine =1,

+]ﬂ sin E+I‘

I, I, cosh

E = n+

lg sind +1, cosd

Iy

Note that & is positive for lagging p.f. load while negative for leading p.f. load.

. ()
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2.9.2 Derivation of Phase Angle (68) of Transformer

The phase angle 8 is defined as the angle between reversed secondary current
phasor i.e. reflected secondary current phasor and the primary current.

Sign convention : 8 is positive if reflected secondary current leads primary
current. B is negative if secondary current lags primary current.

8 = nl, A1,

From the phasor diagram,

b be lg ms[ﬁ +a)

tanf = —= _
" T Ob Oatab nl,+lpsin(s+a)

Now tanb =8 as B is very small.

[y cos(b +a)
" nl, +1p sin( +a)

radians e [5)

But lj<< nl; hence neglecting from denominator,

lo cos(d+a) o [cosé cosa —sind sina ]

B =

n]F 11.]3_
o = Imcosb-lesind . o (6]
nl,
Converting to degrees,
B =

180° |jlm cosd -1, sind

2.9.3 Errors in Current Transformer

For an instrument transformers, it is necessary that the transformation ratio must
be exactly equal to turns ratio and phase of the secondary terms (voltage and current)
must be displaced by exactly 180" from that of the primary terms (voltage and
current). Two types of errors affect these characteristics of an instrument transformer
which are,

1. Ratio error
2. Phase angle errar

2.9.3.1 Ratio Error

In practice it is said that current transformation ratio [; /1) is equal to the turns
ratio N; / N;. But actually it is not so, The current ratio is not equal to turns ratio
because of magnetizing and core loss components of the exciting current. It also gets
affected due to the secondary current and its power factor. The load current is not a
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constant fraction of the primary current. Similarly in case of potential transformers, thie
voltage ratioc Vi / V) is also not exactly egqual to N; /N; due to the factors’
mentioned above. Thus the transformation ratio is not constant but depends on the
load current, power factor of load and exciting current of the transformer. Due to this
fact, large error is introduced in the measurements done by the instrument
transformers. Such an error is called ratio error. ’

The ratio error is defined as,

nominal ratio — actual ral.‘iux

- 100
actual ratio

% Rabo error =

%% Ratio error

% 100 .. (B)

2.9.3.2 Phase Angle Error

in the power measurements, it is must that the phase of secondary current is to be
displaced by exactly 180" from that of primary current for CT. While the phase of
secondary voltage is to be displaced by exactly 180° from that of primary voltage, for
P.T. but actually it is not so. The error introduced due to this fact is called phase
angle error. It denoted by angle 8 by which the phase difference between primary and
secondary is different from 180°

The phase angle error is given by,

o - 180[In cosd -1 sin
T or nl,

] degrees . (9)

Approximate results : In practice, the loads are inductive and & is positive and

overy amall.
sind =0 and cosd =1 hence the equations (4) and (7) becomes,
R = n+:_'-‘ .. (10 {a))
(1807 1
and g = [T][n],] degrees e (11 {a))

: I
Interms of I,, these can be written using n =]—".

R = n+—= . (10 (b))

1800 I,
and b= (T)[q] degrees - (11 (b))




Elactrical Measurements 2-14 Instrument Transformers

2.9.4 Characteristics of Current Transformers

Let us sl'ud].-' the effect of wvarious parameters on the characteristics of current
transformers,

1. Effect of power factor of secondary circuit

The p.f. of the secondary circuit depends on the p.f. of the burden on secondary.
This directly affects the two errors of the transformer.

a. Ratio error : For all inductive loads, § is positive hence sin(6 +a) is positive
hence actual ratio R is always greater than the turns ratio n. (Refer equation (3)). For
capacitive burdens, & is negative and R is less than the turns ratio.

b. Phase angle error : When load is inductive and & is small positive then 8 is
posiive. Bul as & approaches 90° as load becomes highly inductive then 8 becomes
negative. For capacitive load, 6 is negative and 0 is always positive.

2. Effect of change in |,

The I, and 1, are directly related thus as 1, changes, I, also changes. For low
values of [, [y is dominating thus l,, and I. are also dominating parts of [,. Thus
errors are higher. As I, increases, part of Iy becomes insignificant from 1, hence I, and
Is also are less significant compared to I i.e. 1. Thus errors are less.

3. Effect of change in burden on secondary

The secondary winding circuit burden increases means volt-ampere rating
increases. Due to increased secondary current, secondary flux increases which induces
more voltage on secondary. Thus both [, and I. increases to keep flux constant. Due
to this, errors also increase. Thus more secondary burden means more errors.

4. Effect of change in frequency

It frequency is increased at constant voltage then the flux and fux density
decreases. Thus there is reduction in I, and [; and hence errors also get reduced.

mmp Example 2.3 : The no load current components of a current transformer are,
magnetizing component = 102 A core loss component = 38 A The current
transformation ratio is 1000 /5 A. Calculate the approximate ratio error ab full load.

1000

Solution : I, =120A, 1. =38 A K, =nmnina.lratiu=—-—5-—~=2l]]
At full load, I, =5 A
E = n+ l—" T._Tsi.ng nppmximatu results
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Now n = turns ratio = N5 =12 21000 _ 559
N, I. 5
R = 1ﬂﬂ+13=2ﬂ?.6
: _ Ka-R_ ... 200-2076 ..
“% ralio error = = x]m—m—-—xlm— 3.66%

vy Example 2.4 : A current transformer has a single turn primary and 400 secondary
furns. The magnetizing current is %0 A while core loss current is 40 A. Secondary
circuil phase angle is 28°. Calculate the actual primary current and ratio error when
secondary carries 5 A current.

Solution : I, =90 A, I, =40 A, §=28" I,=5 A.
n = ]{j—:=$=4ﬂ]
Ky = lx_p=rr:, - 400
R = +[m sind + 1. cosd
L. _
_ 4m+m5hm°;”mmﬂ=415.5u
I, = actual primary current = R,

415514 x5 = 20775703 A
Ko -R .. 400-415514
R 100=—peeg

% ratio error x 100 = — 3.733% .

mmp Example 2.5 : A current transformer has turns ratio 1:399 and is raled as 2000/5 A
The core loss component is 3 A and magnetizing component is 8§ A, under full load
conditions. Find the phase angle and ratio errors under full load condition if secondary
circuit power factor is 0.8 leading.

Solution : 1. =3 A, 1, -8 A, cosb = 08 leading,
& = - 36.8698° negative as leading

_ N, 399
"ENL T
1
K, = L:@::;m

l. 5
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I Sinﬁ[+ . cosb wi

LB sin(—- 36.869%) + 3x 0.8

R = n+ [, =5A (full load)

= 399 = = 398.52
% ratio error = K"R' R 4100 = 0.3713%
o = lﬂﬂ[]mmsﬁ-w!:smﬁ]
n nl; B

180 | 8= 0.8 - 3= sin{- 36.3695"]‘
n J99x5

= (.2355°=14.1%

2.10 Theory of Potential Transformers

The loading of potential transformer is very small in practice hence exciting
urrent Iy is of the order of I, ie. secondary winding current. While in a normal
»ower transformer I is very small compared to I.

The equivalent circuit of potential transformer is shown in the Fig. 2.9,

o e % T Xy
[1] l',m.

Wy
tho r j .
! | ozt
v ™ Load
Ve nﬂ{}:ﬁ, € ” Eq (Burden)
) o
L
Mp Mg
Fig. 2,9 Equivalent circuit of potential transformer
The various symbaols are,
$ = Working flux
Np = Primary turns
N: = Secondary tums
[p = Primary current
I. = Secondary current
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Iy Xy =

rp, Kp

r-l;"r x‘l‘

==
Il

Es

Magnetising component of I

Core less component of [

No load current i.e. exciting current

Resistance and reactance of secondary winding
Resistance and reactance of primary winding
Resistance and reactance of burden

Primary induced voltage

Secondary induced voltage

Phase angle of secondary load current = tan ! Xe

fe

- Primary applied voltage

Secondary terminal voltage

For P.T.

Np Ep

It 8
piarailed la |,

E, :

Fig. 2.0 Phasor diagram of a potential transformer
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2.10.1 Derivation of Actual Ratio
Consider the phasor diagram with all the quantities referred to the primary side.
In the phasor diagram,

Vi

NV is W, reversed
L is 1, reversed.

Voltages are mulliplied by n
and currents divided by n
while transferring from

sacondary to primary.

Fig. 2.11 Phasor diagram referred to primary
DE‘= [ﬂ' &=IF" —_r‘;"‘-, ﬂg=l.'l'll',, m‘—_vp
Phase angle of transformer = V" V, reversed
Phase angle of secondary load = n 'V, “IE’

B = Phase angle between I, and V, reversed
Oa is n V, extended and ba is perpendicular drawn from b on n V, extended.

EI;]_ = (!:mgﬂ:\ip cosB '“:'
Now Oa is made up of various components.

A

I

Oa=nV,+nl 1, cosA +nl, x, sinA +1, rp cosp +I, xp sinp - 2

Equating (1) and (2)

Vpcos8 = nV, +nl,(r cosA +x, sinA)+1I (1, cosp +x, sinf) .. (3)
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For potential transformer the load is nothing but a voltmeter hence 8 is very small

hence both V as well as nV, can be assumed to be perpendicular to ¢.
Thus approximately, £ Ocd = and £ecd = A

cd I},m5ﬁ=ch+hd=]ﬁcusﬁ+[{.

l. .
and Ip sinf = In +E’ sin A

1}

As B is very very small, cost =1
Vo cos® = V,
Using in (3), all the results of {4), (5) and (&)

Vep=nV,+nl(r cosA +x, sinA)+r, Fﬁ' c‘nsﬁ+lu]+xp[[m +[F“sinﬂ]

I, . X
=nV¥, +[,,msﬁ.[n Iy +Tp}+[’ smﬂ{n :c._er[ﬂ]Hc rp + 1o %p

1 I, .
= Zs 2 s 2
"'P‘“""**n cos A(n r5+rr.}+nsmﬂ.(n Xs +%p ) Ho rp +1m %p

Now nir; +rp, = Ry = equivalent resistance referred to primary
n<x, +Xp = X = equivalent reactance referred to primary
Vp = Vst 2[Ry osA+ Xie sinA]+ et +1m Xp
Thus the S::ma:l ratio is,
y L Ry cosa + X sinA]+Le 1 +1m X,
R = v: =n+28 V.

. (4)

o (2}

. (6)

. (8)

- (9

The result also can be derived interms of parameters referred to secondary. The

equation of ¥V, can be written as,
Vp=n U,+% L, cﬂsﬁ(r,, +I:—';]+ % I, mn.':'.[:vc5 +%]+L— p+lm Xp
But r, +:;—F; = Rz, = equivalent resistance referred to secondary
Xg + —:% = Xz0 = equivalent reactance referred to secondary

V, = n‘.",+n[,[|1—_.,. cos A + Xo, Si.fh‘.','.]-!-],_- rF"'!"' Xp

- (10)
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Vv .n Iy [Rze cosA 4 Xz sinA]+ 1o rp +1m x5

=T . (11}

_ e
R = 5. TV,

2.1l.'l_2 Derivation of Phase Angle 0
From the phasor diagram shown in the Fig. 2.11.
ab Iy %, cosp-1, r&shﬂ+n[, X, c08A -nl, r, sinA

tang = = : -
Oa nVienl; rooosA+nl; x sind +1p 1p cosp+1, xp sinp

In the expression of Qa, the terms other than nV, are very small and can be

neglected. .

Similarly as @ i< very small, tan® = 0.
Ip xp cosP—1, rp sinff+nl; x, cosA —nl, r, sinA

}j. = nv‘

I I, . :
:-;p[ﬁ cosA +1. | -1y |1 +F“sm.ﬂ. +nl, x, cosA —nl; r; sinA

nV,

X I
1. cmﬂ[—P+nx,]-I. 1P.ir'u_‘;(l-|-|'|r,]+lr Xp -l fp
n n

nV,

l,; cos A I, sinA

(xp +n? x3)- {rl, +n=r_,:| +le %p =l 1

nv,

MNow r,.+n r, = R, and x}..+n Xy = Xy

1. I, .
— 008 A Xjp == 5inA Ry, +1. x5 =1y 1
n * 0 1 < Ap m Ip

g =
nV,
I, .
— [ Xie cosA - Ry sinA)+1. x5 =1y 1
p==2 i ' radians - (12)
Interms of quantities referred to secondary,
Ra, = R'; and x;l,:-x—g‘-
n n

nV,

1: !.p. _].|-|l| ]-p

oV radians o (13)

I, .
g = "-"_s (X2 cosA ~ Ry sinA)+




-
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It can be noted that the phase angle 8 is treated positive when V. reversed ie.
n V; leads the primary winding voltage V. The 0 is treated negative when nV, lags
the primary winding voltage V.

Once K and & are oblained then the errors in potential transformers are,
K., -R

R

Yo ratio error = = 100

and | TPhase angle error = 6 radians

2.10.3 Characteristics of Potential Transformers

Let us study the effect of various parameters on the characteristics of potential
transformers. :

1. Effect of power factor of secondary circuit

The p.f. of secondary circuit depends on the p.f. of the secondary burden. As p.L
decreases, angle A increases. This shifts I, towards Iy, as seen from the phasor
diagram. Thus V, and V. become almost in phase with E; and E, respectively. Thus
Vp becomes more compared to E, but as V|, is constant as supply voltage, the result
is the reduction in E.. Similarly the voltage V. also reduces compared to E,. Hence
from equation (11) it is clear that, R increases as V, decreases due to decrease in the
pf. of secondary circuit. While V. advances in phase and V, retards hence negative
phase angle reduces as lagging p.f. of secondary decreases.

2. Effect of change in burden on secondary

The change in burden on secondary changes the secondary current and secondary
VA. As the secondary. current increases, primary current increases. This increases the
various drops. For constant Vi, V. decreases. This increases the transformation ratio
R. Thus ratio error increases as the secondary current i.e. burden increases.

Due to increased voltage drop, V, advances while V, retards in phase. Thus the
phase angle between V, and V, increases and becomes more negative as the
secondary current increases.

3. Effect of change in frequency

If frequency is increased at constant voltage then the flux and flux density
decreases. This reduces the values of 1,1, and hence [;. This tends to reduce the
errors. But increase in frequency increases the leakage reactance increasing the voltage
drops. This increases the ratio and ratio error. Thus effects are opposite to each other
and the resultant effect depends on relative values of Iy and the leakage reactance.

While the phase angle increases due to increase in leakage reactance as well as
decrease in I;. '
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4. Effect of primary voltage

The primary voltage is practically constant and there is hardly any significant
change in it hence there is no significant change in the errors.

mep Example 2.6 : A pofentiel transformer has a ratio 1000/100 V and has following
paramelers :
Primary resiskance = 96 0, Secondary resistance = 0,88
Primary reactance = 67.2 L), Total equivalent reactance = 115 L.
No load current is 0.03 A at 0.4 power factor lagging.
Calculate, i) Phase angle error at no load.
i} Burden in VA at unity p.f. at which the phase angle will be zevo.
Solution : r, =964, r. = 0880} xp,=67.20), X5 = 1151{L

Ep 1000
MNow n = E_W_]u

I .
_":T {x]p EEE.& - Rle Emﬁ] +[,|'_' xp _[m tp

i) a AV

Onnolead, 1, =0
If_ xp _]m ].-P

b = nv,
cosgy = 04, lo=003 A

l; = [pcosgy = 0012 A

lm = Ipsingy = 0.02749 A
0.012 = 67.2 - 0.02749 = %6

10 =100

= - 1.8326x107 radians = - 0.105°= - 6.3’
ii) At unity p.f. cosA =1, sin A=0

0 = rad

I
;’ Xie cosA +[. x, — 1 1y

==
Il

nV.
}—;']x115+l}.[ll£nﬁ?.1-[l.ﬂ2?49x9&
0 = 10= 100
1, = 0.1593 A

Load in V4 = V, I, =100x0.1593 = 1593 VA
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2.11 Reduction of Errors in Instrument Transformers

The ratio and phase angle errors can be minimized by using following methods :
1. Reducing the core loss and magnetising components of |

The Equaﬁuns of ratio and phas& .unglg errors show that the errors ::Iepend on the
core loss and magnetising components of no load current Iy. The following
precautions are taken to reduce I, and I,

1. Choosing low reductance core.

Using materials of high permeability.
Providing smaller magnetic paths to the flux.
Using large cross-section of the core.

Keeping flux density in the core to low value.

=

Taking suitable precautions while designing the assembly and interleaving the
core.

2. Reduction of resistance and leakage reactance

The errors depend on the voltage drops which are in turn depend on the values of
resistance and leakage reactance.

The resistance can be reduced by increasing cross-section of conductors and
decreasing the length of the mean turn.

The leakage reactances depend on the leakage fuxes. Thus mutual coupling
between the windings must be high hence windings must be as close as possible.
Similarly keeping flux density as high as practicable, the number of turns required are
less hence leakage reactances get reduced,

3. Providing turns compensation

For the potential transformer,

| .
a'—:~ e COSA + X sinA]+ L 1 + 1y %,

R = n+ V.

At no load, secondary current I, =0 hence,

Lo rp +1m %p

R =
n+ V.

Thus on no load, actual ratio exceeds by [I: Ty o . xF) { Vs The remedy for this
is to reduce the primary turns or increasing the number of secondary turns. Thus for
onge particular value of load, the actual ratio can be made equal to nominal ratio. This
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reduces the ratio error over the cntire range of the burden. This is called tums
compensation. However, the turns compensation does not affect the phase angle 6.

For the current transformer the approximate expression for R is,
|

R = =
n I

4

Thus actual ratio becomes more than the nominal ratio. So turns ratio is reduced
by reducing the secondary winding turms. This makes actual transformation ratio
equal to the nominal ratio. This is tums compensation for the current transformer.

2.12 Advantages and Disadvantages of Instrument Transformers

The advantages of instrument transformers can be listed as,

1. The normal range voltmeter and ammeter can be used along with these
transformers to measure high voltage and currents,

2. The rating of low range meter can be fixed irrespective of the value of high -
voltage ar current to be measured.

e

These transformers isolate the measurement from high voltage and current
circuits. This ensures safety of the operator and makes the handling of the
equipments very easy and safe.

4. These can be used for operating many types of protecting devices such as
relays or pilot lights.

5. Several instruments can be fed economically by single transformer.
Disadvantage :

The only disadvantage of these instrument transformers is that they can be used
only for a.c. circuits and not for d.c. circuits, -

mmp Example 2.7 : A current transformer has a single turn primary and 400 turms
secondary. The secondary is supplying a pure resistive load of 2 0 at 5 A, The
magnetising m.nf. required to sef up the flux in the core is 100 AT. The frequency is
50 Hz. While core has cross-sectional arvea of 8 cm?. Calculate the ratio and phase angle
of the current transformer. Also oblain the maximum flux density in the core. Negléct
iron losses and copper losses,

Solutlon : For any transformer,

I, = No load current = T.: +Tm

Core loss component i.e. active component of In

where I

I
In this problem, core loss i.e. iron loss is to be neglected.

Magnetising i.e. reactive component of In
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. =0
While L = Magnetising ampere turns (m.m.f.}
Mrimary turns
N,
Mp = 1 and N, =400 henﬂenzm = 4(M)

P

- AT for magnetisation _ 100 _ 100 A
N, i
[“ - ll}l] A.
Mow I. = 5A and R. =2 purely resistive.

—
. ™
It

Reversed secondary current = n [, = 2000 A

As load is purely resistive, §=0° and E; and [; are in phase as shown in the
Fig. 2.12.

fg =nly g7 s L= J(n1,)? + 13,
E I
P I
] i
| = J(2000)% +(100)
: b
m = 2002.498 A
! Actual [,
: Actual ratio = —E--E-—L
1 Actual I,
E
? . R = 2002998 _ 450499
Fig. 2.12 - 5 :
: I _ 100
While tanf = B =—— = 005
T WL T 2000

8 = 2.86°=2°51.6"
For transformer, E, = 444§, N; and E; =L R,
(5x22) = 444 %50t =400
bwm = 1.126x10% Wb

—
"Bm = 4’;:‘ = l'iﬁ;ﬂﬁ ... & = Area of cross-section

0.1407 Whb/m?
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mmp Example 2.8 : A particular bar type current transformer has 300 secondary turns.
The secondary winding carriers a burden of ammeter having resistance of 1 €} and
inductive reactance of 0.53 Q while the secondary winding resistance is 0.25 O and
reactance 0.35 ). The magnetising mon.f. required is 85 A while the current component
for core losses is 50 A, Find,
i) the primary current when secondary carries 5A
ii) the ratio eérror
iti) the reduction in the number of turns of secondary fo obtain zero ratio error,

Solution : r. =10, x, =0530, r,=0250, x, =0350
Ly

(re + 0 )+ j{xe + %) =125+ 0.85 {2

1.5286 £ 35.1455° (3

0.88
- 1 = = N = =
b tan i35 35.1455

1l

MNow Np = 1 asbar type, N, =300 i
Ko = n= N, =300 (for C.T.)
N,
[, = Magnetising AT :% 85 A
Np 1
While I, = 50 A (Given)
Now R = n4im 5'“5[*"':“‘55 and I, =5A
L
= 300+ (85 = sin 35.1455) :{Eﬂx cos 35,1455) - 317.963
i) I, = Rxl,=317.963x5 = 15898152 A
.. . Kn =R _ 300 - 317.963 -
ii) % ratio error = B xlﬂﬂ—wxlm— 5.65%
iii} For zero ratio error,
Ky, = K=300
Let n' = New ratio of the turns
00 = 1_L,_'_I,.ﬁ sind + 1. cosd

L,
' = 300 - 17.963 = 282.037

a2
L[}
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n' = & = 2R2.037
N

N. = 282.037

Thus from 300, the secondary turns must be reduced to 282.037 ie. by
approximately 18, to have zero ratio error.

momp Example 2.9 : A potential transformer has a ratio 20000100 V' and has following

parameters
Primary resistance = 105 £, Secondary resistance = 0.7 1
Primary reactance = 75.2 0, Secondary reactance = 0.087 L2

No load current is 0L03 A af 0.36 p.f. lagging. Find

) Phase angle error on no load

i) Phase angle error on a load of 5 A al 0.92 lag p.f.

it} Burden in VA af unity p.f. to have zero phase angle.
Solution : rp, = 105€), r. =070, x, =752 0, x, = 0.087 (2

Ep 2000
= —=——== F- .
E. =100 20 (for P.T.)

ly =003 A, cosby =036, sind, = 09329
I = lycosgy=003=036=00108 A
I = Iy sindg =0.03=0.9329 = 0.02798 A
i) On no load, 1. =0

Ie xp =1 1p _D.0108 x75.2 — 0.02798 = 105

b= nv. 20 % 100

= -1.062x10" radians = - 0.0608°= - 3.65'
i)le =5 A, cosA =092, sinA = 03919

v radians

0 =

Xie = Xp+n? x, =75.2+(20)° x0.087 =110 0

Rie = 1p+n? r, =105+(20)° x 0.7 =385 Q)
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- [110% 0.92 - 385 % 0.3919]+ 0.0108x 75.2 - 0.02796 % 105
20100

- 7273x10°% radians = - 0.4167°= -25'

iti) At unity p.f, cosA =1, sind =0, 8 =0 required.

2 [110- 0]+ 0.0108x75.2 - 0.02798 x 105

0 20 100

Is 03864 A
. Burden in V4 = V. [, =100=0.3864 = 38.64 VA

[}

immp Example 210 : A ring core current bransformer with a nominal ratio of 5005 and a
bar primary has a secondary resistance of 0.5  and negligible secondary reactance. The
resultant of magnetising and fron loss components of the primary current associated
with a full load secondary current of 5 A in a non-inductive burden of 162 s 3 A at a
0.04 p.f. Caleulate the true ratio and the phase angle error of transformer on fuﬂ! load.
Calculate the total flux in the core assuming a frequency of 50 Hz.

500
5

=050, x.=080, lp=3A, cosdpy =04 singy = 09165

Solution : K, = =100, N, L =58 A, r.=110

[, = Ipcosgyg =12 A
[m = lasingg = 27495 A
Ly = nn+rn+jl=156, &=0°
a = 90-cos™!0.4=235782°
n = K, =100

R = :'L+:—"]l sin (6 +a)
s )

= 100 +§ sin (23.5782°) = 100.24

Whilep = —0c080*a) — iane

nlg +I; sin(d +a)

3 cos(23.57827)
100 %5 + 3 sin(23.5782°)

=5.485x10-? radians

P 5485103 degrees = 0314°
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E.

and E.
7.5

bm

mp Example 2.11 :

tite phase angle.

Solution : Ly

Now R

ﬁ[’ {
f=0"

Fig. 2.13
laxde=5x15=75V

444 fp,, N. and N, =nxN, = 100

444 x50 =i gy = 100
337.83=10° Wb

A current transformer with 5 primary turns has o secondary burden
comsisting of a resistance of 0.16 £ and an inductive reactance of 0.12 €1, when the
primary cureent is 200 A, Hwe moguelising current is 1.5 A and the iron loss current is
0.4 A. Find the number of secondary turns needed fo moke the current ratio 1001 and

{(INTU, May-2005, Set-3)

e #] % =016+ 0120 = 0.2 £ 368602

36865 sind = 0.6, cosd = (0.8

I5A, 1,=04A, I,=200A, N,=35

1ol =R

IF
o1~ "°

| ind + [ 58
n+m3-| I:‘l & E0
LY

15 06+04x0.8
1.998

n+

99.45893

N

N, for C.T.

nx N, =94893x 5 = 497.44
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8 = 180 [ Iy cosd -1, sind
n nl.

_ 180 [1.5«08-04x06
" 00,4893« 1.998

|- oz

mmp Example 2.12 : A single phase polential transformer has a turns ratio of 3810/63.
The nominal secondary voltage is 63 V and the total equivalent resistance and leakage
reactance referred to the secondary side are 2 € and 1 Q) respectively. Calculate the ratio
and phase angle errors when the transformer is supplying a burden of 100 + j 200 ).

Solution : Ry = 261, Xa=10,V.=63V
3810
= B0 04761
n 63

Neglecting no load component of current,

. nl;[Rs cos A + Xz, sin A

E = n v
=

Burden = re + jxe = 100 + j 200 £

A = tan-1Xe = §3.434948°

ry

A0.4761 |2 = cosA +sinA

R = 60.4761 + -
I,
Now %_ = 7. = /1007 + 2002 = 223.6067 O
R = 609599 and K, = Nominal ratio = n = 60.4761
&, ratio error = K"R‘Ru 100 = — 0.799 % = — 0.8 %

B = L—F[tha—ﬂhsma] in radians

1
223.6067

[cos £3.43 - 2 sin 63.43]

-5.9x10-* = 180°
n

= -59%x10- rad = degrees

= -0338° ... Phase angle error
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2.13 Difference ﬁalwun Instrument and Power Transformers

Mo.

Power Transformer

Instrument Transformer

1)

Mainly used to change the voltage levels n
a power system,

Mainly used to extend the ranges of the
mstrumants while measuring paramebers Eke

2)

They are required lo transform huge amount
of power to the load.

They are required to transform very small power
as their loads are generally delicate moving
glements of the instruments.

3)

They can be used o step up or step down
he voltage.

They are bagically step down transformers and

uzed alongwith devices such as protective relays,
indicators ale.

4}

The exciting current i5 a small fraction of
the secondary winding load cumrant.

As the load Rtsell is small, the exciting current is

of the order of the secondary winding load
curent.

5)

The cost is main consideration in the design
while efficlency and regulation are the
second considerations.

Accuracy is the main consideration while

designing to keep rallo and phase angle emors to
minimurm. Cost is the second consideration.

6)

As they handle large power, the heal
dissipation is the major consideration and
cooling amangement i Necassany,

The power oulput is very small as loads are light
hence heating is not severa.

7

The Emilation on the load is due to
lemperalung rise.

The accuracy is the maln load limitation factor
and not the lemperature rise.

8)

Examples are distibution transformers,
Iransiormers used for ransmission.

Examples are cument and potential transformens.

2.14 Power Factor Meters
The power in single phase a.c. circuit is given by

where

P =VIicosé

cos § = Power factor of the circuit

Thus by using precise voltmeter, ammeter and wattmeter in the circuit, the
readings of V, | and P can be obtained. Then power factor can be calculated as,

ms¢=T—1:I

But this method is not accurate. The errors in all the meters together cause the
error in power factor calculation. Similarly the method is not suitable for the circuits

whose power factor is varying

i to circuit and load conditions. Hence it is

necessary to have a meter which can directly indicate the power factor of the circuit.
Such a meter which indicates the instantaneous power factor of the circuit is called
power factor meter.



Y
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Basic construction of power factor meter is similar to a wattmeter. It has two
circuits, current circuit and a voltage circuit. The current circuit carries current or
fraction of current in the circuit whose power factor is to be measured. The voltage
coil is split into two parallel paths, one inductive and one non-inductive. The currents
in the two paths are proportional to the voltage of the circuit. Thus the deflection
depends upon the phase difference between the main current through current circuit
and the currents in the two branches of the voltage circuit ie. power factor of the
circuit, '

There are two types of power factor meters,

1} Electrodynamometer type 2) Moving iron type

Let us discuss, these types of power factor meters.

- 2.15 Single Phase Electrodynamometer Type Power Factor Meter

The construction of electrodynamometer type power factor meter is similar to the
construction of electrodynamometer type wattmeter. The basic construction of
electrodynamometer type power factor meter is shown in the Fig. 2.14 (a).

e

Pointer Fixed cofl
{cument coil}’
Mavirg coil F2
{pressure coil)

Fig. 2.14 (a) Single phase electrodynamometer type power factor meter

The F-F» are the two fixed coils which are connected in series. The A-B are the
two moving coils which are rigidly connected to each other so that their axes are at
90° to each other. The moving coils A-B move together and carry the pointer which
indicates the power factor of the circuit.
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The fixed coils F;JF.Z carry the main current in the circuit. If the current is large,
the fraction of the current is passed through the fixed coils. Thus the magnetic field
produced by the fixed coils is proportional to the main current.

The moving coils A-B are identical. These are connected in parallel across the
supply voltage and hence called pressure coils or voltage coils. The currents through
coils A and B are proportional to the supply voltage. The coil A has non-inductive
resistance R in series with it while the coil B has an inductance L in series with it. The
valuesnfRindLaresuadjustedthatﬂlecnﬂshandﬂ-n:arryequaim.rrentsat
normal frequency. 5o at normal frequency R = w L. The current through coil A is in
phase with the supply voltage while the current through coil B lags the supply
voltage by nearly 90" due to highly inductive nature of the circuit. Due to L, current
through coil B is frequency dependent while current through coil A is frequency
independent. '

The currents in the coils A and B are equal and produce the magnetic fields of
equal strength, which have phase difference of 90° between them. The coils are also
mutually perpendicular to each other.

-

The controlling torque is absent. The contacts to the moving coils are made with
the help of extremely fine ligaments which give no controlling effect on the moving
system. ' -

2.15.1 Working of Meter
Consider the position of the moving sysiem as shown in the Fig. 2.14 (b).
Assume that the current through coil B lags the voltage exactly by 90°

Also assume that the field pmdueed b}r the fixed coils is uniform and in the
direction X-X as shown in the Fig. 2.14 (b) .

Fig. 2.14 (b)
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Due to interaction of the fields produced by the currents through various coils,
both the coils A and B experience a torque. The windings are arranged in such a
manner that the torques experienced by coil A and B are opposite to each other.
Hence the pointer attains an equilibrium position when these two torques are equal.

The torque on each coil, for a given coil current will be maximum when the coil is
parallel to the field produced by F; - F; i.e. direction X-X.

Let b

a8

I

Power factor angle
Angle of deflection

The 8 is measured from the vertical axis, in the equilibrium position.
Similar to a dynamometer type wattmeter, torque on coil A is given by,

Ta = K VI cos ¢ cos (90°-0) e (1)
where K = Constant

The equation is similar to the torque equation of a dynamometer type instrument.
The current through coil A is in phase with system voltage V and it moves in a
magnetic field which is proportional to system current 1 and dM/d8 which is
generally constant for radial field is not constant for parallel field and is proportional
to cos (90° - B).

Similarly current in coil B lags the supply voltage by 90° and it moves in same
field. Hence the torque on B is proportional to cos (%0° - $) i.e. sin ¢ and cos 6.

Te = K VIsing cos® - (2)
In equilibrium position, Ty =Ty
~.cos ¢ cos (90°-8) = siné cos B
sin = tan¢ cos 0

tan 8 = tan ¢

9= ¢

Thus the angular position taken up by the moving coils is equal to the system
power factor angle. The scale of the instrument can then be calibrated interms of
power factor values.

The operation of the instrument is dependent on the specific supply frequency. If
the frequency is different or it contains harmonics then inductance of choke coil

changes, due to which there will be serious errors in the instruments reading. Thus
the operation of the meter is not dependent on the values of current and voltage but
dependent on the frequency and the waveform.
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2.16 Moving Iron Power Factor Meter

The advantages of moving iron power factor meter over the dynamometer type
dre,

1. The working forces in moving iron are larger.

2. All coils in moving iron are fixed so no ligaments are required.

3. A scale extends over 360°

But due to the losses in the iron parts, the accuracy of moving iron power factor
meters is much less than electrodynamometer type.

There are two types of moving iron power factor meters,
1. Rotating field type 2. Alternating ficld type

2.16.1 Rotating Field Type Moving lron Power Factor Meter

It consists of three fixed coils whose axes are displaced from each other by 1207
The coils are supplied from a three phase supply through current transformers (C.T.)
The Fig. 2.15 shows the construction of rotating field type moving iron power factor
meter. The coils F; , F> and Fy are the fixed coils. The coil Fy is supplied from phase R,
coil F; from phase ¥ and coil F; from phase B. The coil Q) is placed at the centre of
the three fixed coils and is connected across any two lines of the supply through a
series resistance.

Pointer
Fa Rod
Fs i Q
Sactor Coil Q Damping wane
TN
P
Mowving system
Fy g sysie
R

R o
e 2B N e
phase Yo = phase
supply | ” CT. load

B e —

CT

Fig. 2.15 Rotating field type moving iron pnﬁrnr factor meter
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Inside coil (J, there is a short pivoted iron rod. The rod carries two sector shaped
vanes 1y and I, at its ends. The same rod carries damping vanes and a pointer. The
control springs are absent. The moving system is shown seperately in the Fig. 2.15.

The coil Q and the iron system produce an alternating flux which interacts with
the flux produced by the coils F, F» and Fy. Due to resistance R, the current in coil Q3
is in phase with the supply voltage. So the deflection of the moving system is
approximately equal to the power factor angle of the three phase circuit. The flux
produced by the coils Fy, F; and F; is rotating magnetic flux which creats an induction
motor acton. It tries to keep moving system continuously rotating. But it sets moving
system in a definite position due to use of high resistivity iron parts. Such high
resistivity parts reduce the induced currents and stops the continuous rotation.

The meter can be used for balanced loads. It is also called Westinghouse power
factor meter. It is calibrated at the normal supply frequency and can cause serious
errors if used at any other frequunf:y.

2.16.2 Alternating Field Type Hnﬂng lron Power Factor Meter

This instrument consists of three moving irons and vanes, which are fixed to the
common spindle. The spindle carries the damping vanes and the pointer. The moving
iron vanes are sector shaped similar to those used in the rotating field type meter. The
arcs of these sectors have an angle of 120° with respect to each other. These iron
sectors are separated from each other on the spindle by the non-magnetic pieces
denoted as 5. The Fig. 216 shows the construction of this instrument where
2,02 and Q3 are the iron sectors. These iron sectors are magnetised by the coils
P, I and 5. These are voltage coils,

Please refer Fig. 2.16 on next page.

These coils are connected across the three phases. Thus the currents through them
are proportional to the phase voltages of the three phase system.

The current coil is divided into two equal parts F and F», parallel to each other.
The current coil carries one of the three line currents. One part F of the current coil is
on one side of the moving system and other F; on other side.

When connected in the circuit, the moving system moves and attains such a
position in which mean torque on one of the iron pieces gets neutralized by the
torques produced by the other two iron pieces. In this position, the deflection of the
pointer is equal to phase angle between the currents and voltages of the three phase
system. The instrument is uwsed for the balanced lpads but can be modified for
unbalanced loads. The voltage coils are at different levels hence the resultant flux is
not rotating but alternating.

This instrument is also called MNalder-Lipman power factor meter.



Electrical Measurements 2-37 Instrument Transformers

Symibalic I'EI:II'E‘EE‘I!I'tEHEH‘I'

Fig. 2,16 Alternating field type moving iron power factor meter
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2.17 Frequency Meters

The meters which are used in the circuit to indicate the frequency of the supply
are called frequency meters.

The frequency meters are classified based on the principle of operation as,

1. Mechanical resonance type frequency meter

2. Electrical resonance type frequency meter

3. Weston type frequency meter

The mechanical resonance type frequency meter is called vibrating reed type

frequency meter. The electrical resonance type frequency meter is called ferro-dynamic
frequency meter. Let us discuss these frequency meters.

2,171 Vibrating Reed Type Frequency Meter
This meter works on the principle of mechanical resonance. The meter consists of

number of thin steel strips called reeds. The bottom of the reed is rigidly fixed to an
electromagnet. The upper part of the reed is free and bent at right angles. This upper
part is called a flag. An electromagnet has a laminated iron core, which carries an
excitation coil having large number of turns. This coil is connected across the voltage
whose frequency is to be measured. The flags are painted white to have good
visibility on the black background. The basic construction of this type of meter and
the construction of reed is shown in the Fig. 2.17.

White painied

flag

/,,.»-"" Laminated magnel core

£ -

Vavy: =

el o Excitation

Fig. 2.17 Vibrating reed type frequency meter

Flag

Read
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The reeds are manufactured such that their weights and dimensions are different.
Hence their natural frequencies of vibration are different. The reeds are arranged in
the ascending order of their natural frequencies and the natural frequencies are
generally differ by half cycle. So natural frequency of first reed may be 48 Hz,
next may be 48.5 Hz, next may be 49 Hz and so on.

When meter is connected in the system, the coil carries current i which alternates
at the supply frequency. This produces an alternating flux. This produces a force of
attraction on the reeds which is proportional to square of the current i’ and hence all
the reeds vibrate with a force which varies at twice the supply frequency. But the reed
whose natural frequency is twice the frequency of supply voltage will be in resonance
and will vibrate most. The tuning in such meters is so precise that for a 1 to 2%
change in the frequency away from resonating frequency, the amplitude of vibration
decreases drastically and becomes negligible. Thus when a reed corresponding to 50
Hz is vibrating with maximum amplitude, other reeds vibrate but with negligible
amplitudes which can not be noticed. This is shown in the Fig. 2.18.

48.5 49 495 50 505 51 1.5
= 0 I B B =
Fig. 2.18 Vibrating reeds

The advantages of this frequency meter are that the reading is not affected by the
changes in the waveform of the supply voltage and simple mechanism. But if supply
voltage is low, the vibrations may not be noticed. So supply veltage should not be
low for the effective operation. One more limitation of the meter is that the difference
in the frequencies of the adjacent reeds is 0.5 only. 5o reading corresponding to less
than half the frequency difference can not be obtained. So precise frequency
measurement is not possible. The accuracy of the meter depends on the proper tuning
of the reeds.

2.17.2 Electrical Resonance Type Frequency Meter

The Fig. 2.19 shows the construction of the electrical resonance type frequency
meter.

It consists of a laminated iron core. On one end of the core a fixed coil is wound
which is called magnetizing coil. This coil is connected across the supply whose
frequency is to be measured. This coil carries current which has same frequency as
that of supply. On the same core, a moving coil is pivoted which carries a pointer. A
capacitor C is connected across the terminals of the fixed coil,
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Lt I

Current through magnetizing coil
¢ = Flux in the iron core

The flux ¢ is assumed to be in phase with the current 1.
This flux induces the voltage in the moving coil which always lags flux ¢ by %%

Let 1

Current through moving coil

Normal
Frequancy
scale

Lower Higher
—-— Palnter
Mowing
coil {A) Pivol

Q:: : e Magnetizing coil (B)
v S e

Laminated
IFEn Cong

Fig. 2.19 Electrical resonance type frequency meter

The phase of the current i depends on the inductance of the moving coil and the
capacitor C.

Consider the different cases and the corresponding phasor diagrams to understand
the working of the meter, as shown in the Fig. 2.20 (a), (b) and (c).

’ i ° i : |
W - )
o i | i
i B
g -] -]
{a) (b} (e}
Fig. 2.20

In Fig. 2.20 (a) the circuit of moving coil A is assumed to be inductive, hence

current i lags the induced wvoltage e by angle a. Hence the torque acting on the
moving coil is given by,
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Ty o= licos(%W+a) (1)

In Fig. 2.20 (b) the circuit of moving coil A is assumed to be largely capacitive,
hence current i leads the induced voltage e by angle p. Hence the torque acting on the
moving coil is given by,

Ty o 1icos (90-p) - (2)

This torque is in opposite direction to the torque produced in case of inductive
nature of the moving coil circuit.

The Fig. 2.20 {(c) shows the resonance condition where the inductive reactance is
equal to the capacitive reactance. So current i is in phase with e and the torque acting
on the moving coil is given by,

Ty = 1icos (%) =0

Hence under resonance condition, torque acting on the moving coil is zero.

1

wC ~ 2afC
But the inductive reactance X; =wL not only depends on the frequency but also
depends on the position of the moving coil on the core. Nearer the moving coil to the
magnetizing coil, higher is its inductance. Thus for a given frequency, moving coil
moves in such a way to achieve a position where X; = X¢ and electrical resonance is
achieved. At this position, torque on the moving coil is zero and the pointer indicates
the corresponding frequency. The design of the instrument is such that for a normal
frequency, the coil takes a mean position. The capacitor C is chosen such that electrical
resomance fakes place at this mean position and pointer indicates the normal
frequency.

MNow the capacitive reactance X¢ = is constant for a given frequency.

c . 1
If frequency is higher than the normal value, then X¢ = —— decreases. Hence

2afC

Xy =2rfL must decrease in order to achieve resonance. 50 moving coil moves away
from the magnetizing coil on the core and pointer moves to the right of the mean
position, indicating higher frequency.

If frequency is lower than normal value, Xc = increases. So to achieve

1
2rfC
Xr. =X¢, the moving coil moves towards the magnetizing coil where inductance
increases. Thus pointer moves to the left of the mean position, indicating the lower
frequency.

An important advantage of the instrument is that the great sensitivity is achieved
as the inductance of the moving coil changes slowly with variation of its position on
the core. This meter 15 also called ferro-dynamic frequency meter.
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2.17.3 Weston Frequency Meter

This is moving iron type instrument. It works on the changes in current
distribution between two parallel circuits, one of which is inductive and other
non-inductive, when the frequency changes. This is due to the fact that the impedance
of the inductive circuit changes with the change in the frequency. (X, =2=fL)

The Fig. 2.21 shows the constructional details of the Weston frequency meter.

Mormal
Frequency
scale
Lower Higher
Pointer
Ay Ay
=1 =
By Ea b
3 mmeee === == eprmmh e s b e e AXiS OF COIl Ay-Ay
Soft iron 1 = -
naedla == :
B;
— I =
]
i1
1
Aois af
L cail By-By Rg
L Ry Ly
I—fﬂﬂ‘ * AN LI
oy I
A
Supply

Fig. 2.21 Weston frequency meter

It consists of two fixed coils, each divided in two parts A,-A; and By-B;. The
axes of the two coils are mutually perpendicular to each other. At the centre of the
axes, a soft iron needle is pivoted which is thin and long. The needle carries a pointer
and damping vanes. There is no controlling device to produce controlling torque.

The coil A is connected in series with an inductor L, across a non-inductive
resistance Ry . The coil B is connected in series with a non-inductive resistance Rg
across an inductance Lg. The resistance K, and Lg are in series with another inductor
L and the combination is across the supply voltage. The main purpose of inductor L is
for damping out the harmonics in the waveform of the current. This eliminates the
errors caused due to the harmonics.



Electrical Measurements 2-43 Instrument Transformers

When the meter is connected across the supply, both the coils carry currents. The
two magnetic fields produced by the two currents are at right angles to each other.
These fields act upon the soft iron needle, causing its deflection. So position of needle
and hence the pointer depends on the currents through the coils A and B.

In practice, the values of Ry ,Ra, Ly and Ly are so choosen that the equal currents
flow through the coils and needle takes the mean position, which indicates the normal
frequency.

If the frequency increases above the normal value, then reactances L and Lp
increase while non-inductive resistances By and R remain same. So impedance of the
coil A increases. Hence the current through coil A is reduced. While voltage drop
across Ry remains same, While the current through coil B increases due to its parallel
combination with coil A. This makes the magnetic field produced by coil B more
stronger. So the needle moves in such a way that it lies more nearly parallel to the
axis of the coil B. 50 needle tries to become vertical and pointer deflects to the right
indicating higher frequency. When the frequency decreases than the normal value, the
opposite action takes place and pointer deflects to the left.

2.18 Phase Sequence Indicators

For determining the phase sequence of a three phase supply, phase sequence
indicators are used. There are two types of phase sequence indicators,

1. Rotating type 2. Static type

2.18.1 Rotating Type Phase Sequence Indicator
Supply 1o be checked This type of indicator works on the principle
of induction. This working principle is the same
n? *.-'T ?a based on which three phase induction motor
7 works.

" =— Terminals
of coils It consists of three stationary coils, separated

from each other by 120" in space. The three ends
of these coils, after connecting them in star are
brought out for the connection purpose. The three
Fig. 2.22 Rotating type phase  phase supply whose phase sequence is to be

sequence indicator observed is given to the three ends of these star

connected coils. A disc is mounted on the top of

Dise

the coils as shown in the Fig, 2.22.

When a star connected coils are excited by a three phase supply, then each coil
produces an alternating flux. 5o all three fluxes are separated from each other by 1207
in space. The resultant flux due to the interaction of these three fluxes is of rotating
type called rotating magnetic field whose axis rotates in space with a certain speed.
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This rotating flux pass over the disc and though the disc is stationary, there is cutting
of flux as flux is rotating. Hence e.m.f. gets induced in this disc which circulates eddy
currents through disc. These eddy currents produce a flux, which interacts with the
rotating flux to produce a torque and the disc starts rotating. The direction of rotation
is dependent on the direction of rotation of rotating field which in turn depends on
the phase sequence. A particular direction is marked on the disc for a phase sequence
of R-Y-B. It the supply connected has a phase sequence R-Y-B, disc rotates in the
direction indicated on it. If disc rotates in opposite direction to that indicated on the
disc, it confirms that the phase sequence of supply used is opposite to that marked on
the terminals.

2.18.2 Static Type Phase Sequence Indicator

In static type of indicator few arrangements of lamps with inductor or capacitor
are used. From the proportional darkness and brightness of the lamps used, phase
sequence is identified.

Consider an arrangement where two lamps and one inductor are used as shown in
the Fig. 2.23. Two lamps form the load in two lines R and Y while the inductor forms
a load in line B.

Lamp 1

Y ———— resisiance r

B oot

ly Lamp2

rasistance r 8

Fig. 2.23
The arrangement i= star connected across the 5uppl}r. Let us assume phase

sequence to be R-Y-B.
For star connection, Vi =43V
and Viy = Vei=-Vy, Vyg=Vy-Ves and Vm=Ve-Vr
where ?g,?y and Vg are phase voltages across two lamps and inductor.

Vi = Ip=r, Vy =y =1 and Vi =jXLlg

Vey = Vg —Vy =Ipr-Iyr

0 (1)

il

Viy +lyr—Igr
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and Vyg = Vy - Vg =Iyr-iX.Is
A Vye +iXilg -Iyr = 0 -~ (2)
and Ig +Iy +0g = 0 . (3)
From (1), In = ""“‘f:'”;"’f‘f 1y )
From (2), ly = Vyp +jXp g - (5
Mow Ig = <Ig =1Iy
I']*.- = "u'~.-5+iJ{L{~IR 'IT}
Using (4), tly = Vyg 4%, [—v—:‘r—h —]‘u']
XL .
ly = ‘i'r*rﬁ—l—'l_— Viey — 20Ty
X .
. Vg —— Viy ) rVys — XL Viy )
K (r+2X1) r(r+2jX;) "
X
Ie = vR\f+vTH - Viy
r (r+2jX.)
_ {r+2X0) Vey + Vyer — X0 Viy
e+ 2{X.)
e = [ty + 2ZJX0 Vay [+[Vyer — X0 Viy ] Lo

Dividing (7} by (&),

Ix
Iy

rir+2jX.)

{[l"i‘r}n' + EIE[ \'r]n' 1+ [‘v’ﬁr— _]x]_ \-’“J} H{

r(r+2jX.) }
r{r+2jXL)

r'Vye — ij Viy

2%,
l"l'rp;'f +2j3|{|_\-"“ rvn?[l.h] T ]

= 1+ =] % _

tVyp — XL Viy Vg

Xy ]
'V iey |:_Vrt? - T:|

Vs | X
Vp_fj ! r

1 ®

.. (B)
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If supply is balanced and Vgy is taken as reference then,
V0P = V(1 +j0) V

o
z
H

Vys = VZ£-120°= V(1£-120° = V [ - 0.5 - j 0.866 ]
Ver = VZ-240°= V(1£-240°) = V [- 05 + j 0.866 |
Vyg _ VZ-120°

Vi = —-——uﬁu=l£—li’ﬂ“=—ﬂ.5—]ﬂ.ﬂﬁﬁ e (9}
Substituting in (8),
" 1+_i2:":L
[ 1+ XL

~0.5-j0.866 ~

Now let X = r at the supply frequency then,

lp _ ., (1+3) . 2.23£6343"
Iy -05-j08e6 - 1.932-105"

= 1+L1552168.43° = 1+{-11315+j0.231}
- (L1315 +§ 0.231 = 026621200

Hence g is lesser than Iy and the drop lgr across Lamp 1 is just 26.66 % of that
across Lamp 2 which is Iyr. Hence for the phase sequence R-Y-B, Lamp 1 glows
dimmer while Lamp 2 glows brighter.

While for other phase sequence ie. R-B-Y, Lamp 1 glows brighter while Lamp 2
dimmer. From this condition phase sequence can be identified.

Re Instead of inductor, a capacitor of
R value X¢ =X, can be used and Neon

Mean
v lamp 1 lamps can be used. Neon lamps have

property that if voltage is less than
breakdown voltage of lamp then it

does not glow at all. By this, confusion
lamp 2 of dimmer and brighter can be
avoided. The arrangement is shown in

Fig. 2.24 the Fig. 2.24.

It can be proved that due to capacitor C, for the phase sequence of R-Y-B, the ratio
Ig to Iy is 3.66 and the Lamp 1 glows bright while Lamp 2 does not glow at all.
While for the phase sequence of R-B-Y, Lamp 1 will remain dark and Lamp 2 glows
bright. From these conditions phase sequence of the supply can be identified.
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2.19 Synchroscopes

The process of switching of an alternator with a common busbar without any
interruption is called synchronization. The machine which is to be synchronised with
the busbar is called incoming machine. To have effective synchronization certain
conditions are to be fulfilled,

The terminal voltage of incoming machine must be same as that of busbar.
The t'n:-quenq.-' of inmming machine must be same as that of busbar.

The phase of the voltage of incoming machine must be same as the phase of
the busbar voltage.

Practically a voltmeter and synchronizing lamps are used to decide the instant of
switching such that all the above conditions are satisfied. But this method is based on
personal judgement hence not accurate. The accurate device which is used to
determine the difference in frequency and phase of voltages of incoming machine and
busbar is called synchroscope. It consists of a rotating pointer which indicates the
exact moment of closing the synchronizing switch. The rotation of the pointer is
proportional to the difference in frequencies and phases of the voltages of incoming
machine and busbar. It rotates in clockwise or anticlockwise direction depending
whether the incoming machine is faster or slower than busbar. The synchroscope dial
is shown in the Fig. 2.25. When pointer stops rotating it indicates that frequencies are
same. When pointer stops in vertical position, it indicates that two voltages are in
phase. Thus the correct instant of synchronizing can be accurately decided.

There are two types of synchroscopes,

1. Electrodynamometer or Weston type synchroscope.
2. Moving iron type synchroscope.

Fig. 2.25 Dial of synchroscope

2.12.1 Electrodynamometer or Weston Type Synchroscope

Practically to achieve the correct instant of synchronization, the static and dynamic
methods are combined together. The static method includes the use of lamp while the
dynamic method includes the use of electrodynamometer type synchroscope. The
arrangement is shown in the Fig. 2.26.
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e

E
g
3

Busbar

_.'E.‘.'
-
=
o
L T
o

-
Py T
6 b
m = 3

swilch maching

Fig. 2.26 Electrodynamometer type synchroscope

Static Part : [t consists of three limbed transformer. One of the outer limbs is
excited by busbar voltage ¥, while other outer limb is excited by the incoming
machine voltage V;. The central limb carries the lamp. The fluxes produced by the
two outer limbs are forced through the central limb. The phasor sum of these two
fluxes is the net flux in the central limb. This is responsible to induced an e.m.f. in the
central imb which operates the lamp.

The outer limb windings are so arranged that if the two voltages V; and V., are
in phase, two fluxes in the central limb help each other and maximum e.m.f. gets
induced in the central limb. This makes lamp glow with maximum brightness. If the
two voltages Vy and Va are 1807 out of phase, two fluxes in the central limb oppose
each ohter and resultant flux in the central limb is zero. Thus no e.m.f. is induced in it
and lamp remains dark.

If the frequency of V3 is different than the frequency of Vy then lamp flickers i.e.
lamp becomes alternately dark and bright. The flickering frequency is equal to
difference in the frequencies of Vy and V:. Thus when the lamp is flickering with
very slow rate and when the lamp is maximum bright then the synchronizing switch
must be closed. But this part does not detect whether incoming machine is faster or
slower. This can be known using the synchroscope.
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Dynamic Part : This consists of an electrodynamometer type synchroscope. It
consists of fixed coil divided into two parts while the moving coil consists of a
pointer. The fixed coil is connected to busbar with a resistor and inductor in series
with it. The moving coil is connected to the terminals of incoming machine with a
capacitor in series. The inductor and capacitor are used in fixed coil and moving coil
circuit respectively because when the two voltages are in phase then due to L and C,
the two currents are in exact quadrature (907) to each other. Thus no torque will act
on the pointer. The control springs are arranged such that under this condition,
pointer remains in vertical position. This is shown in the Fig. 2.27. The current I, lags
V) while Iz leads V3 such that 1y and 12 are in quadrature. If Vy and V2 are 180° out
of phase, still the currents I, and I will be in quadrature and pointer will remain
stationary. But in this situation, the lamp will be dark. Practically it is very difficult to
achieve exact stationary position of the pointer. It oscillates about its vertical position
on the scale. -

In phase

Fig. 2.27 (a) Phasor diagram when V,, V; are in phase

v, Vs
Phasor diagram

Fig. 2.27 (b) Phasor diagram when V,, V3 are in antiphase
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Thus when pointer is oscillating very slowly about its central position and the
lamp is maximum bright, then the synchronizing switch is operated. The movement of
pointer in clockwise or anticlockwise direction tells whether the incoming machine is
faster or slower,

2.19.2 Moving Iron Synchroscope

The construction of moving iron synchroscope is similar to the Nalder-Lipman
power factor meter. It consists of two moving irons and vanes which are mounted on
the common spindle. The moving iron vanes are sector shaped, separated by a brass
piece. The vanes are connected to iron cylinders C; and C;. The axes of moving iron
vanes are 180° out of phase with respect to each other. The cylinders carry two
pressure coils Py and Pa. The coils. Py, and Py are excited by incoming machine voltage.
One coil is connected to incoming machine through resistance B while the other coil
through inductor L. The fixed coil is divided into two parts A and A’ and excited
from the busbar voltage. The control springs are not used. The fixed coil is designed
to carry small current.

The construction of moving iron synchroscope is shown in the Fig. 2.28.

P 4-P5 : Pressure coils
A-A" Fixed cod

ol lo o o

Busbar voltage V, lﬂm'iﬂ“l'gu
mach 4

Fig. 2.28 Moving iron synchroscope
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Working : When the frequency of V; is same as that of V; then the pointer is
stationary. Its deflection is proportional to the phase difference between the two
voltages V) and V;. If the frequencies are different, then pointer rotates continuously.
The speed of rotabon is proportional to the difference in two frequencies. The
direction of rotation indicates whether incoming machine is fast or slow.

The R and L connected in the pressure coils P; and P> ensure that there is phase
difference of 90° between the currents of two pressure coils.

Let Vi1 = Busbar voltage
Vs = Voltage of incoming machine

The torque produced by the pressure coils P and P» when the frequencies of two
voltages is same then, '

T, = KV,V; 5inf cos (+ a)
T, = KV V;z sin(90° - 8) cos (90° + a)

e T: = KV V3 cos8 sin(ta)

where 8 = Deflection of pointer from vertical position
o = Phase difference between V,; and V;

If pointer has to achieve stationary vertical position, Ty =Tz as they act in opposite
direction.

sin B cos (Fa) = cos0 sin (+a)

g = ta

Thus the deflection of pointer is proportional to the phase difference between V,
and V3 and it is stationary.

If the frequencies of two voltages differ then,

Ty = KV;V;: sinb cos (+ 2af't + a)

T: = KV V; sin(90°-8) cos [90°- (+ 2nf't+a)]
e, T = KV;V: cost sin [+ 2af'tta]
In equilibrium condition, T; = T; and

sinf cos (£ 2nf't ta) = cosB sinf+ 2nf't+a]

8 = % Infttae
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Thus the pointer rotates with a speed proportional to the difference in the two
frequencies. The direction of rotation depends on whether ' is positive or negative ie.

whether frequency of incoming machine is higher or lower than that of busbar
voltage.

Key Point : The corrcct instant of switching is when poinler is stationary and is in
vertical position.
This type of synchroscope is very common in use because of its advantages such as,
1. Operation is simple.
2. The 360° scale is available.
3. The correct instant of swilching can be decided.

4. Very cheap hence economical.
Examples with Solutions
iy Example 2,13 :  The resistance amd reactance of the secondary of a 500/5 A current

transformer are 0,02 L2 and 003 Q0 respectively and the transformer characteristics are
qioen by,

EM.F. on secondary W 0.3 0.5 1.0 15 2.0
Magnebising current A 0a 15 25 32 4.0
Corgloss component A 0.5 1.3 27 i 4.6

An ammeter, a wabttmetgr current coil and an induction relay are connecled in series
with the secondary winding. Their vesistances are 0.08 €, 0.1 ©Q and 0.14 € and their
reactances are 0.09 €3, 0,07 € and (L.08 €} respechively. If the secondary current s 4 A,
calewlele ratio and phase angle ervor o) When all meter are in the circuil. b)Y Only
wattmeter is in the circuit. Caleulate the load VA in each case.

Solution : a) All meters are in the secondary winding
e = 020, x,=00330Q

s Zs = (r, + resistances of all meters) + j (x; + reactances of all meters)

(0.02+ 0.08 + 0.1 + 0.14) + j(0.09 + 0.07 + 0.08 + 0.03)
0.34 + j 027 = 04341 ~ 38.453° 0

38.453°

ly Z, =4x 04341 = 1.737 V

& o
il i}
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To obtain corresponding [ and l,,, draw the graphs from the given observation
table, as shown in the Fig. 2.29,

E, = 0.6248 V E,=173TV
Mp‘ i :.
| !
5 Z :
4 :L 1' & Graphof | |
: "_,@..--'1‘——"'* Graph of 1,
3 | i
: ,i// E
A ':
(i} 02 04 l.'.l.é 08 1 12 14 18 J1.-3 2 ‘Violts
Fig. 2.29
From the graph, for E, = 1.737 V, |, =37 A, I, =43 A
-~ . . I1
R = n+I|_-'|:“-5Ih+I:11 S i;]nd “;LLE:IH{]
I l. 5
. A53%) + 3, i 4537
_ lm”-lﬂxms{frﬂil-ﬁ “}; 7 = sin{ 38.45 }= 101417
' Hﬂ _H.
% ratio error = - 7 *= 100 where K, =n =100

100-101.417 L
= W Im = 1:3’9'?%

o - 180 [I_.ns..gﬂ_ﬁﬁ _-_L-_?.!"t’] degrees

i nl.

1K= 4

180° [3.? cos(38.453%) ~ 4.3 sin(38.4537)
I

] =0.0327=1.91"

Load VA

Eela=1.737 x4 = 695 VA
b) Only wattmeter is in the secondary winding
Zy = (rg #+00) #j(x, +007) =012+ 0.1
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01562 £ 39.8057(}

i 39.805°

E. I £, =4%=0.1562 = 06248 V

From the graph, I, =16 A and [, =19 A
Solving for R, ratio error and 0 again,
R = 1006113
“% ratio error = — (L607%
8 = 0.062°=3.73
and Load VA = E,; l.=06248x4 = 25 VA

imp Example 2.4 : A current transformer of turns rafio 1 0 199 is rated as 100045 A,
25 VA, The core loss s 0.1 W and magnetising current 45 7.2 A, under ruted
conditions. Delermine the phase angle and ratio ervors for the rated burden and rated
secondary current at 0.8 pf. i) lagging and i) leading. Neglect winding resistance and
reachance.

N, 19 1, 1000

Solution : n = NP=-I—=19'S‘, Kn T =5 = 200

Im = 72 A, Ironloss=01W
The VA rating is same on both sides.
Epl, = E;LL=VA
25 = E,x5=E, = 1000
Es = 5V and E,=0025V

Ironloss 0.1

llf‘ = T ———
E, 0025

=4 A
Case i) cosd = 0.8 lagging, & =36.86° positive for lagging

l. cosd +1, sind ~199+ 4x08+72x0.6

E =
n+ I 5

= 200.504

K.“_R
R

% ratio error = * 100 = = 0.251%
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g = 180° [lm cosb -1 s.im:‘-]= £ 0.19%°= + 116’
n nl.
Case ii) cosd = 0.8 leading, §=- 36.867, negative for leading

w0E8+7. =
_I_'l 0.6+7.2x(-0.6)

R = 199 5 = 198.776
) 200=198.776
% ratio error = —-Wx 100 = + 0.615%
180° | 7.2x {LE—ﬂl:-c[— [I'.Er}
= ={.469"= 2B.18"
€] - 19955 0.469 8

L Elr.aniplu 215 1 At its rated lond of 25 VA, a 100/5 current transformer has an iron
loss of 0.2 W oand a magnetizing current of 1.5 A. Calculate its ratio error and phase
angle when supplying rated output to a meter having a ratio of resistance lo reactance

af 5.
Solution : The nominal ratio

100
Ky = —— =20
5

n = K; =20 = turn ralio ... No other data given.
Secondary burden = VA on secondary = 25
VA on primary = VA on secondary = 25
Eul, = 25 I1,=100A, l,=5A
25

Ep = 155 =025V
Core loss component = [, = %&—1 = % = 08 A
Magnetising component = I, = 15A
MNow -i—:- = 5
G = tan"%:— = tan ! %= 11.3099°
cos & = (L9BO5S, sin & = 0.19611
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l; cosi+ Iy sind ~ 0. 0.8x= 0.98058 + 1.5= 0.19611

i} Actual ratioc R = | 20 z
= 22157
. K, -RK 20- 202157
Ratio ereor = 2 ¢ W) e ———— "« = = 1L.0B7 %
1o erron i (o 503157 100 D6
ii) Phase angle © = i_E:T_ !lm ms::u”—L smb] degrees

_ 18D |1.5= 098058 - 0.8= [l'.'l'EiEn'l'l] — 0.7528°
x | 20 5

nmp Example 2.16 : A power primary CT. fas 300 secondary turns, The total resistance
and reackince for e secondary chrendlt are 1.5 0 and 1.0 Q respectively. When 5 A
flowes theough the secondary winding, the magnetizing moaf. is 100 AT and the iron
loss component s 400 A, Dielermine the ratio and phase angle errors of the C.T. at Hhis
fomd. {INTU, Nov.-2004, Set-4)

Solution : N, = 1 = Primary turns, N, = 300
M.

I'l

[ = 3L

]

R: = 158 and X; = 1.0
s

Z, = ,I..R§+x§ = 1.8027 0
& = lan 'i—j:lnn"%:,?ﬂ.tﬂ“

cos o = (832 and sin & = 0.5346
E. = LLZ: =5=1.8027 = 9.0135 V

HL‘UEI = - LE- EF = —— B er—— = D-[}3 iilr
. n I

. = 40 A = lIron loss component

dagnetizing m.m.f. ]
[, = . ognetizing 100 o0 A
Primary winding turns 1

ind + 0 x (0.3C Ve {0,
R = nolm blntr_I_Iiﬂct= 2002 1100 {I’i'iﬂlﬁ;éwﬂﬁﬂ]

= Al7.748
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KH_R
¥

% ratio error = i 100 e Ky o= n=300
300 - 317.748
= Wx LK} = = 5,583 %
g = 180 Im cosd =1 sind | _ 180 | 100> 0.832 - 40 x 0.5546 |
n nlg n 30«5 1
= L33 degrees

mmp Example 247 @ A 80045 A, 50 Hz current transformer with a single furn primary
has o secondary burden comprising o non reactive resistance of 4 £ The secondary
winding of 160 turms has a resistance of 02 (1. At the rated secondary current, calculate
if flux am the core, 1) the actual ratio of primary to secondary current it} the phase angle
between the primary and secondary currents. No load primary current of 6 A lags by 30°

to the reversed secondary voltage. (INTU, Nov.-2003, Set-2)
Solution : Kn = BIN/5, 1. =5A (rated), Iy =6 A
n o= Ky =g = 160, N, = 160

As burden is purely resistive, & =0
Secondary impedance = 4 + 0.2 = 4201 = Z;
E: = Zyxl,=42x5=21V

But Es = 444 fdn N
21 = 444 =50x b, =160
i) tm = 0.5912 mWhb ... Flux in the core
i} w = Angle between working flux and ¢
= 90°-30°= 60" ... Refer Fig. 2.30
] I
3o
- i
A
E

Fig. 2.30
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R

n+_:—“sin{ﬁ+u]=lﬁﬂ+gsin[ﬁﬂ"}

161.0392

180 Iy cos (6 +o)
m | nly+1g sin(§+a)

I

iii) 8 =

} degrees

_ 180 [ 6xcos (60°) o 1oraqe

R [lﬁﬂx5+6 sin (ﬁ]"}l:|=u'2134 =1248

mp Example 2.18 : A potentinl transformer has o primary resistance of 300 €, a
primary reactance of 600 £, a secondary resistavice of 0.75 Q0 and a secondary reactance
of 1.5 0. The primary to secondary turns rafio is 20 : 1, the primary voltage is 2000 V.
Neglect the magnetizing and core loss current. Delermine the vollage rabio correction
factor, ratio error and the phase angle error when the burden on the secondary of the
transformer is, a) 50 VA at 0.6 p.f. lagging b} 50 VA at unity p.f. and c) 25 VA at 0.6,
p.f. leading. (JNTU, May-2004, Set - 3)

Solution : r, = 30082, x, = 60062, x, = 1.56, r, = 0.75 02

no= NP L2g, B, = 2000V
M, ©F
n = E* i.e.E5=.E::l=.z-g~%q=lﬂﬂ‘f
a) Burden 50 VA at 0.6 p.f. lagging
E.l. = 50 - Ve =Eg =100V
I, = Eﬂi - % =05 A
A = cos”! (0.6) = 53.13°
I i
v, [F)I[Rlﬂm‘ﬂ‘ + Xie sin A
R =1"-"_u=n+ A we L=l =0

Rie = nir +r, =(20) «0.75+ 300 =600 Q
Xie = n? x, +x, =(20)? x1.5+ 600 =1200 O

[.”ﬁﬁ] [600x 0.6 +1200x 0.8]
20+ 150
= 20.33 ... Actual ratio
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R 2033
RCF = — = =1, o Kyg=n=20
C K. 0 1.0165 n =N
% ratio error = K“R"Exlm w Kp=n=20
_20-2033
= 033 x100=- 1.6232 %
L (X cosa - Ry sina)
A =N e = 1 = 0A
nV, :
% [1200 % 0.6 - 600 x 0.8]
= 505 100 = 0.003 rad = 0.172° = 103

b} Burden 50 VA at unity p.L

Sla=05Aand A=cos'1=0%sinA =1

Repeat the above calculations with new value of A,

» K= 2015 RCF = 1.0075, % of ratio error = = 0.744 %, 8 = 0.015 rad = 51.33'
¢} Burden 2 VA at 0.6 p.f, leading

E.I, = 25
_ B2
o= =i =025A
A = cos~! 0.6=53.13° but leading
I .
v, [F] [Rie cosA = Xj, sinA]
R = T’-=I1+ vE
(92%?-] [600 % 0.6 — 1200 0.8]
= m-ﬁ- ]_i]] = 1?&925
R 19925
u Kn - R
% ratio error = T x 100 = 0,3764 %
Is . 0.25
;{Ije cos A + Ry, sinA) ﬁ[l.?ﬂﬂn 0.6 + 600 x 0.8]
b= nV, B 20 100

= 0.0075 rad = 0.4297°= 25.46"
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Review Questions

Lo D ot coneection dingeam for monseering Iyl collage ond high corrent with the belp of PT.

and CT. Wikt pairpesse do Hey seroe 7

2. Winat 5 rakio cerar? Shate fls expression,

3 How to ebfmm actual fransformation ratio? O whicls factor it depeeds 7

f. Wit is plase sl orvor ang en aofiicle faclors 1F depeinds 7

5 Phese angle crror as ne effect winile only corrent or vollage measierement. Stote true or folse with

PO
b, Wrily precrse an apprexiptale expression e calcnlate plase angle crror.
Fo Wrate ar bechnicol note on Hiwe ervors fn e besbeunnent bransformers,
5. Howr to geindmeize Wie rafie ereer aied please ol errors i e Dastrimeett Irdrsformiers,
9 Exprliwerr Hhe constroction of - 1) Current fransformer 8 Polenttind frovsfornwer
I A curvent transforer fis bar primary and .EH:.I secordiry fuens. The secomdary cureent 5 5 A fo
a puircly resistive foand of 1 €1 Magnetisimg o fl required is 80 AT, The frequency 1s 50 Hz whife
aren of cross-sechion of core s W0 ow. Calewlate e actual ratio, plase angle and maximem flux
density g He core. Neglect core amd capprer Tosses. [Ans. : 2000.64, 4.573° 0.112 Whim3)
1. The exeiting current of @ cuenent transfornier of rafie WS A, when operating af full prioury
cerrrenl amd will @ svordary Meeedien af poe-indnckioe resislance .:1_|" Tas T At 004 p:f'. Catlenilinte ;
) phase displacement ebireen primary andg secondary correnfs
i) Mie ralie errar o full Tomd. (Ana. : 0,0525°, — (.04 %)
12, A currenl Presforner witl single bien privary fus 300 secondiaory Roens and B o= 1.5 03 and
X = 10 When secomdary carries 5 A current, magnetising sem.f. of 1000 A and iran loss af
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Measurement of Power

3.1 Introduction to Power Measurement

In a d.c. circuit if Vi is the voltage supplied to load and I is the load current
then the d.c. load power is given by the product of the load supply voltage V) and
the load current I,.. Thus employing voltmeter and ammeter, power can be measured.

Py. = Vi I watts e (1)
It B, is the resistance of the load then,
Vi
Ry = —
L. i
Pye = W 1L = v'f = [¢ W watts {2)
[ . . Rl L . vee 14

3.1.1 Necessity of Wattmeter
Consider the circuit using voltmeter and ammeter for the measurement of power,
as shown in the Fig. 3.1.

-~
I' A

PV a

. Supgply Izq“ﬂ W

s I

o

Fig. 3.1 Power measurement

(3-1)
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The ammeter measures the load current I and there is voltage drop Va4 = 11 Ry
across the ammeter where K, is the ammeter resistance.

VvV, o= V-V,

Fae = Vil =(V-Va)lo

Fac = VIL=-Valy
where V1, = Power measured by the meters
Fye = Power consumed by load.
Va I, = Power consumed by ammeter.
[Fuwer mea*.iured] _ [I’uww r:un:‘-urnm.i] . [PDWET loss in the -t
. | by meters by load instrument(ammeter) |

Hence the product of ammeter and wvoltmeter does not give cortect power

consumed by the load.

If the voltmeter is shifted across the load to measure the load voltage, the circuit
becomes as shown in the Fig. 3.2, '

Fan
;T T
I
by

Y [Lesd] v

I I

Fig. 3.2 Power measurement

Now as voltmeter is across the load, it measures Vi correctly but ammeter
measures current I which is sum of I and [y,

lHIL'i‘l'..r

Pae = Vil = Vi(I=ly) = IVy = Vi 1y
where 1V, = Power measured by meters
Fse = Power consumed by load
Vilv = Power consumed by voltmeter
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by load " | instrument ( voltmeter)

. | Power measured | | Power consumed Power loss in the
| by meters B

Thus by any method, the power measured is higher than the power actually
consumed by the load. The power loss in the instrument near the load causes the
Error.

Key Point : To avoid such errors in power measurement a device called wattmeter is
used, which gives direct reading of power.

3.1.2 A. C. Power

In an a.c. circuit, the instantaneous power fluctuates with time and is the product
of the instantaneous values of voltage and current in the circuit.

Thus, v = Vi sinet i=1y sin(otid)
| p = vi= Vgl sinotsinfowttd) = instantaneous power

Then the average power consumption is given by,

Poc = zl f d(wt) = %T Vlm sin(wt) sin(wot+é) d(wot)
0 o

This gives the average power consumptlion in a.c. circuit as,

P = V1cosd watts -~ (3)

where v

r.m.s. value of the voltage = %

. l
r.m.s. value of the current =

2

Power factor of circuit

cosd
¢ = Power factor angle = "h"ﬁl

The above expression shows that only ammeter and voltmeter is not sufficient to
measure power. The measurement of cos¢ is also required. Therefore in a.c. circuits
also, the wattmeter is used which senses the angle between voltage and current and
directly gives the power CUI'IFHMFHE!I‘I. of the circuit in watts considering the effect of
cosd into account.

Let us study the electrodynamometer principle as the wattmeters used are
generally of electrodynamometer type.
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3.2 Electrodynamometer Type Instruments

The electrodynamometer type instrument is a transfer instrument. A transfer
instrument is one which is calibrated with a d.c. source and used without any
modifications for a.c. measurements. Such a transfer instrument has same accuracy for
a.c. and d.c. measurements. The electrodynamometer type instruments are often used
in accurate a.c. voltmeters and ammeters, not only at the powerline frequency but also
in the lower audiofrequency range. With some little modifications, it can be used as a
wattmeter for the power measurements,

Why PMMC instruments can not be used for a.c. measurements ?

The PMMC instrument cannot be used on a.c. currents or voltages. If a.c. supply is
given to these instruments, an alternating torgue will be developed. Due to moment of
inertia of the moving system, the pointer will not follow the rapidly changing alternat-
ing torque and will fail to show any reading. In order that the instrument should be
able to read a.c. quantities, the magnetic field in the air gap must change along with
the change in current, This principle is used in the electrodynamometer type instru-
ment. Instead of a permanent magnet, the electrodynamometer type instrument uses
the current under measurement to produce the necessary field flux,

- 3.2.1 Construction
The Fig. 3.3 shows the construction of the electrodynamometer type insbrument.

The various parts of the electrodynamometer type instrument are :

Fixed Coils : The necessary
field required for the operation of
the instrument is produced by the Scale
fixed coils. A uniform feld is Pointar
obtained near the center of coil due

Moving colt
to division of coil in two sections. rd
These coils are air cored. Fixed coils '
are wound with fine wire for using
as voltmeter, while for ammeters
and wattmeters it is wound with i \
M AN 7

heavy wire. The coils are usually
varnished. They are clamped in Fixed coils
place against the coil supports. This
makes the construction rigid.

Ceramic is usually used for mounting supports. If metal parts would have been
used then it would weaken the field of the fixed coil.

Fig. 3.3 Electrodynamometer type instrument
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Moving coil : The moving coil is wound either as a self-sustaining coil or else on
a non-metallic former. If metallic former 15 used, then it would induce eddy currents
in it. The construction of mMoving coil is made light as well as ra’gid. It is air cored.

Controlling : The controlling torque is provided by springs. These springs act as
leads bo the moving col.

Moving system : The moving coil is mounted on an aluminium spindle. It consists
of counter weights and pointer. Sometimes a suspension may be used, in case a high
accuracy is desired.

Damping : The damping torque is provided by air friction, by a pair of aluminium
vanes which are attached to the spindle at the bottom. They move in sector shaped
chambers. As operating field would be distorted by eddy current damping, it is not
employed.

Shielding : The field produced by these instruments is very weak. Even earth’s
magnetic feld considerably affects the reading. So shielding is done to protect it from
stray magnetic fields. It is done by enclosing in a casing of high permeability alloy.

Cases and Scales : Laboratory standard instruments are usually contained in

polished wooden or metal cases which are rigid. The case is supported by adjustable
levelling screws.

A spirit level may be provided to ensure proper levelling,

For using electrodynamometer instrument as ammeter, fixed and moving coils are
connected in series and carry the same current. A suitable shunt is connected to these
coils to limit current through them upto desired limit.

The electrodynamometer instruments can be used as a voltmeter by connecting the
fixed and moving coils in series with a high non-inductive resistance. It is most
accurate type of voltmeter.

For using electrodynamometer instrument as a wattmeter to measure the power,
the fixed coils acts as a current coil and must be connected in series with the lpad.
The moving coil acts as a voltage coil or pressure coil and must be connected across
the supply terminals, The wattmeter indicates the supply power. When current passes
through the fixed and moving coils, both coils produce the magn<tic fields. The feld
produced by fixed coil is proportional to the load current while the field produced by
the moving coil is proportional to the voltage. As the deflecting torque is produced
due to the interaction of these two fields, the deflection is proportional to the power
supplied to the load.
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3.2.2 Torque Equation

Let i = Instantaneous value of current in fixed coil
17 = Instantaneous value of current in moving coil
L, = Self inductance of fixed coils
Ly = Self inductance of moving coil
M = Mutual inductance between fixed and moving coils

[
The electrodynamemeter instrument can be represented by an equivalent circuit as

shown in !h{* Fig. 3.4. -
iy M iy . The flux linkages of coil 1 are,
I' & ',1 ¢1 = Liiy + M i
o h 2 "2 The flux linkages of coil 2 are,
ln :i b =Lyis + M i '
Fig. 3.4 Now e, = dpy
and  e; = d—i—!

Electrical input energy = epipdt + eaiy dt
= hhdéy +izdédz
= pd{Liy +Mis)+isd (L +Mi)
= nLidip+ifdLy+ijizdM+i; Mdiz +
izLadiz+igdLlz+i izdM+iz Mdi
The energy stored in the magnetic field due to L, L2 and M is given by,

Energy stored = éL1 i;,]'l'%[-z ij+ii iz M

Change in stored enErg}r=d[%L| i|1+%L; i+ i;M}

= iy Lidis +5 i7d Ly +iz Lydiy +5 3L, +

ip Mdiy +igMdiy +i) i:dM
From the principle of conservation of energy,
" Energy input = Energy stored + Mechanical energy
Mechanical energy = Energy input — Energy stored

A1)

- (2)
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Substracting (2) from (1),

Mechanical energy = %ide|+%i§dL1+i| iy dM

The self inductances L, and L, are constants and hence dL;and dL. are zero.
2 Mechanical energy = iz dM

If T; is the instantaneous deflecting torque and db is the change in the deflection
then

Mechanical energy = Moechanical work done

=T, de
hidM =T, d#
, . dM
Ti. = Illiﬁ

This is the expression for the instantaneous deflecting torque. Let us see its
operation on a.c. and d.c.

D.C. operation : For d.c. currents of I} and I,

- dM

Ta = Ll T

The controlling torque is provided by springs hence
T. = K8

In steady state, Ty = T,

1.|2% - Ke
g = hlz dM
K de

| Thus the deflection is proportional to the product of the two currents and the rate
of change of mutual inductance.

- A.C. operation: In a.c. operation, the total deflecting torque over a cycle must be
obtained by integrating T, over one period.

l Average deflecting torque over one cycle is,

IT
Ts = ﬂr.- dt
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T = Time period of one cycle
dM ¢,

Mow if the two currents are sinusoidal and displaced by a phase angle & then

iy, = 1, sin ot
and ir = Ly sin (ot = §)
T, = 'i%‘-%j:im. sinawt-1 g sin (wt—6)d (wt)
=1 I -r:md:'il—[:

where 1}, 1+ are the r.m.s. values of the two currents as,

= Iml and |: =1

V2 ¥

As T. = Kb

B

=

Hence in steady state, T, = T,

I [3%‘%%1- = Kb
L dM
B = X mﬁ#T

Thus the deflection is decided by the product of rom.s. values of two currents,
cosing of the phase angle (power factor) and rate of change of mutual inductance.

For d.c. use, the deflection is proportional to square of current and the scale is
non-uniform and crowded at the ends. For a.c. use the instantaneous torque is
proportional to the square of the instantaneous current. The i* is positive and as
current varies, the deflecting torque also varies.

But moving system, due to intertia cannot follow rapid variations and thus finally
meter shows the average torque.
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Thus the deflection is the function of the mean of the squared current. The scale is
thus calibrated in terms of the square root of the average current squared ie. rum.s.
value of the a.c. quantity to be measured.

If an electrodynamometer instrument is calibrated with a d.c. current of 1A and
pointer indicates 1 A d.c. on scale then on a.c., the pointer will deflect upto the same
mark but 1A in this case will indicate r.m.s. value.

Thus as it is a transfer instrument, there is direct connection between a.c. and d.c.
Hence the instrument is often used as a calibration instrument.

The instrument can be used as an ammeter to measure currents upto 20 A while
using as a volimeter it can have low sensitivity of about 10 to 30 02/V.

The Fig. 3.5 (a), (b) and {c} shows the connections of the electrodynamometer
instrument as ammeter, voltmeter and the wattmeter.

Iy Mowing cail
et T B0 —— T
Iy l
Supply m Load

[Nt 7

Fig. 3.5 (a) Electrodynamometer ammeter upto 100 mA

| Moving coil 1,
4
o—— U —— T —

T \ ,f High
Supply Fived caoils o g
l inductive

resistance
e

Fig. 3.5 (b} Electrodynamometer voltmeter

Fhoed coils

/|

o1~ THI T

i |

5"'I ¥ 12 Moving o "T
O -0

Fig. 3.5 (c) Electrodynamometer wattmeter
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3.2.3 Advantages of Electrodynamic Instruments
" 1) As the coils are air cored, these instruments are free from hysteresis and eddy
. current Tosses.
! 2} They have a precision grade accuracy.
3) These instruments can be used on both ac. and d.c. They are also used as a
transfer instruments. '

4) Electrodynamometer voltmeters are very useful where accurate rms values of
voltage, irrespective of waveforms, are required.

5) Free from hysteresis errors.
6) Low power consumption.
7} Light in weight.

3.2.4 Disadvantages of Electrodynamic Instruments

1) These instruments have a low sensitivity due to a low torgue to weight ratio.
Also it introduces increased frictional losses. To get accurate results, these
errors must be minimized.

2} They are more expensive than other type of instruments.

3) These instruments are sensitive to overloads and mechanical impacts. 'I'herefnre
care must be taken while handling them.

4) They have a non-uniform scale.

5) The operating current of these instruments is large due to the fact that they
have weak magnetic field.

3.2.5 Errors in Electrodynamometer Instruments

The various errors in electrodynamometer instruments are,

1. Torque to weight ratio : To have reasonable deflecting torque, m.m.f. of the
moving coil must be large enough. Thus mm.f. = NI hence current through moving
coil should be high or number of turns should be large. The current can not be made
very high because it may cause excessive heating of springs. Large number of tums
hence is the only option but it increases weight of the coil. This makes the system
heavy reducing torque to weight ratio. This can cause frictional errors in the reading.

2. Frequency errors : The changes in the frequency causes to change self
inductances of moving coil and fixed coil. This causes the error in the reading. The
frequency error can be reduced by having equal time constants for both fixed and
moving coil circuits.

3. Eddy current errors : In metal parts of the instrument the eddy currents get
produced. The eddy currents interact with the instrument current, to cause change in
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the deflecting torque, to cause error. Hence metal parts should be kept as minimum as
possible. Also the resistivity of the metal parts used must be high, to reduce the eddy
currents.

4. Stray magnetic field error : Similar to moving iron instruments the operating
field in electrodynamometer instrument is very weak. Hence external magnetic field
can interact with the operating field to cause change in the deflection, causing the
error. To reduce the effect of stray magnetic field, the shields must be used for the
instruments.

5. Temperature error : The temperature errors are caused due to the self heating of
the coil, which causes change in the resistance of the coil. Thus temperature
compensating resistors can be used in the precise instrument to eliminate the
temperature errors.

3.2.6 Comparison of Various Types of Instruments

The comparison of PMMC, moving iron and electrodynamometer type instruments
is summarized in the Table 3.1.

Meter Type Control Damping | Suitability Application
FRMC Spring Eddy 0.C, Widaly used for d.c. curment and
currandt vollage measuramants in low  and
medium impeadance circuits.
Kaoving lran Spring or| Air friction 0D.C. and Used for rough indication ol
Gravity ALC. curranis and voltages. Widely

usad for the indicator type
instrumeants on panels,

Electrodynamometer Spring Air friction | D.C. and Used mainly a5 wattmeter. Also
AC. may be used as ammeter or
voltmeter. Widsaly used as a
calibration instrument and as a
transfer instrument.

Table 3.1

3.3 Single Phase Dynamometer Wattmeter

An electrodynamometer type wattmeter is used to measure power. It has two
coils, fixed coil which is current coil and moving coil which is pressure coil or
voltage coil. The current coil carries the current of the circuit while pressure coil
carries current proportional to the voltage in the circuit. This is achieved by
connecting a series resistance in voltage circuit.

The connections of an ElECI]'ﬂd}’ﬂ&.ﬂlDIﬂEtEl‘ wattmeter in the circuit are shown in
the Fig. 3.6. ]
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=
OFor

-

Fig. 3.6 Electrodynamometer wattmeter
I. = Current through current coil
I = Current through pressure coil
R = Series resistance
Vo= R.MS. value of supply voltage
| = RMS. value of current

3.3.1 Torque Equation
According to theory of electrodynamic instruments,

T = i1z % .11
Let v = Instantaneous voltage = Vi sinwt = 42 V sinw t (2

Due to high series resistance, pressure coil is treated to be purely resistive.

Key Point: The current I 15 in phase with V' as pressure coil is purely resistive.

; W
i = Instantaneous value = T where Rp = rpe + R
|,'|

ipe = “’_[i_"'r_sinmmﬁx,,smm . (3)
I.'l

If current coil current lags the voltage by angle ¢ then its instantaneous value is,
i. o= 21 sinfmt - ) e (4

Mow ih = iy and i = ip hence,
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Ti = V3l sinot][V3l, sin{mt—q:-}]%

. ey M
2 e sin{wt) sinfuot - §) 10

i1

Ti = Il cos ¢ — cos (2mt—4)] %]E e (5)

Key Point : Thus instantaneous forque has o component of power which varies as hwice
the frequency of curvent and voltage.

-
Ta = Average deflecting torque = %j Tid{mt)
0

T
= %fu Iy [cosd - cos {Emt-qﬂ]% dimt)
T, = Iulwmw% . (6)
v
where lpe = R_p
For a spring controlled wattmeter.
T. = Kd v (7}
But Ty = T
dM
I lccosd— = K@
pe €058 g
1 dm
8 = EIEIF mﬁﬁﬁ = Ki L lpecos .. (8)
) _ 1 dM
where Ei = T
v
8 = K It.R—Fcusd: =K: P .. (8)
where K2 = E and P =V I cos ¢ = Power

Rp

B = P (1
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Key Point : Thus the wattmeter deflection when  calibrated  gives Hlf'paulﬂ"

consumption of the circuit.

3.3.2 Reading on Wattmeter
The Fig. 3.7 shows symbolic representation of wattmeter.

ki = Mains
L = Load
C = Comman

V =Voltage

Fig. 3.7 Symbolic representation of watimeter

Thus if, I: = Current through current coil

Ve = Voltage across pressure coil

Then wattmeter reading is,

W = Vil cos(V ")

Key Point: The angle between Vi and I may or may not be power factor angle §. If
depends on the walimeter connection in the circuit.
Thus if wattmeter is connected in a three phase circuit such that I. = I and
Ve = Von then only Ve * Tpe = .
Key Point : In a three phase circuit, angle between lﬂ’,f and I is lo be obtained from
the corresponding phasor diagram.
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3.3.3 Shape of Scale of Dynamometer Wattmeter
The deflection is given by

sy 1dM_ . o dM
B = R—IJ"],;CEIE{I}K—&"E——KEFEIH

where K. = and P = V1. cosp¢ = Power measured

e
KR,

Thus the deflection is directly proportional to power being measured and the scale
is uniform over the range in which (dM / d@) remains constant.

Practically the wattmeters are designed such that dM/dB remains almost constant
over a range of 40° to 50° on either side of zero mutual inductance position. The M
varies linearily in this zone with respect to 8. Thus if zero mutual inductance position
is kept in the middle of the scale then M varies linearily for the deflections upto 80° to
100° and thus scale is uniform over the range of 80° to 100° Practically this covers the
entire scale range. The shape of scale and variation in mufual inductance is shown in

the Fig. 3.8.

Fig. 3.8 Shape of scale of dynamometer wattmeter

3.4 Errors in Wattmeter

Practically there are errors in dynamometer wattmeter due to pressure coil
parameters such as inductance, capacitance and due to method of connections. Some
corrections are to be applied to compensate for these errors.
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3.4.1 Error Due to Pressure Coil Inductance

In case of wdeal wattmeter, the current in the pressure coil is in phase with the
applied voltage because the pressure coil is assumed to be pugely resistive without
any reactance. But if it is having inductance the current in the pressure coil lags
behind the supply voltage by some angle. Because of this, an error is introduced in
the measurement of true power by the wattmeter. Some correction factor must be
applied to get exact reading from waltmeter. This can be derived as given below.

Let Ip = Resistance of pressure coil
L = Inductance of pressure coil
R = Resistance in series with pressure coil
Rp = Total resistance ot pressure coil circuit = r, + R
V = Voltage supplied to pressure coil
I = Current in current coil circuit
I, = Curreit in pressure coil circuit

Z, = Impedance of pressure coil circuit = (ry + R) +juL

J(p + R) 4 (wLy

Let the current in the pressure coil circuit is lagging behind the supply voltage by
an angle [

wl L
tl. = @ — =
o B, rp+R
- af wl ]
B tan [[p R

If we assume that the load power factor to be
lagging then the corresponding phasor diagram is as v
shown in the Fig. 3.9, L

From the Fig. 3.9 we have,
¢ = ' +p
= d-p

Mow, Actual wattmeter reading Fig. 3.9
Lla
K

v
1. |-_-. leﬂz_' ¢|:¢-
P

e p AM
LfIhEI}dH

Here 1
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. I.1 , dM
Actual wattmeter reading = b‘: cosd’ )
V
= | —— |1 cos{d -y
[EPHJ cos( ”dﬂ'
Now, Ry = Z; cosp
RP
Zp = cos i

Vicos(g -f) dM _ Vi

cos 3 -

Actual wattmeter reading =

In the absence of inductance Z; = Ry and B = 0 and the wattmeter gives true

power and it reads correctly at all power factors and frequencies.
I 1

True power = —=— cosé dM= Vicosd dM
K de KR, db

If we take ratio of true power and actual wattmeter reading then,

V1 cosd
True power _ { K 1-l;---rJ dé _ cosp
Actual wattmeter reading P"Icusﬂ-cm (& -8) | dM " cosf-cos(d — )
KR, ] o

cosg
cosf - cos{g - 1)
Thus for lagging loads the correction factor is given by,

Cosd
cosf-cos(g — 1)

True power = = Actual wattmeter reading

Correction factor =

... For lagging p.f.

It can be seen from the phasor diagram that for lagging power factor condition the
wattmeter reads high since the inductance of pressure coil will try to bring the current
in pressure coil nearly in phase with current in current coil than would be the case if
this inductance were zero. Thus error will be involved in wattmeter reading which

wottld be serious at low, power factor condition if proper precaution is not taken.
In case of leading power factor condition,

the effect of pressure coil inductance is to

increase the phase angle  between load

current  and  pressure  coil  current  and

wattmeter reads low. The corresponding ¢

phasor diagram is shown in the Fig. 3.10. i
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cosp - cos($ + )

Mow we will find the error whiizh is prndu-::ed because of inductance of pressure
coil at lagging power factor condition.
Actual wattmeter

For leading power factor, | Correction factor = .. For leading p.f.

Actual wattmeter _

-T =
g rue power ceading
| . cosd "|Actual wattmeter
cosf-cos(é —f) reading
_ {1 cosd y .
= [‘1 <o -cos (6 _m] Acutal wattmeter reading

As P is small, cosp will be nearly equal to wunity.

.E B COs Actual wattmeter
T Teas(e - m] reading
_ i cosd Actual wattmeter
- cosd cosp + sing s.in[i] reading
_ [cosé cosP + sind sin i - cosd hch.laal wattmeter
. cosd cosfl + sin¢ sin reading
_ [cos$ +sing sin f — cosd y Actual wattmeter
| cosd cosP +sing sin reading
_ sing sin . Actual wattmeter
- |cosé +sind ﬁinﬂ] reading
Error = - sinf Actual wattmeter
| cotg + 5mﬂ] reading
Now let us find the percentage error.
. ' . True power cosd
Consider the relation Actual wattmoter rE'adJng cosB-cos(s =B)
cos¢ cos¢
msﬁ[::uﬂ cosf} + sing smll-] cosP cos¢ cosp[1 + tang tanf ]
_'_{Hms-"ﬂ] _ sec? f _ l1+tan?p

" 1+tandtanp 1+tand-tanp 1+ tané tanp
Now as B is small therefore tan? p<<1,
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'['mepcmrfr .'I .
Actual wattmeter reading 1+ tang -tanp

Actual wattmeter reading = 1 +-tan¢ ~tanﬂ]x'i"mepnwer

Error = Actual wattmeter reading — True power
= [1 + tan$ - tan f]= True power - True power
= [tané - tan B]x True power
% E .. Actual wattmeter reading - Tme power
: True power

» 10K

% Error = [tang -tanfi] = 100

Euttruepuwer:\-’]cusqﬁ-.Hmﬂleermrisgi.vm.as,

Error = [tan¢ - tan ] x VIcos$ = VI sing - tanp

From the above eguation it is clear that the i
ror is cunaidl;rahle at low power factors. I !! i
Compensation of error : L. A, g

The error due to pressure coil inductance can be 2 11
‘ompensated as shown in the Fig. 3.11. Fig. 3.

A capacitor C is connected in parallel with a portion of series rems-imm: (multiplier
esistance) as shown in the Fig. 3.11
The total impedance of the circuit shown in above figure is given by,

Z, = (R, —r}+imL+M

= =—

(i,
- ; () (=) (@Cr +)
= (Re =0 riel ooy
, r - jeCr?
Z, = (Rr -r} + jioL. +%
With proper selﬂ::‘l::l.ﬂn of circuit constants at power frequencies w?C?r? <<1
: = (Rp -r)+jol +r-juCr? =R, +j(ol -wCr?)
= Ry +jo(L-Cr?)
If L = Cr? then Z,= R, and B = 0" which is desired.

Thus the error caused by pressure coil inductance is almost completely eliminated.
This type of compensation is slightly affected by change in frequency and can be used
for frequencies where w?C?r? << 1. It can be applied to frequencies upto 10 kHz.
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3.4.2 Error Due to Pressure Coil Capacitance

In addition to inductance of pressure coil there may be capacitance due to
interturn capacitance of the series resistance. The effect of capacitance is exactly
opposite to that of inductance. Thus the wattmeter reads low on lagging power
tactors.

The phase angle between pressure coil current and applied voltage depends upon
the reactance of the pressure coil circuit. The inductive reactance is normally greater
than capacitive reactance, thus the phase angle increases with increase in frequency.

If the capacitive reactance of the pressure coil circuit is equal to its inductive
reactance, there will be no error due to these effects since the two errors will
neutralize each other.

3.4.3 Error Due to Method of Connection

There are two ways of connecting wattmeter in a given circuit. These are
respectively shown in the Fig. 3.12 {a) and (b).

Current ool

{a) ()
Fig. 3.12

Because of the power loss in the current and pressure coils, error is introduced in
the measurement of power.

In connection shown in the Fig. 3.12 (a), pressure coil is connected on the supply
side and therefore the voltage applied to the pressure coil is the voltage across the
load plus the voltage drop across current coil. Thus watimeter measures power loss in
its current coil in addition to power consumed by load.

Power indicated by wattmeter = Power consumed by load + Power loss in current
coil

.. Power indicated by wattmeter = Power consumed by load + I*R.

If wattmeter connections are as shown in the Fig. 3.12 (b) the current coil is on
supply side and hence it carries pressure coil current plus the load current. Thus
wattmeter reads in addition to power consumed in load, the power loss in pressure
coil.
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Power indicated by wattmeter = Power consumed + Power loss in
by load pressure coil circuit

= Power consumed + V2 /R,
by load
With small load current, the voltage drop in current coil is small so connections in
Fig. 3.12 (a) introduces small error. Alternatively if load current is large, the pressure
coil current is very small as compared with load current. Hence power loss in
pressure coil circuit is small as compared with power consumed by load. Thus
connection shown in Fig. 3.12 (a) is preferable for small currents while for large
currents the connections shown in Fig. 3.12 (b) are preferable.

But if load current is high and the power factor is small, connection shown in
Fig. 3.12 (b) results in large error as the total power measured is small. In this case a
compensating coil may be used for compensation of error which is explained further
in low power factor wattmeters.

3.4.4 Eddy Current Errors

The current coil produces an alternating magnetic field because of which eddy
currents are induced in the solid metal parts and within the thickness of the
conductors. These currents produce field and tries to reduce flux produced by current
coil. The phase angle between fluxes in current coil and potential coil is increased
which decreases the deflecting torque produced by the instrument for lagging power
factors.

The wattmeter reads low for lagging power factors and reads high for leading
power factors. To minimize this error, solid metal parts are avoided as far as possible.
Standard conductors are used for the current coil if it carries large current. Thus in
prachice a special type of watimeter called low power factor watimeter (LPF) is used.

mmp Example 3.1 : A wattmeter has a current coil of 0.03 €2 resistance and a pressure coil
of 6(XNY L2 resistance. Calculate the percentage error if Hhe wattmeler is so connected Hut

1} The current coil 15 on the load side §1) The pressure coil is on the load side.
a) If the load tnkes 20 A af a voltage of 220 V and 0.6 power factor in each case.

b} What load current wonld giwe equal errors with the two connections ?
Solution : Power consumed by load,

B = Vicosé
= 220= 20=06
B = 2640 watt

Now given that R, 0.03 €2, R, = 6000 (2
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i) Consider that current coil is on the load side
Power indicated by wattmeter,
" Bw = Power consumed by load + Power loss in current coil
= PFr +I2R,
= 2640-+(20)* (0203)

= 2652 wait

Pw - Pr _ 2652 - 2640
% Error B :.-ellII——-—-—ME‘EII »

% Error = 045 %
ii) Consider the pressure coil is on the load side
Power indicated by wattmeter,
Pw = Power consumed by load + Power loss in pressure coil
= B +V2? /R,

100

~ (220)°
= 2640+ 2

2648.060 watt

Pw - P _ 2648062640
B T T

% Error = 100

% Error = 03055 %

iii) Power consumed by load remains same. Thus to get equal error with two
connections power indicated in both cases by wattmeter must be same.

Power indicated by wattmeter _ Power indicated by wattmeter
with current coil on load side with pressure coil on load side
Pr +1*R: = Fr +V? /Ry
2
I2R, = :—P
= eV e (20)
VR, Re J(6000)(005)
A I = 1639 A

At this current equal errors are obtained.
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sy Example 3.2 : An electrodynamometer wattmeter is used for measurement of power in
a single phase circut. The load voltage is 100V and the load current is 10 A af a
poicer factar of (0.2, The wattmeter voltage circuit has a resistance of 3000 02 and an
mductance of 30 mH. Estimate the percentage error in the wattmeter reading when
pressure coil is connected () on the supply side and i} on the load side. The current coil
s @ resistance of 01 0 and negligible inductance. The frequency is 50 Hz.

Solution : Power consumed by load, Py = Vicosd = 100= 10= 02 = 200 W

cosé = 0.2, b = 78.46°

R, = 30000, L = 30 mH
Xi = 2afL = (2r)(50)(30% 107 ) = 942 Q
B = tan' 2L - ant 242 _ 00313 rad

Ry 3000
Consider pressure coil is connected on load side.
Using the expression for effect of inductance,
Actual Wattmeter Reading = [1 + tang - tan 3] True power
= [1+ tan7846- tan( 000313 rad )] 200
[1+(4897)(313x10-*)] 200
203.06 W ... Use proper mode of calculator

V2o (100)° _
Rrr = 3500 =333 W

1}

Power loss in pressure coil

Total Wattmeter Reading = 203.06 + 3.33 = 206.39 W

% Error = P""F:Fr = 100

206.39 — 200

= S S 100
200

3.19 %

MNow consider that pressure coil is on supply side
Total power = True power + [2R. = 200 + (10)"(01)

= 200 + 10 = 210 W
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Impedance of load = — = — = 1002

Resistance of load, B = Zeosd = (10) (0.2) = 202
Resistance of load, X = Zsing = (10} {(L.979) = {(9.797) (2

The current coil acts as a load.
Total resistance = 2+ 01 =210

Total resistance = 9.797 (2

Total impedance of current coil = f(2.1)% +(9.797) = 1001 0
Ry _ 21 _

Total p.f. of load = 7 = 151 = 0.2097
h = 7784
tan p = 4.662

Reading of wattmeter, Py = (1 +tané - tan i) power

[1+(4.662)(313x10-*)] 210

= 213.06 W

Fw"r Py = 100

21306 - 200
200

% Error = 653 %

%% Error =

100

3.5 Low Power Factor Electrodynamic Type Wattmeter

If any circuit is operating at low power factor then power in that circuit is difficult
to measure with ordinary electrodynamometer wattmeters. The reading of the
wattmeter is inaccurate on account of following reasons,

1. The deflecting torque on the moving system is small as the power factor is low
even though the current and pressure coils are fully excited.

2, The inductance of pressure coil introduces considerable error at low power
factors.

In order to get accurate reading from the wattmeter when it is measuring low
power, extra adjustments are required to be made so that there will be compensation
of the errors.
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When power to be measured is low then the current in the circuit is high as the
power factor is low. Thus in this case pressure coil can not be connected to supply
side as otherwise large error will be produced because of large current tlowing in
current coil and corresponding power loss in current coil circuit is measured by
wattmeter.

g

If pressure coil is connected
to load side, power consumed by
pressure coil 15 measured by
s I waltmeter which is appreciable
in [cumrent Coll) winding i comparison with power to be
Compensating winding measured which is small. Hence
5{‘«-‘ it is necessary to compensate for
I pressure coil current in low
- power factor wattmeter. The
coil compensated wattmeter is shown
in Fig. 3.13.

AW As shown in the Fig. 3.13 the

Fig. 3.13 compensating coil is connected

in series with the potential coil

and is made as identical and coincident with current coil as possible. The current coil

carries current 1+1, and produces its own field proportional to this current. The

compensating coil carries current 1, and produces field proportional to this current.
This field acts in opposite direction to the field produced by current coil.

Thus the resultant field is due to current | only. Hence error due to pressure coil
current is neutralized.

Thus at no load condition, the wattmeter should not deflect as the resultant
current coil field is zero.

In case of low power factor wattmeter, the pressure coil circuit is designed for low
resistance to increase the current flowing through it s0 as to have increased torque. In
‘ow power factor wattmeter the value of pressure coil current is 10 times the current
in case of high power factor watimeters.

We have already seen in previous section that the pressure coil inductance
introduces error whose magnitude is given
by Vising tanf. If power factor is low then ¢
is large and hence sindg is large. Thus the
error  introduced  in  the measurement is
Supply appreciable which must be compensated. [t

]'—Eﬁ"!I is compensated by connecting a capacitor
across A part of series resistance in the
pressure coil circuit which is shown in the
Fig. 3.14.

Load

Compensating
il
I+, g

Fig. 3.14 Low power factor wattmeter
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3.6 Power in Three Phase System

In a three phase system, the load can be star connected or delta connected having

impedance per phase as,

Lon = Bpn +§ X Q/ph = |Z] £¢ 0/ph
The reactance Xy may be positive or negative depending on inductive or
capacitive load. It is positive for inductive and negative for capacitive load.

¢ = Angle between Vi and L,

For star connected load For delta connected load
Vi = 3, I, = +31pn
I = I Vi = Vi
Vi . Wy, V= Vi lav, bva, lam = lpn
Vir . Vive. Var = W, I, Iy . In = 1y
Vv = Ve — Vy Iny - lsr = Ig
Vig = Vy = Vg lvn =Dy = Iy
Vs = Va — Vg ln -lvs = I

For any load, star or delta connected, the three phase total power is given by,

F = 3V [ cosdp =3[V Iy cosp]

The wattmeters must be properly connected in a three phase system to measure

the tokal power.

3.7 Examples of Wattmeter Connections and Corresponding Readings
Case i) : Consider delta connected inductive load and wattmeter connected as

shown o measure power.

W
Ro " [ H "" P L R
supply LT
¥ o—t Zon Zpe
/m Iy by
B o—8 E'/ Zon \ Y

Balanced Delta Load
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Find the r-u;-ading on it Will it measure phase power ? Let us find it out.
For wattmeter : 1. Ilg =1 = Line current
while Vi Vay = Vi = Vi as delta load

W = Vilocos( Ve 1)

Viay. ln-l3l3|'5-("'-"1rr'Jﬂ IH)

Mow [H = ||_ and 1'i'r||;',-' = \'r]_=vi_-.h

Hence angle between Vgy and lg is not ¢

las To find "'n-'rr.wrl Ip let us draw
phasor diagram as shown in the

Vi =¥, Ve Assume load having
s b lagging pd F'E' 3.16.
b=l =l =1, For delta connected load,
= Vo e Ig =Igy —log

Phase current lgy lags phase
voltage Vgy assuming that load

p-f. is cos ¢ lagging.
From phasor diagram it is
Fig. 3.16 clear that,
Vey g = (30+4)°
Viy x I x cos(30 +4)
Vilicos (30+4) W

This is not a phase power readi;lg.

li=lire—lup

=
I

=
Il

Case ii) : Now let us shift the same walttmeter in such a way that it has to read
phase power Vi, Iy cosd. For this I.= T = lgy or Iyy or lgg and V.= V= Vi= Viy
or YWyg or Vag. Accordingly wattmeter coils must be connected such that l.= 1 and
Vie = Vi, as I,...A Vo= ¢ and then it will read Vyy, |4 cosp which is phase power, The

connections can be shown as in the Fig, 3.17,

R o

Three phasa supply

Y o

B o -

Fig. 3.17
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For wattmeter : I, = Ly =lgy and V= Vgy =V

S Wattmeter will read, W = I.,-"l.-rp.;cus(l.; ‘l-"p.f) = lpy "-"mmﬁ(lnvh"-'rnf)

W = I Vucosg = phase power

Key Point : Wattmefer wnll not always measure phase power. lis reading depends on
the angle between current sensed Iy ifs current coil and voltage sensed by its pressure
coil. This depends on ils connections in the circuit,

Three waltmeters measuring power in three phases may be connected to measure
power. But connecting wattmeter to measure phase power is not always possible if
neutral point of star connected load is not available out side. Similarly in delta
connected load to measure phase current it is necessary to open delta load to insert
current coil of the wattmeter is discussed above, which is not practicable. The best
method of measuring power whether load is star or delta connected, balanced or
unbalanced, neutral is available or not is, using only two wattmeters. The method is
called Two Watttmeter Method.

Let us discuss first the single wattmeter method and three wattmeter method
alongwith the corresponding limitaions before discussing the two wattmeter method.

]
3.8 Single or One Wattméter Method

This can be only used for balanced three phase load. When the load is balanced,
total power can be calculated as,

P o= 3V Iy cosd = 3x (wattmeter reading)

Hence one wattmeter is to be used to measure single phase power and then
reading is to be multiplied by three,
Key Point : Waltmeler must be connecled tn such a way Pl ifs current coil must
carry 1oy and ils voltage coil must be across Vo,

3.8.1 Star Connected Load

This can be achieved by connecting wattmeter as shown in the Fig. 3.18.

In
R o

Iy
Y 8

i b
B o E

Fig. 3.18 Wattmeter mearsuring single phase power
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Mow [. = lg=Il =1y as load is star connected

But voltage coil must be connected so as to measure Vo, ie. as shown in the
Fig. 3.18 i.e. voltage coil across one line terminal and other to a neutral point.
""rpf = Wy =1""'|1I|

W o= Vel ecos (Ve “ 1)

W = Vel cos (Vgy © |H}="'|,|"Fh IF"‘ cos ¢

Total power, P = 3V, |4 cosd

= 3 W walls

Vin Let Zpn is having power factor as cos ¢
lagging. Then phasor diagram can be

drawn as in Fig, 2.19.

W =

y I:;T h:I’: For Zg, having cos ¢ leading p.f., only
@ RN &% ﬁarm change is Lph will lead Vih by ¢ degrees
I while for Zg, having cos ¢ = 1 Le. unity

@ - p.1. angle p.f. (Resistive load), V. and I, will be

in phase with each other (4 = 0°).
Yy

Fig. 3.19
3.8.2 Delta Connected Load

]FI
H o= e
1
Y o -
B e o A

Fig. 3.20 Wattmeter measuring single phase power
In this connection, L= lyg = Iy
While Ve = Vya =V

Here as current coil must read I, it is necessary to open delta and insert current
coil in it

W = Vol -cos(V, ~ 1)
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W = Wy lyp -cos(Vyg " lyp) = Vi I cosd

Total power = 3 W walts

lar

Iy If load is having cos ¢ lagging

power factor, phasor diagram can be
3 Vye=ViL=Von shown as in Fig. 3.21.
as Delta Load .
g =l But this method has certain
lem &= p.l angle disadvantages.

Fig. 3.21

3.8.3 Disadvantages
1) Applicable only for balanced loads.

2) For using this method, for star connected loads, neutral point must be

available otherwise vull.age coil can not be connected so as o measure phaae
voltage.

Similarly for delta connected load, it must be possible to open the closed delta
50 as to insert current coil to measure phase current. This may not be possible
in practice.
Key Point : [t can be noticed that for Star or Delta connected load, wattmeter may be
connected s0 as to read any combination of phase vollage and phase current and not
necessarily only the combinations shown in the Fig. 3.18 and 3.20.

3.9 Three Wattmeter Method

If the load is unbalanced then we can use three wattmeters which will measure
power consumed in each phase and then all the three readings can be added to get
the total power. If load is unbalanced, power consumed in each phase will be different
and hence three wattmeters are necessary. The connections of the wattmeter are
exactly similar to the connection of one wattmeter in the method discussed above.

The connections for Star connected load can be shown as in the Fig. 3.22

R

¥ e

Fig. 3.22 Star connected load
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If load is balanced, W, = Wi =W,
If load is unbalanced, W; = W; =W,
Total power = W, +W; +W; (for unbalanced load)

IW, or3IWsordw, (for balanced load )

The connections for Delta connected load can be shown as in the Fig. 3.23.
If load is balanced, W, =W: =W,

and total power is, P =W, +W; +W,; =3W,| or 3W; or 3W,

In this method, the power can be measured for unbalanced load but the
disadvantages of requirement of neutral point for star load and arrangement for
insertion of current coil in closed delta, still continues.

Fig. 3.23 Delta connected load

Key Point : Thus practically single wattmeter as well as three wattmefer methods are
rarely nsed for the industrial loads, due to their limitations.

3.10 Blondel's Theorem

The Blondel's theorem is about number of waltmeters required in a polyphase
system for the measurement of total power. It states that,

If a network is supplied using n conductors, the total power is the sum of the
readings of n wattmeters so arranged that a current coil of each wattmeter is in each
line and the corresponding pressure coil is connected between that line and a common

point. If the common point is located on one of the lines then the power may be
measured by n - 1 wattimeters.
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Thus in a three p]mse system if common point for connecting pressure coils 18
located on one of the hnes then only 2 watimeters are sufficient for measuring the
power. This is called bwo wattmeter method.

3.11 Two Wattmeter Method

Method of Connection :

The current coils of the two wattmeters are connected in any two lines while the
voltage coil of each wattmeter is connected between its own current coil terminal and
the line without a current coil. For example, the current coils are inserted in the lines
K and Y then the pressure coils are connected between R-B for one wattmeter and Y-B
for other wattmeter, as shown in the Fig, 324,

The connections are same for star or delta connected load. Tt can be shown that
when two wattmeters are connected in this way, the algebraic sum of the two
wattmeter readings gives the total power dissipated in the three phase circuit,

If Wy and W1 are the two watimeter readings then total power is,

W = W,+W;: = Three phase power

3.11.1 Proof of Two Wattmeter Method

Consider star connected load and two wattmeters connected as shown in the
Fig.3.24.

Fig. 3.24 Two wattmeter method for star connected load

a) For unbalanced load :
Let us consider the instantaneous values of different-eurrent and vultages.

Mote that the rms. values are indicated in capital letters like lp, Vay etc. while
instantaneous values are indicated in small letters iike i, , v etc. '
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It is important  to  note that wattmeter gives average value which s
W=1,%Vp xcos (].;“ ‘H’pc) if 1. and Vg are r.ms. values of current though current

coil and voltage across voltage coil, respectively. And instantaneously wattmeter reads
just the product of instantaneous values of current through current coil and voltage
across pressure coil.

Winnnanoms = L ® ¥ pe

According to the connections shown in the Fig. 3.24 instantaneously W, and W,
will show following readings.

W, = i, v, and WEI]}.H‘-’:’h
MNow Vep = V=V and vy =vy, -V

where v, v, and vy, are instantaneous values of phase voltages Vi, Vy and Vy
respectively.
- Substituting in W, and W,,

W; = i, =x{v,-vy) and W; =i,_,x[v}. —vh)

Wi+ W, ie(ve—vp)tig(vy —ve)
= gV ~irvp +igvy =iy vy
= vy +igvy ={ip +iglvy

Mow according to Kirchhoff's current law to neutral point.

ij’ +il|,+1h = D

|

i+l = g

Substituting above, Wi +Wy = f,v, +iy vy +ipvy

As vy, vyand vy are instantaneous values of phase voltages and i.,i, ,ip are
instantaneous values of line -urrents which are same as ]:l-h:tsu currents as load is star

connected,

W+ Ws = I, +'|'1}- +PB

where Py, P, and Py are instantaneous values of powers consumed by each phase
of the load at the instant considered regardless of power factor. Hence at any instant,
addition of two wattmeter readings always gives instantaneous total power consumed
by a three phase load.
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The result can be easily proved for delta connected load. Hence by two wattmeter
method we can measure total power though load is star or delta connected, balanced
or unbalanced.

Mote that instantaneously power is always fluctuating and wattmeter pointer also
tries to show this fluctuating power. But due to inertia of the moving system, pointer
can not respond to these fluctuations. And hence wattmeter reads average value of the
power and hence Wi+ W gives the average value of the total power consumed by 3
phase load.

b) For balanced load : Let us consider the r.m.s. values of the currents and
voltages to prove that sum of two wattmeter gives total power consumed by three
phase load. S

Wy

Ip = Vg = cos (]}:ﬁvna)
Wz = ]'I" ® ll'i'rfﬂ, = 085 {If’”‘u’-m)

To find angle between (Ip and Vgg) and
(Iy and Vyg) let us draw phasor diagram.
{Assuming load p.f. be cos ¢ lagging)

?HB = ?R_?E
and ?":'E = ?'.'-?n
1"-"3"[;; =i and Vy " Iy =

Vg= Vy = Vg = Vi

. . and Vie =V =V,
; g = Iy =1L =L
Vya From Fig. 325, Ip"Vee =30 - ¢
Fig. 3.25 and Iy Vg =30 +
Wy = Ip Vg cos (30 -¢)
Wy = Vil cos(30-¢)
and Wz = Iy Vyg cos (30+4)
W. = VL cos(30+4) |

Wi+ Wa = Vilg[cos (30 -$)+ cos (30 + )] ,
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= Vil [cos 30cos ¢ + sin 30 sin ¢ + cos 30 cos ¢ — sin 30'sin § ]

= 2 VI, cos30cosd =2\-’LIL§M¢

Wi + Wz = 43V 1y cosp = Total 3 phase power

Consider delta connected balanced load, as shown in the Fig. 3.26.

e I ]

¥ o Iy "'ﬂ'ﬂ'ﬂ'ﬂ" 3 o
i 7\
by a—o  Rv
8 o0 B S ¥

Fig. 3.26 Two wattmeter method for delta connected load

For "-'-’1; It = Ig ﬂ.'ﬂ.d vﬁ.g:"l'rgu
and W;, IL- = I'." and \-’F = ‘h'lfg

W, = IgVas Eﬂﬂ([n“"-’nn)
W = l?vmfﬂﬂ(lfﬂv\'n]

To find 1g" Vg and Iy " Vyg let us draw phasor diagram. Assume load having cos
¢ lagging p.f.

ln Ve =lg (~Vgg)

by Vyg =30+ 4

Fig. 3.27 Delta connected load, lagging p.f.
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Vin = Vv = Ve = Viige
and e = Iy = ljine
Ig = lpy ~lpe  and Iy=lyg - Iy
Wy = lpVegeos (30-¢) =1 Vy cos(30-9)
Wa = Iy Vygeos(30+4) =1, Vy cos(30+4)
Wi + W = Vil [cos(30-¢)+cos (30+8)] = V3V I cos d

—u

Total power consumed by three phase load.

Fig. 3.28 Star connectid leading p.f

Ig leads Vg by & , 1y leads Vy by ¢,

While,

W,

Ir "'i"m;mﬁ ([R“Vna) |

Wi

Vilpcos(30+¢)

W,

Iy Vygcos (lf”l"w}

Wi.= Vilpcos(30-4)

Key Point : ¥ can be obseroed Hial
whether  load  is  star  of delta, the
expressions for W, and Wi  remain

SN

For load having leading power
factor, Iy will lead Vi, by angle ¢
and it can be observed from phasor
diagram that W, reading and W3z
reading will get interchanged as
304 will become 30+ and
viceversa.

Refer Fig. 3.28 for leading power
factor phasor diagram.

Reading of W, and W3 are interchanged compared to lagging power factor load.
Wy + Wy = 3V Ipcosg

But

W;+W1

Total 3 phage power
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For star or delta'lagging p.f. load, W; = Vil cos(30-4) L‘
and Wy = Vil cos(30+¢)

For star or delta leading p.f. load, W, = V[ cos (30+4¢)
and Wz = VI cos(30-¢)

For star or delta unity p.f. load, cos ¢ =1 and ¢ = (F f

Wy = W, = VI cos 307

mmp  Example 3.3 : A 3-phase 10 kVA load has a pf of 0.342. The power is measured
by two wattmeter method, Find the reading of each uwatimeter when i) p.f. is leading
and i) p.f. 15 lagging. ;

lei 5

Solution : The given values are, 10 kVA, cos ¢ = 0.342 o L
We know that volt-ampere input for a three phase circuit is given by,
s =VEvil | |
0x10° = V3Vl “

VLI = 57735027 VA
i) p.f. is leading cosé = 0342, 4§ =cos | ﬂ.:.ME:I = 70°

Wi = ViTucos (30 + ¢ ) = 57735027 cos (30 + 70) ¢
= - 10025582 W

W: = Vi I cos (30 - & ) /= 57735027 eos (30 - 70)
= 34227596 W

ii) p.£. is lagging Wi = Vi Iy cos (30 - § ) = 4422.7596 W
Wi = Vi Ipcos (30 + ¢ ) = - 1002.5582 . W

Key Point : It can be observed that when pf. s changed from Fﬂggmg ‘o feading the
readings of Wi and Wr get interchanged. )

3.12 Power Factor Calculation by Two Wattmeter Method

In case of balanced load, the p.f. can be calculated from Wy and W2 readings.
For balanced, lagging p.f. load, Wy = Vil cos(30-¢)

W'; = 1'|"|_]|_ECE [qﬂ+-¢}
Wi + W2 = 3Vl cosé A1)

=
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Wi - Wz = Vil [cos(30-6) - cos (30 +$)]

Ik

VI [cos 30 cos ¢ +sin 30 sin ¢ — cos 30 cos ¢ +sin 30 sin ¢

VoI [2 sin30 sind]= leL[zx% xsinq}]

W, - W2 = Vi I sin($) ---{2)
Taking ratio of (1) and (2),
W - W, _ Vil sing _ _t_Elﬂ
Wy + W2 Y3V I cosd N3
_ 3wy - wa)
B = W T WY)
YW, -W3)
= tan-!
| L tan [ (W, + W2)

_ 3w, - Wa)
pf cosd = ms{tan '[ Wy s W5) :|}

For leading p.f. we get tan ¢ negative. But cosine of negative angle is positive.
Key Point : S0 cos ¢ is always positive but its noture must be determined by observing

sign of lan §.
3.13 Effect of P.F. on Wattmeter Readings
For a lagging p.f. W, = Vilcos(30-4)

Wi = Vilicos(30+4)
Consider different cases,

Case i) cosg = 0 ¢ =90°

1
Wi = Vilicos(30-90) = +5 Vile

W2 = Vilicos(30+90) = =3 Vily
ie. W, + W, =0

| Wi = | W but W, =- W,
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MNote : Waltmeter can not show negative reading as it has only positive scale.
Indication of negative reading is that pointer tries lo deflect in negative direction i.e. to the
left of zero. In such case, reading can be converted to positive by interchanging either
pressure coil connections ie. (C+ V) or by interchanging current coil connections (M« L)
Bemember that interchanging connections of both the coils will have no effect on the
wattmeter reading.

Key Point : Such a reading obtained by interchanging connections of either of the two
coils will be positive on wattneter but must be taken as negative for calculations.

In the case discussed above W, will show positive reading with normal
connections while W will try to deflect in negative direction and hence W; reading
must be obtained by reversing conmections of either of the two coils and must be
taken as negative.

M W, L MW, L
o B o
[Pressure coil
c —"‘N'Wj ¥ C ¥ connections are
revarsod)
For +ve reading For -ve reading

Fig. 3.29 Negative reading on wattmeter

So on wattmeter W; = W, but W, must be taken as negative as this reading will
be ebtained by reversing connections of any one coil.

Case ii) cosg = 05 ¢ =007

W = Vylpcos(30-60) = VI cos30
= Positive
W: = Vilpeos{30+60) =0
Wy + We = W, = Total power.

One wattmeter shows zero reading for cos ¢ = (L5, For all power factors between 0
te 0.5 W; shows negative and W, shows positive, for lagging p.f.

Case iii) cosdp = 1, b =07
W,

Vilpcos(30+0) = Vil cos30 = +ve
Wa

Vilpeos(30-0) = VilpLcos3l = +ve

Both Wy and W2 are equal and positive. For all power factors between 0.5 to 1
both wattmeter gives +ve reading.
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In short, the result can be summarised as,

Range of p.f. Range of " ¢ W, sign W sign Remairk
cos §=0 = 90° positive negative | W = | Wa
0 < cosd s 0.5 80* £ & < 60° positive negative
cos =05 & = 80 pogitive 0
0.5 &£ cos ¢ <2 1 B0 £ & & 0° pasitive pasitive
cos ¢ = 1 =0 positive positive W= W,
Table 3.2

Key Point : The Table 3.2 is applicable for lagging power factors but same table is
applicable for lending power factors by interchanging columns of W, and W3,

The curve of p.f. against K is shown in the Fig. 3.30 where,

Smaller rea-ding
Larger reading

K =

025 05 075

I
I
1
1
I
I
1
i
L]
]
1
L]
]
L]
]
1
i
]
i
!
]

-1 =073 =05 =025 0

Fig. 3.30 Effect of p.f. on watimeter readings

3.14 Reactive Voit-Amperes by Two Wattmeter Method

We have seen that,
Wi =W, = V1 sin (1]
The total reactive volt-amperes for a 3 phase circuit is given by,

Q = J3VLL sing =43 (Wi-Wz) VAR
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Thus reactive volt-amperes of a 3 phase circuit can be obtained by multiplying the
difference of two wattmeter readings by /3.

So, S = Apparent power +3 Vi I VA or kVA

P A:ﬁvapmverzﬁVLles¢=wt+wj W or kW

Q = Reactive power = /3 V| I sin § = +/3 (W) - W) VAR or kVAR

mp Example 3.4 : Two wattmeters connected to measure the input to a balanced 3 ¢
circuit indicate 2000 W and 500 W respeclively. Find the power factor of the circuit -
i} When both readings are positive,

it} When the latter is obtained after reversing the connection to the current coil of
one instriiment,

Solution : Case i) Both rtadings pmitivg
Wi = 2000W and W.:=5800W

cos « tan ! JE{W; - Wa) = C0s 4 tan ! 1@{20‘[]{]—5{1{]]
(W + Wa2) (2000 + 500)

Cos §

cos (tan-! (1.0392) | = cos (46.1029

0.6933 lagging

Case ii) W: obtained by reversing the connections hence negative
W) = 2000 W and Wi=-500W

IHE[W; - W:]]}

! I:W| 4 w:}

cos b ﬂlﬁ{lﬂn_l

1l

m{tan'j

[/3(2000 - (-500))
(2000 —500)

= cos {tan-! (2.8867) | = cos (70.899)
= 03273 lagging
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3.15 Advantages of Two Wattmeter Method

The various advantages of bwo wattmeter method are,

1.
2

The method is applicable for balanced as well as unbalanced loads.

Meutral point for star connected load is not necessary to connect the
watbrmebers,

The delta connected load, need not be opened for connecting, the wattmeters.
Only two wattmeters are sufficient to measure total 3 phase power.

If the load is balanced not only the power but power factor also can be
determined.

Total reactive volt amperes can be obtained using two watimeter readings for
balanced loads.

3.16 Disadvantages of Two Wattmeter Method
The few disadvantages of this method are,
1. Not applicable for three phase, 4 wire system
2. The signs of Wy and W; must be identified and noted down correctly otherwise

it may lead to the wrong results.

3.17 Modified Version of 2 Wattmeter Method as One Wattmeter

Method

This method can be used only for balanced loads. In this method, only one
wattmeter is used. Its current coil is introduced in any one line while its voltage coil is

connected to other two lines, one after the other in sequence, with the help of two
way switch.

The sum of the two readings gives us total active power in three phase circuit.
Its connection can be shown as in the Fig, 3.31.

Wy
I S L LT b T T
Re i M
c "y
+ ] Star or
Twoway| Deita
LG load
Yo *
Bo [

Fig. 3.31 Modified 2 wattmater method as 1 wattmeter method
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In the Fig. 3.31 current coil is introduced in line R and hence it carries current lg.

While one end of pressure coil is connected to 'R' only and second end gets
connected to 7Y when switch is in Pﬂﬁitinl‘l 1 and gets connected to 'B’ when switch is
in pmitiﬂn 2

Assume Star Connected Load : Let us find the two readings on that wattmeter.
Assume load having p.f. cos ¢ lagging.

[n switch position 1 : . = I

Vpe = Vay

Wy = lg Vay cos(lpg ™ Vay )
In switch position 2 : I, = Iy

Ve = Vi

W = lg Vg cos(lg ™ Vap )

Let us find Ig ™ Vgy and g * Vgp from phasor diagram as shown in the Fig. 3.32.

Vin

Viey

[g lags Vi by angle $.
le ™ Vey = (30-4)
lg ™ Vg = (30 +d )
2o In position 1L,W, = Iy Vey cos (30 —¢) =1 V) cos(30-g¢)
and In position 2, Wy = lg Vaa cos (30 + ¢) = [ Vi cos {30 +d)

W, +W; = J3V I cosé = Total power.
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Key Point : Any unbalanced condition of the load may create large errors in this
method hence not preferved over 2 wattmeter method.

3.18 One Wattmeter Method for Reactive Voltamperes Measurement

This can be used for balanced load. In this method, current coil of wattmeter is
connected in any one line and pressure coil is connected across remaining two lines.
The connection is as shown in the Fig. 3.33.

W
.............. y
1 X L i
Ro R T i
1
WM |
1k Vi
I — A Star o
Dl
connecied
° load
Yo l.‘
Be

Fig. 3.33 Reactive voltamperes measurement
W = I._l "'I"p._- ':m-{l[' a vl{}
= Iy Vygcos(lyg ™ Vyg)

To find Ig™ Vyy , assume load to be star connected having cos ¢ lagging p.f.
Phasor diagram is as in the Fig. 3.34.
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Vy = Vi

-
-
=

1l

Ig "Vyg = 90 -4
w lg Vyn cos (90 —b)

= lp Vygsing =10 V| sing

Thus in this method the wattmeter reading is,

W= Vilsing

But total reactive volt amperes are Y3 Vi 1, sin ¢.
Key Point : This reading must be multiplied Ing /3 to get total reactive volt amperes.,

J3W = Total reactive volt amperes

i Example 3.5 : D a particular test the two wattmeter readings are 4 kW and 1 kW.
Calculate the power and power factor if

i) Both meters read direct i) One meter connechions reversed.

Solution : 1) Both meters read direct
W, = +4 kW W=+ 1kW
P = W; =+ W; = 5 kW

-1 E{WJ—Wz] _ 4 J3x3
cos = ms{tan [{WL+W2} ]}—ms-{tan [ 5 :|}

cosd = cos|46.102%) = 0.6933 lagging

ity When one meter reversed
W: = +4 kW Wa= -1 kW
P=W+W;,=4-1=3kW

A[ BT _ J[3x5
cosd = c‘ns{tﬂn [W]}—:m{tan [ 3 ]}

= cos(7(.8933°) = 0.3273 lagging

mmp Example 3.6 : A three phase, 400 V load has power factor of 0.6 lagging. The fwo
watimeters read a fotal input power of 20 kW, Find the reading of each wattmeter.

Solution : W; + W2 =20 kW = P, V. =400 V, cos & = 0.6
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Mow P = -.-'E‘.-’._IL cOsd
20x10° = +3x400x1y x0.6
I, = 481125 A
& = cos ! 06 = 5313
W,

Vi 1y cos{(30-¢) = 400= 48.1125% cos(30° - 53.137)
17698 W

il

17.698 kW

And W2 = Vi I cos(30+¢) = 400=48.1125= cos{30°+53.13%)
= 2302 W
= 2302 kW

i Example 3.7 : The power input in a Hiree phase three wire delta conmected balanced
load is measured by tie two wattmeter method, The reading of wattmeter A is 5000 W
ind wattmeter B ois — 1000 W (with reversal of connection).

1) Find the power factor of circuil,

i) If the voltage of the circuit fs 440 V, 50 Hz |, whal is the value of capactiance

comected i deltn at the source to cause the whole of the power mensured by the
wattmeter A only ?

Solution : W, =+ 5000 W, W;=- 1000 W

. . JVEW - Wa)
il cosh = cus{l:an _ [W1+W1} ”

1l

(315000~ ({~1000)]
1
cis {tan \ I! s ] J

r
_ m{mq _ﬁg”m (68.948)

\,
= [.3592 115

ii}) Now capacitance is connected at the source which does not affect the active
power consumption.

W = 5000 - 1000 = 4000 W
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Before connecting capacitor

W = J3 VL IL cosé

[L = = 14.612 A
J3 % 440x10.3592
For delta, Vpn = Vi=440V and I = 3l ie Iy = 84362 A
W o 440
Z = = = 5215610 ,4 = 6HY
| Zon} [n  B8.4362 3610, ¢ = 685457
Rpn = Zpn cos § = 18.7352 0

Xoh = Zgw sin d = 485.6749 ) (inductive)
After connecting capacitor
Wa = W=40W, We=0W
But Wp = Vi Ip cos{30+d) =0
L. 30 +¢ = W de d =6l
cos = cos (B0 = 0.5 lagging
Due to pure capacitor, Ky, remains same.

Bpn = 187352102
xl

MNow tang = -[—i-i-:h— where X, = New reactance
Fh
_ |lplh
tan (609 = {57353

X, = 324503 Q
Xph = X = Xy = 48,6749 - 32,4503 = 16.2246 Q

But Keph = 52FC

o
2 mxS50x 162246

196.1896 uF
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3.19 Extension of Range of Wattmeter using Instrument Transformers
For very high voltage

High circuits, the high rating
mﬂ . wattmeters are not
available to measure the

o power. The range of

wattmeter ~  can be
extended using instrument
transformers, in such high
voltage  circuits.  The
connections are shown in
the Fig. 3.35.

The primary winding
of C.T. is connected in series with the load and secondary is connected in series with
an ammeter and the current coil of a wattmeter.

Fig. 3.35 Power measurement using C.T. and P.T.

The primary winding of P.T. is connected across the supply and secondary is
connected across voltmeter and the pressure coil of the wattmeter. One secondary
terminal of each transformer and the casings are grounded.

Now both C.T. and P.T. have errors like ratio error and phase angle error. For
precise measurements, these errors must be considered. If not considered, these errors
may cause inaccurate measurements. The correction must be applied to such errors to
get the accurate resulls.

3.19.1 Phasor Diagrams and Correction Factors
Consider the various parameters as,
V = Voltage across the load
I = Load current
$ = Phase angle between V and |
Vs = Voltage across secondary of P.T.
= Wattmeter pressure coil voltage
I = Current in secondary of C.T.

= Wattmeter current coil current

Current in pressure coil of wattmeter

=)
i

Fhase angle between currents in current coil and
pressure coil of wattmeter.
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& = Phase angle of P.T.
8 = Phase angle of C.T.
f = Angle by which I, logs V; due to inductance of

pressure coil.

The phasor diagrams for lagging and leading P.f. loads are shown in the Fig. 3.36
(a) and (b} respectively.

| b=a+p+5+0 |

v Reversed

{a) Lagging p.f. (b} Leading p.f.

Fig. 3.36

Lagging power factor : For lagging p.f, 0 is positive ie. 1, leads reversed | while
phase of P.T. may be positive or negative i.e. 8 can be positive or negative. For phasor
diagram shown in Fig. 3.36 (a) 0 is negative i.e. V; lags reversed V hence,

b =a+f+540 & negative| Lagging
¢ =a+f-5+80 & positive p-f.
Leading power factor : For leading p.f. the ¢ is given by
 =a-f-5-8 & negative| Leading
b =a-f+b-8 .. B positive p.f.

Correction Factor : The correction factor, neglecting transformation ratio errors is,

_ Cos ¢
cos i cos a
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where 0

$-p-5-90 .. lagging p.f. (with § negative)

and 7l

d+p+5+0 ... leading p.f. (with § negative)
Key Point: Change the sign of & in the expression of o if § is positive.

actual ratio . actual ratio x wattmeter
of C.T. of P.T. reading

True Power = K =

[R.E-F ] [R-C. F.] [nnminal ml:icr] [numiml ral'id::r] [watrmeter}
True Power = Kx » » P

of CT. | |ofP.T.| |ofC.T. of P.T.

reading

This concept of using C.T. and P.T. for single phase power measurement can be
extended for three phase power measurement. The connections are basically similar to
the two wattmeter method as shown in the Fig. 3.37.

C.TA

R e . 00~ o R
F = o "r ﬁ'.xd
> +—o B

Fig, 3.37 Three phase power measurement using C.T. and P.T.
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iy Example 3.8 1 A rending of 400 W is indicated on o 100 V /5 A wattmeter used in
comtection with vollage and current transformers of nominal ratio 100 /1 and 20 / 1
respectively. If the wattmeter pressure coil has a resistance of 400 (0 and an mdnctance
of 20 mH and the ratio errors and the phase differences of the voltage and current
Framsformers are + 1% and 50 min and - 0.5% and 100 mn respectioely. Compule the
true value of e power measured. The load phase angle is 60° lagging and the frequency
= 50 Hz [INTU, Mov.-2003, Set-3]

Solution : & = +50F = + (L33° 6 = 100 =+ L.667°, K, (P.T.)=100, K, (C.T.)=20
Xip = 2nf Ly =2mx 50 20= 107 3 = 6.2831Q

X
tan ! [%] = tan-! [%} = (1.9°

P

P

¢ = 60° lagging, wattmeter reading = 400 W.
The phasor diagram is shown in the Fig. 3.38.

Fig. 3.38

MNote : & is positive hence V, leads V reversed by é.
$ = 0+a+p-=5
60° = 1.667%+a +09°-0.833°

a = 582667
_ cosd N cos 60° a
K cosp cosu  cos(0.9°) cos(58.266°) 0:9507

K, -R
=

100
14

% ratio error =
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1= 1mR-|~1 « 100 ie R = 99,0099
: R 990099
RCF of PT. = K.~ 100 = (990099
% ratio error = K"'E_ R x 100 -
—05 = 2“; R 100 ie R = 20,1005
v . R 201005 _
RCF of CT. = K.~ 1.005
rue R.C.F RCFET [K.o Ka wattmeter
= K=x ® . w . K *® i
power of P.T.| |ofC.T. C.T. P.T. reading
= 09507 x (990099 = 1005 x 100 = 20 400
= 7567948430 W

immp Example 3.9 : A polential transforner with a nominal ratio of 2000/100 V, Ratio
correction factor of 0.995 and a phase angle of = 22" is used with a current transformer
of nominal ratio 15 A, ratio correction factor of 1.005 and a phase angle error of 10,
to measure the power (I leads 1) to a single phase inductive load. The meters conmected
to these instrument transformers read correct readings of 102 wvolls, 4 amperes and

375 watts, Determine the true values of voltage, current and power supplied to the lond.
[JNTU, May-2004, Set-a]

Solution : §=-22" = - [EJ == (3677, 8= 10 =[E] =(.167

-

60 60
f=0° as pressure coil inductance is negligible and not given.
The phasor diagram is shown in the Fig. 3.39.

I
« REversad
"'1.

Fig. 3.39
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As =10, V;andl are in phase.

’ W = V, L cos(V, " 1,)
375 = 102= 4 = cosa
375
= -1 = . o
a COs [1{12:4] 23.2025

§ = a+d6+08=232025 + 0367 + 0.167
= 23.7365°

Mote that when & is negative,
expression of §.

K = cosd - Cﬂﬁ[ﬂmn}
~ cosPeose  cos 0%cos 23.2025°
T K R.C.F R.C.E. K. o
= o 4 kS
e Pt of PT.| |ofCT.| " |P.T.
znm 100
= (L9959 % 0,995 = 1.005 =
® M m 5
= 149381.2654 W
For P.T., R = K,=RC_CF = ]m-xﬂ,ﬂﬂ'i:l‘;.‘;
Ve .
and E = v Le. V,=ExV,=199%102
V, = 20298V
100
For C.T., R = KHERCF——S—RICI]E 2001
L,
and R = i e lp=Rx1,=20.1x4
L3
ie. I, = 804 A

3.20 Three Phase Wattmeter

V. lags V reversed and use positive § in the

= [.9959

K, o wattmeter
X
“le. reading

» 375

-.. True voltage

.. LTLE current

Similar to single phase dynamometer wattmeter, a three phase’ dynamometer
wattmeter is available. It consists of two sets of fixed and moving coils, mounted
together in one case. The moving coils are placed on the same spindle. The Figjxlﬂ

shows the construction of a three phase wattmeter.
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Elament 1
of twao
fced colls

Element 2
of two
fixed codls

-'I-_-h

V

Fainter

Fig. 3.40 Three phase two element wattmeter

Due to two sets of current and pressure coils, its connections are similar to the
connections of two single phase wattmeters to measure three phase power. Each
element experiences a torque which is proportional to the power measured by that
element. The net torque on the moving system is the sum of the deflecting torques
produced on each of the two elements.

T

T

where Ta
Wi

Ws

W

[ o

af

=

=

Wiy and Taz = W;

(Tar + Taz) o« (Wh + W) =« W
Total deflecting torque

Power measured by element 1
Power measured by element 2
Total power

Thus the total deflecting torque is proportional to the total power.

As the coils are mounted very near each other, errors due to mutual interference
are possible. To eliminate such errors, the laminated iron shield is placed in between

the two elements.
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The compensation for mutual interference can be obtained by using the resistances
as shown in the Fig. 3.41.

Arrangement o
e - compensate
i C.C. ] mustual interferanca
Ro Ly fﬂ-"l : between two elements
j I T T
i
Elarruent 1 i PG | =
- a
El 2 : e ! R Sr
Yo I WLs : { Deita
LooJee .1 connected
‘ load
EI
B o
Three phase wattmeter

Fig. 3.41 Connections of three phase wattmeter

The value of R can be adjusted using R’ to compensate the errors due to mutual
effects between the two elements.

Examples with Solutions

mep Example 3.10 : A 500 V, 20 A dynamometer instrument is wsed as a wattmeter. [is
crrrent coil has 0.1 €} resistance and pressure coil has 25 M) resistance with 0.1 H
inductance. The meter was calibrated on dec. supply. What is the error in the
mstrument if it is nsed to meosure the power in a circuit with supply voltage of 500 V,
load current of 24 A at 0.2 p.f. Assume that pressure coil is connected across load.
[INTU, May-2004, Set-1]

Solution : K. =010, R,=25k2, L,=01H

Xp = 2rfLlp=2ax50x0.1= 314159 Q
' Xip 31.4159
- -1 - -1 —0.072¢ = 0.
il tan R, = tan T 0.072° = 0.001256 rad

02 e ¢ =78463°
‘The pressure coil is connected on the load side,

cosd
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il

Actual wattmeter
i ] 1+ tang tanfi]x True power

n =
reading

True power Pr = Vicosd =500x 24« (0.2 = 2400 W

‘Actual wattmet
ctual wattme -:r:| = [1 + tan(78.4637) tan(0.0727) ] 2400

reading
= 24147749 W
vo amor - Measured-True o 2414749 - 2400
Yo Brror = True w100 = 24[][]': w 100
= [0.6156 Y

g Example 3.11 1 A cerfain corcwil fakes 10 A ab 2000V and the power absorbed is
1O W I the current coil of the watbmeter has a resistance of (115 €2 and ils pressure
coil has a resistance of 5000 £ and inductance of 0.3 H, find
i) the error due to resistance for each of the fwo possible methods of connection.
it} the error due fo the inductance if the frequency of 50 Hz.
wid the tolal error in each case. . IINTU, May-2004, Sel-2)

Solution : K. =01510, RP = 5000 02, LF =03H, I =10 A, V=200V
i) Error due to method of connection

Re I

L) o

V Rp

oo

Fig. 3.42

[Fower indiated by wattmeter] = [Power consumed by load] + 12R;

1000 +(10)° = 0.15 = 1015 W

15 W

Measured - True 100 = 15
True 1000

1.5 %

Error

w 100

% error



Electrical Measurements 3-57 Measurement of Power

[: Iu K'EC'I |
I LR I lp T
I L
v A
l RF ()
Fig. 3.43

.
[Power indicated by wattmeter] = [Power consumed by load] + %—
EI‘

- rmJﬂJim}T _ 1008 W

Error = 8 W
; _ Measured - True 8 -
Yo error = o xlm—lﬂmxlm—ﬂ.ﬂﬁ
i} Xipg = 2nfl,=2n=50x03= 942477 )
Xip 4. 2477
= VP —fan! | S22 = &
[ tan R, tan [ EG00 :| 1.0798

- [Actual wattmeter reading] = [1 + tang tan]x True power
True power = WVl cos ¢

W0 05 e ¢=60°

OSé = 10w 300

5 [Actual wattmeter reading] = [1 + tan 607 tan TLOP9E" = 1000 = 10526462 W

Error = 10326462 - T000 = 326462 W

32.6462
T 100 = 3.2646%

Y error

iii} Total error

Total error when

pressure coil on 15 + 32.6462 = 47.6462 W

supply side

4.7646"%
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Total error when
B+ 326462 = 40.6462 W

pressure coil on

lpad side

i}

4.06462%

mmp Example 3.12 : The power in a single phase high veltage circuit is measured by
using instrument  pransformers with voltmeter, ammeter and  waebtmeter, Observed
readings on the instruments (assuming no errors) are 115 V, 45 A and 200 W.
Characleristics of the transformers are,

P.T. : Nominal ratio : 115007115 V, ratio correction factor 0.995, phase angle - 25°
C.T. : Nominal ratio : 25/5 A, ratio correclion factor 0.997, phase angle +15".
Neglecting the voltage phase angle in the voltmeter, calculate the true poer.

[JNTU, Nov.-2003, Set-1]

Solution : 25 15

1] ]
a=—25f=—[ﬁ] - - 0416, {'Z*IS'I[EJ =025°, B=0°

The phnsnr dingmm is shown in the Fig. 3.44.

Fig. 3.44
V. and I in phase as i =0°
@ = a+dH+0
and W = V, L cos(V, h]ri}

200 = 115% 4.5% cos(u)
a = cos”! [0.3864]= 67.264°
b = 67.264°+0.416°+0.25°= 67.93°

K cosd ~ E-DE{E?SE"}

cosP cosa ~ cos(0%) x cos(67.2609) 22
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rue K x R.C.F. y R.C.F. K“ o y wattmeter
power of P.T. of C.T. C reading
11500 25

115 %5 X200

0.9722 % 0.995 = 0.997 =

96443.6953 W

i Example 3.13 @ The pressure coil of an  electrodynamometer watimeter has a
resistonce of 6600 . When the voltage applied to the pressure coil is 120 V and a
current of 20 A flows in the series coil, the deflection is 160°. What additional resistance
must be connected in the pressure coil circuit to make the meter constant equal to 20 W
per degree 7 [JNTU, May-2005, Set-2]

Solution : R, =660002, V=120V, [=20A, 0= 160°

"ln"' 1 dM
0 = le cosd = —»——
Ry e O K g
where K = Spring constant

Assuming ad'a-];—'i constant throughout the operation,

K’ 1 dM
0 = xP where K'=_— — and P = VI cos
- K do ¢
o . K -
160° = —ox [120x20x1] oS =1
K' = 440 degrees O/ W
P
If M = f =
eter constant = 20 W/degree then 8 icter corstart
2400
' = =120
T 0

At this ime, R, = R, +R,

1200 = 40, ou00
R,
R, = 8800 0 = 6600+ R,

R, = 22000 ... Additional resistance required



Electrical Measurements 3 -60 Measurement of Power :

&

[l

14

i7

I

[}

A Le

i

i

I3

14

2t

Review Questions

Wikt 1 podeer 7 Wiy waltereler 18 essential 7
Expain e principle of operation of dectrodymnmmneler fype instrument.
Explagnr the constriectfon of clectrodynamometer by instrument.
Howr dynamomcter type instrusrent o8 wsed s an emmeeter, poltmeter amd waltmeter ?
Explmie the Hieary of dynmmmneler Lype woeltmeler.
Wil whowt the shape of seale of dynamomeler tupe watbneter.
Hegee e omerge of W dipemisiiefer fype weliereter ool Ie extended  nsing  inslrimeend
tramsformers?
Wirech vrrors are possitle fe oconre i soabbereter amd howr are Hhey compengated 7
Wit i= Blomdels Hworem 7
Explain one wattmeter method of measurement of petver in g three phose system with - balanoed
tovadd.
Expimn the theee wattmeter metiod of measnrement of pouwnr in o three plase system with
baliercead foad
Witlr e freip of conneetion diagrant and phasor diagram, show that koo watbmeters are snfficient
to mensure active pewer inea three phase three wire syshem with
b tplaeeed stae cormeclad foad
i} bafanced deltn commected load,
Explaie vy By powwer fochor can by calcelated by dron wmitereder method,
Explaan the effect of power foctor on hwe waktmeler rendings in o feo waktweter wethod.
Tooo wattoeter method 15 wsed fo measune power i @ 3-phase bolineed load. Find e power foctor
if
i e Feewr readines ave equal aod faree Hee same sigm,
i} e Frog weadings are el and heoe apposile sion,
piad fiwe readiag of o iabimeter 15z,
i) the renneding of see aeeftoreter @5 Jalf of the other wattmeter.
(Ans, : (i} = L (i) = 0, (iiid = 0.5, (iv} = 0.5660)
Find the power amd porver factor of Hie balanced circwit in which the waltmeter readings are 5 kW

dned (L5 KW, Hhe lntter being obtair affer Hhe reversal of the current coil terminal of the matbmeter.

{Ans. : Power = 4.5 kW, Power factor = 0.4271 lagging)
Hoier reetioe valf amperes are metscred by 2 matbmeter method ?
Shele e advenlages of 2 maltmeter meciod.
Shoke He disndvantages of 2 oatimeter mretiond.
Explain Hre modificadion i a o wablereter metlad to wse i as a single watlneeter mefhiod with @
fipr key. Drrage the relewnnt civreat aned phasor diaerans.
Explarr e connection of a siegly wabtmeter &3 pressnre mckioe ool amiperes of a Mhiree plinse

sistem. Dwane Lhe plasar diagram.
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22,

Hh
g

32,

A 10 kW, three-phase induction motor having full-load efficiency of 85% is connecled to a 400 voll
supply. The motor when rameing ove full-load drrus @ current af 200 amp from supply. I foo
werkbinclers are connected bo measare fee fetal poteer pnd fo the motor, determime e reading o
eichl waltmeler, Also fingd put totel reagltive pageer of Hye motor i lerms :lf welfmelir readings.

A Hrree-phase, 440 V, 50 Mz amduckion modor tnkes o Gne enerend of 30 A amd delivers 10 kW
autpuct poreer wnder fuli-load, Assunring its efficiency as M.

Cilenlate :

i} pf. of e motor,

i} readings on the hvo waltmeters conmecled o mersure the inpued power to the motor,

dind befal reackior power,

Tuw waltmeter melhod 5 wzd (o preazure poiver, consumed by delfa connected lad, Each Irranch
of fod Rurodng impedance of 20 260" L Supply voltage 5 400 V. Calculote Hie tolal poter and
Fevadieegs on indipidval abirelers,

Powoer impart mrdstsnrennent b0 a syorchirenons motor 15 done wsing a fwe wattocler method, Each of
e watimeters rends 40 KW ot cortain operaling condition. IF the pouwr factor s changed lo (L8
feited oo, qodunt qwonld be tie new wittmcter readings 7 [Ans, : 226 kKW, 57.4 kW]
Powoer imput tow .]—rﬂrr:.w, 415 polls, 50 Hz induction peofor s measured psing Lo wallmelers. [
was observed that one waltmeler reads 7.5 kW e the other rends 1.5 kW after repersing fhe
commnections of pressure coil. Calowlate

i) Tolal power 51) Pawoer fackor 60 Line currenf,

Also ientify wlich wattmeter was rending 2.5 kW of of & gioen that Hw foe waftmeters were
corrnegted e fiees B oand Y

Write short note on measurement of rerctive poger in o Hiree phase balanced circuil nsmg single
s,

Write @ uole an Hirve plaze watbmeter.

Explain the featueres of lowr power fictor wabtmetir, Prove hat the ervor dive indickance of pressore
coil tn Huw watbmeter is [I'l?rl nrum[!-] fimes rolual poreer.

Expiain the ervor m swtfoeter reading doue fo method of conmection.

Dhripe Hre rxpression for fe e pover wlen e raege of wabllowter 8 extended esing CT, and
P

Write @ node on loe porr fnctor walfmeler.

[ [
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Measurement of Enerqy

4.1 Introduction
The energy is defined as the power delivered over a time interval.

energy = power x hme
The electrical Eenergy is defined as the work done over a time interval t and
mathematically expressed as,

]

E = {puwer{dt:l =EF. vidt e (1)

where v = vollage in volts and i = current in amperes

The energy is measured in joules {J} or watt-sec (W-s). Thus energy of one joule
means the power of 1 watt over a time interval of 1 second.

An electrical energy can also be expressed in the unit watt-hour (Wh) or
kilowatt-hour (kWh). Thus one kilowatt-hour energy means the expenditure of 1 kW
power over a time interval of 1 hour. The domestic electric energy expenditure is
measured in kWh and 1 kWh is called 1 unit of energy.

4.2 Single Phase Energymeter

Induction type instruments are most commonly used as energy meters. Energy
meter is an integrating instrument which measures quantity of electricity. Induction
bype of energy meters are universally used for domestic and industrial applications.
These meters record the eénergy in kilowatt-hours (kWh).

The Fig. 4.1 (See Fig. 4.1 on next page) shows the induction type single phase
energymeter. .

It works on the principle of induction i.e. on the production of eddy currents in
the moving system by the alternating fluxes. These eddy currents induced in the
moving system interact with each other to produce a driving torque due to which disc
rotates to record the energy.

(4 - 1)
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Fig. 4.1 Induction type single phase energymeter

In the energy meter there is no controlling torque and thus due to driving torque
only, a continuous rotation of the disc is produced. To have constant speed of
rotation braking magnet is provided.

4.2.1 Construction

There are four main parts of operating mechanism,
1) Driving system  2) Moving system  3) Braking system  4) Registering system.

1} Driving system : It consists of two electromagnets whose core is made up of
silicon steel laminations. The coil of one of the electromagnets, called current coil, is
excited by load current which produces flux further. The coil of another electromagnet .
s connected  across the supply and it carries current proportional to supply voltage.
This coil is called pressure coil. These two electromagnets are called series and shunt
magnets respectively.

The flux produced by shunt magnet is brought in exact quadrature with supply
voltage with the help of copper shading bands whose position is adjustable.
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2) Moving system : Light aluminium disc mounted in a light alloy shaft is the
main part of moving system. This disc is positioned in between series and shunt
magnets. It is supported between jewel bearings. The moving system runs on
hardened steel pivol. A pinion engages the shaft with the counting mechanism. There
are no springs and no controlling torque.

3} Braking system : A permanent magnet is placed near the aluminium disc for
braking mechanism. This magnet reproduced its own field, The disc moves in the field
of this magnet and a braking torque is obtained. The position of this magnet is
adjustable and hence braking torque is adjusted by shifting this magnet to different
radial positions. This magnet is-called Braking magnet.

4) Registering mechanism : It records continuously a number which is
proportional to the revolutions made by the aluminium dise, By a suitable system, a
train of reduction gears, the pinion on the shaft drives a series of pointers. These
pointers rotate on roynd dials which are equally marked with equal divisions,

Practically the pointer type registering mechanism is wsed. The pointer indicates
one kWh when the disc completes certain number of revolutions. The second dial
represents 10 kWh, third 100 kWh while on the other sides, dials measuring 1,100
and 1710 kWh are also provided. The Fig. 4.2 (a}) shows the pointer type register
while the Fig. 42 (b} shows the cyclometer type register. In some melers the
cyclometer type registering mechanism i1s used.

{b) Cyclomater register

Fig. 4.2 Registering mechanisms used in induction energy meter
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4.3 Theory of Single Phase Induction Type Energymeter

Since the pressure coil is carried by shunt magnet M:which is connected across
the supply , it carries current proportional to the voltage. Series magnet M,; carries
current coil which carries the load current. Both these coils produce alternating fluxes
$sh and . respectively. These. fluxes are proportional to currents in their coils. Parts
of each of these fluxes link with the disc and induces e f. in it. Due to these em.fs
eddy currents are induceed in the disc. The eddy current induced by the
electromagnet Mz react with magnetic field produced by M,;. Also eddy currents
induced by electromagnet M;react with magnetic field produced by Mi. Thus each
portion of the disc experiences a mechanical force and due to motor action, dise
rotates. The speed of disc is controlled by the C shaped magnet called braking
magnet. When disc rotates in the air gap, eddy currents are induced in disc which
oppose the cause producing them i.e. relative motion of disc with respect to magnet.
Hence braking torque Ty is generated, This is proportional to speed N of disc. By
adjusting position of this magnet, desired speed of disc is obtained. Spindle is
connected to recording mechanism through gears which record the energy supplied.

A simple functional diagram of driving mechanism is shown in the Fig. 4.3.

#
#ylup)

1 = =7 R OB @
h.“ .I‘l' .,‘1. I|I.r 'F"‘ ri
e e ™o ___-" Pise S
w w

Torque Torque
{due to 1) (due to lgp)

Fig. 4.3 Functional diagram of induction type energymeter
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The current I, produces the total flux ¢ which has two components ¢, and 4.
The major portion is é, which flows through the side gaps as the reluctance of this
part is very small. While ¢, flows across the air gap and across the disc and is
responsible to produce the eddy emdf. Eg in the disc which produces the eddy
current o in the disc. The ¢, is small and is in phase with I,. It is proportional to I,
 and hence to supply voltage V as it produces I, through pressure coil. §, lags the
supply voltage V by an angle slightly less than 907

The current coil carries the load current I and produces the flux ¢,. This is
proportional to I and in phase with it. This flux is responsible to induce eddy e.m.f.
Ew. in the disc which produces the eddy current | in the disc. This interacts with the
flux ¢, to produce the torque while the eddy current I, interacts with ¢, to produce
the torque. These two torques are opposite in direction and the net torque produced is
the difference between these two torques.

4.3.1 Torque Equation
The phasor diagram is shown in the Fig. 44.

Vi

Fig. 4.4 Phasor diagram of single phase induction type energymeter
Let,
V = supply voltage
I = load current

= gurrent coil current
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[, = pressure coil current

L=
i

phase angle between Voand I, -

A o= 9W°

ITE
]
3
il

eddy e.m.f. induced due to g,

E. = eddy em.f. induced due to d.
a = phase angle of eddy currents

lop = eddy current due to E,

l. = eddy current due to E

The current I, lags V by A and A is made 90" using copper shading bands. The
current | lags V by ¢ which depends on the load. The flux ¢, and | are in phase. The
Eop lags dp by 907 while E,; lags ¢, by 90°% The eddy carrents [ and [ lags Ex and
Eep respectively by angle a.

The interaction between ¢, and 1, produces torque Ty,

While the interaction between ¢, and I, produces torque Ts.

2T ady L cns{@.P A L___\] and T: = . I, cﬂs[¢h A I,.P]

¢|l:|.ﬁ'1|_|-|: = ﬂ+¢ Ell'ld ¢5hIL1‘= I.B'["—¢!+ﬂ'. . --,ﬁ=m{'

2Ty =2 T =T o {[él_, le cos(n np]] -[q:., Iep cos(180 -4 +1:t]|]}

Mow .=V, ¢,ol, lamwdpeaxl, oy oV

n Ty = Vlicos{u +4)-cos(180 - ¢ +a)]
= VI[{cosa cosd —sina sing) —(cos(180 -4 ) cosa —sin(180—¢) ﬁlinu}]
LS ‘u’l[casu cosg - sina sing ~ cos(180 - ¢) cosa + sintlﬂﬂ—#} si.nu]

= 2V coosa cosd .. COS(180 - ) =— cosd, sin(180—4)=sind

Ty = K3 Vicosd (o is constant) w (1)

Key Point: Thus the deflecting torque is propertional te the true power in the circuit.

If A is considered,

Ty = Visin(A -¢) - (2)

But practically A is achieved to be exactly 90° with the help of copper shading
bands so that Ty is proportional to power in the circuit.
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The braking torque is due to eddy currents induced in the aluminium disc. The
magnitfude of eddy currents. is proportional to the speed N of the disc. Hence the
braking torque Ty is also proportional to the speed N,

Ty = N i.e Ty = Ky N - (3)

For the steady speed of rotation, Ty =Tp. /
H._'; V1 fﬂﬁd:l = K.;N

N = KVlcos¢ = K[power] e (4)

i t
Total number of revolutons = I M odt =f K (power) dt
i il

'
Total number of revolutions = KI P dt = K« energy e (5)
0

Thus the number of revolutions of the disc in a given time is the energy
consumption by the circuit in that time,

N — Number of revolutions

K = Mete 5 = =
cter constant enetgy EWh . (6]

Thus the number of revolutions of the disc per kWh of energy consumption is
called the meter constant.

4.4 Errors and Compensations

There are various errors present in the single phase induction bype energymeter.
The driving system can cause the errors due to inaccurate phase angles, abnormal
frequencies, effect of temperature on the resistance and unsymmetrical magnetic
circuit. The braking system also can cause error due to change in the strength of the
braking magnet, change in resistance of the disc, abnormal friction of moving disc etc.
To get accurate reading, these errors are required to be compensated. Hence some
adjustments are provided in the energymeter to minimize these errors,

4.4.1 Lag Adjustment or Power Factor Adjustment

It is absolutely necessary that meter should measure correctly for all power factor
conditions of the loads. This is possible when the flux produced due to current in the
pressure coil lags the applied voltage by 907 But the iron loss and resistance of
winding do not allow the flux to lag by exact 90° with respect to the voltage.
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The arrangement used to adjust this angle to be 90° is called lag adjustment. A
magnetic shunt circuit is introduced in the device which allows the main portion of
the shunt magnet flux to bypass the gap in which the disc rotates. It is possible to
produce an m.m.f. in the proper phase relation to the shunt magnet flux to bring ¢ &
i.e. §; in exact quadrature with the voltage. This is shown in the Fig. 4.5. The lag coil
is used in addition to shunt coil. The lag coil is few turns of fairly thick wire placed
around the central limb of the shunt magnet. The part of shunt flux i.e. §, links with
the lag coil to induce an e.m.f. in it. This produces the lag coil current . This current
produces a m.m.f. ATy in phase with [;. Thus now the phase of ¢, is decided by the
combined m.m.f. of lag coil and shunt coil. This can be adjusted by adjusting the
resistance connected across the lag coil. When resistance increases, current and m.m.f.
of lag coil decreases which decreases the value of Qte lag angle of coil hence $ 4, lags
behind the voltage by exactly 907

W
"‘p ﬂ".h
s )
Resistance ""n OF b

8 is the lag
ang
adjusted by AT,

Fig. 4.5 Lag adjustment

Instead of lag coil and resistance, many time copper shading bands are placed on
the central limb of the shunt magnet. These bands are adjustable. By moving these
bands along the axis of the central limb, the lag adjustment can be achieved. When
bands are moved upwards, the em.f. induced in them increases increasing the m.m.f.
produced, hence lag angle increases. When bands are moved down, the m.m.f
produced by the bands decreases which decreases the lag angle. Thus the ¢4 can be
brought in exact quadrature with the voltage V.

This adjustment is also called power factor adjustment, quadrature adjustment or
inductive load adjustment.
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4.4.2 Light Load Adjustment or Friction Adjustment

Inspite of proper design of the bearings and registering mechanism, there is bound

to-exist some friction. Due to this, speed of the meter gets affected which cause the
error in the measurement of the energy.

To compensate for this, a metallic loop or strip is provided between central limb
of shunt magnet and the disc. Due to this strip an addibional troque independent of
load is produced which acts on the disc in the direction of rotation. This compensates
for the friction and meter can be made to read accurately. This is shown as Lz in the
Fig. 4.6.

Copper shading
bands

et ——
s & e L == [Bhading loop)

Disc [ : ]

| [ ]

o

Fig. 4.6 Shading loop for friction adjustment

The shading loop Lz is also called hight load plate.

The interaction between the portions of the flux which are shaded and unshaded
by this loop and the currents they induce in the disc generates a small driving torque
whose value can be adjusted by lateral movement of the loop L;. This additional
driving torque overcomes the frictional error. This torque is practically independent of
the load and depends on line voltage hence remains constant. The friction error is
dominant at rated voltage and very low current i.e. at light loads. The shading loop
can be moved laterally to adjust the speed to provide necessary compensation.

4.4.3 Creeping Adjustment

In some meters, the disc rotates slowly and continuously when there is no load.
The rotation of disc without any current through current coil and only due to
excitation of press wre coil is called creeping. This is due to friction overcompensation.
The torque produce. due to light load adjustment may keep disc rotating. To prevent
creeping, two holes are drilled in the disc, 180° opposite to each other. When the hole
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comes under the shunt magnet pole, it gets acted upon by a torque opposite to its
rotation. This is shown in the Fig. 4.7,

Shunt
magmned
pala

Eddy currents

Hoke in dise
wndar shunt
magnet pole

Fig. 4.7 Creeping adjustment

When a hole comes under the shunt magnet, the circular eddy current paths in the
disc get distorted. This distortion is responsible to produce torque in opposite
direction to the rotation of the disc. This stops creeping. The torque is not very large
s0 as to cause errors under normal operating conditions.

In some cases, a small piece of iron is attached to the edge of the disc. The force
of attraction of the hraki.ng magnet on the iron pie-::e is respunsible to prevent rotation
of disc on no loads. '

4.4.4 Overload Compensation

When the disc rotates in the field of series magnetic field under load conditions, it
cuts the series flux and dynamically, em.f. is induced in the disc. This produces eddy
currents in the disc which interacts with series magnet flux to produce braking torque.
This is proportional to square of the current. This is called self braking torque and at
large loads its value is very high, causing serious errors in the measurement. To
minimize this braking torque, the full load speed of the disc is kept very low about
4 r.p.m. The current coil series flux is kept minimum compared to shunt magnet flux.
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Practically an overload compensating device in the form of a saturable magnetic
shunt for the series magnet core is used. This is shown in the Fig. 4.8.

Magnetic
shunt

< P
AN

Series magnet

Fig. 4.8 Overload compensation

At high loads, magnetic shunt saturates and diverts some of the series magnetic
flux. This compensates for the self braking torque.

4.4.5 Voltage Compensation

When supply voltage varies, the energymeter can cause errors. This is because of
twio reasons,

i) - Nonlinear magnetic characteristics of shunt magnet core.
ii} The braking torque which is proportional to square of the supply voltage.

The voltage compensation is provided by the saturable magnetic shunt which
diverts a large proportion of the flux into the active path when the supply voltage
increases. The compensation can be provided by increasing the side limb reluctance,
by providing holes in the side limbs.

4.4.6 Temperature Compensation

As -temperature increases, the resistance of the copper and aluminium parts
increases. This has following effects,

i) Small reduction in shunt magnet flux,

ii) Reduction in angle of lag between V and & .

iii) Reduction in torgue produced by all shading bands.
iv) Increase in eddy current resistance path.

v) Decrease in angle of lag a of the eddy currents.
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These various effects neutralize each other and hence errors due to temperature
are not serious. But at low lagging power factor loads, such effects may cause serious
errors. These effects are compensated by providing a temperature shunt on the brake
magnet. Special magnetic materials such as Mutemp is used for the shunt whose
permeability decreases considerably as  temperature increases. This provides
temperature compensation and does not allow the disc to rotate faster as temperature
INcreases.

4.4.7 Main Speed Adjustment

The measurement of energy is dependent on the speed of the rotating dise. For
accurate measurement, speed of the disc must be also proportionate. The speed of the
meter can be adjusted by means of changing the effective radius of the braking
magnet. Moving the braking magnet in the direction of the spindle, decreases the
value of the effective radius, decreasing the braking torque. This increases the speed of
the meter. While the movement of the braking magnet in the outward direction ie.
away from the centre of the disc, increases the radius, decreasing the speed of the
disc. The fine adjustments of the speed can be achieved by providing an additional
flux divertor,

4.5 Advantages of Induction Type Energymeter
The various advantages of induction type energymeters are,
1. Its construction is simple and strong,
It is cheap in cost,

3. It has high torque to weight ratio, so frictional errors are less and we can get
accurate reading,.

4. [t has more AcCuracy.
It requires less maintenance.

6. Its range can be extended with the hulp- of instrument transformers.

4.6 Disadvantages of Induction Type Energymeter

1. The main disadvantage is that it can be used only for a.c. circuits.
2. The creeping can cause errors,

3. Lack of symmetry in magnetic circuit may cause errors.

4.7 Three Phase Energymeter

In a three phase, four wire system, the measurement of energy is to be carried out
by a three phase energy meter. For three phase, three wire system, the energy
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measurement can be carried out by two element energy meter, the connections of
which are similar to the conmections of two wattmeters for power measurement in a
three phase, three wire system. So these meters are classified as i) three element
energymeter and ii) two element energymeter.

4.7.1 Three Element Energymeter

This meter consists of three elements. The construction of an individual element is
“similar to that of a single phase energymeter. The pressure coils are denoted as Py, P:
and Ps. The current coils are denoted as Cy, C: and Ca. All the elements are mounted
in a vertical line in common case and have a common spindle, gearing and registering
mechanism. The coils are connected in such a manner that the net torque produced is
sum of the torques due to all the three elements. These are employed for three phase,

four wire system where fourth wire is a neutral wire.

The current coils are connected in series with the lines while pressure coils are
connected across a line and a neutral. Fig- 4.9 shows a three phase energymeter.

E/Epindle
1

Shunt £t Py _
magnet | ™ é]: | ,EI'IEE
7 »

; % i
Series | 5 G |
miagret o 1 -

I
IE

Firom
Supply

Z D=2

Fig. 4.9 Three slement energymeter
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One unit of three element, three phase element is always cheaper than three units
of single phase energymeter. But due to interaction between eddy currents produced
by one element with the flux produced by another element, there may be errors in the
measurement by three phase energymeter. Such errors may be reduced by suitable
adjustments.

4.7.2 Two Element Energymeter

The Fig. 410 shows a two element energymeter and a simplified connection
diagram,

Bearing
Spindle
H __Ehunl.
=£: P, ma.-gnet
L fp 1 Disc :
— ~
T 4 R —a
Series 1
magnal | P, Three
¥ ==
From Py phase
supply Ioad
B b—i
Ca
bH B e B
mnnacﬁuns” R
From R
supgly v g oy 10 load

Be B

Fig. 410 Two element energymeter

This energymeter is used for three phase, three wire systems. The meter is
provided with bwo discs each for an element. The shunt magnet is carrying pressure
coil while a series magnet carries a current coil. The pressure coils are connected in
parallel and the current coils in series. The connections are similar to the connections
of two wattmeters for power measurement in three phase, three wire system. Torque
is produced in same manner as in a single phase energymeter, in each element. The
total torque on the registering mechanism connected to moving system, is sum of the
borques of the individual elements.
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4.8 Calibration of an .Energymetar

Calibrating the energymeter means to find out the error in the measurement of
energy by energymeter.

Every energymeter has its own characteristic constant specified by the
manufacturer which relates the energy measured in joules and the number of
revojutions of the disc. For example say %' revolutions corresponds to  the
measurement of 'y’ joules. But practically the value of %' is very large and can not be
measured in the laboratory. Hence using this constant, energy recorded for certain less
number of revolutions say 5, is calculated in the laboratory for the calibration purpose.
This energy is denoted as E.. Thos E; can be caculated from 'x' as,

e = 2 joules
Y

To have zero error, the actual

n,
energy consumed by the load for the
time corresponding  to  the 5
. L&
Load

energy is  called actual energy
consumed  or  the true energy
denoted as E;. Experimental set up
used in the laboratory to obtain the
value of Ei is shown in the Fig. 4.11.

revolulions must be same as E.. This
Energyrmiglar |

-.— -

Fig. 4.11
For warious loads, the time

required to complete the 5 revolutions of disc is measured with the help of stop
watch. The voltage and current readings are observed on the ammeter and voltmeter
connected in the circuit. The readings can be tabulated as :

Sr. Mo, Voltage (V) Current  [A) Time for True energy
revolutions Et =Vt J

Now E, is fixed for the 5 revolutions, while E; is obtained practically. Hence error
for each load condition can be obtained as,

Y% error 1k T I 100
E

The graph of % error against the load current | can be obtained; arhich s called
calibration curve for the energymeter. When there is no load, | =4-and-hence 'trl_.li;
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energy Ep is also zero. While E;  is also zero. Hence the error is also zero. Thus
calibration curve passes through origin. The errors can be positive or negative. Such a
curve is shown in the Fig. 4.12.

Eror
&

+ ¥a
o el

V {:Urrﬂ'll. i

= W
e grror

Fig. 4.12

Once the calibration curve is obtained, by observation of the curve, in which
range of the load current error is severe, can be easily predicted. And if error is not
within the permissible limits then by using the various adjustments discussed earlier,
the error can be minimised.

g Example 4.1 : An energymeter is designed to moke 100 revolutions of the disc for one
wiit of energy. Calculate the number of revolutions made by it when connected fo a load
caerying 200 A at 2300V at 0.8 pf. for an howr. If it actually makes 360 revolutions,
find the percentage error. [INTU, May-2005, Set-1, Set-3, Nov.-2003, Set-2]

Solution : 1 =204, V=230V, cosd = 0.8, t=1 hour = 3600 sec
i. = meter constant = 100 rev/kWh
E, = true energy = VIcosdxt=230x= 20 (L8 = 3600

= 13.242=10% | ie. watt-sec 1 W=1]/s
13.248 = 108

= — e KW = 3.68 kKWh
3600 = 10°

MNumber of revolutions = 360

E, = 1@ﬂ.ﬁ KWh
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. E; - E, 36 -368
% error i xllm-.1—ﬁﬁw]tHI

T A,

- 2174%

MNegative sign indicates that E, is less than E; and the meter is slow.

4.9 Use of C.T. and P.T. in Energy Measurement

The single phase energymeter connections are exactly similar to the connections of
a wattmeter along with C.T. and P.T. for power measurement as shown in Fig. 3.60.
The pressure coil of wattmeter is replaced by pressure coil of energymeter and current

coil of wattmeter is replaced by current coil of energymeter,
The Fig. 413 shows a two element energymeter with C.T. and P.T.

C.T.

=1 aR
Fram
supply Tor boad
Rl e et
B +—of

F.T.

Two element enengymeler

Fig. 4.13 Two element energymeter with C.T. and P.T.

The connections with three element, three phase energymeter are shown in the
Fig. 4.14.

But three phase energvmeter connections along with C.T. and P.T. are little bit
different than single phase but the basic principle of extending the ranges by using
C.T. and P.T. remains the same,
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R CT g
[ C.T. Y
Fram + 7 To load
ooty | [ ; i
v L L i o
A7 "3 g ) ¥ r *

A A T
L L
R =
-

Fig. 4.14 Three element anermrmétnr with C.T. and P.T.
4.10 Introduction to Tariff

A large number of consumers are fed by the power stations in order to meet their
energy requirements. The demand of power is not same but it goes on varying from
time to time. This results in variable load on the power station. The electrical supply
company sells this energy to the consumers at the reasonable rate. Thus the rate at
which energy is sold ie. tariff is an important factor while studying the economic
aspects of electric supply. The rules or rates which are framed for supply of electricity
. to various consumers is nothing but tariff. It can alternatively defined as the rate at
which electrical energy is supplied to the consumers.

The tariff should be framed in such a way that it should recover the total cost of
producing electrical energy and also it should provide marginal profit on the capital
investment.

Following points must be considered.

i) Whether the consumer is able to pay it or not.

i) It should be simple in calculations.

it} Services rendered.

iv) The annual cost of production i.e. total of running and fixed charges.
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Energy Total charges

charges
{Paise)

Average charges per kWh

Montily consumption (kKWh)
Fig. 4.15

in this type of tariff, there is no differentiation between various types of
consumers. All the consumers are sharing equal burden of capital investment. The
price charged per unit is constant i.e. independent of number of units consumed.

Apart from the simplicity following are the limitations of this type of tariff.

i) The cost per unit delivered is high.

i) There is no discrimination between different types of consumers viz domestic
and industrial consumers. The maximum demand on the station is mostly decided by
these industrial or bulk consumers so the domestic consumers unnecessarily have to
pay higher.

In order to give proper justice to different types of consumers, following
differences must be observed carefully,

i} Bulk consumer and domestic consumer :

Based on the number of units consumed these are the two types of consumers.
Because of cheapness in generating large number of units and supplying it, the bulk
consumer may pay at lower cost than domestic consumer but the bulk consumer may
have high maximum demand which may increase the capital cost of station so proper
compromise must be made between the two facts.

ii) Time characteristics of energy consumption :

There are certain consumers who use electrical energy during the time when the
station is suj:rp]ying peak load i.e. such consumers try to improve the load factor and
diversity of the station and hence the economy of the station. The tariff should take
into consideration this fact.

iii) Difference in consumers p.f. :

- The consumers whose appliances are running at very low p.f. try to shatter the
economy of the station and such consumers must be penalise while fixing the tariff.
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v} Dhtference in system of supply :

The tariff for the consumers who are using HT supply should be smaller
compared o consumers using LT supply.

The above considerations lead to give the best possible tariff but it may be
complicated for ordinary consumer to follow so following points are applied to simple
tariff to modify it

i} Depending on the quantity of energy consumed, a discount must be uffered

i) Special types of consumers with 5pecm|. types of loads sheould be offered special
tarifis. A

i) A special dismunt musl be offered to encourage the consumers having their
demand during off peak hours.

412.2 Flat Rate Tariff

- When various types of cohsumers are charged at different rates then the tariff is
called flat rate tariff, In this type, the consumers are grouped into various classes and
each class is charged at different rate. The rate for various types of consumers is
‘obtained by taking into consideration its load and diversity factor.

Such type of tariff may be fair to different types of consumers. It has also
advantage that this type of tariif is simple and easily understood b} the consumers.
The disadvantages of this type of tariff are as follows

1) It varies depending on the way in which supply is used. Seperate meters are
used for various types of loads. This makes the tariff expensive and complicated.

li) A particular class of consumers is charged at the same rate irrespective of the
magnitude of energy consumed but a big consumer should be charged at a lower rate.

iii) It is difficult to derive the load and diversity factor used in fixing tariff.

4.12.3 Block Rate Tariff

In this type of tariff, a given block of energy is charged at a specified rate and the
succeeding blocks of energy are charged at progressively reduced rate. The main
consideration here is that as the number of units generated increase, the cost of
generation per unit decreases. Therefore the consumer having large demand in terms
of number of units have to pay less as compared to the consumers with lower
demand. The energy consumption is divided into blocks and each block is charged
with fixed rate.

The advantage with this type of tariff is that the user gets incentive to consume
more energy which increase load factor of the system and cost of generation is
reduced. The disadvantage is that it does not take into consideration consumer's
demand.

It is applicable to majority of residential and small commercial consumers.
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4.12.4 Two Part Tariff
In two part tariff, the rate of electricity is based on the maximum demand of the
consumer and the units consumed.

The total charge is split into two components the fixed charges and running
charges. The fixed charges depend on the maximum demand of the consumer while
the running charges depend upon the number of units consumed by the consumer.

Hﬂ[}’ka +zkah}

Total charge

charge per kW of maximum demand

where ¥

Z

charge per kWh of maximum demand
- The industrial consumers with appreciable maximum demand is charged with this
type of tariff.
Advantages of this tariff are,
i) It is simple and can be Ensii].r understood by the consumers.

ii) The fixed charges which depend on the maximum demand but independent of
units consumed are recovered.

Disadvantages :

i} Irrespective of whether the consumer has consumed the energy or not, he has to
pay the fixed charges.

ii}) Error may occur in calculating maximum demand of the consumer.

4.12.5 Three Part Tariff

In this type of tariff the total charge to be made from the consumer is split into
three parts namely fixed, semi-fixed and running charges.

Total charge = Rs{x+y = kW +zxkWh)
where x = Fixed charge which has to be paid which covers the
interests depreciations and labour cost of collecting
revenues. '
' y = Charge per kW of maxin;mm demand
2z = Charge per kWh of energy consumed

*In the two part tariff if we a'd::_l the fixed charges then it gives three part tariff
which is applicable to big consumers. )
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4.12.6 Maximum Demand Tariff

It is similar to a two part tariff except with the difference that in this type of tariff,
the maximum demand of the consumer is actually measured by a maximum demand
indicator installed at consurpers premises. In two part tariff the maximum demand is
assessed nearly on the basis of the rateable value. This type of tariff is applicable to

“big consumers but not suitable for a residential consumer as a separate maximum
demand mmdicator is required.

4.12.7 Power Factor Tariff

By taking into consideration the p.f. of the consumer's load if the tariff is fixed
then it is called power factor tariff. <

The power factor is vital in case of ac systems. The low pf. leads to large kVA
rating of equipment required, greater conductor size required, larges losses and poor
voltage regulation. Thus penalty is to be taken from the consumers having their
equipments running at very low factor. Various types of power factor tariffs are as
follows.

i) Sliding scale or average p.f. tariff :

In this case average p.f. say eg (.8 is taken as reference. If the p.f. of the
consumer falls below this reference factor then suitable additional charges are taken
from that consumer on the contarary, if the p.f. is above the reference, special discount
is offered to the consumer.

ii) kWh and kVAR tariff :

In this type of tariff both active (kWh) and reactive power (kVAR) are charged
separately. If p.f. is low then it takes higher kVAR and correspondingly it is required
to pay higher charges. For low kVARh of a consumer, it is required to pay less. Thus
the consumer will try to improve power factor.

iii) kVA maximum demand tariff :

It is improved form of two part tariff. The fixed charges are made on the basis of
maximum demand in kVA and not in kW, )
As kVA is inversely proportional to power factor therefore a consumer having low

pf. has to pay more fixed charges. This forces the consumers to operate their
equipments at impmved power factor.

Key Point : The block rate fariff is wsed for LT comsumers while three part tariff,
maximum demand tariff and power factor tariff are used for HT consumers.
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4.13 Merz Price Maximum Demand Indicator

The meters used to record the maximum power consumed by the consumer
during a particular period are called maximum demand indicators.

The merz price maximum demand indicator is available as a unit togetherwith an
energymeter, The energymeter records total energy consumption while the maximum
demand indicator indicates the maximum wvalue of the average power over equal
intervals of time.

4.13.1 Construction

[t consists of a special disc mechanism which drives the pointer through gearing
arrangement, which is coupled to the energymeter spindle. The dial system is coupled
to the energymeter spindle for a fixed interval of time, Generally this time interval is
of 30 minutes duration. After the end of this interval, reset device resets the driving
mechanism bringing to zero position. But the pointer is held by special friction device
which indicates the energy consumed during that interval of time.

This pointer position remains fixed unless and until in next intervals of time, the
energy consumed exceeds the one indicated by pointer. Thus pointer then indicates
new energy consumption which is more than the previous. Thus inall, the pointer
indicates the maximum demand expressed in energy consumed per half hour, tor any
given period of time.

The Fig. 4.16 shows the merz price maximum demand indicator.

SEaring
arrangemant

“ﬁ’y

Fig. 4.16 Merz price maximum demand indicator

—
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The pin provided drives the pointer forward ‘or the set period of time interval.
When the period ends, the cam controlled by a timing gear momentarily disengages
the pinion with the help of bell crank mechanism. Under the spring force, the driving
mechanism and pin comes to zero position. The pointer remains at its position
indicating the energy consumed during the past interval of time.

In some cases reset of the driving mechanism is achieved using a switch actuated
by small synchronous motor of the electric clock type.

The average maximum demand can be obtained as,

Maximum energy recorded over a time
Average maximum interval in kWh
demand in kW B

time interval in hours

4.13.2 Advantages
The basic advantages of this type of meter are,
1. Accurate maximum demand is measured.

2. The scale is uniform.

4.13.3 Disadvantages
The various disadvantages of this type of meter are,
1. Very costly due to complicated gearing mechanism.

2. If the maximum demand occurs in a time interval and continues owver nnl}r a
small part of the next interval then it can not be measured accurately.

4.14 Phantom Loading

The phantom loading is also called ficticious loading. It is the method of testing
an energy meter. When the capacity of the meter to be tested is very high then
tremendous loss of power occurs due to ordinary loading. Hence high capacity
ficticious loads are used to test such meters, to avoid wastage of power.

In this method, pressure coil is excited by a normal supply voltage while the
current coil is excited by a small battery voltage connected across it. As impedance of
current coil circuit is small, small voltage is enough to circulate the rated current
through the current coil. Then the total power supplied for the test is sum of power
supplied to small pressure coil current at normal voltage and due to rated current at
very low voltage. Thus the overall power loss during the test is very small.
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The arrangement for the phantmn Mading is shown in the Fig. 417

o ,
1' gjmm
Mormal oail .
Current limiting

""":'“.31;“ : resistance
I'ﬂ: _1: Ly
voltage
[ ~ battery

Crerrent coil

Fig. 4.17 Phantom loading of energymeter

‘omp Example 4.2 1 A 220 V, 5 A dc. energymefer is fested at ats marked ratings. The
resistance of the pressure circuit is 8800 €1 and that of current coil is 0.1 £ Calculate
the power consumed when lesting the meter with phantom loading with current circuit
excited by a 6 V battery. [INTU, May-2004, Set-2]

Solution : When the loading is direct, the arrangement is shown in the Fig. 4.18 (a).

oFOr

Fig. 4.18 (a)

Ry, = 8800 2, R, =01 Q

Power consumed in pressure coil

P
- ;: =(§§g =55 W

P. = Power consumed in current coil
= Vxl.=220x5 = 1100 W

F; = F, +F. = 11055 W ... Direct loading
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Under the phantom loading, the arrangement is shown in the Fig. 4.18 (b).

I=5A

W= 220V

2]
‘H‘Emrgymmar

L e

Q) i ———

Fig. 4.18 (b)
The power consumed in pressure coil remains same as before,

Pp= 55 W

Now the load is not present but 5 A is adjusted using battery of 6 V against
current coil resistance R, =010}
Fo = VI=6x5=30W
Ppo= Fp+ R =55+30=355W ... Phantom loading

Thus the power consumption due to the phantom loading is considerably less than
the direct loading of the energymeter.

4.15 Testing of Meter using Rotating Substandard Meter

This test is conducted for short period of time hence called short period test. A
rotating substandard meter is used alongwith the meter under test. The current coils
of two meters are connected in series while pressure coils in parallel. The two meters
are started and stopped simultaneously for short period of time.

When the predetermined load is adjusted, then the meter under test is allowed to
make certain number of revolutions. At the same time, the number of revolutions
made by rotating substandard meter, in the same time are observed.

If the constants of meters are same then error can be directly obtained. But if
meter constants are different then error is required to be calculated.

Let K,

Meter constant in number of revolutions per kWh
for meter under test
K.

Meter constant in number of revolutions per kWh
for substandard meter
N, = Number of revolutions made by meter under test
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\ariahle Power facbtor mater Substandard
resistanca J matar
A

Currant
‘,.#"' coil
axcitalion
FPhase shifting —-— Auto
qawlca s iransformer Tapped
in pressure secondary
ool elrcuit winding
transformer ——————  Tapped
transformer

Supply ¥

. )
. ]

Fig. 4.19 Phantom loading of a.c. meter using rotating substandard meter

The alternator with movable stator is in current coil circuit. The angle through
- which the stator is moved gives the phase angle between voltage and current. The
frequency of both supplies is same as alternators run at same speed. The arrangement
is shown in the Fig. 4.20.

Please refer Fig. 4.20 on next page.

The equalizing lead is provided so as to maintain the potential difference between
current and pressure coil of the meters to be zero. The method is also called phantom
loading with R.5.5. meter,
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Stator

........

Pressure
coil

‘/:ﬂiwllm

Phase shifting
device i

in current

cail circuit

Meter Rotating Powar
under substandard meter facior
les! rmeder
(=)
M
Variable
resistance

Fig. 4.20 Phantom loading of a.c. meter using rotating substandard meter

4.17 Trivector Meter

The meter which measures the kVAh and kVA of the maximum demand
simultaneously is called a trivector meter.

It consists of a kWh meter and a reactive kVARh meter together. A special
summator arrangement is used in between them, Both the meters drive the summater
via a complicated gearing arrangement such that the summator records the kVAh
accurately at all the power factors.

KVAh = ,J(kWh)® +(kVARh)®

It uses five different gearing systems,
1. Watt-hour meter driving alone at normal speed, unity power factor condition.

2. Watt-hour meter speed sl.ightl}r reduced and reactive meter speed is reduced
considerably. This represents phase angle of 22.5° and power factor of 0.925.

3. Both speeds reduced by the same factor and corresponds to power factor of
0.707, phase angle 45°

4. Watt-hour meter speed is considerably reduced and speed of reactive meter is
slightly reduced. This corresponds to phase angle 67.5" and power factor (.38

5. Reactive meter driving alone at normal speed representing zero power factor.



Electrical Measurements 4-32 Measurement of Enaergy

The ratchet coupling is linked to the main common register shaft to which final
drive from each gear system is connected. Thus the shaft is always driven by the
direct drive which has the maximum speed. At that time all other four slower shafts
are idle on ratchets.

As the power

factor changes, other
gear  drive  system

drives the shaft at
higher speed and drive
shifts ~ to  different
ratchet. For a given V-1
product, the speed of
the kWh meter varies
as cosd where ¢ varies AN
between 0° to 90° N
lagging. The wvariation \Q&
of percentage speed T Al
against the phase angle
curves are provided for Ll 30° 6o 90
. ——— Phase angle
the trivector meter as
shown in the Fig. 4.21.

ga

= U Speed

,.-r"fr'

Fig. 4.21 Speed-phase angle curves for trivector meter

Examples with Solutions

mp Example 4.3 : A correclly adjusted 240 'V, induction wall-hour meter has meter
constant of 600 revolutions per kWh, Determine the speed of the disc for a current of
1y A, al a power factor of 0.8 lagging. If the lag adjustment is alleved so that the phase
angle between flux and applied voltage is 86° calculate the error introduced at
1) unity p.f.. 20 0.5 p.f. lagying. [INTU, May-2004, Set-1, Nov.-2003, Set-1]

Solution : The energy consumed in one minute is,
E=Vlcosg=t= 240=10= {I.Exé-n- = Wh = 32 Wh = 0.032 kWh
Kevolutiens in one mihute = Ex K=0.032 = 600 = 19.2

. Speed of disc = 19.2 r.p.m.
When lag adjustment is altered,

Speed N KVI sin (A -4)

A

90¥  for correct lag adjustment
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N KVI cos ¢ for correct lag adjustment

Given, A 86"

i} Unity p.f, & = 0°
sh\{ﬂﬁ"—-ﬂ"} = cos({(7)

Y error = m&{ﬂ“} = 100 =— 0.2436%

ii) 05 p.£. lagging, ¢ = 60°

in (86°—607) —
% error = (807007~ cos(80) 100 = - 12.326%

mmp Example 4.4 : The meler conslanl of a 230 V, 10 A wall-hour meler is 1800
revolitions per kWh. The meter is tested at half lond and rated voltage and unity power
factor. The meler is found to make 80 revolutions in 138 seconds. Determine the meter

error al falf load. [JNTU, May-2004, Set-3]
Solution : K = 1800 rev/kWh, V=230V, 1=10A, cosé = 1, Half load
IHL=%=EA., = 138 sec
Ei = Vijgo cospxt= 230=x5x1=138 = 158700 | i.e. watt.sec.
158700
= o7 kWh = 0.04408 kWh
No. of revolutions 80
E, = i = 1800 - 0.04444 kWh
E, -E (1.0d444 = .04408
o = 3 L = =
o error E, = 100 5 OAA0R =100 = 0.817%

As E, is more than E, , meter is fast.

mmp Example 4.5 : An encrgymeter is designed to make 100 revolutions of disc for one
unit of energy. Calculate the number of revolutions made by it when connected to load
carrying 400 A at 230 V and 0.4 pf. for an hour. If it actually makes 360 revolutions,
find the percentage error. [JNTU, May-2004, Set-4]

Solution : K =100 rev/kWh, I =40 A, V=230V, cos¢ =04, t =1 hour
Ei = Vicosg xt=40x230= 04 =1 = 3680 Wh = 3.68 kWh
~ MNo. of revolutions = E; x K=368=100 = 368 revolutions

No. of revnlutinns(actual] 360

Er = K = ll:l:l — 3-5‘ k‘l'.lr:h
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~. Speed of disc = 60.04 r.p.m. = 1 r.p.s.
At half load, 1=15/2=25A, t =595 sec

E, = VI cofg =t =220e 25=1 =595 | ie watt-sec
= 0009027 EWh

N = 30 revolutions
N 30
E, = E -ﬁ = (L0091603 kWh
Y% error = %xlﬂﬂ = 0.77%
i

As E, 1s more than E;, meter is fast.

oo b e B
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Review Questions

. What &5 phantom loadimg ? When it 5 used 7
. Explain the testing of meter wsing rotabing substamdand meter,

=

Explain the constructipn of induction Pupe single phiese ernergymeler.

Explain the working of induction hype single phase energumeter.

Derive the torgue equation for induction type single phase energymeter.

Wihich are the possible errors in mduction fype sigle phase energymeter ?

Wihat & lng adfustment wsed in induction type single phase energumeter 7

Explain the friction ndjustment in induction lype single phase energymeler.

How creeping mdjustment is provided i induction type single phase emergymeter 7
Explain otwrlond, poltage ond temperature compertsation wsed in energymeters,
State e ndvartages and disadvantages .u_f‘ induction type energymeler.

Explain the calibration of single phase smergymeter.

Explain Hhe three element and fuo element three phase induction fype energymelers,
How C.T and P.T. can be used to extend e range of energymeter !

Wit 15 barrif 7 Explain the various types of fareif used,

Drvage and explain b working of Merz prive maxinnam dereand indicalor.

How the phantom lpading lest is carvied ond with rolafing substandard meter using plase shifting
detice 7

Wrike a nole on frivecior purter.

[
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Potentiometers

I
5.1 Introduction

A polentiometer is an instrument used to measure an unknown e.m.f. which is
compared with known emf. Thus it is a device used for measurement of unknown
em.f. by comparison. The unknown e.m.f. is compared with a known e.m.f. which is
obtained from a standard cell or any reference voltage source. The main advantage of
the comparison method of the e.m.f. measurement is that the potentiometer is capable
of providing high degree of accuracy as the measurement result is not dependent on
the actual deflection of the pointer. Instead of that the accuracy is dependent on the
accuracy with which the reference voltage is known.

Basically a potentiometer uses balance or null condition during the measurement
of unknown em.f. Actually no current flows in the circuit of the unknown em.f.
during measurement. Thus no power is consumed in such circuit.

A basic application-of the potentiometer is to measure unknown e.m.f. or voltage.
[t can also be used to determine current. The unknown current can be obtained by
using potentiometer by measuring the voltage drop across the standard resistor due to
the unknown current.

In the field of the electrical measurements, a potentiometer is most widely used as
standard for the calibration of the voltmeters, ammeters and wattmeters. The modem
potentiometers are available with high precision and wide range because of the
availability of very precise accurate standard e.m.f. in the form of standard cell.

5.2 Principle of Potentiometer

The potentiometer works on the principle of opposing the unknown e.m.f. by a
known e.m.f. with the negative terminals of both the em.fs connected together, while
the positive terminals connected together through a galvanometer as.shown in the
Fig. 5.1.

(5 -1)
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When the emfs are of same Kngwn

values, there is no deflection on - emt

galvanometer. Thus to measure the

unknown emf. by using above Galvanometar

method, the known em.f. used must ~

be wvariable. Another important .

requirement is that known em.f Unknown e.m.f

should be varied to give a larger Fig. 5.1 Representation of method of

number of known values but it is balancing e.m.f.

practically very difficult. I Rheostat
Hence alternatively, the unknown il b

em.f. is connected in parallel with and Standard a.m.f.
in opposition to a voltage drop _
measured across the resistor is shown =

in the Fig: 5.2.
The main advantage of this method —H — G
is that the current in the resistor can Unknown e.m.f.
be varied easily to obtain any desired  Fig, 5.2 Alternative method of balancing
voltage with very fine adjustment. The e.m.f.

voltage drop across resistor can be
determined I::],r caiihrating the resistor with standard cell.

The potentiometers are classified as d.c. potentiometers and a.c. potentiometers.
There are various forms of the d.c. potentiometers used widely practically. The basic,
simplest type of the d.c. potentiometer is the slide wire potentiometer. Let us study
the slide wire potentiometer in detail.

5.3 Slide Wire D.C. Potentiometer

The slide wire d.c. potentiometer is the basic and simplest type of the d.c
potentiometer as shown in the Fig. 5.3.

hE . Rheostat
" R
Waorking
i Battery |
Al C B
ik_ Slicte wire
= ~ \T Sliding contact
=0
By

Fig. 5.2 Basic slide wire potentiometer
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A basic potentiometer circuit consists of a slide wire AB of uniform cross section
and unit length. Generally slide wire is made up of manganin. Let r be the resistance
per unit length of slide wire. The battery B, supplies a current through the slide wire
which is limited with the help of regulating resistance i.e. rheostat. The battery By,
whose em.f. is to be measured is connected in series with a galvanometer G and
switch K.

When the switch K is opened, the current through slide wire is i. If the sliding
contact is at position C, let the length AC be [ units, then the voltage drop across AC
isgiven by irl

Consider that switch K is closed which puts the battery B; in the circuit. The
battery By whose em.f. is to be measured is connected such that the voltage drop
along the slide wire and em.f. of B; oppose each other. The deflection in the
galvanometer G depends on the magnitudes of voltage drop across the slide wire
portion AC and eam.f. of By. If the voltage drop across length [ of the slide wire is
greater than e.m.f. of battery B,, then the current will flow in the direction A to C
through the galvanometer. Similarly if the em.f. of battery By is greater than the
voltage drop across the length | of the slide wire, then the current will flow in the
direction C to A through the galvanometer. The most important condition exhibiting
the basic principle of the potentiometer is that no current flows through the
galvanometer when the two e.m.f.s are equal.

Generally a scale is provided along with the slide wire which enables to measure
the length of portion AC.

Hence to measure e.m.f. of a battery, first adjust a current through slide wire with
switch K open. Then insert battery whose e.m.f. is to be measured. By closing switch
K. adjust sliding contact such that the galvanometer shows zero deflection. Measure
the length of the portion of the slide wire with the help of scale provided. Then the
unknown e.m.f. E of battery is given by,

E = ifrl) .. {5.1)

where r is the resistance per unit length, i is the working current adjusted using
rheostat E.

If em.fs of the two batteries By and B; are to be compared then insert the first
battery B; in series with the galvanometer and then adjust the sliding contact such
that no current flows through the galvanometer. Measure the length of the slide wire
portion say ;. Repeat the same procedure with battery B; in the circuit. Let the length
measured be [, Let exm.f. of batteries By and Bz be E; and E; respectively, then we
can write,

Ey = i{rh) o (5.2)

E:

i(rla) . (2.3)



Electrical Measurements 5-4 . Potentiometers

Thus, we can write,

E; J'|

-— = — e (04

E, = (5.4)
From above equation it is clear that the ratio of two lengths gives the ratio of the

two e.m.f.s.

If one of the batteries used is a standard cell, say battery B; of known voltage, the
em.f. of battery By is given by,
h

E, = E; [T] ... (5.5)

While using basic slide wire potentiometer following precautions must be taken.

1. The supply battery B> should be of high capacity so that a constant current
flows through the slide wire throughout the measurement.

2. A small resistance should be used in series with the galvanometer to protect it

during the initial adjustments of contact C. It also takes care that no
appreciable current is taken from the standard cell.

3. The accuracy of the measurement depends on how accurately ratio (ﬁ ! !;} is
determined. Hence in such elementary potentiometers, the length of the slide
wire used should be large enough so that percentage error in measurement
reduces. Now a days in the potentiometers used for precise measurement, by
connecting a number of resistance coils in series with short slide wire the effect
of larger length can be obtained.

5.3.1 Standardisation of Potentiometer

Standardisation of a potentiometer is a process of adjusting the working current
supplied by the supply battery such that the voltage drop across a portion of sliding
wire matches with the standard reference source.

The practical set up for standardising a d.c. potentiometer is as shown in the
Fig. 5.4.

B
+|'=‘_ Rhaostat
L

o

Fig. 5.4 Practical set up for d.c. potentiometer standardisation
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A battery of sufhcient capacity i.e. By is connected in series with a rheostat R,
which regulates the working or standard current flowing through the slide wire.

A standard cell By usually a Weston standard cell of em.f. 10186 wvolts is
connected to galvanometer and a switch K through a series resistance R,. By properly
adjusting B, full sensetivity of the galvanometer can be obtained.

A slide wire with total length of 200 cm and resistance of 200 0 is connected
which is indicated by points A and B.

During standardisation process, switch K is closed and the sliding contact is placed
at the mark of 101.86 em along the slide wire as indicated by point C in the Fig. 54.
Thus we can observe some deflection in the galvanometer. Mow by adjusting the
value of rheostat R, we can get null deflection in the galvanometer.

Under the condition of null detlection, the voltage drop along 101.86 cm portion of
the slide wire equals the em.f of standard Weston cell. This is nothing but the
standardisation of a potentiometer and once the potentiometer is standardised, the
rheostat is not disturbed. In other words, the working or standard current is kept
constant.

After standardising a potentiometer, it is used as direct reading potentiometer as
the voltage along the slide wire at any point is proportional to the length of the slide
wire where the point is obtained by moving sliding contact along the wire to get null
deflection in the galvanometer for any battery whose e.m.f. is to be measured.

5.4 Crompton's D.C. Potentiometer

The basic slide wire potentiometer considered in the previous section is not the
practical form of the d.c. potentiometer. The main drawback of the basic slide wire is
that the length illustrated can not be read with great precision. Not only this, but the
long slide wire is very awkward as the size of the instrument increase due to it
Hence in practical laboratory form of a d.c. potentiometer, the size is reduced as
instead of long slide wire calibrated dialed resistors or small circular wires of one or
more turns are used.

A basic slide wire potentiometer was first modified by the scientist L.E. Crompton
to a general form known as Crompton's D.C. potentiometer as shown in the Fig. 5.5.

This potentiometer consists of a graduated slide wire AC which is connected in
series with large number of coils. The coils are selected such that a resistance of each
coil i1s equal to the resistance of the slide wire. Instead of one shiding contact used in
the basic slide wire potentiometer, two sliding contacts P, and P are used here. The
first sliding contact slides over the slide wire while the second one P> over the studs
of the resistance coils.
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Fig. 5.5 Crompton's D.C. potentiometer
The battery B is of sufficient capacity to provide working current and it is
connected in series with regulating resistance. The regulating resistance is realized by
series connection of two variable resistance RB; and Ry where R; consists of number of
resistance coils while K2 in the form of slide wire.
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A galvanometer G and switch K are connected in series between points B and P
through multiple circuit switch or change over switch., The main advantage of the
multiple circuit switch is that we can connect a standard cell 5 (such as Weston cell)
between terminals 5% andS- or the batteries whose em.fs are to be measured
between the terminals 1* and 1- or 2° and 2. The terminals are marked with positive
(+) and negative (-) signs so as to avoid damage to the potentiometer due to the
wrong polarity of battery connected.

First the potentiometer is standardised by using a standard cell 5, say Weston cell
with e.m.f. of 1.0186 V as shown in the Fig. 55. The multiple circuit switch is thrown
to the terminals 5* and 5°. The sliding contacts I and I, are set at (.0186 along the
slide wire and 1.0 on the stud respectively. The switch K is closed and the null
deflection in the galvanometer i1s obtained by varying K, and E;. Here R; is used for
coarse adjustment while Ry is used for fine adjustment. Once the potentiometer is
standardised, resistances R; and R; are left undisturbed. Now the potentiometer is
direct reading potentiometer.

MNow connect a battery whose em.f. is to be measured bebween terminals
1* and 1~ with the polarities indicated by the terminals and change over the multiple
circuit switch to the terminals 17 and 1-. By adjusting Py and P, the potentiometer can
be again balanced which gives the reading of e.m.f. of the battery under measurement
directly. For example as shown in the Fig. 5.5. if [} is at (0,05 and Py is at 1.1 then the
e.m.f. of the battery is 1.15 V.

The main drawback of this instrament is that it is necessary to restandardise the
potentiometer if it takes considerable time for the potentiometer balance adjustment
during the measurement. It is advisable to allow the current to flow through the slide
wire before the measurement to get stable balance of potentiometer in quick time.

5.5 Duo-Range Potentiometer

By keeping direct reading feature, the basic potentiometer may be modified to add
a second range with usually a second factor such as (L01. Such a potentiometer is
called duo-range potentiometer.

The duo-range potentiometer is the modified version of Crompton's dc
potentiometer in which additional range selector switch is used as shown in the
Fig. 5.6. '

The working battery B of sufficient capacity is connmected in series with two
variable resistances R, and R which are used for regulating the current through
potentiometer during standardisation.



Hidden page



Electrical Measurements 5-9 Potentiometers

It is very important to design a circuit in such a way that the instrument should
enable the user to change the measuring range without standardising the instrument
again and again either by adjusting R; and R; or by changing the voltage of working
battery B. In other words, once the instrument is standardised for X1 range, it should
not be needed to standardise again for X0.1 range. This condition can be fulfilled only
if the voltage V remains same for both the positions of range selector switch 5. And
this is possible only if the total battery current Iy is same for both the ranges.

The operation of duo-range potentiometer can be explained in simple form as
below. First consider that the range selector switch S is at position M i.e. on range of
X1. Then the total measuring resistance Ry gets shunted by series combination of
range resistors K3 and Ry as shown in the Fig. 5.7 (a). The current through Ry is Iy
while total current is Iy. Now consider that the range selector switch 5 is moved to
posiion N ie. on range of X(.1. Then the range resistor K3 shunts the series
combination of total measuring resistance Ry and range resistor Ry as shown in the
Fig. 5.7 (b). Now the current flowing through the branch consisting Ry and Ry is Iy
which is (0.1) Iy, and stll total current is Iy,

It It

(a) (b)

Fig. 5.7 Simplified circuits of duo-range potentiometer for different range selections
In order to have the same current It for both ranges, the condition is,
(Rs +Rs) || R = Ry || (Ru +Ry)

(R +Rs) Ry R (By + Ey)
Ry + Ry + Ry Rz + Ry + Ry

. Rj, RM +E.‘ RM = R;RM +R3.R_|
Rm = Ra - (2)



Electrical Measurements 5-10 Pntnrrlimt-af:

Above equation (2) indicates that range resistance K3 must be selected same as

total measuring resistance Ry so as to keep total current, supplied by battery B, same
for both the ranges.

MNow the second condition states that the current Iy when switch S is at position
N must be equal to 0.1 [y where 1y is the current through Eyy when switch 5 is at
position M,

Iy = 0.1 1y
W v
Ry +Ry 01 [ﬁ;]
RH = ﬂ-l {RM +R4}
Re = 9Ry=9R; e (3)

Thus by properly designing values of Ry and B4 we can achieve high resolution in
measurement using duo-range potentiometers.

5.5.1 Advantages of Duo-Range Potentiometer
Following are the advantages of the duo-range potentiometer.

1) Due to the dual range, the precision of reading is increased by one decimal
point.

2} Due to the inherent accuracy of dial resistors as compared to that of slide wire,
the accuracy of reading is increased.

5.6 Vernier Potentiometer

By using basic simple potentiometers, the precision of 100 pV for readings upto
1.6 V can be obtained. Using such instruments it is very difficult to get accurate
readings mainly due to the non uniformity of slide wire and maintaining good
potential contacts. Some of the practical applications demand highly precised and
accurate measurements. The limitations due to the slide wire in basic potentiometers
are eliminated in the vernier potentiometers. The instrument with normal range of
1.6 V with 10 uV precision and lower range of 0L16 V with 100 uV precision is as
shown in the Fig. 5.8.

The main difference in the simple potentiometer and vernier potentiometer is that
it uses three measuring dials. The slide wire is not used in this type of the
potentiometer. The main dial ie. the first dial measures upto 1.5 V on (X1) range in
steps of 0.1 volts. The second dial reads upto 0.1 V in steps of 0.001 volts on (X0.001)
range. It consists of 102 studs. The third dial again with 102 studs measures from -
0.00001 to + 0.001 volts on (X0.00001) range. This third dial provides true zero and
negative setting. The function of range selector switch 5 and range resistances
R; and Ra is already explained in previous section. The resistances of the second dial
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Fig. 5.8 Vernier potentiometer

shunt two of the coils of the main dial. The moving arm of the second dial carries two
contacts which are placed two studs away from each other.

The vernier potentiometer reads voltages of 10 pV on X1 range while 1 pV on X0.1
range. To have voltage reading of 0.1 uV one more range of X0.01 may be provided.
But it is not possible to read such small voltages as stray thermal and contact
potentials in potentiometer, galvanometer and measuring circuits are uncontrollable.
These potentials are of the order of one to several microvolts. These potentials can be
reduced by properly selecting metals for resistors, terminals and connecting leads.
Sometimes thermal shields are also used to enhance process of reduction of potentials.

5.7 Simple Potentiometer with Independent Calibrating Circuit

In general, the calibration of the potentiometer is done by using standard cell dial
circuit. It provides a standard cell balance resistance to be used for a particular
standard cell used. Many times it is necessary to check the standard cell balance
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during the measurement also. 5o under this condition, the operator has to check the
standard cell balance using separate standard cell dial circuit, without disturbing
settings of the potentiometer. But practically the potentiometer settings has to be
readjusted after every standard cell balance check. This disadvantage is overcome by
using simple potentiometer with independent calibrating circuit incorporated in it
MNow a days, all the modern potentiometers incorporate separate standard cell dial
circuit as shown in the Fig. 5.9.

gl
="+ wWarking cefl Rheostat

Calibraton carcial E
]
@
OPERATE
CALIBRATE e m.f tobe
Standard measured
call
Profective
resistance

Fig. 5.9 Potentiometer with independent calibration circuit

In the potentiometer shown in the Fig. 5.9, the calibration circuit A-D can be set
for any range of standard cell e.m.f from 1.016 V to 1.02 V. The resistance R; provides
1.016 V while the standard slide wire AC provides .04 V. These change in the em.f.
of standard cell due to the changes in temperature are also accounted for the
operation using this calibration circuit. The slide wire of the standard cell dial
measures the e.m.f of the standard cell which is also connected to the potentiometer
through the switch. First the switch is put at CALIBRATE position and the rheostat is
adjusted such that the current through galvanometer G is zero. Thus with this
adjustment the working current is fixed at proper value. Then the switch is put at
OPERATE position. The unknown e.m.f is then measured by using measuring circuit
consisting measuring circuit dial and slide wire.

The main advantage of this type of the potentiometer is that during measurement
also the calibration circuit is checked for the set value of the working current by
simply throwing switch to CALIBRATE position, without disturbing the settings of
potentiometer. This facilitates to increase speed of measurement by reducing the time
that is required for the calibration using separate standard cell dial.
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3.8 Potentiometer with True Zero

In the basic potentiometer it is
very difficult o obtain trie rFero as *

the two contacts can not coincide —AAMMAAMA o
Rheostat

-J|ll+ Working battery
"

Shunt resisior

correctly. To overcome this drawback,
the crcuit is modified as shown in Main dial

the Fig. 5.10.

The slide wire BC is shunted h:-,r
shunt resistor which is tapped at D.
This serves as 0 on main dial. When

the contact is in a position, then -
+ @ 0, being measned

ﬂ = & is zero, If the slider can
Ry Ry Fig. 5.10 Modified potentiometer with frue
travel lower than =zero position Zero

providing negative reading. The slider movement above zero gives positive reading.
The typical range of slider wire is from = (LOU5 V to + (.15 V.

5.9 Brook's Deflectional Potentiometer

It is observed that using conventional potentiometers, the measurement of
continuously changing voltage is very difficult. Even voltage is changing slowly, it is
very difficult to manipulate the changes of the dials. Hence for the measurement of
the continuously changing voltage deflectional potentiometers are more effective.

The brook’s deflectional potentiometer is as shown in the Fig. 5.11.

I

W Working battery
Rheostat
haain dial Shding contact

T T

o 1
u
El::: to ba z
aasared gakanometer

Fig. 5.11 Brook's deflectional potentiometer
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This type of potentiometer incorporates only one or two main dials only. The main
dials of the deflectional potentiometers consist decade resistance boxes. To indicate
deflection, a centre zero type galvanometer is used. The galvanometer circuit includes
the compensating resistors R; and R: which have values so adjusted that they indicate
the resistance of the potentiometer for the unknown emdf. to the measured.
Irrespective of the position of the sliding contacts, the resistance of the compensating
resistors will remain same. That means the current through the galvanometer is
directly proportional to the current due to out of balance. Thus whatever may be the
setting of main dial, the galvanometer can be calibrated so as to give the current for
out of balance e.m.f directly. Then the value of unknown em.f is the sum of the
galvanometer reading and the main dial reading.

5.10 Volt-Ratio Box

As per the discussion of d.c. potentiometers in earlier sechions, the maximum
voltage measured is less than 2 V. In practical applications if the voltage to be
measured is greater than 2 V, then along with the potentiometer a wvoli-box or
ratio-box or volt-ratio box is used. It is based on the concept of potential divider. It
consists of a high resistance having number of tappings. with properly adjusted
resistances between various pairs of tappings as shown in the Fig. 5.12.

300V e T

10000 03
150 Ve 1,

5000 £2
75V o :
} i '
280042 ««¥es % T
o i. 003 R poltentiometer

Common to
terminal

Fig. 5.12 Volt-ratio box

Consider that the voltage of the order of 150 V is to be measured. Then this
voltage is connected between the terminals 150 V and common terminal. The leads to
the potentiometer are taken from ftwo tapping points say 500 as shown in the
Fig. 5.12. Now if the voltage on the potentiometer is 1.3 V then the actual voltage to
be measured is given by

5000

Vourknomn = 1.3[ﬁ~]=13uv
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Thus by using simple concept of potential divider we can measure unknown
voltage,

5.11 Applications of D.C. Potentiometers

The main application of d.c. potentiometer is measurement of voltage. But it may
be also used for measurement of resistance, current and power. The d.c. potentiometer
is also useful in the calibration of voltmeters, ammeters, wattmeters etc. Let us take a
review of few applications of d.c. potentiometers.

5.11.1 Calibration of Voltmeter
The practical set up for calibration of voltmeter is as shown in the Fig. 5.13 (a) & (b).

Woll-ratio box
Potential divider o
To
o polentionneler
Stable
D.C.
supply
[+ i W
]
|
Violtmeter
o ba calkibrated
(a)
Volt-ratio box
1 [ =0 300 W
o a—AAAN— o150V
Stable Fing Voltmeter 75y
D.C. adjustment - ) wope |°
sueply | Coarse cabbrated | o 15V " o
adjustmeant potentiometer
1 oV
(b)

Fig. 5.13 Calibration of voltmeter

In both the circuits the concept used is of potential divider. The main important
requirement of these circuits is the use of very stabilized D.C. supply. The only
difference is that in the second circuit bwo rheostats used which are useful in coarse
and fine adjustment. With these adjustments it is possible to adjust a voltage such that
the pointer of voltmeter exactly coincides the major division. The voltage across
voltmeter is stepped down using volt-ratio box. For high accuracy it is advisable to
measure voltages near the maximum range of potentiometer.
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¥ error Ii-.—.hit. = 100
Ling

where lind

current indicated by ammeter and

I-.'n:l: = ]s =

The calibration curve of ammeter can be obtained by plotting % error against the
reading of ammeter ie. [ig4.

5.11.3 Calibration of Wattmeter

By using d.c. potentiometer it is possible to calibrate wattmeter too. The practical
setup is as shown in the Fig. 5.15.

(=)
} ey
Low | VWVir—e
voltage +; R .
R S
' Ta potentiometer
High + o
vollage _-.:.-.-l_' Wolt —
- . To
Supply - 'E:" potentiometar
o

Fig. 5.15 Calibration of wattmeter

A low voltage supply supplies a current to current coil (CC) of wattmeter. This
current is adjusted by using a rheostat R, in series with low wvoltage supply. The
potential divider circuit is supplied by a high voltage supply. The voltage is stepped
down by volt-ratio box and the tappings are adjusted accordingly. A voltmeter
measures voltage V and ammeter measures current [ which gives true power as,

Wiga = VI

This value can be compared with a value indicated by wattmeter. If two values are
not matching, a positive or negative error is indicated which is g;l'trmﬁb}r,
Wing — W
Wing

Y error = x 100
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5.11.4 Measurement of Resistance
The set up for measurement of resistance is as shown in the Fig. 5.16.

To To
polentiometer patentiomeler
| H
N o
] 1 : |
Stable Rheostat Ammetar Mg R
D.C.
supply

Fig. 5.16 Measurement of unknown resistance

A resistor whose resistance is to be measured is connected in series with a
standard resistor of resistance R;. The current through the circuit is supplied by a
stable D.C. supply and it is controlled by a rheostat Ry. The current is adjusted such
that the drop across each resistors is of the order of 1 V. Due to the current [, voltages
are developed across R, and R. Both are then measured by using a d.c. potentiometer.

Let the voltage across standard rosistance be Vygs. Then, we can write,
Ves = | R - (1)

Let the voltage across unknown resistance be V. Then, we can write,

Ve = 1R - (2)
Dividing (2} by (1),
Ve _ R
Vs R.

Hence the unknown resistance is given by,

R, = R [-ES-J . (3)

The basic requirement of above measurement method is that the current flowing
through the circuit should remain same during measurement of voltages across R and
R;. This need can be fulfilled by using a stabilized D.C. supply at the input.

5.11.5 Measurement of Power
The circuit diagram for measurement of power is as shown in the Fig. 5.17.
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Fig. 517 Measurement of power
The power across load can be calculated as,

PF=1V

In above circuit, voltage across standard resistance R, is measured using
potentiometer. Let it be Vgs. Then current flowing through it is given by,

_ Vs :
I = R, e (4)

For the measurement of voltage V across load, volt-rabio box is conmected across
load. The output of volt-ratio box is then connected to potentiometer. Let it be V.
Then the voltage across load is given by

V = k Vg - (5)

where k is the multiplying factor of volt-ratio box and Vp is actual reading of
potentiometer when it is connected across volt-ratio box. Thus from equation (4) and
(5), the power is given by,

P = Vi=(kVg) 1‘];“5]
% L]

Ve V

5.12 Self Balancing Potentiometer

The self balancing potentiometers have the ability of automatic self balancing. As
their action is automatic, the attention of the operator is not required constantly.
Another advantage of the potentiometer is that it plots a curve of the quantity being
measured. These potentiometers are panel mountable and can be used as monitoring
displays for the quantities being measured.
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In general, in normal potentiometers, any unbalance e.m.f produces a deflection
through the galvanometer. But in self balancing potentiometers first the e.m.f. being
measured is balanced against known emuf. In selt” balancing potentiometer, the
unbalanced em.f. is applied to the input of an amplifier which amplifies signal and
then this amplified signal is given to the input of the motor, This drives a motor and
thus the motor moves a sliding contact to balance the potentiometer automatically.

But the main disadvantage of this system is that working with the d.c. signals.
Basically the unbalance em.f. is of d.c type. This d.c. signal is applied to the dc
amplifier. But output of the d.c. amplifier is not stable and it may suffer due to the
drift in the signal level. Hence the self balancing potentiometer with d.c. amplifier is
not used commercially in the industrial applications.

To overcome this limitation, between an amplifier and the potentiometer, a
converter is used. The main component in this section is reed switch which is excited
by an a.c. current. When the reed switch operates, the switch changes the condition at
primary of the transformer by reversing the direction of the current in the primary
winding. For every vibration of the reed switch, this process takes place. As a effect of
the reversing current in the primary current, the e.m.f. induced in the secondary of the
transformer is a.c. So the output of the transformer is given to the a.c amplifier. Thus
using reed switch a d.c. emdf. is converted to an ac. emf. So the amplified a.c.
output is proportional to the unbalance d.c. eem.f. inputted to the reed converter.

The output of the amplifier is then connected to the control winding of the two
phase induction motor; while the other winding is connected to the supply voltage.
The phase difference of 90° is maintained between the output of the converter and the
supply line voltage. This is achieved by using a simple capacitor at the converter side,
Because of this, the amplifier output voltage either leads or lags the ac. supply
voltage by 90°. Depending upon the phase of the output of the amplifier, the direction
of the motor is decided. But the phase of the em.f. obtained as output of the amplifier
depends on the polarity of the unbalance d.c. emf. input to the converter. If the
measured em.f. is greater than the balancing voltage of the potentiometer, then motor
rotates in one direction. Similarly if the measured emf. is less than the balancing
voltage of the potentiometer, then motor rotates in other direction because the polarity
of unbalance e.m.f. reverses and thus the output of the amplifier gets shifted by 180°.

The potentiometer balancing action can be realized by connecting shaft of the
motor to the slide wire of the potentiometer mechanically.

Ultimately if the e.m.f. being measured and the potentiometer voltage both are
equal, then the output of the amplifier becomes zero since unbalance condition is not
present. Thus irrespective of polarity and the magnitude of the amplifier output, the
motor rotates due to the output of the amplifier and achieves the sliding contact to
reach to the balance condition.
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) Balancing
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Fig. 5.18 Self balancing pntenﬂmﬁater

In above circuit, the temperature is recorded. The thermocouple is used to measure
the temperature difference. But directly this signal can not be applied to the amplifier,
in spite the em.f produced by the variation in temperature at not and cold junctions
of the thermocouple is compensated by an electrical circuit.

The resistor named [ in the circuit is made up of nickel copper alloy compensates
for the change in the temperature at reference junction. The resistor G is used balance
voltage drop across . The significance of this resistor is that zero suppression is also
possible. The resistor and slide wire 5 together measuwres the signal while the
calibration of the circuit with reference voltage is carried out with the help of resistor
B. To adjust working current, rheostat 5; is used.

The set-up consists filter section which is used to remove unwanted stray ac.
signals.

The motor which maintains the balance position of the potentiometer is coupled
with a pen mechanism. So whenever the variable being measured varies, the pen
mechanism is actuated, thus the pen moves over a chart and the paramcter is
recorded on the strip chart.
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513 A.C. Potentiometers

The basic principle of operation of d.c. potentiometer and an a.c. potentiometer is
exactly same. But in a d.c. potentiometer, the balance between voltage drop across the
slide wire and the magnitude of unknown voltage is obtained. While in an a.c.
potentiometer, the two voltages should be balanced in magnitude as well as phase.

Izlmﬂdlj; a.c. pntentinmutm‘s are classified on the basis of method of measurement
of unknown voltages. There are two types of a.c, potentiometers as,

i) Polar type a.c. potentiometer in which the magnitude and phase angle of
unknown voltage are measured on different scales directly. The phase angle is
measured  with respect to some reference phaser. As the voltage measured is
represented in polar form as V £8% the a.c. potentiometer is called polar type a.c
potentiometer.

i) Co-ordinate type a.c. potentiometer in which the two components of an
unknown voltage are measured on bwo different scales. Une of the components
measured is inphase component while remaining is quadrature component. Both the
components are 90° out of phase with each other. If the inphase component and
quadrate components are represented by Vy and Vi respectively then the magnitude
and phase angle of an unknown voltage can be represented as given below.

v 1‘.' ‘I-"jf + \,;Hz and

Vi
— t —
1] tan [ Vs ]

For the measurement of all angles upto 360°% the provision is made in such
potentiometers to read positive as well as negative values of Va4 and V. As the two
components of the unknown voltage represent rectangular form of voltage, the
potentiometer is called co-ordinate type a.c. potentiometer.

5.13.1 Basic Requirements of A.C. Potentiometers

1. In a.c. potentiometers, the basic requirement is that, at all the instants of time
both the voltages being compared must be equal with respect to magnitude and phase
both. Hence the current in the potentiometer circuit must have same phase and
frequency as compared to the voltage being measured. Hence in a.c. potentiometers,
the current in the potentiometer circuit is derived from the voltage being measured.

2. While comparing two voltages in a.c. potentiometers it is necessary to measure
the potentiometer voltage accurately as a.c. reference is not available in the circuit.

3. The a.c. source must supply exactly sinusoidal signal. It is necessary in a.c
potentiometers as the detectors used in it are vibration galvanometers. Being tuned
circuits, these galvanometers may respond hormonics present in one or both the
voltages. Due to this, achieving balance point is a very difficult task,
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The wvariable capacitor and resistor shown in the circuit diagrarn are so adjusted
that exact quadrature component between the two stator winding currents is obtained.

An electrodynamometer type amme.er is used to measure ac. as well as dc
currents during the standardisation of an a.c. potentiometer.

5.14.1 Standardisation of Drysdale-Tinsley A.C. Potentiometer

In standardisation of a.c. potentiometer, both d.c. as well as a.c. standardisations
are done. The d.c. standardisation is done first by replacing vibration galvanometer by
YArsonval galvanometer. A standard cell such as Weston cell is used for d.c.
standardisation. Then by adjusting sliding contacts null deflection in galvanometer is
achieved. The reading of a precision ammeter included in battery supply is noted.
During a.c. standardisation again vibration galvanometer is used. The ammeter is still
included in the supply circuit but now this circuit is without standard cell. By
properly adjusting resistance in the circuit, the rm.s. value of current in slide wire is
made same as that of d.c. current noted in d.c. standardisation.

5.14.2 Measurement of Unknown e.m.f.

The circuit diagram for measurement of unknown emf using an a.c
potentiometer is as shown in the Fig, 5.20.

&, g
Waltage to be measurad
P P a
1
: ®
s
Fixed Slide wire Prociss
eCision
rasl:;alm:-e ATAAIAT 5
0
Tor rofor of
phase shifier
—n
Er
‘Wl& °

By
Rheaostat

Fig. 5.20 Measurement of unknown e.m.f.

An em.f. to be measured is connected across terminals A-A’. The shiding contacts
P, and P; and the position of rotor in phase shifter are adjusted simultaneously till the
balance is obtained as indicated by the null deflection of vibration galvanometer.

At balance, the magnitude of the unknown e.m.f. is obtained from B, and F5. And
the phase angle is obtained from the scale reading which is mounted on the top of the
instrument. Thus the unknown e.m.f. can be expressed in polar form as EZ8°%
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Supply Supply
phasa 1 phase 2
l.nml T, Lml T,
i I- -------- i l— ---------
SO0
C
R
& -
Singie-phase
=il B

Fig. 5.22 Phase splitting circuit

5.15.1 Standardisation of Gall-Tinsley A.C. Potentiometer

First of all d.c. standardisation of potentiometer is done by using standard cell and
D'Arsonval  type galvanometer. Then without disturbing this setting, a.c.
standardisation is done by adjusting slide wire current to give zero deflection. Then
previous galvanometer is replaced by vibration galvanometer and also direct current
supply is replaced by a.c. supply. Then the rheostat is adjusted till the current in the
quadrature potentiometer wire is same as that in the in-phase potentiometer
magnitudewise. Also these two currents must be exactly in quadrature.

5.15.2 Measurement of Unknown e.m.f.

The em.f. to be measured is connected across the terminals A-A" using selector
switch S;. The sliding contacts of both the potentiometers are adjusted till the null
deflection is obtained in the vibration galvanometer.

Under the balance condition, the in-phase component of the unknown em.f. is
obtained from in-phase potentiometer while the quadrature component of the
unknown e.m.f. is obtained from quadrature potentiometer. If needed the polarity of
the test voltage may be reversed by using sign changing switches 5 and 5z to balance
the potentiometers.

If V4 and Vi are the two potentiometer readings, the magnitude and phase angle
of unknown e.m.f. are given by,

vV = 1||1"'r,§ +\|"E and

o ()
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Potentiometers
Ta a.c. potenticmalar
i ‘ & ]
Wy
HS
aC Standard " To
S o resistance acnil a.c.
supply :} potentiometer
e .
Fig. 5.23 Measurement of self reactance of coil
Voltage across coil = v = V.28,  in polar form - (1)
Voltage across Ry = v, = V.20, . (2)

The current through coil can be calculated as,

H . (3)

The impedance of coil can be calculated as,

r

£ = 11 Ve £8e = R, Ve £, -0, e ()
i [‘n.-’,k 0 } V.

We can write this impedance Z in rectangular form in real part and imaginary
part as resistance and reactance.

The resistive part of impedance is given by,

R = Zcos (8. -8.) =~~~ cos (B ~6,)
=

The reactive part of impedance is given by,

- ()

X = Zsin (6, -0,) = R;ﬂ,""f sin (8. —85) ... (6)

Thus equation (6) represents reactance of the coil.
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Examplas with Solutions

momp Example 5.1 : A current in the circuit is measured wsing a simple slide wire. 11 is
observed that voltage drop across 0.1 £ standard resistor is balanced at a length of
75 cm. Find the magnitude of the current if the standard cell 5 of emf. 1.45 V
balanced at length of 50 cm.

Solution : From the data about the length on the slide wire balancing the standard
cell, »+= can write,
e.m.f. of standard cell

Voltage dro it length = )
B P per trit 1eng length of slide wire at the balanced condition

145

- T
5 0.029 V/cm

Voltage drop per unit length =

Now voltage drop due to unknown current is balanced at the length of slide wire
equal to 75 cm. Hence the corresponding voltage across standard resistor is given by,

75 (Voltage drop per unit length)
75 (0.029)

Voltage across standard resistor

I

2173V
Hence unknown current can be obtained as,

Vaoltage drop across (1.1 standard resistor
Standard resistor

[ = 2175 _ apas A

01

iy Example 5.2 : Design a voli-ratio box with a resistance of 20 £V and ranges 3 V,
10V, 30 ¥V, 100 V. The volt-ratio box is to be used with o potenbiomeler having a

measiring range of 1.6 V.

Solution : Let the output voltage of potentiometer be 1.5 V. The resistance of
voli-ratio box per volt is 20 £2/V,
. Total output resistance R = (20) (1.5) = 300

For volt-ratio box,

Actual voltage measured (Vi ) = | Output resista F
u resistance o

Measured voltage ] [Resistanm of tapping
F_ potentiometer

on potentiometen| V., )
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mmp Example 53 : A Crompion’s polentiometer consists of a resistance dial having 15
steps of 10 02 each and a series comnected slide-wire of 10 Q divided into 100 divisions. If

tie working current of the potentiometer is 10 mA and ench division of slide wire can be
th

read accurately upto = of ifs span, calculate the resolution of the potentiometer in volts.

]

Solution : The total resistance of Crompton's potentiometer is the combination of the
resistance of dial and the resistance of slide wire, Hence we can write,

Fr = Rpw + Rejgewire

But the resistance of dial is given b}r,

(Mo. of steps) (Resistance of each step) = (15) (10)
= 1502

Epial

Hence total resistance of the potentiometer is given by,
R'_r = R'Di_ﬂ +E5Ii.-.{-|.'eru = 150 + 10 = ]ﬁﬂﬂ

The working current of potentiometer is [ = 10 mA = 10 10-3 A,
Then the voltage range of the potentiometer is given by

V = (Reidewire) (I) = (10) (10 x 1077) = 01V

Now the slide wire has 100 divisions, thus each division represents a voltage of

01
T = 0001 V. h
i

Each division of the slide wire can be read accurately upto % of its span, then

the resolution of the Crompton's potentiometer is given by,

Resolution = (0.001) (%} = 0.0002 V

mmp Example 5.4 :  The voltage-ratio box shown in the Fig. 5.25 is designed in such a
way that when 200 V' is applied to the input terminals, the oufput voltage of 4 V is
available at the output terminals of the box. Additionally the total resistance at input
termiinals must be equal o 1 MO Determine veltage box ratio and values of By and

Ra.
+
%Ft'l
W

-+
1 1

t §H2 "l.l"z Potentiometar
]

—_-

Input Cuiput
Fig. 5.25
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Solution : The voltage box ratio can be obtained as follows.

Ratioc =

Input voltage (i.e. unknown voltage) 200 50
Output voltage T4 1

Thus the voltage ratio box has ratio 50 : 1.

Now by potential (or voltage) divider rule,

Va

I
=
| —
s
‘P
=
Fad
| I———

My _ B +Ry 50
Vo R 1
Simplifying, we get,
By + R = 50R;
Ry = 49 Rz v (1)

But the condition is that total resistance at the input terminals (i.e. Ry +Ry) must
be 1 ML

Ry +Ry = 1x=10° - (i)
Solving equations (i) and (ii) we get,
Ry = 20 K2
Ka = 980 k)

immp Example 5.5 ¢ In the low resistance measurement technigue using potentiometer
followwing readings were observed.
i} Voltage drop across low resistance under fest = 0.97825 V
i) Voltage drop across a (.1 € slandard resistance in series wilh unknown resistance

= 1.02575 V

The resistance of the standard resistor at the temperature of fest is 1.00024 ). By
sebting the potential digl to zero and breaking curvent passing through unknoum
resistance the thermal emf. of latter produces a galvanometer deflection equivalent to
19 uV, in the direclion same as that produced by an increase of the potentiometer
reading during the voltage measurement. Calculate unknown resistance.

Solution : The drop across low resistance under test = 0.97825 V
The thermal e.m.f. with unknown resistance = 19 uV = 0.000019 V.

Hence actual voltage drop across unknown resistance is given by,
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Vi = 097825 - 0.000019 = Q978231 V

Thus the unknown resistance is given by,

v
R = v"uR#

5

where k. = Standard resistor = 100024

V. = Voltage across Rg = 102575

0.978231

TooEs 0.100024

R = Unknown resistor =

0.095399 0

s Example 5.6 : Mensurement for the determination of impedance of @ coil are made on
a co-ordinate type potentiameler. The resulls are as follows :
Voltage across 1§ standard resistance in series with the coil is + 0952 V on in-phase
dial and - 0.34 V on quadrature dial.
Voltage across 10 : 1 potentinl divider connected fo a terminal of coil s + 1.35 V on
in-phase dial and + 1.28 V on quadrature dial. Caleulate resistance and reactance of the

conl.

0.952-70.34

Solution : Current through the coil =1 = = (0.952-j0.34) A

Similarly voltage across coil = V = 10 (1,354 1.28) = (135+]12.8) V

. Vo 135+j128
Impedance of the coil = Z = T~ 0953-j03

7 = 18387 ~44.118°
1.018 £ - 19.653%
Z = 18.062 £ 63.77° 0}
This impedance can be represented in rectangular form as
Z = 7983 +j1620Q =R +jX
Hence, the resistance of the coil R = 7983 (0= 8 )

and the reaclance of the coil X = 1620}

vy Example 5.7 : Powvr is measured with an ac. potentiometer. The voltage across a
0.1 £ standard resistance connected in series with load 15 (035 -701) V. The voliage
across 300 : 1 potestial divider connected to supply is (08 + j015)V. Determine power
consumed by load and power factor.
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(0.35-70.0)

Solution : Current thn:rugh load =1 = 53

(35-j1) A

364215947 A

fl

‘I.-’ultage across load

Vv

Vo= 300{0.8 +§ 0.15) = 300{0.8139 £10.627)
244182 Z1062° V

Phase angle of load = 10.62°-(-1594%) = 26.56° = ¢
Power factor of load = cos ¢ = cos (26.56)°= 0.8944
Power consumed by load = |V| |1 cos ¢
= (244.182) (3.64) (0.8944)
= 794.96 W
inmp Example 5.8 : A non-reactive resistor of 1000 €2 is connected in series with a coil
and @ capacitor at 50 Hz. If the voltages across R, coil and C are (0.6 - j 0.24) V,

(e + j 04) Voand (= L1 = j (L4} V respechively, Calculate power dissipated and
energy stored in each component,

Solution : The circuit elements in series are as given below.

R R o
R=1000 01 Vo ' o !
Coil Capacitor
Fig. 5.26

Voltage across 1000 €2 resistor = Vg = (0.6 - j 0.24) V

Hence current in the resistor and hence through series connection is given by,

. _ &
Ve _ 06-j024 06462 £ -218° o0 918 mA

L= 1000 = 1000 1000

The impedance of the coil is given by,

Vil _ 0.6+j0.4 B 0.7211 £ 33.69°

Eol [  06362x 1032 -218 06362 % 10-° £ - 21.8°

Z.q = 10357655 £5549°Q = (586.81 + j 853.49) Q

But Zet = Ry +jXL = Ry +j(2niL)
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Hence comparing expressions for 2.y, we can write,

Resistance of the coil = B = 58681 0

Reactance of the coill = X, = 8534902
Hence inductance of coil can be obtained as,
Xy = 2xfL = 85349
L = B53.49 _ 85349 _ 27167 H

2nf 2 xax50

Similarly the impedance of the capacitor is given by,
Vi -01-j04 a 0.4123 £ -104.03

Ko = = -
¢ I 06462 % 10-F £-21.8° 06462 10-° 2-218°
Ze = 6380877 £-822%0 = (8626 - j632.17) 0
But Ze = Re —jXc = Re~j| omn ]
o = kg =) AC = R J.klnff_'

Hence comparing expressions for £, we can write,

Resistance of the capacitor = K¢y = 862602

Reactance of the capacitor = X¢ = 632170
Hence capacitance is given by,
1
- = ——— = 3 .
Xe = gnie = 02V
1
= e I — 5‘.
“ 2x = B x 632,17 035 uF

The power dissipated,
i) Across non-reactive resistor = Fi = (1"} 1000 = (0.6462 = 10-*)2(1000)

P = 04175 W

if) Across coil = Py = ((1/°) Ry = (0.6462 x 10-7)2(586.81)
S PBo= 0.245 mW
it} Across capacitor = Py = {|I|2:I Re = (06462 = 10~ 7)1 {86.26)

P = 0.036 mW
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The mean energy stored,

i) By Cail LI

n

Ba| = )=

ii) By Capacitor C| chz = % x 5035 = 10-0 = {0.4123)°

e Examaple 5.9 @ A potenfiomeler that is accurale to + O.KN
deviation) is used to measure current through o stondard resistance

_;. x 27167 = (0.6462 x 10-3)2 = 0.567 uJ

= 0.427 uJ

1 wolts (sktandard
of 0T £ 010 %

(standard deviation). The voltage across the resistance is measured fo be 0.2514 volts,

What s Hwe current and to what ACCUIacY it has been determined,
Solution : i} Current through standard resistor E; is given by,

Voltage drop across standard resistor 'V,

Standard resistor R.

I =

0.2514
l = —— = 2514 A
0.1 3

2} The fractional standard deviation of current is,

v R
81 _ [r000013 ET
I (.2514 100
¥ = 0.001076
&1
Hence percentage accuracy of measurement of current = T 100

0.1076%

[Nov.-2004, Set-2]

(0.001076) (100)

wmp Example 5.10 1 During the measurement of a low resistance wsing a polentiometer
the following readings were obtained. Voltage drop across the low resistance under test

= 04221 V.
Voltage across the 0.1 €1 shandard resistance = 1.0235 V

Calculate the value of unknown resistance, current through it and power lost in it

[May-2004, Set-4]
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it) The total resistance of the circu * (Ry) is the addition of two resistances; namely
resistance of slide wire and resistance of rheostat i.e. By = Raige wice + B
Battery Voltage ~ 3
Working Current 5= 102

But Br = = 600 2

Thus the resistance of the series rheostat is given by,
Bn = By — Raigewie = 600 - 400 = 2000
iii) The range of total voltage measurement is given by,

Range of Measurement = (Working current) (Raide wire) = (921073 )(400)
= 2V

w) Length of 200 cm ie. 2000 mm represents 2 V, hence 1 mm represents
th

[%] =1 m¥. But the instrument can read uph:r% of 1 mm. Hence the resolution

of the instrument is,

Resolution = = (I mV) = 0.2 mV

) =

g Example 5.12 : A slide wire potentiometer has a battery of 4 V and negligible
piternal resistance. The resistance of slide wire is 100 0 and its length is 200 cm. A
standard cell of 1.018 V is used for standardizing bhe potentiometer and the rheostal is
adjusted so that balance is obtained when the sliding contact is at 101.8 cm. Find the
working current of slide wire and the rheostat setting. If the slide wire has division
muarked in mm and each division can be mterpolated fo one-fifth, calculate the resolution
of the instriement. |Nov.-2003, Set-2, May-2005, Set-1]

Solution : i) The slide wire potentiometer is standardized with an em.f. of 1.018 V
with the sliding contact at 101.8 cm. This indicates that the length 101.8 cm represents
voltage 1.018 V.

101.8

Thus resistance of 101.8 cm length wire=[2m:|:1{]ﬂ' = 5090

Hence working current is given by,

1.018
Il = —— = A
S0 - om

it} The total resistance of the circuit (Ry) is the addition of two resistances; namely
resistance of slide wire and resistance of rheostat. i.e.

Rr = Raide wire + Rpy
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Z = R+jX = 82406 + j 16.4561
Comparing, we get,

Resistance of the coil = 8.2406 ()

Reactance of the coll = 16,4561 03

mmp Example 515 : In the measurement of power by a polar potentiometer, the following
readings were obtained,

i) Vollage across a 0.2 £ standard resistance in series with load = 1.46 2 32° V.
i) Voltage across a 200 : 1 potential divider ncross the line = 1.37 £ 56° V.
Estimate the current, voltage, potwer and power factor of the load, [May-2005, Set-1]

Solution : Standard resistance and load are in series. Thus we get current through
load = I = Current through standard resistance

V. _ 146 £ 32°
R, 03

=732 30 A

Thus the magnitude of the load current is,

Il =73A
Voltage across load = Vg = 200 (1.37 & 56%) = 274 & 56° V
Angle between voltage and current is,

$p = 56-32 = 2

Hence power factor is given by,

PF. = cosd = cos 24 = 091334
The power consumed by load is given by,

Pt = |V [1]cos ¢

(274) (7.3} (0.91354)
1.8272 kW

Review Questions

Explain Hhe principle of besic polentiometer with neat diagram.

Wiat is stondardisation of potentiometer 7 Wiy it 15 necessary 7

Wilth neat diagram explain Crompton’s d.c. potentiometer.

Explarn Dug-range paletiomeler with suitmllye circuil dingram, Weile advantages of e s
Explain fhe scheme nsed for obtaining Dug-range in Duo-range potenfiometer,

ok e R
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{18
11.
12,
13,
14,
15,
16,
17
18.

'=m MW

Wrile a mole on perier polentiometer.

What is volt-ratio box ? Explain how volt-ratio box iporks

Write applications of d.c. potentiometers.

What is a.c. polentiometer ? Giow classification of a.c. polentionneter.
List the basic requirements of a.c. polentiomeler,

Explain briefly the connection diagram of Drysdale phase shifter.
Explain how Drysdale-Tinsley a.c. potentiometer is standardised.
How s the unkmowon e.mf. mensured using Drysdale-Tinsley a.c. polentiometer 7
Expiain brivfly co-ordinate tupe ac. polentiometer,

Write a note on applicetions of a.c. polembiomeler. .

Explain self balancing potentiometer with the help of circuit diagram.
Expiain true zero in potentiometer.,

Write a note on simple polemtiometer with calibraling circiil.

QaQ



Resistance Measurements

I

6.1 Introduction

The measurement of resistance is as important as the measurement of any other
electrical parameter. From the point of view of measurement, the basic knowledge of
resistance measurenent is necessary to understand the working of other instruments
used for the measurement of other electrical quantities. Basically resistances are
classified as low resistances, medium resistances and high resistances. This
classification is based on the values of the resistances., But practically this classification
truly indicates different techniques or methods applied for the measurement of
resistances such as low resistance measurements, medium resistance measurements
and so on.

6.2 Classification of Resistances

Let us study first, the basic methods used to measure resistance. From the
measurement point of view the resistances are classified as :

i) Low resistances : All the resistances of the order of 1 )} or less are
classified as low resistances.

ii) Medium resistances : From 1 {} onwards upto 0.1 ML} the resistances are
classified as medium resistances.

iii) High resistances : HResistances of the order of 0.1 M0 and higher are
classified as high resistances. The classification of resistances given above is not rigid
but forms the basis for the methods used for the measurement of the resistances of
different classes.

6.3 Voltmeter-Ammeter Method

The resistance is nothing but the ratio of voltage and current. Thus measurement
of voltage and current separately is sufficient for the resistance measurement. Thus
voltmeter-ammeter method is based on the principle of measuring voltage and current

(6 -1)
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separately. This is very simple method as the instruments required to measure voltage
and current are readily available in the laboratory.

Mathematically the resistance value is given by,

1|hll
R % = I_
where R, = resistance value to be measured
V. = wvoltmeter reading

ammeter reading

The two by prees of connections are used in this method, The connections are shown
in the Fig. 6.1{a} and (b).

—= [ = |
o =l
py T e
G‘D HA R,
B 4 o

{a} (b}
Fig. 6.1 Voltmeter-ammeter method

The ratio of voltmeter reading and ammeter reading gives the value of unknown
resistance R, correctly, if the ammeter resistance is zero and the voltmeter resistance
is infinite. Practically this is impossible and hence both the circuits shown, give the
inaccurate value of the resistance.

In the Fig. 6.1 (a), the ammeter carries the current which is the true current
passing through the resistance ie. [, But the voltmeter reading is not the true voltage
across the resistance. It is the sum of the voltages across the resistance and across the
ammeter.

Vo= VeV,
= IR, +1,R,
where E. = ammeter resistance

L. [R. #+ R,
Rm = }Ilr_=_[|—]

where R, = measured value of resistance
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R, = R, +R,
R, = R,-R,
Thus the actual value of resistance is same as the measured value if the ammeter
resistance is zero.
Actually the measured value is higher than the actual value of the resistance.

But practically if the value of resistance is large compared to ammeter resistance
(R, »> R,) then the effect of ammeter resistance becomes negligible. Hence the circuit
is used to measure the resistances in medium resistance range and is not suitable for
the low resistance measurement.

In the Fig. 6.1 {b), the voltmeter reading is the true voltage across the resistance to
be measured but the ammeter carries the total current which is sum of the current
through resistance and the current through voltmeter.

I| =E._+I-|_

- VLY
R, R,
where R, = wvoltmeter resistance
| AY N kY
o
R R,
R, = &%
" R, +R.,
R, R.
R.]_ -+ R.‘. = ﬁ.—n.l'.
B,
Rg; [I_R:I-E - _R'.l
_R'r H-r'ﬂ R: a a =
R, = = 4 djust
R -R. ]_Rm adjusting —ve sign
R.

Thus the actual value of resistance R, is same as the measured value R, if
Ru /R, is zero Le. the voltmeter resistance is infinite.

Thus the method gives the measured value which is smaller than the actual value,

But practically if the value of resistance to be measured is very small as compared
to the voltmeter resistance (R, << R,) then the effect of R, /R, becomes negligibly
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small and method gives true value of resistance. Hence this circuit is used for the low
resistance measurement.

The accuracy of voltmeter-ammeter method depends on the accuracy of the two
meters. Similarly the reading is not available directly and required to be calculated
from the readings. The division point between the two circuits is at the resistance
value for which the relative errors due to both the methods are equal. This is possible
for the resistance value given by,

. R, = R, R,

For the resistance values greater than this value, the circuit in Fig. 6.1 (a) should
be used while for the resistance values less than this, the circuit in the Fig. 6.1 (b)
should be used.

To avoid this difficulty, a practical circuit shown in the Fig. 6.2 can be used.

I -l

& I oy
2L W
s &
ij | A R,

Fig. 6.2

While using this circuit, the switch 5 is used which is to be kept in position 1 and
observe the ammeter reading. Change the switch to position 2. If the ammeter reading
does not change, restore the switch in position 1. This indicates the value of resistance
to be measured is low.

If the ammeter reading decreases after throwing the switch to position 2, keep it in
the position 2 itself to take the readings. This indicates that the resistance to be
measured is a high value resistance.

Thus the accurate value of resistance can be obtained.

6.4 Series Type Ohmmeter

Instead of measuring both voltage and current, many instruments keep one of the
two quantities constant. Thus the measurement of other quantity is nothing but
proportional to the value of the resistance. If current is kept constant, a voltmeter
reading across the resistance is directly proportional to the value of the resistance. This
is the principle of the ohmmeter. Similarly if the voltage is kept constant, an ammeter
in series will have deflection proportional ts the conductance but the meter can be
calibrated in terms of the resistance.
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The values of R; and R: can be determined from the value of R, which is half
scale deflection resistance.

Ry

Ry +[Ra2|IRu]
R: H-Ln
= Rt gow,
For half scale deflection, the battery current is,

'||'.J'
2Ry,

Iy

This is because the total resistance presented to the battery is then 2R, as
R.. = Rh.

To produce full scale deflection current, battery current must be doubled.

2V v
I[ - z.lh =-1—T=.ﬁ_h

When terminals A-B are shorted,

meter current

£
I

current through R,

—
[B]
I

Ly =l

_
[
Il

Now voltage across shunt R is the voltage across the meter.
Vi = Vm

2Ry = lpy Ry

| B
R ] F.HJ.I mn
2

1!':4] th
[

But 1,

|

~

-

]
E
-~
3

_ Ve RaRy
Ry = VTR ~ (1)
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B:; Rn
PRI IR,
_ R:Ry

RI'I'R.-"

Now Ry = R

Ry

=
n

Substituting value of R> we get,
legg B By B
T V-TmR,
legg R Ry
V-lmaRy

H|:Rh

+R

ley Ry R
R, = a.,-% . (2)

From the equations (1} and (2), the resistances R; and R: can be determined.
The series ohmmeter is a popular instrument and is used extensively.

ey Example 6.1 : A 50 Q basic movement requiring a full scale current of 1 mA is fo
be wsed as an ohmmeter. The internal batfery voltage is 3 V. A half scale deflection
marking desired is 1000 €. Calculate
i) values of Ry and R»
i) maximun value of Rz to compensete for a 5 % drop in battery voltage.

Solution : The given values are, R,= 10000, R, =500, V=3V, 1z =1 mA
P R Ry,

i) Now Ri = Ry- v
~ 1000 . 1X10°7 x50x1000
3
= 983330
-3
and R, = lod R Ry 1x10°3x50x1000 .

T V-l Ry 3-1x107x1000
ii} Due to 5% drop in battery voltage, the voltage becomes,
V=3-005=3
= 2B5V

Hence the corresponding value of R is,
lgg R Ry 1x107°* x50=1000
V-lrgRy 2B5-1x 10 1000

27.027 £

Ry =
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The Fig. 6.7 shows the basic Wheatstone bridge circuit.

Ratin
Arms

Linknown
resistanca

Standaid
T resistance

alll=
E

Fig. 6.7 Wheatstone bridge

The arms consisting the resistances Ky and K; are called ratio arms. The arm
consisting the standard known resistance Ry is called standard arm. The resistance Ry
is the unknown resistance to be measured. The battery is connected between A and C
while galvanometer is connected between B and D.

6.6.1 Balance Condition

When the bridge is balanced, the galvanometer carries zero current and it does not

show any deflection. Thus bridge works on the principle of null deflection or null
indication.

To have zero current through galvanometer, the points B and D must be at the

same potential. Thus potential across arm AB must be same as the potential across
arm AD.

Thus ]| R] = 11 Rq we L1}

As galvanometer current is zero,

L =13 and la= 14 . e (2)
Considering the battery path under balanced condition,
E
I I3 = R TR, e (3)
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E

)

Using (3) and (4} in {1},

E k
£ R| = “R_H_-FI-R; o8 R..]

R] +R:

Ri(Rs +Rs) = Ra(Ry +Ra)
R| R_‘I. +H.| E.| = R| R+ +R3 Rq

Ry = Ry =L . (3)

This is required balance condition of Wheatstone bridge.
The following points can be observed,
1. It depends on the ratio of B; and E; hence these arms are called ratio arms.

2. As it works on null indication, the results are not dependent on the calibration
and characteristics of galvanometer.

3. The standard resistance R1 can be varied to obtain the required balance.

6.6.2 Industrial Form of Wheatstone Bridge

In an industrial or laboratory form of Wheatstone bridge, the resistances Ky, R;
and R3 are mounted in a box. The values are selected by the dial switches. The ratio
R; / R; is adjusted as per the requirement using ratio selector switch. The resistances
Ry and R generally consist of four resistors each of 10, 100, 1000 and 10,000 £
respectively. The resistance R3 can be adjusted using 4 dial or 5 dial decade
arrangement and thus its value can be adjusted from 0 Q to 10,000 ©2 or 10,0000 €2
depending upon 4 or 5 dial decades available. The battery is connected across the
battery terminals while the unknown resistance is connected across X, = X; terminals
as shown in the Fig. 6.8. The galvanometer is connected across the terminals
marked G. The Fig. 6.8 shows this commercial form of the Wheatstone bridge.

Please refer Fig. 6.8 on next page.

While using the bridge, connect R, battery and the galvanometer. Select the ratio
Ry / Ra using ratio selector switch. Adjust Ry till the galvanometer deflection is zero.

Then Ry is given by (K; / R2)R;. Repeat the set for various values of the ratio
R; / R; and find the average to minimise the errors.
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© © ©°©

For battery Ratio selactor switch (R /Ry} For galvanometer
=100 @ Ay
o .01 For Ry
%1 Linknown

gl 1

3 —w[3 & 5} 5Decade

B 1_F arangement
TG for Ry
w1

© ©

Lock for Lock for
battery galvanometer

Ohm at 20°C

Fig. 6.8 Commercial form of Wheatstone bridge

6.7 Sensitivity of Wheatstone Bridge

When the bridge is balanced, the current through galvanometer is zero. But when
bridge is not balanced current flows through the galvanometer causing the deflection.
The amount of deflection depends on the sensitivity of the galvanometer. This
sensitivity can be expressed as amount of deflection per unit current.

deflection D

Sensitivity 5 =
MSIRVILY current I

As the current i1s in microampere and deflection can be measured in mm, radians
or degrees, the sensitivity is expressed as mm/pA, radians/pA or degrees/pA. More is
the sensitivity of a galvanometer, more is its deflecion for the same amount of
current.

Another way of representing the galvanometer sensitivity is the amount of
deflection per unit voltage across the galvanometer. This is called voltage sensitivity
of the galvanometer. Mathematically it is denoted as,
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where e

1]

It is measured in degrees per volts or radians per volts.

voltage across galvanometer

H

deflection of galvanometer

While the bridgu slzt'lsith.-'it:,-I is defined as the deflection of the galuannmeter per

unit fractional change in the unknown resistance. It is denoted as Sa.

[ >

where AR/R

6.8 Wheatstone Bridge Under Small Unbalance

unit fractional change in unknown resistance.

The bridge sensitivity can be calculated by solving the bridge for small unbalance.

At balance condition, E; = Rj

L. H_'-.

Re |

Let the resistance Ky is changed by AR creating the unbalance. Due to this, the
eanf. appears across the galvanometer. To obtain this e.m.f., let us use Thevenin's
method. Bemove the branch of galvanometer and obtain the voltage across the open

circuit teminals.

Eap

Iy

Ik

2 (Ry +AR)

Ry +Ry +AR

vTH = EAD - E.—";E

E(Rs + A R)
R]'I'Rq 'I'ﬂl._R R]TRE

| R: +Ry +AR Ry + Rs

- (1}
- (2)

- (3)
. {4)

.. (5)

- (6)
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E'-|- —_ RF EII"l.'E't'l R] E._|,

A Ll I ) -
¥ Ry  R: R, +R: Rs +Ra

w14

aill=
E
Fig. 6.9 Bridge under unbalance

Using above relation in equation {&),

E{ R.q ‘|'.I5R. E__I }

VH Rs +R; +AR R; + Ry

- E R}Rq + R}ﬁ.ﬂ‘l‘ RE +R+ﬂ.R—R3R4 —RE _R.Il':'I.R.
N (Rs + Ry )(R; + B3 + AR)

ER: AR
(Ry +Ry)* +(Rs +Ry)aR

But as AR is very small, (Ry + Ry )A R<<(Ry + Ry)?

ER; AR
Vin = Vg =— 3 3 e (7)
{R:J_ + H4}
MNow S = 8, bridge sensitivi
" T AR/RTOE e
and AR/R = AR/ Ry as there is change in Ry.

From the galvanometer sensitivity Sy,
B = Sy xe where e = voltage across galvanometer = V,

Using 8 in the expression of Sg,
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Thus Thevenin's Equ.i\.ralent is as shown in the Fig. 6.11.

Req 5 Let R, = Galvanometer resistance
g “j i
’ Iz = Galvanometer current
Vin Ra Vn
o= (11
. Req + By

where Vry = Thevenin’s voltage
Fig. 6.11

6.8.2 Galvanometer Current Under Unbalanced Condition

Let the resistance Ky is changed by AR which has caused the unbalance in the
bridge.
As derived earlier,

Vi = —CRaAR . (12)

(Ry +Ry )

I

and now Ry (Ri|iRz ) +(Rs||Ry + AR)
R} [R-I +ﬂ.R} E; K-

R: +Ry +AR R +Ra

Meglecting AR compared to K3 and Ry,
K Ry Ky K

H-IH'I R_‘l. T R..|. + RL v R: wmn {13}
_ ¥V
% = Ry R, - (14)
For bridge with equal arms R, =RE; =RK3 =Ry =K then
ve. . ERAR_EAR
™7 OYRT TR
R* R*
and Rey = ﬁ"'ﬁ'ﬂ
EaR AR
|, = 48 _E(AR/4R) .. (15)
R+E, R+ R
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6.8.3 5 Interms of Current Sensitivity of Galvanometer
The deflection of galvanometer for a small change in unknown resistance Ry is,

B = 5y e=by V,S =—b"‘r E B3 J.“I.:R
(Ry +Ry)
. 5

Wh]IL F.I"ll.' = m
where 5y = Current sensitivity of galvanometer

0 = S; ER3 AR

(Rey + Ry )(Rs + Ry )’
S = b SiER; Ry
and i AR Ry (R + Ry bRy +Ry)? ... [16)

where Rey = (Ri[|R:)+(Ra || Ry + AR)

This is the bridge sensitivity interms of current sensitivity of the galvanometer,

Key Point: Practically R, can be assumed fo be Ry ns AR is small compared to actual
vilues of the resistances.

Ro = Ry =[Ry]|R2]+[Ra||R4]

6.9 Measurement Errors

The Wheatstone bridge is used to measure the resistances in the range 1 {1 to few
megaohms. But certain errors occur during the measurement using the Wheatstone
bridge. These errors are as follows :

i} The main error is because of limiting errors of the three known resistances.
Hence very precise resistances are required having tolerance of 1% or even
0.1%.

ii) The insufficient sensitivity of the null detector may cause the error.

iii) Heating effect : When the current passes through the resistances, due to the
heating effect (I°R} the temperature increases. Hence the wvalues of the
resistances of the bridge arms change due to the heating effect. The excessively
high current may cause the permanent change in the resistance wvalues. This
may cause the serious error in the measurement. To avoid this, power
dissipation in the arms must be calculated well in advance and currents must

be limited to a safe value.
f

I/

o
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It is used I::],r the tElE‘]JhCII'I.E mmpanies to locate the cable faults. The faults may be
of the tyvpe line to line short or line to ground short.

sy Example 6.2 :  The Whentstone bridge is shown in the Fig. 6.12. Calculate the value
of unknown resistance, assuming the bridge fo be in balanced condition.

|+

Fig. 6.12
Solution . As per the bridge shown in the Fig. 6.7 earlier,
By =102, R; =2k}, Ry =5K2 and R; =R,
Under balanced condition,

Ry = R,::.IE'_ R; =.]_.{!x5 = 5x5=25 ki}
R 2

Thus unknown resistance is 25 k.

mmp Example 6.3 : Calculofe the current through Hie galvanometer for the bridge shotn
in the Fig. 6.13.

(2]

ol
BY

Fig. 6.13
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Solution : From the Fig. 6.13.
By =7 K1 R =212,
Ry =4k2 R;=20k0, E=8V.

Use Thevenin's equivalent for I .
Vi = Vep=Vap —Vap

= [ Ry = Ky
E E
SRR GTRIR
_gl 20 _ 7
T Y120+4 T+2
= (.43 V
rall [ Thus B is positive w.r.t D.
E
Mow Re, = [By||R: J+[R: || B ... with E shorted
Fig. 6.14 eq = [Ral|R2 J+[Ra[| Ry ]
e =R R8s K
MY 1 M Ri+R: Ry +Ry
W L= _Ym _ 0.444
™ Rs " Req""Rg-r‘l--ﬂ-BEHlﬂjﬂl-Eﬂ{}
0 = 85.62 A
Fig. 6.15 This is the current through the galvanometer.

6.12 Carey-Foster Slide Wire Bridge

A Carey-Foster slide wire bridge is the elaborated form of the Wheatstone bridge.
This type of the bridge is most extensively used for the comparison of the two nearly
equal resistances. The circuit arrangement for the Carey-Foster bridge is as shown in
the Fig. 6.16.

Please refer Fig. 6.16 on next page.

The arms consisting resistances P and () are nominal equal ratio arms. The
resistance R is the resistance under test; while S is the standard resistance. A slide
wire of length L is introduced between the resistances R and 5 as shown in the Fig.
6.16.

Initially a balanced condition is obtained by adjusting the sliding contact on the
slide wire at a distance {; from the left hand side of the slide wire. After this the

positions of resistances R and S are interchanged and a new balance point is obtained.
Let the distance from the left hand of the slide wire be [5.
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1=
E
Fig. 6.16 Carey-Foster slide wire bridge

The first balance condition is given by,

P _ E+I'|_I'
SRR FY(EAT; -

where r = resistance of slide wire per unit length of the slide wire.
Similarly the second balance condition is given by,

" S+ lar
Q~ Re(-h)r @

Comparing equations (1) and (2), we can write,
R+ E[ r 5 + III‘

S+(I—1l)r  R+{l-1Is)r

Adding 1 on both the sides of above equations, we get,

R+hr S+ lar
— 4] = — 4]
S+(=h)r R+{l-la)r
R+hir+ S+ Ir_ hr _ S+far+ R+ Ir_ Iir
S+(l-N)r B R+{I-l)r
R+ S+ir S+R+Ir

S+{I-M)r R+{l-1a)r
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FaR
34 = 4
o Ry +K;
MNow Ry + By = Ry
Ra = Ry — Ry

Substituting (7} into (8),

RIHI,' _ H‘-l
AT s f[l‘RﬁRIJ
Rd} - R'|+R2

Substituting these values of R and R in the equation (4) we get,

R R}- Iz { R R'." ﬁ||
E" + R: Rj L R] + Rz J

KRy - EyRj + KRy

R, +

Rx +erRz ~ R: Ry +R2
_ RyRs
B, = R

- A7)

. (8)

A9

.. (10)

Thus equation (1} represents standard bridge balance equation for the Wheatstone
bridge. Thus the effect of the connecting lead resistance is completely eliminated by

connecting the galvanometer to an intermediate position b’

This principie forms the basis of the construction of Kelvin's Double Bridgr_- which

is popularly called Kelvin Bridge.

6.14 Kelvin's Double Bridge Method for Low Resistance Measurement

Kelvin's Double Bridge.

E of the terminal '4".
Fig. 6.18 Kelvin's double bridge

This bridge consists of another set of
ratio arms hence called double bridge.
The Fig. 6.18 shows the circuit diagram of

The second set of rativ arms is the
resistances 'a' and ‘b, With the help of
these resistances the galvanometer is
connected to point "3, The galvanometer
gives null indication when the potential
- =| |! - of the terminal '3 is same as the potential
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. b [ R,(a+h)
Esia = [I{1+in+hi_ﬁ+a+h:|
. b [ R {a+h)’
E = | ! ! Vi
513 [H]+ﬂﬂ-h|:ﬁ._.r+u+b_.i:| (7}
Mow Eys = Esia ... for balancing
IR, | (a+b)R, b [ Ry (a+b)]
— IRy + Ry +———— [ =1|R3 +
Rl*'ﬁz{ ! a+b+R}] [ ! n+h{a+h+Rk§]
{a+ bR, R, +Ra b | R,{a+h)
By + R, + . = = Ry + ¥
: a+b+R, R [ ' a+b{a+b+R}.
{ﬂ+b]R}- R] bR
. Rl —_ = le— | K - F
¥ *""'+h+R!" [ +Rg] 3+H}.+a+|}
+B1E. b E.. bR
LRy eR DRy RiRa P e |
a+b+ R, R: Ry+a+b Rz(R,+a+bh)
i RiRs bR, RibR, (a+b) R,
x = a —
R: Ry +a+b R:(R,+a+b) (Ry+a+b)
R = RiRs bR{R,  aR,
! R: Ri(Ry +a+b} {a+b+R,)
| I E bH-_ Ey ﬂ]
H;.. = e | —— =
R +{R? +a+h) [R: b .. (B)
a _ R . R _a_
But b " R thus R, b—ﬂ
RiRa
R, = R, .. (9)

This is the standard equation of the bridge balance. The resistances a, b and R,
are not present in this equation. Thus the effect of lead and contaci resistances is

completely eliminated.

Key Point : The important condition for this bridge balance condition is that the ratio
of the resisfances of ratio arms must be same as the ratio of the resistances of the second

rirkio ars.

In a typical Kelvin's double bridge, the range of a resistance covered is 1£2 to
10t} with an accuracy of £ (0L05 % to + (.2 %,
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The ratio of B; and R; is selected in such a way that the larger part of the
variable standard resistance is used and hence R, is determined to the largest possible
number of significant figures. This increases the measurement accuracy.

mmp Example 6.4 : Ina Kelvin's double bridve, there is error due to mismaich belveen
the ratios of outer and inner arm resistances. The bridge uses,
Standard resistance = T00L03 pf2
Inner raifo arms = 100,31 €2 and 200 02
Cheter ratio arms = 100,24 0 and 200 1

The resistance of the connecting leads from stondard fo unknown resistonce is 700 plk
Calculate the unknown resistance under this condition.

Solution : From the given data,
K
b

100.03 pf2, Rz = 10024 02, Ry = 200 03
10031 €3, a = 200 02, Ry = 700 13

Thus unknown resistance is,

R. = L2
R: [Ry +a+b]

E: b

... Reter equation (B) of section 6.14.

200%100.03%10%  100.31x700x 10 200 200
B 100.24 -[700x10® +200+100.31] | 100.24 100,31

1.99585 104 +(2,3381:104)(1,3923%10-7)

1.999% 10+ €2 = 199,905 pc)

6.15 Measurement of High Resistance

The measurement of high resistance of the order of hundreds and thousands of
megaohms is often required in electrical equipments. The examples of such resistances
are :

i) Insulation resistance of components like machines, cables etc.
ii) Leakage resistance of capacitors
iii} Resistance of high circuit elements like vacuum tube circuits.

But there are certain difficulties in measurement of such high resistances. Because
of very high resistance, very small currents flow through the measuring circuits, which
is very difficult to sense. The various other difficulties are :
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i)

1}

iii)

iv)

6.15.1

Presence of leakage currents : The leakage currents are produced and are of
comparable magnitude to the current being measured. Such currents cause
errors. These currents depend on humidity and hence are unpredictable. Hence
leakage currents mus. be eliminated from the measurement.

The stray charges may appear due to electrostatic effect. Such charges and
alternating fields can also cause serious measurement errors,

One point af the circuit may be connected bto earth for accuracy in
megsuraments,

When the voltage is applied to the insulation resistance, it takes some time for
charging and absorbing currents. The measurement should be delayed till these
currents vanish completely. In some cases, this may take very long time hence
the testing conditions include the time between the application of voltage and
the ohservation of the reading. This time must be specified for the accuracy.

Very high voltage is required in order to raise the current magnitudes. The |
galvanometer should be very sensitive and proper steps must be taken to
prevent the damage of galvanometer due to high voltages.

Use of Guard Circuits

Some torm of guard circuits are generally vsed to eliminate errors due to leakage
currents. The Fig. 6.21 shows the basic principle of guard circuit.

The high resistance mounted on a piece of insulating material is measured by
ammeter - voltmeter method. In Fig. 6.21 {a), it can be seen that the microammeter
carries the current which is a sum of leakage current | and the resistance current Iy .

Hence

the reading obtained by such measurement will not be a true reading due to

the error caused by leakage current.

L
g+ I Resistance I Guard
- 4 terminal P b terminal
o &

e

Egﬁ

] te
=@ lj’\ I
I\

1]
‘{i
A
=
—— et

*
- Leakage -
= resistance =
a} Without guard b) With guard

Fig. 6.21
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For this, a guard terminal is added to the resistance terminal block, as shown in
the Fig. 6.21 (b). This terminal surrounds the resistance entirely and is connected to
the battery side of the microammeter. The leakage current [L has now a separate path
and it bypasses the microammeter. The current through microammeter is lg only and
hence the high resistance can be determined correctly. The guard and resistance
terminal are at the same potential hence no current can flow in between them.

The same principle is used to guard the Wheatstone bridge. This is shown in the
Fig. 6.22.

Rasistance o
to be measured -=— Binding
;’f— _H\N'\-.. Post
o | P e
v ——e o~ - —
Insulator - R Instrument
— e I i/ Chasls
L |
Guard wera \l_l'/
= \‘___Laakage current
intercepted by
guand wire
—_—

I.: + IL
From bridge circuil

Fig. .22 Simple guard circuit

Without guard, the leakage current Ipalong the insulated surface adds to the.
current I, causing the error. A guard wire shown thick, completely surrounds the
surface of the insulated post and obstructs the leakage current and returns it back
towards battery. In schematic diagram, the guard around the R, binding post is
shown by small circle around the terminal. It does not touch to any part of the bridge

and is directly connected to positive of battery. The Wheatstone bridge with guard
terminal is shown in the Fig. 6.23.

Guarded
lerrhinal

Leakage
"_____ back to
E —— hattery

Fig. 6.23 Guarded Wheatstone bridge
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2

8. Switch .
n’,,-"' 1l

1

Fig. 6.28 Measurement of high resistance using loss of charge method
include leakage resistance of C

The circuit consists high insulation resistance R to be measured alongwith
capacitor of known value C shunted with electrostatic voltmeter and leakage resistance
Ri.

Initially, capacitor C is charged to suitable voltage say V; by moving switch to
posiion 1. Then switch is moved to position 2. The capacitor starts discharging
through parallel combination of R and R;. At certain instant t voltage across capacitor
C iLe. Vi is measured using electrostatic voltmeter. Thus in time t, voltage across
capacitor drops down from V, to Va. Let the equivalent resistance through which C
discharges be denoted by R’ where K|| E;.

The expression for current any instant t is given by,

i dq dy
= L _CX e (2
‘ dt dt @
But - Potential drﬂ?p across R _ % (3

Comparing equations (2) and (3), we can write,

-.II—.I:u = - ill_r"ll-r oar ﬁ}—lr. - —i‘l.t_
0y dt v RC

Integrating both sides,

W _ - | '
[m 1'-"'],*.' - [ﬁ]u
: Wa t

f
Le ! v, B

__t
Vi = Ve KT - 4)
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Thus if time t is known, the resistance R’ can be obtaining by measuring voltages
Vi and V. The same test is repeated with unknown resistance K removed. Then C
discharges through only K. Then expression is given by,

k

V, = V; e BRIt .. [5)

Thus the value of the leakage resistance of the capacitor can also be found out
using this method. Note that in this method, leakage resistance of the voltmeter can be
neglected if its value of low. If it is high, then it must be considered alongwith R;.

6.16.3 Megohm Bridge

To avoid the leakage current external to
the bridge, the junction of ratio arms R, and
Rg is brought out as a separate guard
terminal on the front panel of the
instrument. This can be used to connect
three terminal resistance. The three terminal
resistance is shown in the Fig. 6.29.

lGuaﬂ;l paint
Fig. 6.29 Three terminal resistance

The high resistance is connected between
two binding posts which are fixed to metal plate. The two main terminals of the
resistor are connected to the R, terminals in the bridge. The third terminal is the
common point of resistances By and Rz, which represents the leakage paths, from the
main terminal along the insulating post of the metal plate. The guard is connected to
the guard terminal on the front panel of the bridge as shown in the Fig. 6.30.

Guard lerminal Varighle
Eatin- arm

I_ R, Ry :D—@
g I

Re Amplifier and
4 null datector
'T Guard l"’t2
paoimt
1 .
Three-terminal Resistance
resistance rrdtiplier

Fig. 6.30 Guarded bridge with three terminal resistor
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This connection puts R; in parallel with ratio arm resistance R, but since K, is
very much larger than R, its shunting effect is negligible. Similarly R; in parallel
with galvanometer has no effect as R; is much higher than galvanometer. It slightly
reduces the sensitivity of the galvanometer. Thus the effect of external leakage path
can be removed by using the guard circuit on the three terminal resistance.

If guard circuit is absent, leakage resistances By and Ry would be placed directly
across R, and giving large error in the measurement.

6.16.4 Megger

Resistances of the order of 0.1 M and upwards are classified as high
resistances. These high resistances are measured by portable, instrument known as
megger. It is also used for testing the insulation resistance of cables.

6.16.4.1 Principle of Operation

It is based on the principle of elc:trumagnetir: induction. The Fig .31 shows the
construction of megger.

Compansating ool

Guard ring

4
[]

T3

AW
=
LS

Gward fErminal

Fig. 6.31 Megger
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When a current carrying conductor is placed in a uniform magnetic field it
experiences a mechanical force whose magnitude depends upon the strength of
current and magnetic field. While its direction depends on the direction of current and
magnetic field.

6.16.4.2 Construction

It consists of a permanent magnet which provides the field for both the generator
G and ohmmeter. The moving element of the ohmmeter consist of three coil viz
current or deflection coil, pressure or control coil and compensating coil. These coils
are mounted on a central shaft which are free to rotate over a stationary C-shaped
iron core.

The coils are connected to the circuit through flexible leads called ligaments which
do not produce a restoring torque on the moving element, consequently the moving
element takes up any position over the scale when the generator handle is stationary.

The current coil is connected in series with resistance R, between one generator
terminal and the test terminal Tz, The series resistance Ry protects the current coil in
the event of the test terminals getting short circuited and also controls the range of the
instrument. The pressure coil, in series with a compensating coil and protection
resistance K: 15 connected across the generator ferminals. The compensating coil is
included in the circuit to ensure better scale proportions. The scale is calibrated
reversely means the normal position of pointer indicates infinity while full scale
deflection indicates zero resistance.

6.16.4.3 Working

When the current flows from the generator, through the pressure coil, the coil
tends to set itself at right angles to the field of the permanent magnet.

When the test terminals are open, corresponding to infinite resistance, no current
flows through deflection coil. Thus the pressure coil governs the motion of the moving
element making it move to its extreme anticlockwise position. The pointer comes to
rest at the infinity end of the scale.

When the test terminals are short circuited ie. corresponding o zero resistance,
the current from the generator flowing through the current coil is large enough to
produce sufficient torque to overcome the counter-clockwise torque of the pressure
coil. Due to this, pointer moves over a scale showing zero resistance.

When the high resistance to be tested is connected between terminals Ty and Ty
the opposing torques of the coils balance each other so that pointer attains a stationary
position at some intermediate point on scale. The scale is calibrated in megaohms so
that the resistance is directly indicated by pointer.
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The guard ring 15 provided to elimmate the error due to leakage current. The
supply to the meter is usually given by a hand-driven permanent magnet d.c.
generator sometimes motor-driven generator may also be used.

6.16.4.4 Applications

The megger can be used to determine whether there is sufficiently high resistance
between the conducting part of a circuit and the ground. This resistance is called
insulation resistance.

The megger can also be used to test continuity between any two points. When
connected to the two points, if pointer shows tull deflection then there is an electrical
continuity between them.

6.17 Bridge in Controlled Circuits

The unbalanced bridge causes a potential difference across the galvanometer. This
potential causes current to flow through the galvanometer. If the bridge is used in
control circuit, the galvanometer is not used and the potential developed due to
unbalanced conditions across the two lerminals is used to drive some other control
circuit. This potential is called output voltage or error voltage.

While using bridge in such circuit, one arm of the bridge consists of a resistance
which is sensitive to the parameter under control. The various parameters are strain,
pressure, temperature, light ete, while parameter sensitive elements are strain gauges,
temperature sensitive resistors (thermistors), photoresistors etc. Under normal value of
the parameter, the sensitive resistance value Ky is such that B2 /Ry is same as By /Ry
and the bridge is perfectly balanced. The error signal is zero.

But when the physical parameter changes then Ry changes. This causes unbalance
in the bridge which produces the error voltage. This voltage is used to drive some
circuitry, which restores the condition of the parameter, thus bringing Ry back to its
normal value, maintaining the bridge balance. The entire control action depends on
the change in Ry and the production of the error voltage. Hence Wheatstone bridge
used in such circuits is called error detector. The error voltage is generally very small
and needs to amplify before using it for any control purposes.

The Wheatstone bridge used as an error detector is shown in the Fig. 6.32.
Please refer Fig. 6.32 on next page.
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— e+
E—
R, o Parameter
W H:’Iﬁlmrﬂ Errar
resisiance signal

o

Fig. 6.32 Wheatstone bridge as error detector

Examples with Solutions

g Example 6.5 :  The wheatstone bridee is shown in the Fig. 6.33. The galvanometer
has a current sensibiviby of 12 mmieA. The imbernal resistance of galvanometer 15
2000 €2, Calculate the deflection of the galvanometer caoused due to 5 € unbalance in the
arm BDD.

Fig. 6.33
Solution : From the given bridge,

R, = 1000 R, =10000
Ry = 2000 Ry = 20000
Now R Rs = 1002000 = 200000
RaR; = 200%1000 = 200000

For Ry = 2000 €, the bridge is balanced: But there is unbalance of 5 1 in the
resistance of arm BD ie R..

Ra = 2000 + 5
2005 0
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Due to this imbalance current will flow thmugh the galuanumeter.

By Thevenin's equivalent,

T4
Vi = E[ ! R4 ]

H.|+R._'-,_R:+Rq

ol 200 2005
100+200 1000+ 2005

10 [(.6667 ~ 0.6672]

- 5213 mV

The negative sign indicates that [ is more positive than C.
Ry R R Ry
Ei+R:y R:+Ry

100 200 . 1000 = 2005
(100 +200) (1000 + 2005)

Ry =

733.888 02

Hence Thevenin's equivalent is,
."ﬁ"n-"u" ¢ [ =¥
= T Ry + Ry
Vrn G.R,=2000 _ B213x101
733888+ 200
=5.582 pA

Fig. 6.33 (a) Mow deflection of galvanometer is
proportional to its sensitivity,

. D
5= 7

-
I

S« =12 mm/pA = 5582 uA

06,95 mm

mp Example 6.6 : The four arms of the Whealstone bridge have the following
resistances, AB = 1000 Q, BC = 1000 ©, CD = 120 £2, DA = 120 2. The bridge is
used for strain measurement and supplied from 5 V ideal batlery. The galvanometer has
sensitivity of 1 momfuA with inkernal resistice of 200 €2, Determiine the deflection of
the galpanometer if arm DA increases Fe 121 ) and arm CD decreases fo 119 1,
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Solution : The bridge given is shown in the Fig. 6.34.

1-!-
l

Fig. 6.34
Now Ry = 10000 Ry = 100010
Ry = 12102 Ry =1190

Let us calculate Thevenin's equivalent due to change in B3 and Ry

gl _Rs Ry
R|_+R!| RJ'FE.:

s 121 19 ]

T |1000+121 10004119 |

Vru

= 5 [0.1079 - (.1063]
= 7.975 mV

Ry Ry  R,Ry
+
R|+R_l. R:'PH..:

ll'lxlﬂﬂﬂ_r'l'lgxlﬂﬂﬂ
121 1000 119+ 1000

= 1079393 + 106.3449

L]

214.2842 )

Thevenin's equivalent circuit is,

2]
-,"v“fﬁﬂ.-"' - | = Vru
"-"m(D ;En G:)Rg = 2001} _ 7975103
2142842+ 200
. = 19.24 pA

Fig. 6.34 (a)
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MNow the deflection of the galvanometer is proportional to its sensitivity.

D
S=7

D = 8=1=1mm/pA = 1924 pA
= 19.24 mm
This is the deflection of the galvanometer,

e Example 6.7 :  Using the approximation of slightly unbalanced bridge, calculate the
current Hirough the galvanometer having infernal resistance of 125 £, for the bridge
stotn in the Fig. 6.35.

500 2 500 {1
sl
V=
H00 €1 820 2
Fig. 6.35

Solution : For the bridge shown,

E = 5000 and Ar = 2010

Using approximate result,

vo o Edr  10x20

™ AR 4500
= 01V

while Reg = E

= 500 102

Ry = 1250 given

Vip 01
IB = =

R +R, 500+125

160 pA
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mmp Example 6.8 : In the Fig. 630, the Kelvin's double bridge is shown, The ratio of R,
o Ry os 1200 82 while Ry 5 1082 and Ry = 0.5 Ry Calculate the value of nwnknown
reststance R .

Fig. 6.36

Solution : From the Fig. 6.36 and the balance condition we can write,

R, _ Ry
R- R,

For Kelvin's double bridge,

% = ratio of resistances of ratio arms
1
and % = ratio of resistances of second ratio arms
Ry _ Rs
RI Rn
B, Ry 1
R- R, 1200
MNow R, = 1002
R, = 0O5R,
_ R
R = 05 03
= 22
R. |
200 1200
20
R, = — = 0.0167 0
1200 0

This is the value of unknown resistance R, given by Kelvin's double bridge.
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mmp Example 8.9 : The femperature dependent resistor is used in one arm of a wheatstone
bridge. The other resistances are

Ry=10 MY , R>=10 K2 and R; = 10K}, E=10V

Caleulate the temperature af which the bridge is balanced. Also calculate the error
voltage at 60°C. The wvariakion of resistance against femperafure is shown in the
Fig.6.37.

Resistance
in k£ 10

(R,)

8
g

R ——. -

|
1
i
L]
i
1
]
L]
I
i
1
I
1
i

s e -

a0 100 Thmﬁ?mhl&

c

=
.y ————. Y
a
&

Fig. 6.37
Solution : For bridge balance,
R: _ R
Ry R

RyR; _ 10x10

Ry = R, 10

= 10 ki)

The Ry is 10 K when temperature is 80 *C, from the Fig. 6.37. Thus bridge is
balanced at 80 “C.

At 60 °C, the value of Ry is 9 K2 from the Fig. 6.37. Thus the error voltage can be
determined by Thevenin's equivalent voltage.

_ Ry Ry
€= E[R:|+R3 R3+R1.r]

0 9
10 [mnu ' m+9]
10 [0.5 - 0.4736] = 10 [0.0264]
= 0264 V

i

The error voltage can also be determined by approximation of slightly unbalanced
bridge. '
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Ar = 10-9=1 k2

o - Ear  10x1
T 4R 4x10 .

025V

imp Example 6.10 : The Whentstone bridge is used for the strain measurement. Determing
the supply voltage required to produce 10 mV error output voltage when one arm of the
bridge, sensitive to stress changes to 121 olims due to stress wiile all other arms remain
afl 120 ohms.
Solution : The bridge is shown in the Fig. 6.38.
MNow under balanced condition Ry = 120 Q.

The error voltage i.e. Thevenin's voltage i1s given as 10 mV.

Fig. 6.38
. _ Ry Ry
h-I“ - E[H|+R3 RJ"I'H.\,.']
120 121
-I. —_— T il —
10107 = [ummu 120 +1z1]
10«10 = E [0.5 = 0.5020]
poo  W0x107
T S20746x 103
= -482V

The negative sign indicates reversal of polarity, Thus the supply voltage required
is 4.82 V.

For this problem, approximation of slightly unbalanced bridge also can be used.

EAr
By = IR
Moy Ar o= 121 - 120
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- 10

. Ex|
10107 = 95
E = 4x120=10%103
= 48V '

iy Example 6.11 : A Whealstone's bridee circuit consists of ratio arms as 2000 €2 and
100 €b. The adjustable arm is adjusted lo tls maximum of 4 MY The supply veltage of
10V is used for the bridge.

1} D Hhe circuib dingram.

i) Deterntine maximum ynknounm resistance which can be measured.

iid If galvanometer internal vesistance is 80 £ and ifs sensitivity is 70 mmpA, find the
unbalance in bridge required to canse Fhe deflection of 3 mm if the unknown resistance
equal lo its maximum ovalue 15 used in the circuit,. Neglect internal resistance of he
battery.
Solution : i) The circuit diagram is shown in the Fig. 6.39.
ii) At bridge balance ;

RiRy=E: Ry
C Ry Ry 1000x4x10°
Ry 00
= 40 ki)
i) Rew =Ry )| RaJ+[Rs | Ry]
Hi|= _[1{mxim]+ 40% 107 x 4 10°
E=10V 1000 +100 | | 40103 +4=10°
Fig. 6.29
= 90.9090 + 3.6363 =107 = 3.7272 K}
S = Current sensitivity = 70 mm/pA ... Given
MNow B = 5 ER; AR ... Assuming R = Ry

(R + Ry ) (R + Ry )?

& 3
5 - [F0=108]«10=4%10% x AR . S = T0x10° mm/ A

[3.7272%10% + 80][4 = 103 + 40 =104 2

9
AR = 3=3807.2=1.936=10 BT (]

F0= 108 % 10 42103

This much unbalance is necessary to cause the deflection of 3 mm.
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omp Example 6.12 @ [n a Wiheatstone bridge, He resistance in each arm is 150 €0 The
maximom allowable power dissipation in each arm s 0.4 WL I the battery vollage is
25V and inlernal resistance is 1 03 then oblain the series resistance requuired belveen
battery and bridge so as fo keep curvent in each arm wpto the permissible value.

Solution : The bridge is shown in the Fig. 640. As the bridge is balanced, the
g;\lvnnnmumr current is zero and the current in each arm is same as [ amperes. So
total current drawn from battery is 21" amperes,

{20y

—//’VWM—{ 21

Series
resistance
Fig. 6.40
P = Power dissipation in each arm
= FPRum=04W ... Given
I = % = 2. 66610
I = 0.05163 A

This is permissible value of current through each arm.
Applying KVL to the loop ABCEFA,
- 1= 150- 1= 150-21r+25-21R
Using |

0
0.05163 A

So—F 7345 - 77345 - 0.10326 + 25 - (L10326 K = 0
K = 911073 (1

This is the required series resistance.
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¥
a) At balance, B = _I_ G = 1000

O = 1000 (0.001) = 0.001 02

b} Current under balance condition,

v 100

[ = o
Rp + K+5 5+ 0.001 + 0.001

= 1999 A

¢} The value of K is changed by 0.1 %.
Mew value of B = 0,001 = 0.1 = (.0001 02

Rer+ 5 v
By +R+r+5

|
1" ik - I
L

Meglecting r,

B+5 0.0001 + 0.001
Ve = f = = .
: R~ R+S " ~ 5% 00001 + 0001 © 100 = 29995 mV
P 1000
Vi 5 —= Vi 2 —-ooo . 10-3) = 14. v
ab Fr 0 l[H]J+lﬂDD{29995“ 0-%) = 149978 m
r ]
R+ [-’H'Iqr e
Vamd = '- aly
TR+54 (prqr
. p+q+r
MNeglecting r,
. N R B 0.0001 3
"I..1I1L~‘ = mvﬂh _ u_‘_}[]ﬂ'[ + Dm'l “f-]-":'\"g?ﬂ = 1[} }
= 1.3634 mV

Hence output voltage is given as,
Vo = Vap = Vima = 149978 mV - 1.3634 mV
= 0.01362 V

mmp Example 6.16 : A highly sensitive galvanometer can detect a current as low as
0.1 nA, This galvanomeler is used in Wheatstone bridge as a defector. The resistance of
galvanometer s negligible. Each arm of the bridge has a resistance of 1 K1 . The input
voltage applied fo the bridge 15 20 V. Calculate the smallest change in the resistance,
which cnn be detected. [INTU, Nov.-2003, Set-2]

Solution : For the bridge,
' R = 10000 E=20V
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The current which can be detected by the galvanometer is 0.1 nA.

I, = 01 nA =01x107 A

For small change in the resistance Ar , the Thevenin's approximate voltage is

E Ar
L = =
H iR
while Ry = R
, = S0 4R, =00
Req
E Ar
L1= 10" =
4R=R
20 Ar
ST
0-1>10 3 %1000 1000
4% 108 = 0.1 =10
Ar =

20
= 20 ufd
Thus the smallest change in the resistance which can be detected is 200 £l

Review Questions

I Explivin the basic voltmeler-apmeter stetliod wsed for Hie resistamce mieasiiremienl,

2. Explnin the operation of

iy Series fype olnneter

i) Shunt bype olempeler

State the advantages of wsing Hw bridge circuits for the measurement.

Explein e working of Whentstone Uridge and derive its halanee condition,

What is M sewsitiodty of the Wheatstone bridge 7

Dierive e expression for the current threegh the geloanmneler i case of unbalonced Whenlstene
bridge.

FrooBoE L

Whit are the sources of crrors in case of the Whentstone bridge 7

8. Explain the applications and Hie lmitations of the Wheatstone bridge.

8. Why Kelvin's bridge is preferred 7 Derfve the bridge balawce equation for the Kelvin's double
irridgr.

0. What are the difficultivs in measurement of high resistance 7 Explain the use of guard circuits,

11. What is Hreee termimal resistonee 7 Explain ifs nsge,

12, How the bridge is nsed in the measurement of the parmmeters Tike stress, strvin, emperature efc. 7
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13. Expliain logs of clmrge pretlod for high resistance meastirement,
14. Explain construction and workine of meeger. Write application of megeer.
15. A bridge is shown in Hie Fig. 6.44. Coleulate the current through galvanomeler.

Fig. 6.44 (Ans. : 138.76 pA)

I6. A galvamentter & connected as shows in the Fig, 645, The galvanometer sensitivity i § mmfad
and  internal resistance of 150 (0 Calewdnte the deflection of galvanometer coused by 10 0
bl dn e arme BC {Ans, : 3.5 mm)

1 kY 5 KLY

Il-
I
m
o

BV —

2k 10k

Fig. 6.45

17 Givenr o centre zero 200-0-200 A movement aving an imternal resistance of 125 €1 Caleulate the
current Hrrough the g ‘varomefer given in the Fig. 6.46 by approxinate method. (Ans. : 151.5 pA)

TO0 0 TO0 L3
+
10V= < ©
700 02 73500
Fig. 6.46

|



A.C. Bridges

7.1 Introduction

The bridges are used for not only the measurement of resistances but also used for
the measurement of various component values like capacitance, inductance etc.

A bridge circuit in its simplest form consists of a network of four resistance arms
forming a closed circuit. A source of current is applied to two opposite junctions. The
~urrent detector is connected to other two junctions.

The bridge circuits use the comparison measurement methods and operate on
null-indication principle. The bridge circuit ~ompares the value of an unknown
component with that of an accurately known standard component. Thus the accuracy
depends on the bridge components and not on the null indicator. Hence high degree
of accuracy can be obtained.

In a bridge circuit, when no current flows through the null detector which is
generally galvanometer, the bridge is said to be balanced. The relationship between
the component values of the four arms of {he bridge at the balancing is called
balancing condition or balancing equation. This equation gives us the value of the
unknown component.

7.1.1 Advantages of Bridge Circuit
The various advantages of the bridge circuit are,

1} The balance equation is independent of the magnitude of the input voltage or
its source impedance. These quantities do not appear in the balance equation
EXpression.

2} The measurement accuracy 15 high as the measurement is done by comparing
the unknown value with the standard value.

3) The accuracy is independent of the characteristics of a null detector and is
dependent on the component values.

(7 - 1)
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4) The balance equation is independent of the sensitivity of the null detector, the
impedance of the detector or any impedance shunting the detector.

5) The balance condition remains unchanged if the source and detector are
interchanged.

b) The bridge circuit can be used in the control circuits. When used in such
control applications, one arm of the bridge contains a resistive element that is
sensitive to the physical parameter like pressure, temperature etc. which is to
be controlled.

7.2 Types of Bridges

The two types of bridges are,
1) D.C. bridges and 2) A.C. bridges

The d.c. bridges are used to measure the resistances while the a.c. bridges are
used to measure the impedances consisting capacitances and inductances. The d.c.
bridges use the d.c. voltage as the excitation voltage while the ac. bridges use the
alternating voltage as the excitation voltage.

The two types of d.c. bridges are,
l. Wheatstone bridge 2. Kelvin bridge

The various types of a.c. bridges are,

1. Capacitance comparison bridge 2. Inductance comparison bridge
3. Maxwell's bridge 4. Hay's bridge
5. Anderson bridge 6. Schering bridge

7. Wien bridge
Let us now discuss the varipus types of the bridges in detail.

7.3 A.C. Bridges

An a.c. bridge in its basic form consists of four arms, a source of excitation and a
balance detector. Each arm consists of an impedance. The source is an a.c. supply
which supplies a.c. voltage at the required frequency. For high frequencies, the
electronic oscillators are used as the source. The balance detectors commonly used for
a.c. bridges are head phones, tunable amplifier circuits or vibration galvanometers. The
headphones are used as detectors at the frequencies of 250 Hz to 3 to 4 kHz. While
working with single frequency a tuned detector is the most sensitive detector. The
vibration galvanometers are useful for low audio frequency range from 5 Hz to
1000 Hz but are commonly used below 200 Hz. Tunable amplifier detectors are used
for frequency range of 10 Hz to 100 Hz.
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The simple a.c. bridge is the
Headphone ag nyll  Outcome of the Wheatstone
z, detector bridge. The impedances at
audio and radio frequency
range can be easily determined
by such simple a.c. Wheatstone
bridge. Tt is shown in the
Fig. 7.1.

E
AC. n})
supply

This is similar to de
Wheatstone bridge. The bridge
Fig. 7.1 A.C. Wheatstone bridge arms are impedances. The
bridge is excited by a.c. supply
and pair of headphones is used

as a null detector. The null response is obtained by varying one of the bridge arms.

7.3.1 Sources and Detectors

For bridge measurements at very low frequencies, the power line itself may act as
a source of supply to the bridge circuit. For bridge measurements at higher
frequencies electronic oscillators are wsed as a source of supply to the bridge circuit.
These electronic oscillators are used as a source of supply universely because,

i) The output waveform is very close to sine wave.

i) The output EI‘!_"!I.']HL‘["I.L'_'}-‘ 5 very stable,

iii) The output frequency is easily determinable with accuracy and also it is easily
adjustable.

iv) The output power is sufficient to drive the bridge circuits.

A typical oscillator has a frequency range of 40 Hz to 125 kHz with power output
of 7 W.

Far the a.c. bridges commonly used detectors are as follows.

i) Headphones : These are the most commonly used as detectors in a.c. bridges.
The frequency range over which headphones can be used as detector
effectively is 250 Hz upto 3 to 4 kHz.

ii) Vibration galvanometers : For low audio frequency ranges and power ranges,
these detectors are extremely effective. Even though these type of detectors are
manufactured to work at various frequency ranges starting from 5 Hz to
1000 Hz. These detectors can be effectively used below 200 Hz with greater
sensitivity than the headphones.

iii) Tuneable amplifier detectors : The transistor amplifier can be tuned
electrically to any desired frequency and then it can be made to respond to a
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narrow bandwidth at a bridge frequency. The output of such amplifier is
connecled to the indicating instruments. The frequency range for these
detectors is 10 Hz to 100 kHz,

7.3.2 Bridge Balance Equation

For bridge balance, the potential of point C rmust be same as the potential of
point I, These potentials musi be equal interms of amplitude as well as phase.

Thus the drop from A to C must be equal to drop across A to D, in both
magnitude and phase for the bridge balance.

Eac = Eap A1)

The vector notation indicates, both amp]itude and phase to be considered.

LZ = 12Z; | - (2)
When the bridge is balanced, no current flows through the headphones.

Iy = I and L = I
: E
MNow [ = —— 13
T F e Za
and I = = E_ .4
I;l_ i .E.[
Substituting (3} and (4) into (2) we get,
EZ _ EZ
EL +E3 .fz T 311
E,F’.1+E|24 = E}E: +232_1.
¥.l, = F:.74 _ ... (3)
The equation (5) is the balancing equation in the impedance form.
In the admittance form the condition can be expressed as,
YiY: = YoYs - (6)

The admittance is the reciprocal of the impedance.
Mow in the polar form the impedances are expressed as,

.E| = .._I':| .f'[h

Ly = L2 Z0:
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E'Ii- = Ej, .r':ﬂj
E = E+ .r':E|.|,

where 7y, 7, 71, Z, are the magnitudes and 8y, 82, 8: and @, are the phase
angles.

MNote that the product of the impedances must be carried out in polar form where
magnitudes get multiplied and phase angles get added.

Substituting in equation (3) we get,
Ty L0y wdy £0y = Zo L02 %2y 20,
L1743 20 +8y = 37, Z20: +08; e 17
The equation {7) gives the two conditions to be satisfied for the bridge balance.
Equating magnitudes of both sides we get the magnitude condition as,

72y = ZaZy . (8)

Equating phase angles we get,

B 48y =0y +8; e (9)

Key Point : Thus the products of the magnifudes of the opposite arms must be equal
while sum of the phase angles of the opposite arms must be equal,

Thus the bridge must be balanced for both the conditions magnitude as well as
phﬂﬁe. The p]mse anglﬂ depend an the components of the individual impedances.

Key Point : The phase angles are positive for the inductive impedances and negative for
the capacitive impedances.

For inductive branch, Ly = R+jXy =4y | L +08
For capacitive branch, Lo = R-jXe =|de|£-8

1
where X, = 2nfL0 and X _mﬂ

mp Example 7.1 @ The impedances of the basic a.c. bridge are,

Ly =500 £ 80F,  Z;=2500 L0 Z; =200 £ 30°
Calculate the constants of the unknown impedance,
Solution : The bridge balance equation is,

218y = Z:75; magnitude condition
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The equivalent series circuit is, shown in the Fig. 7.4.

Fig. 7.4
7.5 Inductance Comparison Bridge

Fig. 7.5 Inductance comparison bridge

Here 2.| = R|

and £1

=

By this bridge, unknown inductance
L, and its internal resistance K, can be
determined. The schematic diagram of
bridge is shown in the Fig. 7.5.

The bridge consists of pure
resistances Ry and Ra in the ratio arms.
The third arm consists of a standard
inductor Ly and the variable resistance
R while the fourth arm consists of the
unknown inductor L, with its internal
resistance K,

R

Ly = Ry +jXy

Ri+jlwLy) 2
Z, = R, +jX.
= Ry +jlwl,) 0
From balance condition,
Z1Z4
R [Ry +jwL,]
Ry Ry +jeoR L,

Zy Z4
Rz[ﬂl + l fi L3|
Ry Ry #jwR: Ly

Equating real parts,
Ri Ry = Ra Ry

R, R,

Ry = R

(1)
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Equating imaginary parts,

[L'IR| L,, = whRy Ly

(2

By using equations (1} and (2) , unknown elements can be determined.
In this bridge, R; is selected as inductive balance control and R; as resistance
balance control. The balance is obtained by alternately varying Ly or R .

mmp Example 7.4 1 An inductance comparison bridee is used fo measure the inductive
mmpedance at a frequency of 1.5 kHz, The bridee constants at bridge balance are,
Ly=8mH, B; = 1K}, R, = 25 K}, R, = 50 kK2
Find the equivalent series circutf of unknown impedance.

Solution : From bridge balance equation of inductance comparison bridge,

R: R,

Rg_ =
Ri

25x10% = 50x 107
1=102

1.25 MO

and L. = RaL;
|

25210 x Bx 103

1=107
= 200 mH
The equivalent series circuit is,
L, R,
o—a— T AN ——0
200 mH 1.25 M2

Fig. 7.6
7.6 Maxwell's Bridge

Maxwell's bridge can be used to measure inductance by comparison either with a
variable standard self inductance or with a standard variable capacitance. These two
measurements can be done by using the Maxwell's bridge in two different forms.
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7.6.1 Maxwell's Inductance Bridge
Using this bridge, we can measure inductance by comparing it with a standard
variable self inductance arranged in bridge circuit as shown in Fig. 7.7 {a).

{a) Circuit diagram {b) Phasar diagram
Fig. 7.7 Maxwell's inductance bridge
Consider Maxwell's inductance bridge as shown in the Fig 7.7 (a). Two branches

consist of non-inductive resistances E; and E.. One of the arms consists variable
inductance  with series resistance r. The remaining arm consists unknown

inductance L..

At balance, we get condition as
R, R~
- (1)

[(Ry +r)+joLa]  Ri+jol,
Ry [Ry +jwly] = E:[{R; #r)+jwls]
R]R,‘ +itr.'|'R|L.._ = Rg{Ra +l':',l+jl'.1.:R_gL3

Equating imaginary terms, we can write

By L, = Rals

L. = —1Lj (2

Equating real terms, we can write,

By Ry, = Ra(R; +r1)

Ra
Ry = H—l{Rn +r) e (3)

Under the balanced condition, the vector diagram for Maxwell's inductance bridge
i5 as shown in the Fig. 7.7 (b).
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7.6.2 Maxwell's Inductance Capacitance Bridge

Using this bridge, we can measure inductance by comparing with a wvariable
standard capacitor. The bridge circuit diagram is as shown in the Fig. 7.8 (a).

(&) Circuit diagram (b) Phasor diagram

Fig. 7.8 Maxwell's inductance capacitance bridge

One of the ratio arms consists of resistance and capacitance in parallel. Hence it is
simple o write the bridge equations in the admittance form,

The general bridge baiance equation is,

Zi L, = 2, Z;
7. o= L2is gy (@)
£y
where Vo= % ie R, in parallel with C,
|
Z: = R;
Ly = Ry

Z, = R, +jwl, ,as L, in series with R,

Now Y = 4 +jed . (5)
B,

_ 1 .
as £ as —=—]j

il
=
.--;n

g
=
o S
—
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Solution : The bridge is shown in the Fig. 7.9.

S

Fig. 7.9
From the bridge,
Cr
a2
From bridge balance equation,

Ry Ry  700=300
Ry 1200

0.5 pF, Ry = 12000
7006, Rys=s 3000

R. =

175 02

And L Rz Rs G = 700= 300=(0.5=10-*

105 mH

Key Point : If the branches are not given in standard form as they are assumed for
deriving bridge balance equation, derive the bridge balance equation again from the basic
condiion Zy Z4 = Z3 Z3.

7.7 Anderson Bridge

It is another important a.c. bridge used for the measurement of self inductance
interms of a standard capacitor. Actually this bridge is nothing but modified
Maxwell's bridge in which also the value of self inductance is obtained by comparing
it with a standard capacitor. This bridge is basically used for the precise measurement
of inductance over a wide range of value. The Anderson bridge is as shown in the
Fig. 7.10 (a).

One arm of the bridge consists of unknown inductor L, with known resistance in
series with L. This resistance Ry includes resistance of the inductor. C is the standard
capacitor with r, Ry, Ry and Ry are non-inductive known resistances.
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"lll:=i|R.|+i.|ﬁ:lL. |,'|l

(a} Circuit diagram (b) Phasor diagram
Fig. 7.10
The bridge balance equations are,
h=iyhr=k+ic, Va=i2a Ry, Va=h Rs
Vi
v

Vi+tierand Vi=Vavrier, Vi=h R+ hol, Vi=1i; Ry

Vi+Va=Vi+Vs

To find balance equations transforming a star formed by R;, Ky and r into its
equivalent delta as shown in the Fig. 7.11 (a) and (b).

(a) (k)
Fig. 7.11 Transformed Anderson bridge
The elements in equivalent delta are given by,

Rs = R:r+Ryr+R:Ry
By
R = Ear+Eyr+ RzRy
ﬁ =

Rz
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R1r+R4r+R3Rq
T

s =

Mow Ry shunts the source, hence it does not affect the balance condition. Thus by
neglecting B; and rearranging a network as shown in the Fig. 7.11 (b), we get a
Maxwell inductance bridge.

Thus, balance equations are given by,

L, = CR3ERs and

Ry X6

E; R,

Substituting values of Es and Rs, we can write,

L, = %Ri[R;r+R.;r+E1R4] and
4
_ R:Rs
Ry = R_q

If the capacitor used is not perfect, the value of inductance remains unchanged,
but the value of B, changes.

This method can also be used to measure the capacitance of the capacitor C if a
calibrated self inductance is available.

7.7.1 Advantages of Anderson Bridge
The advantages of Anderson's bridge are,
1. Can be used for accurate measurement of capacitance interms of inductance.

2. Other bridges require variable capacitor but a fixed capacitor can be used for
Anderson's bridge.

3. The bridge is easy to balance from convergence point of view compared to
Maxwell's bridge in case of low values of Q.

7.7.2 Disadvantages of Anderson Bridge
The disadvantages of Anderson's bridge are,
1. It is more complicated than other bridges.
2, Uses more number of components.
3. Balance equations are also complicated to derive.
4

Bridge cannot be easily shielded due to additional junction point, to avoid the
effects of stray capacitances.
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vy Example 7.6 1 An Anderson o.c. bridge is as follows
Ariw AB @ Unknoum inductance Ry and L,
Arm BC : Non-reachve resistance R = 1000 02
Arm CD : Non-reactive resistance By = TOD0D 03
Arm DA © Now-reactioe resistonce Ry = 500 02
Arm DE : Resistance r = 100 )
Arm EB : Detector and ae. supply between AC
Arm EC : Capacitor C = 3 uF

State tire expressions for L, and R, and find the oalues of them for given values of
elements,

Solution : The brir:lge i5 shown in the Pig- 712,

It can be noticed that the
names of resistances in

a0 £
branches AD and BC are
AC. £ o g reversed compared to what
Efuﬂ:hr :) is assumed in the derivation
earlier.
Re=10000 R, = 1000 03 Hence change Rz and Rs
in the equﬂt:inns. And Ry is
c denoted as R..
Fig. 7.12
- Hz H:|, - 1000 = 500 _
Re = Ry 1000 = s004
and L. = CRR1 [Rs r+ Ry r+ Ry Ry]
4
10-¢
- 3x10 Hmm[EﬂDﬂDD+1Dﬂﬂrlﬂﬂ+5{H]ﬂﬂD[}]
1000
= 195 H
Key Point : In examination, derive the balanced equation again and then use the given
il res.

7.8 Hay's Bridge

The limitation of Maxwell’s bridge is that it cannot be used for high () values. The
Hay’s bridge is suitable for the coils having high Q values.
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The difference in Maxwell’s bridge and Hay's bridge is that the Hay's bridge
consists of resistance R, in series with the standard capacitor € in one of the ratio
arms. Hence for larger phase angles R, needed is very low, which is practicable.
Hence bridge can be used for the coils with high Q values. The Hay's bridge is shown
in the Fig. 7.13 {a}. Under balanced condition, the phasor diagram is as shown in the
Fig. 7.13 (b).

iy =1y
""""" T W=y
R !
AC. BRI
supply L .
f|-|z!If :) bt
N
- - Iy
I-'IRI ,.r'-.-. I||Ir1=."|lr2
L 1= iy
13N 2l
(o)
{a) Circuit diagram (b} Phasor diagram
Fig. 7.13 Hay's bridge
The various eonstants of the hridge are -
. . 1 1
fv = R, - - = Ry = [— I
| I ]-‘-':L. | 1 1“}[] )
£: = R» and L1 = Rs
Ly = Ly =Ry +jlwly)
At the balance condition,
2| 2_,, = E: 2_1
. | .
’:Rn _‘I[m(.‘l ]][R, +ilmLl,)] = R» Ry
Ry Ry -l 22 JsioR Lo+ 55 = R. R
|“LI.'I-'::'|)1 'C] oo
L1 [ R,
[R\ B, J—-—] +jjwhRy Ly ——1;—} = R: Ry .. (1)
1 L wl)
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Equating the real parts of both sides,

L,
RyRi+5- = Ry Ry e (2)

Equating the imaginary parts of both sides of (1),

L
iy

wh, L, - =0 o (3

To obtain R, and L., solve equations (2) and (3} simultaneously.

R.
From (3), B, L, =
(3) wh o)
14
L, = ———% 4
lﬂz Rl C| { }
Substituting in (2),
E: Rl . L‘I = R:: F‘-.‘
w? R, G~
R, “'.|'|-;2 = R R,
m'*' R 'C| i
1+w? R2C," |
R1 m—'; = Ry R,
w? By G |

lillll'2 R| EF R] R].
Ry = . (5)

1+w? R2C*

Substituting (5} in {4) we get,
_ e K, EI: E.R;
(1+w? R2C)w? R G

L«

R:R;C

Y lverRIC)

-~ (8)

Using equations (5) and (6) the unknown resistance and the inducance can be
calculated. The expressions are frequency (w) sensitive and hence source frequency
must be accurately known. The inductance balance equation depends on the losses of
the inductor.
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From the phase angle balance equation, the opposite sets nf‘.phaﬁe angles must be
equal. As Z; and Z; are purely resistive, the inductive phase angle must be equal to
the capacitive phase angle.

The inductive and capacitive phase angles can be determined from the impedance
triangles shown in the Fig. 7.14.

I & S
| E
E |
L] ]
1 ]
i '
o ;ﬁl u:*:,v_ __________ '
(a) (b)
Fig. 7.14
X
tan EL — R|: — mRI:;
=Q LN
while tan B¢ = Ko
R,
_ 1 8)
w R
The two angles must be equal at bridge balance.
l
Q= 3ER e (9)
substituting in the equation (6) we get,
L, = Rz RJC;
1 .. (10)
1 —_
*[@J
For a large value of 3, 1/Q? becomes small and can be neglected.
L. = Rz RiGC ... for high Q)

This is same as Maxwell's bridge equation.

The commercial Hay's bridge measure the inductances in the range 1pH-100 H
with £ 2% error.



Electrical Measurements T-22 A.C. Bridges

7.8.1 Advantages of Hay's Bridge
The advantages of Hay's bridge are,

i) It is best suitable for the measurement of inductance with high Q, typically
greater than 10.

i) It gives very simple expression for Q factor interms of elements in the bridge.
li) It requires very low value resistor K; to measure high Q) inductance.

7.8.2 Disadvantage of Hay's Bridge
It is only suitable for measurement of high Q inductance. Consider expression for

unknown inductance.

RaRsC,y

1 P
I+ =

a)

For high Q inductances, (1/0Q%) term can be neglected. But for low Q
measurements, (1 /(%) term is significant, hence cannot be neglected. Hence Hay's
bridge is not suitable for the measurement of low Q inductances. In such cases,
Maxwell's bridge is preferred.

L. =

inmp Example 7.7 :  Calculate the unknown inductance and resistance measured by Hay's
bridge. The bridge elements at the balancing condition are

Ry =518 Cr=2uF Ry =79K2, Ry =7300Q
The supply angular frequency is 1000 rad/fsec.
Solution : From the Hay's bridge balance equations,
w® R Ef iRy

1+w? R G,

=
1l

(100002 %51 %107 %{2x1076)2 x7.9x10% =790
1+(1000)2 (51=103)2 {2x10-0)2

1273164
1+ 10404

= 1.212 k2

RyR;C

and Ly = -
1+w® R C°

7.9x10% x790% 2= 109
1+104.04
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(1t 1z oy Bz IR C)
Rationalising, Z; = R3 (1 +w® R C3 )1 ——= -
R; +w'R} C3

R, - j 1 Rs (1+w* R} C}) RECq_iR_,
wCy RZ(1+w? RICI) | € el
Equating real and imaginary parts,
R: RiCi Ry,
R,_ = = =
R C G - (1)
| 1 R__-;” R4 - 1
wC, 'R wC: |Ry
s
R
wl, = R—;mﬂg
_ R
Ce = R C; . (2)

The equations (1) and (2} gives the required values of C, and E,.

7.9.1 Power Factor and Loss Angle

i} Power factor (p.f.) : The power factor of the series RC combination is defined
as the cosine of the phase angle of the circuit. Thus,

For phase angles very close to 07, the reactance is almost equal to the impedance,
R. _ R,

pt = X, ~ 71
(mﬂ,]

p-f. = R, C,
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ii) Loss angle (5) : For a series combination of R, and C,, the angle between the
voltage across the series combination and voltage across the capacitor C, is called loss
angle 6. This is shown in the Fig. 7.16 (a).

IR,

(&)

Ri C
tand = m[—a-ci—"'][% Ca ]=H.IE-1. Cy

=w R, C,

0 Now tanf =

1
(&)
Fig. 7.16 (a) Thus loss angle can be measured, knowing
the values of w, By and Cj.

iii) Dissipation factor (D) : For R, -C, series circuit, it is cotangent of the phase

angle ¢ .

Key Point : The quality factor Q = X/R = ljw CR hence dissipation factor is
reciprocal of quality factor Q and gives the informobion about quality of the

capacilor.

Thus if the resistance R is fixed, then the dial of capacitor Cy can be directly
calibrated to give dissipation factor D i.e. quality of the capacitor. As the term w is
present in the equation, the calibration of C; dial holds good for only one particular
frequency. The different frequency can be used but a correction should be made to
multiply the C4 dial reading by the ratio of the two frequencies.

Similarly if the resistance ratio is maintained at fixed value, the dial of C; can be
graduated in terms of direct readings of C,.

Commercial Schering bridge measures the capacitors from 100 pF - 1 pF, with
+ 2% accuracy.

Key Point : The bridge is widely used for testing small capacitors at low voltages with
very high precision.

The phasor diagram is shown in the Fig. 7.16 (b) at the balance condition.
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I (direction)

G
Current &~~~
through Gy
uzll.l'c.‘_
O = |y [direction}
1 — = —
|,{—} 1 V=V, +V
o R e 12
" lg G E

Fig. 7.16 (b)
I} is chosen reference. Now V) is drop across R, and C,. Thus OA =[; R, and

DH=I1( ] and 1y leads capacitor drop by 90° Thus OC = V, is OA +OB. Now

1
i,

v =13[ E ] ie. drop across Cy. So current I, leads V by 90°. Then Vj =I; Ry
wC;

which is OD in phase with I;. And V| + V3 =V is supply voltage OE. V; is also drop
across Ry and Cy4. Let OF is current through Ry thus OF = V3 / Ry in phase with V;
while OG is current through C; which is V;wCy and is leading V2 by 9% The
OH =1; which is vector sum of OF and OG.

mp Example 7.8 :  The Schering bridge has the following constants

Arm AB - capacitor of T pF in parallel with 1.2 kY resistance
Arm AD - resistance of 4.7 K
Arm BC - capacitor of 1 pF
Arm CDY - unknoun capacitor C, and R .
The frequency of supply is 0.5 kMHz. Calculate the wunknown capacitance and its
dissipation factor.
Solution : From the given information,

Ry

12k
47K Gy

1 uF

1]
1]

R-

1 pF
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From the balance equations,
R, Cp _ 4.7=10%=]=10°

e = =5 1x10°°
= 4.7 k{2
C. = R, C; :1211U3xlx1[}'f'
R: 4.7 =103
= 0.255 pF

The dissipation factor,
D=, R, =22fC, R,
= 2mx (L5 = 10% = 0.255 = 10°% x 4.7 = 10* = 3.765

7.10 High Voltage Schering Bridge

When the Schering bridge is used for the measurement of small capacitances at
low voltages, then it suffers from errors. To avoid this, high voltage Schering bridge is

used, The bridge is shown in the Fig, 7.17.

00000004 0000000 000000000 000000
Transtormer — TTEIRRRD.— 1
© -
Fig. 7.17 High veltage Schering bridge

The high voltage is obtained from step up transformer at 50 Hz. The detector used
is vibration galvanometer.
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ﬂ-l'ld E-..l = Rq.
The balance condition is,
E.qu. = 2.22._1
— Z1ks o ==
s o= = = ALY
Zy 1A
Ry = [Ry—j — Ry |2+ joc,
" g Ri
- Ry . _ Cy
R: = Ry [R—!ﬂmR.CJ ij'Rl +E:|
R, Ci . 1
R = Ry |—+— R RiCy =
- ‘[R3+ﬂ|]+J ‘I:m Gy mC|R1]

Equating real parts of both sides,

_ RsRy  CaRy
Re = %7
R R G ]
%5 Ky ©C " f}

Equating imaginary parts of both sides,

whCy -

1

ME|R3 =0
RiRCCy
= ; A2
o BC RAC,
_ 1
2nJR\Cy R C - 3)

The equation (1) gives the resistance ratioc while the equation (3) gives the
frequency of applied voltage.
Generally in Wien bridge, the selection of the components is such that

and

Ry
Ch

R:i=R
Cy=C
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Comparing real terms, we get,

- R, St
Ry = C e (2)
Similarly comparing imaginary terms, we get,
Ly = RaRaCy - (3)

7.13.1 Advantages of Owen's Bridge

The advantages of the Owen's bridge are,
1} From the equation of balance conditions, it is clear that both conditions are
independent of each other even if R; and C; are variables. Moreover these

two elements are connected in the same arm in series. Hence it is very easy to
achieve balance condition properly.

2} The balance equations are of very simple form,
3) The balance equations are independent of the frequency term.
4) It is possible to use this bridge over a wide range of inductances values.

7.13.2 Disadvantages of Owen's Bridge
The disadvantages of Owen’s bridge are,
1) With the inductances of large O-factor values, the value of C; becomes very
large.
2) For measurement of wide range of inductances interms of capacitance, the
capacitor Cy is required to be variable. This increases the cost of the bridge.

7.13.3 Application of Owen's Bridge

The main application of the Owen's bridge is to measure incremental inductance.
To measure incremental inductance, it is necessary to feed coil from a.c. as well as d.c.
voltage supply. Thus it is necessary to modify original Owen's bridge such that both
ac. and d.c. sources are included in it. The modified Owen's bridge used for the
measurement of the incremental inductance is as shown in the Fig. 7.22.

T
1]
AC.
S
ooy ©
oC.
supply

Fig. 7.22 Owen's bridge for measurement of an incremental inductance
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In the bridge circuit, the coil L, is fed with a.c. source as well as d.c. source. Both
the sources are connected in parallel. The capacitor Cy, is the blocking capacitor which
is used to prevent d.c. current from flowing into a.c. sources. Similarly a large value
inductance L is used in series with the d.c. supply. It stops the ac. current from
flowing into the d.c. supply. As this bridge consists both the types of sources, it is
necessary that no d.c. current should affect any ac. balance conditions. In actual
bridge circuit, no do. current can flow through detector as the bridge consists
capacitors Cy and Cy.

To measure the d.c. current, a moving coil type ammeter is used. While the
component of the a.c. current can be obtained from the reading on the voltmeter. The
voltmeter used is a special type of voltmeter known as Valve voltmeter which is
insensitive to the d.c. voltage. The current obtained from this reading is nothing but
the current through Ry as well as current through coil L) at balance.

At balance the incremental inductance as per previous derivation is given by,

Li = RaRay

But L, = Nl/[p%] e (4)

Ly !
Incremental permeability p = N;A . (5)
where i = Iength of flux p.']!h

A = area of flux path
L, = incremental inductance

7.14 Heaviside Mutual Inductance Bridge

As the name suggests, Heaviside mutual inductance bridge measures mutual
inductance interms of self inductances.

Let M be the unknown mutual inductance between two coils of self inductances of
Ly and L:. The bridge consists coils L;,L: and non-inductive resistance Ry, K1, Ry
and RK; as shown in the Fig. 7.23.

Ry =12R; LR;=1R,

{a) Circuit diagram (b) Phasor diagram
Fig. 7.23 Heaviside mutual inductance bridge
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The balance condition can be written as follows,

Voltage drop across branch BC = Voltage drop across branch DC
LEB: = IR, (1)
Also another balance condition is given by,
Voltage drop between A-B-C nodes = Voltage drop between A-D-C nodes
(I +12) M) & I (Ry +joly + Ra) = I3 (Ry +jols + Ry) (2

Substituting value of Iy = R& I; from equation (1) in equation (2), we get,

I [:—4+1]{|mM}+—{R1+ij.+R3}I; = I3 (R3 + jwLs + Ry)

]mM[—1+l] B R R sptjoly = (R4 Ry) +jols

EiR R R .
l]t: + R4+|m[L|[R']+[R:+1] M] = (Rz + Ry) +jiol; e (3)
Equating real terms, we get,
R
]113.* + R-I = REII"I'L‘
_ Ry
R, = R R - (4)
Equating imaginary terms, we get,
Ry Ry _
[R]]Ll+[R3+ 1]M - L,
Rs

[R.. + R-g] LaRy ~ RyLy

Lz R:]. - LlE-I

M TRTR - O
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From equations (6) and (7), the value of unknown inductance L; is given by,

Ly = (M, - Hzl(l + E—;] - (8)

Another condition for Ry can be derived as follows.
Consider equation (4). With switch 5, open, we can write,

® +n) = 2 (R +R) )
Similarly with switch 5, closed, we can write,
Ri+r) = 2+ (Ra) . (10)
Hence, solving equations (9) and (10), we get,
Ry = (n ~r) R - (11)
3
When we use equal ratio arms ie. Ry = Ry, then -
]_._1 = ZIM!'ME} an {3-3]
R: = (n-m) .. (11 - a)

7.15 Shielding and Grounding of Bridges

The various bridges discussed uptil now consist of the lumped impedances, which
do not interact in any way.

In practice, the stray capacitances between the various bridge elements and
ground, and between the bridge arms themselves exist. These stray capacitances shunt
the bridge arms and cause considerable error in the measurement.

The stray capacitances are uncertain in magnitude. They often vary with the
adjustment of bridge arms and position of operator.

The shielding and grounding of bridge is one way of reducing the effect of stray
capacitances. But this technique does not eliminate the stray capacitances but makes
them constant in value and hence they can be compensated.

One very effective and popular method of eliminating the stray capacitances and
the capacitances between the bridge arms is using a ground connection called Wagner
Ground Connection. This connection is shown in the Fig. 7.25.
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Fig. 7.25 Wagner ground connection

The circuit is a capacitance bridge where C; and C; represent the stray
capacitances. The Wagner's connection is the use of separate arm consisting of the
resistance R, and the capacitance C, across the terminals C and D, forming a
potential divider. This arm is also called guarding arm. The procedure for the
adjustment is as follows :

The switch S is connected in series with the detector. The switch is connected to
posiion 1 and R, is then adjusted to get null response ie. minimum sound in
headphones.

The switch is then thrown to position 2, which connects the detector to the
Wagner ground point. The resistance R, of the Wagner connection is now adjusted to
get the minimum sound.

The switch is again thrown back to position 1. There is some imbalance present
now. The resistances R and R, are then adjusted to get minimum sound.

This procedure is repeated till a null is obtained on both the swilch positions 1
and 2. This null obtained at both the positions indicates that the points 1 and 2 are at

the same potential. But the point 2 is at the ground potential due to Wagner ground
connection. Hence points 1 and 2 are at the ground potential. Thus the stray

capacitances C; and C; are effectively short circuited. Thus they have no effect on the
normal bridge balancing.

There are capacitances existing from points C and D to ground but the addition of
the Wagner ground connection eliminates them as current through these capacitances
will enter through Wagner ground connection.

Key Point: As the addition of Wagner ground connection does not affect the balance
conditions, the procedure for the measurement remains unchanged.
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Examples with Solutions

e Example 7.10 : The basic a.c. bridee consists of the following conslanis :

Arm AB : R = 400 Q)

Armt BC : R = 1500 0} in series with C = 0.2 pF
Arm CD : unknowm

Arm DA : R = 100 Q in series with L = 10 mH.

The source oscillator frequency is 1 kHz. Determine the constants of the arm CD.

Solution : The bridge is shown in the Fig. 7.26.

Fig. 7.26
Now Z, = 400 +j 00 = 4002 0° Q
= . 1
y = 5 =1 =1 = I
Z: = R2=) X, = 150 '[szr:.;]

150 - j 7958 02

Z, = Ry+jXy =100 +j(2nfLs)
1m+j{inxlxlﬂ]ulﬂulﬂ4}

= 100 + j 62.83 0

Z, Z4

L1 £y Illﬂ.gl'llllldf
400 Z;, = B09.78 x 118.1
Ly = 239087 02

. |
150 - >
20 ’[zuﬂxll.‘rﬂxn.zxm-ﬁ]

B09.78 £ -79.32° Q) using r — p conversion

118.1 & + 32.14° () using r — p conversion
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and B +8; = B;+08; phase angle
04y = - 7932° + 32.14°
By, = -47.18°

Ly = 139087 £ - 4718°02
= 1625 - 175.36 2

Thus it is a series combination of resistance and -:apa.citam:e.

R: = 16250
and Xe, = 175360
|
17536 = 3o
|
= = 0.9076
YT TxIx10*x17536 uF

ey Example 7.11 : A capacitmice comparison bridge is used to measure the capacitive
impedance at a frequency of 3 kHz, The bridge constants at bridge balance are,

C; = 10 puF
Ry = 12 kQ
R, = 100 kQ
R; = 120 kQ

Find the equivalent series circuit of the unknown impedance.
Solution : From the bridge balance equations,
_RaRy 100=10* x120x10°

R.

R, 12%103
R, c, = 10 M2
° o | °  while C,= 2

10 Mo 0.12 uF 7R
Fig. 7.27 12x10°% x10x10-6
= = (.12
100107 uE

The equivalent series circuit is, shown in the Fig. 7.27.
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mp Example 7.12 : The bridee is balonced at 1000 Hz. It has following components :

Arm AB = 0.2 uF pure capacitance
Arm BC = 500 82 pure resistance

Arm DA = 300 2 parallel with 0.1 pF
Find the constanis of arm CD, considermg il as a series circuil.

Solution : The bridge is shown in the Fig. 7.28.

L = Ra
Ly = R?- H x(“’l
1 1 1
¥y = - C
TR [xu] R, ")
ﬂl'ld Ly = Ay

The basic balance equation is,

L2y = 222,
7. o L2y _ I3
* Z,  ZY:

Rz

I L
oc, [Ra +JWCJ]
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MNow, —-} = |
Z, = i[l!Cﬂh
R, G

O+ 2 1000= 0.2 108 % 500

g +127X1000x 01106

0+j0.6283
333%10°% + 6283104

(L6283 2 90°
3.3888x 1077 £+10.68°

= 185407 &+ 7932°

= 3436 + ] 18219 Q2
Z, = 3436 +j 18219 €

R, = 34360
and Xy = 18219 02 = 2 =nfL,
18219

i Example 7.13 : Awn a.c. bridge is balanced af 2 kHz with the following components in
ench arm.
Arn AB = 10 K2
Arm BC = 100 uF in series wibh 100 K2
Arm AD = 50 K}

Find the wnknown impedance K £ (X in Fhe arm DC, if the detector is between BD.
Solution : The bridge is shown in the Fig. 7.29.




Electrical Measurements T7-45 A.C. Bridges
£y = 10 k)
Z, = 50k
Zy = I[I{I':‘l'DJ—i[m::JJ
= 100x10° -j[ : . ]
2w 2107 = 100= 102
= 100x10% =j0.7957 0
£y = Ly
From the basic balance equation,
Ldy = Lady
50 10° [100= 107 - j 0.7957]
10x= 103 '
= 5[100x 10* —j0.7957)
= 500x10% -j39788 0
= R, -jX¢
R, = 500=10% {2 = 500 kL3
and X¢ = 39788
N T
InfC,
C, = ! = 20 F

2mx2x 107 = 39788

mmp Example 7.14 : In a bridee shown in the Fig. 7.30, find the comstants of Z,,
constdering as series circuil.

E=6V

f='|h‘.|'lzr9

Ry=2000
Cp=5pF

R,=200Q

Ry = 500 Q

Cq =0.2 pF

Fig. 7.30
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1

Cy, =
2r=1=10" 1475791

= 1.08 uF

ey Example 7.16 : Given the Maxwell bridge as shown in the Fig. 7.32. find the
equizalent series resishimee and induckance of Ry and Ly al balance.

Fig. 7.32

Solution : Zy = R || Xan

o+ ] (27x1000< 1x10-¢)

166 = 10 + j 6.283 = 103

Z: = 1000
7, = 100002
z—-l = H—n"‘ij:Ex

From the basic balance equation,
22y = E38,
YA
i

Ly

= Z,Z,Y,

= 100x 1000= [1.66= 103 +j 6.283x 103
= 166 +j 6283 0
Ry +j XL Q2
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sl
-
il

166 (2

6283 = 2af L,
(283

L, = —

2= 1000

-
il

0.099 H

ey Example 7.17 . An ac bridge circuit for measurement of effective inductonce and
capacitance of an iron cored coil is os followes @ Arm AB © the unknown impedance, Arm
BC = a pure resistance of 1006, Arm CB : a loss free capacitance of 1 pF and Arm AD :
o capacitance of 0.135 uF in series with 842 Q resistance. Obtain the balance equations
of the bridee aud determine the nnknown parameters in the arm AB.

Solution : From the given information the bridge is as shown in the Fig. 7.33.

0,135 uF Z,
B420)

The general balance equation is,
Ly Ly = Ly iy

La £a
ra

2y =

Let the frequency is m rad/sec.

~ _ 1
& = [542 1@.135:-:104]

&
- Mz__i?.'lrﬂ?-lxlﬂ Q
w
£y = lﬂ+jD=1ﬁ£U“ﬂ
a1 aps 106 .
£y =0 jmxlnlﬂ'“_ ]m =— £ =90 )
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.7.4074 = 108
saz 74712 oy

]
l“_..»:—mﬂ
1

8420 - £ 4907

" 7
_ aqmuj?'w?ﬁhm]P i]

74076x1077 1
= 100

i 0 108
. 8420 7.4076x107
108 10°

74.076 + juw 8420 = 10-°

Comparing Z; with E; +jw L,
R =74076 @@ and L, = 8420 uyH = 8.42 mH.
These are the unknown parameters of arm AB.

mmp Example 718 : The arms of an ac. Maxwell’s Bridge are arranged as follows. AB
and BC are non-reactive resistor of 100 £ each. DA is a standard variable inductor Ly
of resistance 32.7 (3 and CD comprises a standard varinble resistance R in series with a
coil of unknown impedance. Balance was oblained with Ly = 47.8 mH and R = 1,36 €L

Find the resistance and inductance of coil,

Solution : The Maxwell's bridge is as shown in the Fig. 7.34.

Fig. 7.34 Maxwell's bridge
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The balance is obtained when L; = 478 mH and R; = 1.36 ()
At balance,

10 +jolq) = 100[(Ra +12)+ jolg]
Equating real and imaginary terms, we get,
Li=L: and B2 +m=nor m=n -K
. Inductance of coil in branch CD is L; =L; =4.7 mH
Resistance of coil in branch CD is given by

rr = n-R =327-136

I

31.34 ().

iy Example 7.19 :  In a Maxwell's inductance comparison bridge arm ab consisis of a
cofl with inductance Ly and resistance r; in series with a non-inductive resistance R.
The arm be and ad are each of non-inductive resistances of 100 2 . Arm ad consists of
standard varipble inductor Ly of resistance 32.7 €1 Balance is obtained when
Ly =478 mH and R = 1.36 €1 Find resistance and inductance of the coil in arm ab.
[INTU, May-2004, Set-2]

Solution : A Maxwell’s inductance comparison bridge is as shown in the Fig. 7.35.

Fig. 7.35

Under balance condition, we can write,
Ly Ly = Za-Za o (i)



Electrical Measurements T-52 - AJC. Bridges

But impedance of branch ab is given by,

Z = [[Ren)+jwly] - (i)
Similarly the impedance of branch be and cd are given as,
Z; = 1000 and Z;=10010 oo (i)

The impedance of branch ad is given by,
Zy = [327 +jwl;] . (iv)
Putting values in equation (i}, we get,
{R+n)+jwl, J[100] = [327 +jw L, J[100]
ie. (R+n)+jol; = 327 +jwl; e (W)
Under balanced condition, L; =478 mH and R = 1361
Hence putting values in equation (v), we get,
(L3b6+n)+joLl; = 327 +ju(478x107)
Equating real terms, we get,
136+n = 327
31.34 0

n
Equating imaginary terms, we get
wly = o(47.8x107)
Le. Ly = 478x10-? H=478 mH

Thus the values of resistance and inductance of the coil in arm ab are 31.34 0
and 47.8 mH respectively.

imp Example 7.20 : The four impedances of an a.c. bridge are

Zap = 400250°0,  Zap = 200 £40°Q,
Zoe = 8002-50°0, Zep =400220°0Q

Find out whether the bridge is balanced under these conditions are nol.
[JNTU, Nov.-2004, Set-2]

Selution : For an a.c. bridge, the balance conditions are given by,
Zi 2y = 21 Zn ... condition of balance for magnitudes
SO +208; = £08; +250, ... condition of balance for phases.
Consider the basic a.c. bridge with four impedances as shown in the Fig. 7.36.
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2, = 400250° 02

A,
Supply n})
fHz

Fig. 7.36

Applying the condition of balance for the magnitudes, we get,

Ly Ly = Z3-Zy ~ (a)
i.e. (400) (400) = (200) (800)
i.e. 160000 = 160000

That means condition of balance for magnitudes is satisfied.
Applying the condition of balance for phases, we get

Eﬂj + ﬁﬂg = ..t:ﬂg +.£fﬂ_'|, - ﬂ.'.l_}
[0°+20°)=70°
RHS. = £8; + 2085 = [40°-50°]=-10°

LHS = .fle +..|'fﬂ.|

As the values on L.H.S. and R.H.S. of equation (b) are not equal, the condition of
balance for phases is not satisfied.

Thus for above given conditions, the bridge is in unbalanced condition because

eventhough condition of balance for magnitudes is satisfied ; condition of balance
for phases is not satisfied.

mmp Example 7.21 : A four arm a.c. bridge a-b-c-d has following impedances.

Armab : Z, =200 6000, Armad : Z, =400 -60°102
Arm b : 2, =300 20°0 , Armed : 2y =600.230° 02

Determine whether it is possible to balance the bridge under above conditions.
[JNTU, Nov.-2003, Set-3]
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Solution : Consider the basic a.c. bridge with four arms as shown in the Fig. 7.37.

Fig. 7.37

For an a.c. bridge shown, the balance conditions for the magnitudes and phases

are given as follows.
£y -£Ly
Ly +£8,

Ly 25 ... condition of balance for magnitudes
L02 + 20, ... condition of balance for phases
Applying condition of balance for magnitudes, we get,

Zy 2y = Z3-Fy - ()
LHS5. =2 -Z4 = (200} (600) = 120000
RHS = Z-Z3 = (400) (300) = 120000
As values of L.LH.S. and R.H.S. of equation (a) are equal, the condition of balance
for magnitudes is satisfied.
Applying condition of balance for phases, we get,
L0 +L0y = Z0; +20, . (b)
LHS. = 20, + 28, = [60°+30°]=90°
RHS. = £0; + 20 = [-60°+0°]=-60°
As values of LHS. and RHS5. of equation (b) are not equal, the condition of
balance for phases is not satisfied.

Thus for above given conditions, the bridge is in unbalanced condition, because
eventhough the -ondition of balance for the magnitudes is satisfied, the condition
of balance for piiases is not satisfied.
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Ly = 29481 £-10.67° Q)
For balance, the condition is given by,
Ly Ly = F3 2
Hence under balance condition impedance of branch CD i.e. Z4 = £, is given by,

- £
7, = 3-12‘ 3

Substituting values ot 2y, Z; and £, we get,

_ (294.81 £ - 10.677) (500)

Zs 795.77 £ 90"

Zy 185.2356 £ 79.33° Q2

Thus positive angle of impedance Z; indicates it is an inductive impedance of
series B-L circuit. Thus we can write,

Zy = Ry+jXy, = (342967 + 182.03) Q

Thus inductive reactance can be written as,
X, = wby = 2nfly = 18203
2xmxl =100 =Ly = 182.03
Ly = 2897 mH
And By = 342967 0
Thus branch CD is a series R-L circuit consisting Ry = 34.2967 {2 and

Lq. = 28.97 mH.
iosp Example 7.23 . The arms of five node bridge are as follows :

Arm ab : an unknoun impedance (Ry, Ly) in series with a non-variable resistor ry
Armt be : a novi-induchive resistor Ry = 100 €2

Arm cd : a non-inductive resistor Ry = 200 02

Armt da : a non-inductioe resistor R: = 2500

Arm de : a variable non-inductive resistor r.

Arm ec ; a lossless capaciter C = 1 pF, .

An a.c. supply is connected between a and c. Detector is between b and e. Calculate the
resistance Ry and inductance Ly when under balance condition ry = 43.1 Q and
r=2297101. [JNTU, Nov.-2003, Set-1]
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Solution : The a.c. bridge is as shown in the Fig. 7.39.

Fig. 7.39

From circuit arrangement, it is Anderson's bridge. The value of unknown resistor
is given by,
RoRa:  (250)(100)

' = . — 431 = /1.9 0}
2y 355 431 = 819

Ri

Unknown inductance is given by,

C
L, = R: [(R: +Ry) r+ RaRy ]

1= 10-% = 10

200 & [(250 + 200) (229.7) + (250) (200)]

00766 H = 76.6825 mH

ivmp Example 7.24 @ The four arms of the bridee are as follows :

Arm ab @ An imperfect capacitor Cy with an equivalent series resistance af ry
Arm be : A non-inductive resistance Ka
Arm cd @ A non-inductive resistance Ky

Arm da : An imperfect capacitor Cy with an equivalent resistance of ry i series with
resistance K.

A supply at 450 Hz is connccted between terminals o and ¢ and e deteclor is
connected between b and d. At the balance condition :

Ry =480 Ry =2000 , Ry =28500 , and Cy =05 puF, r; =040
Calculate values of Cy and ry and also of the dissipating factor for the capacifor.
[INTU, Nov,-2003, Set-2, May-2005, Set-4]
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Solution : The bridge is as shown in the Fig. 7.40

Headphone as nill
detector

Zy = n-j m%ﬂ
Zy = Ry +12)-j ot = (48+04)-j LI
2 2w 450x 0.5= 10
= 52 - 7073553 02
= 7073744 £ - B95T7BE" ()
Zy = 204j00Q =200 2 0°0
Z; = 2850 +j0Q =2850 £ (°Q
At a bridge balance, no current flows through the detector.
I, = 72 fz; and I; = E.';r_f'.r:.'_,;
MNow LZ, = 1:7Z:  for null deflection of detector
E& _ BZ
Zy +2; 2y +Zy4
L8y = 274 -.. Balance equation

235{][:1 _ijL] = 200 £ 7= 7073744 £ - B9.5785°
1

n _ImCL = 49.6403 £ — B9.5788° = 0.3649 — | 49.6389 0
|
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Comparing both sides,
1

n o= 03649 0 and  —— = 496389
iy
C, = 1 ~ 7.125 4F
= 450 49,6389

|

wnCy = 2mx 450 = 0.3649 =« 7125 = 10-*
0.007351

Dissipating factor

mmp Example 7.25 :  An ac bridge circuit is used to measure the properties of a sample
sheet steel at 2 kHz, At balance arm ab is test specimen. Arm be iz 100 £2 . Arm od is
0.1 pF capacitor and branch da is 834 0 is series with 0.12 pF capacitor. Calculate the
effective impedance of the specimen under test conditions, [JNTU, May-2004, Set-3]

Solution : From given data, the bridge iz as shown in the Fig. 7.41.

AC.
ooy
2 kHz

The balance condition is
2.|_ -24 = 21 -21

o fn

L = 7.

Calculating Z; separately,

1

Z, = 834
: " T (@xmx 2% 10° % 0124 10- )

(834 — | 641.7538) 0

. 1
V 2mx 2% 107 % 0.1 % 10- 5

105233 £ ~3757° 02

Similarly, Ly =

-] 7957747 Q3 = 7957747 £ - 90701
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| 1 1+ jwC; R
I;:I _E'l- = R'| - ] .|
an B =) s Ra+ jonCy jwwCs
Hence we can write,
I' | .\II 1+ i[l.'IC: R: ] .
Ry) = | ————— [(R, Ly
[ & jolly Ry J.i' 4 { jinlls ,-{ *Jobs)
Simplitying we get,
Ry = w'RyCy (RiRyC) - Ly} « (1)
and R, = By (R, Ca = Rylhy) L)

B2,

Using equations, we can writa,

Ry (RCor ~ RyCy)

B, =
! RaC
R:RyCr = RR.C: - ByRC
H N |l1..|_ {“1{;\] + Hg[:.‘g}
o RiCs
. 10 % 107 [50x 107 x (L003 » 10 + 20 = 107 = 150 = 10~ 2]
o 20 = 10° = 0.003 x 10-°
R, = 2550

Using equation (1), we can write,

Ry = w® ByCa(RRCy - L)
R4
= RRsCy - Ly
Rq [ 1 ]
L. = R - —==e = Ry [R2Cy -
v RRG GRE TN MY TR
r | -.t
Ly = 10=107i50= 10%=150= 100 o oo
’ L ’ ) ’ (10%)2 = 20 10* % 0.003= 10 * ]

L = 74998 mH
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lump Example 7.27 :

The four arms of the Maxwell’s capacitance bridge at balance are :

Arm ab : unknown inductance Ly having an inherent resistance R,
Arm be : A non-inductive resistance of 1000 £,

Amr cd : A capacitor of 0.5 uF in parallel with a resistance of 1000 0 .

Arm da @ A resistance of 1000 Q

Dietermine the values of Ry and Ly. Draw the phasor diagram of the bridge.

[JNTU, Nov.-2003, Set-4]

Solution : From the given information, the Maxwell's capacitance bridge is as shown

in the Fig, 7.43,

AL,

supply
fHz

The equation for balance is,

7,7y

RiRy + jul Ry

Equating real terms, we get,

i

7o Z;

(B2} (Rs)

B:Ra + joRa B3R Cy

RiRy = RaRs
RRs _ (1000)(1000)
| - = F- )
R P 1000 1000
Equating imaginary terms, we get
wliRy = wRRiRC,
Ly = R:R3Cy = (1000){1000) (0.5 = 10-%) = 0.5 H
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immp Example 7.28 : In a heavyside Campbell bridge used for the measurement of a self
imductance L, with the equal ratio ie. Ry = Ry, the following resulls were oblained.
With switch open M = 15.8 mH, r = 25.7 0 and with switch closed M = 0.2 mH and
r=121%0 . Find the resistance and self inductance of the coil. [JNTU, May-2004, Set-4]

Solution : The self inductance of the coil is given by,
L = 2(M; - M3)
2(158 % 10°% - 02 = 10-%)

2(15.6 x 10-%)
312 x 100* H = 31.2 mH

it

The resistance of the coil is given by,
Ry =nmg-nn =257 - 12 = 450

mmp Example 7.29 : A sheet of bakellite 4.5 mm thick is tested af 50 Hz befween
clectrodes (L12 m in diameter. The Schering bridge employs a standard air capacitor Cs

of 106 pF capacitance, non-reactive resistance Ry of (@]ﬂ in parallel with variable

capacitor Oy and a non-reactive variable resistance Rs. A balance is obfained with
Cy =0.5puF and Rz = 260102 .

Calculate capacitance, power factor and relabive permittivity,  [INTU, May-2004, Set-4]
Solution : For Schering bridge the equations at balance are,

'|:4 Rq.
= —R ncd C; = ==
n . 3 a 1 Rs C;
Cy 05 % 1078 = 260
= —R = = 1.23 = lﬂﬁ )
PTG T Tiex 0
= Ry - (1000 / m -12 -
The power factor of the sheet = wCin = 2Zx mx 50 x 130 = 10712 »« 123 = 10%
= 0.05

The capacitance C; = g.8p ‘—3—

Hence relative permittivity is given by,
Cid _ 130 = 10 2w 45« 107
Egf

Ey = = hO

F
8854 x 10-12 x {’—2‘ x mz]
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iimmp- Example 7.30 : A condensor brushing forms arm ab of a Schering bridge and a
standard capacitor of 500 pF and negligible loss forms arm ad. Arm bc consists a
non-induchive resistance of 300 €2 . When the bridge is balanced, arm od has resistance
of 72.6 3 in parallel with a capacitance of 0,148 pF. The supply frequency is 50 Hz.
Calcwlate the capacitance and dielectric loss angle of capacitor.  [JNTU, Nov.-2004, Set-3]

Solution : The bridge can be drawn as shown in the Fig. 7.44.

A,
supply
50 Hz

Fig. 7.44

The unknown capacitance in the Schering bridge is given by,

C, = C; B4 _p5x 109 x 220

R = 0.121 pF

The dielectric loss angle of capacitor is,
&

tan ! {ﬂ'.'llE.]R;]

tan - ! {Ex = 50x= 0,148 x 1078 = ?E.ﬁ}
89.98°
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Review Questions

Dyerive the Drodge belance eguation for the basic a.c. bridge.

Wilkat 1s fhe capacifange comprizon bridge 7 Derive ils balpogy eqeealion.

Wity Hre inidnctance comparison bridee is wsed 27 Derive its bodance aquation,

How Seiwering Dricdee @5 wsad far e oecsarenten! of onkeonm capaciter 7 Derioe s balenee
cquiation. Stale its adpantages.

How e quadity of the capacitor can be oldained using Schering bridge 7

Wrife a note on Wagner ground connection.

Wrile o sote o Iigh velfnge Schering bridge.

Divawe the Anderson bridge and explain iz working,

Witich megzurements can be corrfed onet by Maxvieell bridge 7 Devine He balanee squantion avd
cxpressions for M wknoon componcils,

List the advantages of wsinyg stondord capacifor i Mocwoel! bridge.

Stale the adoailages wnd Tisitations of e Masuell bridee,

Wit is Hay's bridge 7 Duerive its bolance equartion. When it is preferred omer Maooell bridge ?
Compare AMayeeell Peidge st Hiay's Driage

Wit s Wien's bridge ? Derfoe thie cxpression for the frogrency.

A ae, Dridge fas e follaoing conztinfs

Arm A - Capacitor of L5 pF i.'rlpn?raTIIrI witlr 1 K} resistionee.

Arm AD - resistanee of 2 Y

Arm BC - capacitor aof 0.5 pF

Arm CIY - pnkeouwn O, and B, i series

Froequaenecy - 1 kHz

Dieterssine Hw aenknotenr copaedtiaree and dissipation factor, [Ans. : 2 k), 025 F, 3.1416]

Qg
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Magnetic Measurements

8.1 Introduction

The measurements of various properties of a magnetic material are called magnetic
measurements. The magnetic materials play a very important role in the operation of
electrical machines hence measurement of wvarious characteristics of a magnetic
materials is important from the point of view of designing and manufacturing of
electrical machines.

The magnetic measurements include,

1. Measurement of flux density B in a specimen of ferro-magnetic material.

2. Measurement of magnetising force H, producing the flux density B, in air.
3. Determination of B-H curve and the hysteresis loop.

4. Determination of eddy current and the hysteresis losses.

5. Testing of permanent magnets.

For such magnetic measurements following tests are performed :

1. D.C. Tests : These are used to determine B-H curve and hysteresis loop of
ferro-magnetic materials. The direct current is used to have variable mm.f. and
fluxmeter is used to measure the flux density. A ballistic galvanometer can be used to
measure flux density. Such tests are also called ballistic tests.

2. ACC, Tests : When a ferro-magnetic material is subjected to a cycle of
magnetisation and demagnetisation then the eddy current and hysteresis losses occur.
Hence alternating current is used to determine iron losses, having provision of a
variable frequency and form factor. Such tests are carried out at power, audio or radio
frequencies.

3. Steady State Tests : The flux in the air gap plays an important role in the
operation of various electrical equipments. Such a flux is measured using steady state
tests. Such tests give steady state value of the flux in the air gap of a magnetic
material.

(8 -1)
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The results of magnetic measurements are not very accurate because of following
reasons :

1. The magnetic materials are nonhomogeneous.

2. The condition at the time of calculations are different than the conditions
existing at the time of testing of magnetic material.

3. Various groups of test specimens have no uniformity.

8.2 Ballistic Galvanometer

The ballisbc galvanometer and the fluxmeter are the necessary instruments for
varions types of magnetic measurements. The ballistic galvanometer is used to
measure a guantity of electricity passed through it. The ballistic galvanometer has a
search coil connected to its terminals. When there is change in the flux linked with
the search coil, an e.m.f. is induced in the search coil. The electricity proportional to
this e.m.f is measured by the ballistic galvanometer.

The ballistic galvanometer is usually of D'Arsonval type. The electricity passing
through the ballistic galvanometer is in the form of transitory current which is
instantaneous in nature. It exists only till the change of flux is associated with the
search coil. Thus the ballistic galvanometer gives a 'throw’ proportional to the quantity
of current instantaneously passing through it. It does not give steady deflection. The
scale of the ballistic galvanometer is calibrated in such a way that from its throw, the
quantity of electricity and the change in the flux producing it, can be measured.

The throw of the ballistic galvanometer is proportional to the electricity only if the
“discharge of electricity through it gets completed before any appreciable change in
position of the moving system. Hence the moving system of the galvanometer is made
to have large moment of inertia and due to this, it keeps on vibrating for long time
for about 10-15 seconds. The large moment of inertia is achieved by the addition of
weights to the moving system. Thus the oscillations of the galvanometer moving
system are damped with large time period and small damping ratio. The small
damping ensures that the first deflection (throw) is high and large in amplitude. The
throw or deflection is measured at the extreme point of the first throw using a lamp
and scale.

The dead beat galvanometer is best. It has to have electromagnetic damping such
that it can be determined from the constants of the instrument. Air damping should
not be present as it is indeterminate. To bring the moving system back rapidly, a key
is provided with which galvanometer terminals are short circuited.

The special construction of the ballistic galvanometer also includes,
1. The moving coil is free from magnetic material.
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2. The terminals, coil and all the connections are made up of copper to avoid
thermoelectric e.m.fs. at the junctions.

The 5u5pemiinn :;triP is selected l.‘ﬂ.l‘l;"‘ﬂl“}' and mounted prEtiﬁet}r-

4. In precision instrument, the suspension is non-conducting and current is led in
and out of the coil with the help of delicate spirals of very thin strip of copper.

8.2.1 Theory of Ballistic Galvanometer

The quantity of electricity through the galvanometer is instantaneous and for very
short period of time. While discharging it gives energy to the moving system which is
dissipated gradually in friction and damping.

Thus lat, 0 = deflection in radians
b = damping constant
a = moment of inerhia
¢ = controlling constant

During the actual motion, electricity is not present once gets discharged hence the
equation of motion becomes,

a—+b—+ch = 0 e (1)

The solution of this differential equation is,

0 = Aemit B pmat L@
where A, B = constants
— "lEﬂ_
my, my; = roots of quadratic = bt > dac

As damping is very small, b is very small hence (b® —4ac) term is negative and
the roots are imaginary in nature.

The solution of second order differential equation having complex conjugate roots
is damped sinusoidal oscillations given by,

% banf B o)

= T b osi
i ¢ 2 bsin 7

But as b is very small hence 4ac-b? = dac

8 = E:ﬁ bsin[E'Hu] e (3
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From the initial conditions when t = 0,6 = 0 hence o = 0,

b e
B = e & hsin[J; ’t] . (4)

During the discharge of the electricity through the instrument for the short period
of time 1, the deflecting torque proportional to instantaneous current i exists given by
Gi where G is displacement constant.

Hence the torque produced by Gi is represented as,

. d%
Gl = 25m
P ¢ _d da
é Gidt = _‘I} ey dt = Ty - 15)

But I i dt represents the charge (O coulombs.
]

_ . de
QG = a s . (6)

where % iz the ;lngl.lli'lr vulucit}r of the system at the end of the Permd T i.e. at the

beginning of the first deflection.

6 _ G
a - a2 - @)

MNow differentiating equation (4),

do b B [T - YE J?
o b, hbmn[J;t]+e & bm[ < t] < - (8)

As the period of discharge is small, at the end of discharge, t = (. Using above,

do JE
_a_t,_ba e ()

From the equations (7) and (9),

G
bl = =
a aq
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_ G fa
b=S2a .. (10)

Substituting value of b in equation (4),

BIG i
B = e 2.u|:; E Q] sm[E I:] e (11)

Key Point : This shows that the deflection of ballistic galvanometer is proportional to
the charge Q and it is oscillalory in nature.

The waveform of 6 is as shown in the Fig. 8.1 with the angular frequency @

W = JE = Inf
a
1 ¢
7
T = lf = E‘HIJE = Time period of oscillations - (12)
c

Damped oscillalions
Deflaction in radians |~ L
"1_‘1

First
dieflction
¢
1
0
~—
oo
Fig. 8.1 Waveform of 0
The graph shows successive decreasing maxima at the instants T?, %, HT . et
Using in 8, |
_ G a -3 :."r:- T 2r ja
X O il sl
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Fig. 8.2 Fluxmeter
The pointer is fitted to the maoving system of the Auxmeter and the scale is
calibrated interms of flux turns. Such a fluxmeter is designed by Grassot and hence it
is called Grassot fluxmeter. The spirals of silver springs keep the controlling torque to
minimum.

As controlling torque is minimum, pointer takes time to come back to the zero
position. But readings may be taken by observing the difference in deflections at the
beginning and end of the change in flux, without waiting for pointer to restore its
Zero position.

The resistance Rs of the search coil connected to the flux meter must be small. The
inductance of search coil may be large.

Let & and ¢z are the interlinking fluxes at the beginning and the end of the change
in flux to be measured respectively. The corresponding deflections are 8 and B:
respectively. Then,

dfd = Change in deflection = 8 = &
dé = Change in flux = &2 — iy
and it can be proved that,

Gdb = N db
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where G = Constant of flux meter called displacement constant

) Mumber of turns on search coil

de

1]

N
= db

In modern fluxmeters, the coil is supported with pivots and mounted in jewelled
bearings. The current is passed to the coil through fine ligaments.

The fluxmeter has an advantage over ballistic galvanometer as the deflection is
same irrespective of the time taken for the corresponding change in flux, interlinking
with the search coil. Another advantage of fluxmeter is it is portable.

The differences between flux meter and ballistic galvanometer are,

Sr. No. Fluxmeter Ballistic Galvanometer
l. Confrolling torque i very small, Controlling torque is high,
2. Heavy electromagnetic damping. Electromagnetic damplng ts not heavy,
3. Less sensitive. More sensitive.
4 Less accurale More accurate,
5. The defection i independent of the timea Tha deflaction is depandant on the fima
laken by the flux changes. taken by the fiux changes.
Table 8.1

8.4 Measurement of Flux Density (B)

Let us study the measurement of flux density in a ring specimen. A coil with
sufficient number of turns is wound on a ring specimen. This coil is called search coil
or a B coil. This coil is then connected to a fluxmeter or a ballistic galvanometer, as
shown in the Fig. 8.3,

Please refer Fig. 8.3 on next page.

The magnetising winding carries a current [ which produces the flux to be
measured. The current | in the magnetising coil is reversed using a reversing switch.
Thus flux linkages associated with the search coil also change inducing em.f. in it
This em.f. drives a current through a ballistic galvanometer, causing the
corresponding deflection.

8.4.1 Theory of Flux Density Measurement
Let h = Flux ]inking with search conl

] Mumber of turns of search coil

E = Resistance of ballistic galvanometer circuit



Electrical Measurements g8-1 Magnetic Measuraments

suwlr -
Fig. 8.3 Measurement of flux density
t = Time rn:quirud o reverse current [ Le. time required

to reverse flux d.

The average e.m.f. induced in the search coil is given by,

= N -d&% volts
Initial flux = &, After reversal = — 4§
dip = ¢~ (-d) =2
dt =
| _ N
s =Y

Thus the average current thmugh ballistic galvannmel:er is,

_ E_EN'I!
T R Rt A
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- B- Ac _
E"I—E' HBH[A. 1]

This is called correcton of air flux.

8.5 Measurement of Magnetising Force H

The magnetising force H is also measured by using a search coil and a ballistic
galvanometer. The arrangement is shown in the Fig. 8.4,

In such method H can not be obtained directly but is to be calculated by
measuring flux density by the method of current reversal, as described earlier.

The position of search coil shown in the Fig. B4 is for the measurement of flux
density B, in air, by reversing current 1 with the help of reversing switch. The search

coil used for such measurement is called H coil. Once By is measured thenm H can be
obtained as,

HEE—HAEIH

Hi
where o = d4m= 107 H/m
Magnetising
wanding '
) Al
Ep-a-l:lmn7_|
H
Search
colf
Ballistic
galvanomeler

Fig. 8.4 Measurement of H
Thus search coil is placed in the air gap itself if H in the air gap is to be
determined. While if magnetising force N within the ferro-megnetic material specimen
15 to be obtained then H is measured on the surface of the specimen as the tangential
components of field are of equal in magnitude for both the sides of the interface.
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Such a potentiometer is used for the measurement of the magnetic potential drop
across a given part of a magnetic circuit such as a joint, the measurement of magnetic
leakage or measurement of m.m.f. around a closed path. The important advantage of
the device is that the results are same whether the strip on which the helix is wound
is siraight or of other shape.

As the method does not give uniform values of H over the entire length AB and
hence method is rarely used in practice for direct measurement of H. The
potentiometer is also called Chattock magnetic potentiometer.

8.7 Measurement of Leakage Factor

in the electrical machines and other devices, the flux crossing the air gap is called
useful flux while the fux in the actual pole is called total flux. The useful flux is less
than the total flux due to leakage flux. The leakage is specified by a factor called
leakage factor which is the ratio of the total flux to the useful flux denoted as .

_ Total fAlux
Useful flux

S0 to measure leakage factor, the flux crossing the air gap and reaching the
armature from pole must be measured alongwith the measurement of flux in the pole
bodies. This is possible by the flux meter. The ballistic galvanometer is not suitable for
such measurements due to high inductance of the field winding,

The arrangement for such measurement is shown in the Fig. 8.6.

/ Yoke search col \

Air gap
fux Armature

Fig. 8.6 Measurement of leakage factor
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The yoke of the machine carries the total flux produced by the field winding
would on the poles. Two search coils are wound on the yoke of the machine, one each
on the either side of the pole as shown in the Fig. 8.6. Though the yoke carries total
flux, there exdists half of the total flux on either side of the poles. Hence to measure
the total flux the two search coils are connected in series. The coils are connected to
the fluxmeter which gives the total flux of the machine.

The flux which reaches to the armature through air gap is called useful flux. A
search coil is placed on the stationary armature such that it is in contact with the
entire useful flux. It is then connected to the fluxmeter which gives the reading of the
useful flux.

The ratio of the two readings thus obtained, is the leakage factor of the machine.
The search coils with only one turn are preferred in such measurements so that flux
meter directly gives the reading of the required flux.

8.8 Determination of B-H Curve

There are two methods by which B-H curve can be obtained for the magnetic
material specimen,

1. Method of reversals 2. Step by step method

8.8.1 Method of Reversals

A ring specimen with known dimensions is taken for the test. A thin tape is
wound on the ring. The search coil insulated by the paraffined wax is wound over the
tape. Another layer of tap is wound on the search coil. Then the magnetising winding
is wound uniformly on the specimen. The overall circuit used is as shown in the
Fig. 8.7. (5ee Fig. 8.7 on next page).

The complete specimen is demagnebised before the test. Using the variable
resistance, the magnetising current is adjusted to its lower value, at the beginning of
the test. The ballistic galvanometer switch K is closed and reversing switch 5 is
thrown backward and forward for about twenty times. This brings the iron specimen
into a ‘reproducible cyclic magnetic state’. The galvanometer key K is now opened and
the flux in the specimen corresponding to this value of H is measured from the
deflection of the ballistic galvanometer, by reversing the switch 5. The change in flux,
measured by the galvanometer, when the reversing switch 5 is quickly reversed, will
be twice the flux in the specimen, corresponding to the value of H applied. This value
of H can be obtained as,
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DG —=o

+ o supply -

Fig. 8.7 Method of reversals
Number of turns on the magnetising winding

I} = Corresponding mangetising current
I = Mean circumference length of specimen in m
While the flux density B is obtained by dividing the flux measured by the area of
cross-section of the specimen.
The procedure is repeated for the different values of H by increasing H upto the
maximum testing point value. The graph of B against H gives the required B - H
curve for the specimen.

8.8.2 Step by Step Method
In this method reversal of magnetising current is not used. The magnetising

current in the winding is supplied through a potential divider as shown in the
Fig. 8.8.

whire M



Electrical Measurements g-19 Magnetic Measurements

1 |
f MW 2 rh: ¢B‘G
Search coil

—— Calibrating codl

E.peclrmn
Magnetising

Potential dividar

EL
D.C. supply

e

1]

Fig. 8.8 Step by step method

The potential divider has number of tappings. The tappings are arranged in such a
way that the magnetising force H increases in suitable number of steps, upto the
required maximum value.

The specimen is completely demagnetised before starting the test. The switch 5 is
closed with switch 5; at tapping 1. Due to this there will be some change in the flux
hence there will be increase in the flux density from 0 to By. This value can be
obtained by observing the deflection of the ballistic galvanometer. Recording the value
of corresponding magnetising current the corresponding value of the magnetising
force Hy can be obtained. The switch 5 is instantaneously changed to tapping 2 which
increases the magnetizing force to Ha. Due to this there is increase in Hux and hence
flux density by the amount AB. This can be determined from the galvanometer throw.
Hence B: at H: can be obtained as By + AB. The procedure is repeated for various
tappings till maximum value of H is achieved. The graph of B against H is then
plotted which is nothing but the B - H curve for the specimen under test. This is
shown in the Fig. 8.9
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o r e omm mmm m  mmm  —

Fig. 8.9 B-H curve from step by step method

nmp  Example 8.2 : A mowing coil ballistic galvanometer of 200 €2 resistance gives a throw
of 70 divisions when the flux through a search coil to which it is connected is reversed.
Find the flux density gioen that the galvanometer constant is 100 pC per division and
the search coil has 1200 turms, a mean area of 60 cm?® and a resistance of 15 €.

Solution : K = 100 pC/division, 8" = 70, N = 1200, A = 60 cm?
R

I

Total resistance = 200 + 15 = 215 0)

RK®' _ 215x100x 10 x 70
2MNA T 2x1200x 60x 104

0.1045 Wb/m?

B =

mmp Example 8.3 : A ring specimen has @ mean length of 1m with a cross-sectional area
of 300 mmi. It is wound with the magnetising winding having 120 turns. The search
coil has 180 turns and is connected to a ballistic galvanometer having constant of
1.5 puC per scale division. The total resistance of the galvanometer circuit is 1500 £). On
reversing a current of 10 A in the magnetising winding the golvanometer shows a
deflection of 75 scale divisions. Calculate the flux density in the specimen and value of
relative permenbility at this flux density.

Solution : Total m.m.f. of coil = N1 1 = 120 = 10 = 1200 AT
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H = = 1200 AT/m

NI 1200
1

Charge through galvanometer is,
Q = K =15x10%x75=1125«10"* C

Now ¢ is the flux through the ring.
Flux linkages of search coil,

v = Nog=180¢
Change in flux linkages due to reversal of current is,
Ay = 2 (180 ¢) = 360 ¢

e = %:% where At = time of reversal
C_oe_ 360 _0.24¢ ,
R 1500 At At

Charge through search coil is, |

Q =iat=024¢ C
Equating the charges,

0.24¢ = 1.125 =104

¢ = 4.6875 x10~+ Wh

B= 2= 4':;:3:{;24 = 1.5625 Whim?
and B = pH

Ho= pg M

b = Mo 130207 one 165 = 1037

Mo dxx 1077

ip Example 84 : A bollistic gafvanometer has a circuif resistance of 4000 Q and a
constant of 0.1 pC per scale division is connected one after the other in two parts of d.c.
machine.

1. With a coil of 2 twrns wound round the field coid of a d.c. machine, producing 110
divisions reading on galvanometer.
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2, with armature surfoce with 3 fwrns, measuring flux entering the armature, producing
140 divisions reading on galvanometer,

The readings are oblained by breaking the wormal field current, Calculate the flux per

pole and leakage coefficient.
Solution : Let ¢ be flux linking with a search coil of N turns.

flux linkages y = Né
The field current is broken so flux becomes zero in ime At

Ay = Né in time At
®* = ai:ﬂ
At At
i = 2_Ne
14 Al

But for a galvanometer charge is given by,

Q = Ko
. _ N¢
W= R
_ Ke'R
=N

i) For field coil i.e. pole flux, N =2, & =110

~&
g = 0110 ;11{}xm=n_mwh

i1) For armature flux, N = 3, 8" = 140

=i
b = 0.1x10 !;1412}#:-1{[!1:“.“1“%

Thus flux per pole is 0.022 Wb ie. total flux and useful flux is 0.0186 Wh.

A = Leakage factor = =— = —— = 1.1828
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8.9 Magnetic Testing Under A.C. Conditions

Whenever a piece of magnetic material is subjected to alternating current, it goes
under a cycle of magnetisation and demagnetisation, There exists a hysteresis, due to
which power loss occurs in the form of hysteresis loss and eddy current loss. This loss
is called iron loss. The knowledge of iron loss in ferro-magnetic materials plays an
important role for the designers. The iron loss depends on,

i} Frequency of alternating field to which it is subjected.

ii) Maximum value of flux density B, .

4 Thickness In practice, for wvarious materials, the

t; mm Fmrui? curves are obtained at typical frequency giving

lroa koss 50 Hz the variation between iron loss per kg against
per kg the maximum flux density. Such curves are

wKg) | [L>4]

called iron loss curves. The curves help the
Thickness designers to select the proper material for the

i, mm proper application. The Fig. 8.10 shows typical
—=— iron loss curves at a frequency of 50 Hz.
Flux densty (Whim') The total iron loss has two components,
Fig. 8.10 Typical iron loss curves 1) Hysteresis loss and 2) Eddy current loss.

8.9.1 Hysteresis Loss

For a given volume and thickness of laminations, these losses depend on the
operating frequency and maximum flux density in the core. Basically hysteresis loss
per unit volume is the area of the hysteresis loop of that material.

Practically Steinmetz has given the formula for the hysteresis loss per unit volume
s,

B, = nfB% watts/m?

where n = Hysteresis coefficient
f = Frequency
Bm = Maximum flux density
K = Steinmetz coefficient varies between 1.6 to 2

Practically K is taken as 1.67.
For a given specimen of thickness t and certain volume, it is given by,

P Ky fBYT W - (1)

where Kn = Hysteresis loss constant
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i Example 8.6 : A specimen is tested having total weight of 15 kgﬁ.lr the iron loss. I
i5 found that for o given value of flux density, the iron loss is 19.4 W at 40 Hz and
31 W at 60 Hz. Calculate the eddy current and hysteresis loss in wattsfkg at 50 Hz at
the same value of Tux density and total iron loss at 50 Hz.

Solution : It is known that F, = f and P, = {? for given By,
P, = P, +P.=AF+Bf?
194 = A(40)+B(40)° and 31 = A(60)+ B(60)°
Solving, A = 04216 B = 0.0015833
At 50 Hz, P, = 0421650 +0.0015833 % (50)° = 2503825 W

.. Total P at 50 Hz
Af  0.4216%50

B = pem—— 15 = 1.4053 Wikg
2 2
P, = Bf _ 00015833 = 50 - 0.2638 Wik
Mass 15

sy Example 8.7 1 L an iron loss best on a 10 kg specimen of steel laminations, te peak
flux densiby and the form factor are mainfained constant and following resulls are
oltained.

Fraguency Hz 25 40 50 &0 an
Total iron loss W 15 ar 52 o 0g

Calculate the eddy current and hysteresis loss per kg at 50 Hz.
Solution : The total iron loss is,
P, = P, +P.=Af+BF:

ﬂf' = A+BI

From the gi!.ren table,

f 25 40 &0 B0 a0

Pt 0.76 0.228 1,04 1.1686 1.35
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Fig. 8.14 Epstein square

2. Lioyed Fisher square :

In this square, the strips are built up into four stacks. Each stack consists of two
types of strips, one cut in the direction of rolling and other cut perpendicular to the
direction of rolling. The stacks are inserted inside four magnetising coils having large
cross-sectional area. All these coils are connected in series to form a primary winding.

Below each magnetising coil, there are two similar single layer coils are placed.
These are secondary coils. The four coils are connected in series and such two groups
exist. Thus two seperate secondary windings exist.

The strips are projected beyond the coil and arranged in such a way that each is
perpendicular to the plane of the square. The right angled comer pieces are used at
the corners to form the corner joints. The corner pieces and strips are overlapped due
to which the cross-section of the iron is doubled at the corners. Hence a correction is
required to be applied for the measured value of iron loss.

The Fig. B.15 shows an arrangement at Lioyed-Fisher square.
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5 7
3 _._ As cross-section is doubled

due 1o ovedapping. the

' I— cormaction must be
['___; _"“_‘] qﬂlﬂ
2 |1 &~ '] &
| 1 ]
~=— Magnetlising
| | |
2 111 2 2 | I| [T
1— ! ‘ \* Strips
'-...__1_-_-‘-'
= — Right
i l % angled
COMmar placs
Fig. 8.15 Lioyed Fisher square
Epsteln square Lioyed-Fisher square

1. Thee wislube O Mux density 1S ol Same in The correction is required for doubling of
comers and in square sides. The comection for | cross-section al the cormers. This is easy o
this is difficult to apply. Hence results mot apply. Once applied, the results are highly
acurato. accurate and redizbbe.

2. | The performance ks poor for anistropic Suitabde for anistropic malerial as the comer
malerials as the direction of flux al the comers | pleces eliminates the difficulty of direction of
is partially perpendicular o the flux path in flux existing in Epstein squara.
ather paris of strip.

3. Mot prefermed due to its inaccuracy. Very commonly used due 1o its accuracy.

4. | The strips are in the plane of the square, The strips are perpendicular to the plane of the

squarna.

where

Table 8.2
The correction is required for this value of flux density as 5; encloses the flux in
air gap between specimen and the coil, in addition to the flux in the specimen.

A
B = B, = Ho | =—==1
m m =H@ m[-""la

] .

Byn = Maximum flux density required

A . = Cross-section of coil in m?, A, = Cross-section and specimen in m?
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Dividing the two equations,

RBs+jwl:  R:z+r+jwl;
Ra B R,

Equating real and imaginary parts,

_ Ry _ Ry
R. = N (Rz +r) and L. = R Lz e (3
MNow R. = Efective resistance of a-b including winding resistance

Rw and the resistance representing core losses R,
I} Ry = Iron loss + Copper loss in winding = F; +1 R,
B = Ij[R,-R.] e (4)
Now I = 1 +1z

From i:l}, l] Ej = {[—[g} R.l

- R4

e '[ﬁ] - ©
_p[ R T

i {rﬁﬂ LR = K] - (@)

The current | is measured on ammeter and R., R, can be measured. Thus iron
loss can be obtained.
The L. obtained by equation (3) can be expressed as,
N2 s
where S = reluctance s ———
5 HoMr As

N = Number of turns of magnetising coil

L. =

Iy = Length of mean flux path in specimen
A, = Cross-sectional area of specimen
ur = AL relative permeability of the specimen

_ __N?
L= ——
MoMr Ay
_ l’. Ll, _ R:l i’ﬂ. Lz_
W szlu A NZ Ri o A, = )
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Fig. 8.20 Measurement of iron loss using a.c. potentiometer method

When supply is given to the primary, the voltage E; is induced in the secondary.
According to transformer equation, it is given by,
Ez = 444 b fN; =444 B, AfNs

E; ()

B = 344 AN,

For sinuscidal waveform K; = 1.11.

The E; can be measured as,

i) Put the switch 5 to position 1.

ii} Set the quadrature potentiometer at zero.
iii) Adjust the in-phase potentiometer till galvanometer G shows zero deflection.

iv) The setting of in-phase potentiometer for balance gives the value of E;.

Mote that the potentiometer must be standardized first.

Then put the switch to positon 2 and adjust both the potentiometers till
galvanometer shows zero deflection.

The total current has two parts as core loss component 1. and magnetising

component [, .
The in-phase potentiometer reading gives the drop I. R while the quadrature

potentiomenter reading gives the drop 1y, E.
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[ = Reading of in - phase potentiometer
- R

Reading of quadrature p-tentiometer

and 1 i

Py = Tron loss =1, E;[i}[—‘]
2

The method is very effective as both core loss and magnetising components of
currents are obtained separately.

8.14 Oscillographic Method

The magnetic measurements can be done using cathode ray oscilloscope (C.R.O.)
The Fig. 821 shows the arrangement of C.R.O. for such measurements.

Ri - Vertical plate
-"'-mrﬂlitﬂf ing specimen ampiifier f:r%pﬂl'ﬂﬂl'lﬂ
; WD o / _GRO
Magnelising §=—¢ . 1 o — |
it (- =| T Bl
& &
AL
ey E s
o
) :
Variac N “J Froportiona I
{Autotransformer) Haorizontal plate o H
amplifiar

Fig. 8.21 Testing of magnetic material using oscillographic method

The ring specimen has bwo windings, magnetising winding having Ny turns and
search coil having N. tums. In series with magnetising wind{ng, an ammeter and
non-inductive resistance Ky are connected. The magnetising circuit is excited with a
supply from an autotransformer. The magnetising current I; flows through the circuit,
causing a drop I; R; across R;.

Vi = Iy Ky = Magnetic field in test specimen

The voltage V; which is directly proportional to the magnetic field in the test
specimen is connected to x-plate amplifier representing herizontal axis on C.R.O.
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Examples with Solutions

mme Example B9 : A fluxmeler 13 connected to a search coil of 100 burns and B mean
aren of Hie coil is 5 cm?. The search codl is placed at the centre of a standard solenoid
oo fong wmiformly wound with 800 furns. When a current of 5 A s reversed, a
deflection of 10 scale divisions 5 obtained with the fluxmeter. Calculate the colibration
constant of the instrument in Wbh-urns per division.

Solution : The magnetic field strength inside the solenoid is,

H=¥ where N = 800, 1=5 A, [ =1m
H = 3”[1“ 2 = 4000 AT/m

The flux passing through the search coil is,
& = BA=pu, HA W o= area = 5= 1071 m?
iy = 1 for air cored solenoid

= drex10-7 1= 4000=x5x10-4 =2.5132x 10-¢ Wb
Wb - turns = ¢ = turns of search coil = 25132 10-% 2 100
25132=10-1 Wb - turns

When the current is reversed, the new current is — 5 A. Hence change in current is
5=(=5) =10 A ie twice the original value. Hence the change in weber-turns is also
twice the original value when current is reversed.

. Change in Wb - turns = 2x 2.5132x10-% =5.0265x10-% Wb - turns

Change in Wh-turns  50265=10- 4
Corresponding deflection 10

= 5.0265x10"* Wb - turns/division

. Calibration constant =

e Example 8.10 @ [n loss tesis on o sample of iron laminations the following resulls
were recorded,

al At 60 Hz, 250V, tolal iron loss = 200 W

by At 40 Hz, 100V, total irvs loss = 40 W,

Caleulate the eddy current and iy cteresis loss for each test. The steinmetz index is 1.6.
(JNTU, May-05 Set-1, Set-3, Nov-04 Set-4)

Solution : For a constant form factor,

i

Fe K. B; [ and B =K f BLE
B = P.+B =K. Bl I? +K;, {BY?
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As voltage is changed in the above two tests, B, is not same for both.

() = K. B2, £ +Ky f BIE o (1)
and (P): = K.B2, 2 +K, f» B'S (@)
Key Point : The maximum flux density varies directly with voltage and inversely with
[frequency.
W
Bm o T
E-m[ E|_ =8 ‘H'I] and Brnl f_g x I'rr;l_ ee [3}
B i _ Wy
B2 b Vs
Now (P}, = 200W, f = 60 Hz, V, = 250 V
Pl = 40W, E=40Hz, V: =100V
Br %60 _ 250
Boo x40 _ 100
Brt = 1.667 By T
Using (4} in (1} and (2),
200 = K. B2, (60)% +Ky Bl% x 60 . (5)
0 = K B Jz Hﬂ}l +K h . s 4() (6)
- 0l 16667 " 1.6667
Let K.B2, = A and Ky (Bp)' =B o (D

m

200 = 3600 A + 60 B and 40 = 5759769 A + 17.6639 B

Solving above simultaneously,

A = 003902 and B = (.99218
ie. K. B, = 003902 and K; (Ba)'® = 0.59218
At 250 V, 60 Hz :

Po = Ke B2, £1 =0,03902x(60)2 = 140472 W

P, = Ky BLS f; =0.99218= 60 = 59.528 W
At 100 V, 40 Hz :

0.03902

2 = 22466 W
(deeon?

P = K._.[ JE (40 =

P

B 7" 0.99218 B
Kh{ ] Hdﬂ=m—mx4ﬂ-1?'a534w
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mup Example 8.11 @ [n o test on @ specimen of total weight 13 kg, the measured values
of iron loss at a given value of flux density were 17.2 W at 40 Hz and 23.9 W al
60 Hz. Estimate the values of hysteresis and eddy current losses ab 50 Hz for the same

value of peak flux density. (JNTU, May-2004, Set-3}
Solution :. Fe
P

As B, is constant,

i

K. f2 BZ, W/kg
K, {BX W/kg

P. = K5 and B =K, f

P;i = ["t. +P}. E-K]fl -I-K_gf
% = K; (40)2 + K (40) (1)
% = K (60)% + K, (60) )

Solving above equations simultaneously,

K, = 19871x10-%, K; = 0.2512
Thus at 50 Hz,

P, = K, =(50)% = 0.4967 Wikg

By = K;=(50) = 1.256 W/kg

mmp Example 8.12 : The mutual inductance between magnetising winding and a search
coil wound on o specimen s 9 mH. The search coil has 20 turns. The area of
cross-section of specimen is 5000 mm®. The reversal of current of 3 A in magnetising
winding produces the throw eof 60 galvarometer divisions. Calculate the value of flux
densthy i the specimen af the reversal of curvent in the magnetising winding produces o

salvamometer deflection of 36 divisions. (JNTU, May-2004, Set-1)
Solution : Let gy = flux linkages = flux x turns Whb-turns
_ N¢ _w
M=T=7
w = MI

When current ~Ff 3A is reversed i.e. becomes — 3 A.

Ay = MAT=9=10"? x|6] = 54 mWb - turns
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K = .
= galvnnnmet-:?r constant = —-
. 3x1077 g, q0-+ Wh-tums
&0 division

For : & = 36 divisions,

Ay
Moy Al

Ay

M

But Ml

mp Example 8.13 :

I}

K8 =9=10"1 = 36 = 0.0324 Wb-turns

210 ... 48 current is reversed
MAT=2MI1
Ay _ 0032 _ 00162 Wh-turns
2 2
Ny = 00162
0.0162 00162 -3 3 .
N - 30 = 81=10-* Wb e ™ = 20 turns of ooil
& _ B1x10-4% 2
A = S000-10F = 0.162 Wb/m

An iron ring has a mean diameter of 0.15 m and a cross-sectional

aren of 345 mm?. It is wound with o magnetising winding of 330 turns and a
secondary winding of 220 turns. On reversing a current of 12 A in a magnetising
winding, a ballistic galvanometer gives a throw of 272 divisions. With a Hibbert's
magnetic skandard with 10 turns and flux of 0.00025 Wb, grves a reading of 102 scale
divisions. Other conditions remain same. Find the relatioe permenbility of the specimen.

(JNTL, May-2004, Set-4)

Solution : In a Hibbert's magnetic standard, the flux slides through the gap of

permanent magnet.

The change in flux linkages of the coil when it goes down the Hibbert's standard

5

[

Ay

Flux = number of turns of Hikbert's coil
0.00025 =« 10 = 0.0025 Wh-turns

Throw of galvanometer = 102 divisions

Galvanometer constant = &HT‘F
(0025 - Wb - turns
—— = 24500 = 107

102 * division

When connected to search coil, 8 = 272 divisions.
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S Chapterwise University Questions
with Answers

(P-1)




Measuring Instruments

Q.1 How are measuring instruments classified 7 Also explain e bagic issues conceried with

the measurament of electrical quarniitics, [Nov.-2003, Set-1, 5 Marks]
Ans. : Refer section 1.2,
Q.2 Wit are the requirements of an electrical indicating instrument? Discuss.

(Nov.-2003, Set-1, 5 Marks]

Ans. : Refer section 1.3.

Q3 Classify the electrical measuring  instruments based on how he deflecting lorque s
produced. [Nov.-2003, Set-2, 5 Marks]

Ans. : Refer section 1.2

Q4 Explain deflecting system, controlling system and damping system with reference to an
electrical indicating instrioment. [Nov.-2003, Set-2, 5 Marks]

Ans. : Refer sections 1.4, 1.5 and 1.6,
Q5 Explain  different types of deflecting systems which are operating in an  indicoting

imstriement. [Mov.-2003, Set-3, 3 Marks]
Ans. : Refer section 1.4
Q.6 Dizcuss the role of controlling systems in an indicating instrument.

INov.-2003, Set-3, 3 Marks]

Ans. : Refer section 1.5

Q.7 Hew are controlling torques produced 7 Explain wilh neal sketches the different methods
of producing controlling torque indicating their relative merits and demerils.,

[Nov.-2003, Set-3, 4 Marks)

Ans. : Befer sections 1.5.1, 1.5.2 and 1.5.3.

Q8 Discuss why indicating instruments with gravilty control lave a non-uniform and with
spring conbrol huve @ uniform scale? Explain. [Nov.-2003, Set-4, 5 Marks]

Ans. : Refer secHon 1.5.
®-2)
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0D.23

Ans. :

Q.24

Ans. @

Q.25

Ans.

0.26

Ans.
.27

Ans.

Q.28

Ans.
Q.29

Ans,

Q.30

Ans. :

Q.31

Ans.

Explain with @ neat sketch, the working of a PMMC instrument.
[Nov.-2004, Set-3, 5 Marks]

Refer section 1.9,
Wihat are the ervors in a maving coil instriment 2 How these errors are compensated ?
[Nov.-2004, Set-3, 5 Marks]

Refer sechons 1.9.6 and 1.9.5.

How moving iron instruments are classified 7 Explain with the neat skebches the working
of an atfraction type motriig iron ingtriment. [Mov.-2004, Set-4, 5 Marks]

: Refer section 1.1001.

Wihiat are the differend types of instrumends thal are wsed as ammeters and volbmeters?

Wit are the errors Bl occwr @n amoneters and  volbaeters?
[May-2005, Set-1, Set-2, 5 Marks]|

s Refer sections 1.9, 196, 1.10 and 1.10.6,

Descrily how can we obtain different pollage ranges by using a mullirange do. voltmeter.
Discuss abond sensitivity and loading effects of PMMC polbmeters.

[May-2005, Set-1, Set-2, 5 Marks]

¢ Refer sections 1,16 and 1.17.

Describye the working of a quadrant electrometer. Derive the defleckion in the case of
i) Heterostatic connection and

i) Idiostatic connection. If the instrument is spring controlled, which of these instruments
can be wsed for measurement of low voltages? [May-2005, Set-1, 5 Marks]

: Refer section 1.20.

The spring constant of 3000 V' electrostatic voltmeter 15 706 = 107 Nwdrad, The full
sele deflection of the instrument is 80° Assuming the rate of change of capacitance with
angiitar deflechion to be constant over the aperating range. Calculale the total change of
capacitance from zeve fo full scale. [May-2005, Set-1, 5 Marks]|

! Refer example 1.27.

Derive the expression for deflection of a rotary type electroslatic instrument using spring
control. Comment upon Hhe scale of the instrooment. [May-2005, Set-3, 5 Marks]

Refer section 12400

An electrostatic voltmeter is constructed with six parallel, semicivcuwlar fixed plates
equispaced at Yonm intervals and five interleaved semicircular movalle plates that mooe i
planer midway between the fived plates in air, The instrument is spring conbrolled. If Hwe
radivs of movable plates 40 mm, calcolate the spring constant if 10 kV cerresponds to full
soale deflection of 1000, Neglect edge effects and plate thickness. The permittivity of air is
8.85 = 10- 7 F/M. [May-2005, Set-3, 5 Marks]

: Refer example 1.25.
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Q.1

Ans. :

Q.2

Ans. :

Q4

Ans.

Q.5

Ans. :

Q.6

Ans.

Q.7

Ans.

Qs

Instrument Transformers

Describe  the wvarious advantages and disadvantages of instrument lransformer  for
extension of rattge of a.c. instrimient. [Nowv.-2003, Set-1, 5 Marks]

Refer section 2.12.
Write short notes on the following
i} Single phase power factor meter.
i} Ratiometer bype frequency meter. [Nov.-2003, Set-1, 5 Marks]

! Refer sechions 2,15 and 2.17.

“Never open Hhe secondary  circwdt of a current fransformer while its primary s
ereergized . [ustify. [Nov.-2003, Set-2, 5 Marks|

Refer section 2.14.

A BOOS A, 50 Hr current bransformer with a single hurn primary has a secondary
burden comprising a non reactive resistance of 4 (L The secondary winding of 160 hirns
has o resisknce of 0.2 L0 At rated secondary current, colculate

i) Flux in the core.
i) The actual ratio of primary lo secoidary currenl.

iii) The phase angle between the primary and secondary currenis. No load primary
current of 6 A lags by 30° the reversed secondary voltage.
[(Nov.-2003, Set-2, 5 Marks]
Refer example 2.17.
Write short note on syncliroscope. [MNov.-2003, Set-2, Set-3, 5 Marks]

Refer section 2,19
With a switable diagram, explain the working of a 3 phase power faclor meter.

[Nov.-2003, Set-2, 5 Marks]

¢ Refer section 2.16.2.

With suitable dingram explain the working of elecrodynamometer type frequency meter.
[Nov.-2003, Set-3, 5 Marks]

: Refer section 2.17.2.

Write short noles on followeing :

(- 7)
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i) Resomance Bype frequency meler.
i) Advanfages and disadvantages of moving iron power factor meter.
[Nov.-2003, Set-4, 5 Marks]
Ans. : Refer sections 2.17.2 and 2.16.
Q.9 List out the differences berween instrument tramsformers and potver transformers.
[May-2004, Set-3, 5 Marks)
Ans. @ Refer sechion 213

Q.10 A poleatial bransformer has a primary resistance of 300 €2, o primary reactance of 600 £2,
@ secondary resistance of 075 € and a secondary reactance of 1.5 (0 The primary o
secotdary  furns ratio @5 20 0 1, the primary volfage 5 2000 V. Neglecting  the
miagnetizing and core loss current. Determive the poltage ratio corvechion fuctor, the ralio
error and phase angle error wlien He burden on the secondary of the Fransformer is

i) 5 VA at 0.6 power factor lagging.
by 500 VA at unity power factor,
¢l 25 VA at (1.6 poeer leadimg. [May-2004, Set-3, 5 Marks]
Ans. : Refer example 218,
Q11 Draw and explain the equivalent circuit and phasor diagram of a potential Fransformer,
[May-2004, Set-3, 5 Marks]

Ans. : Refer section 2.10.
212 Explain with o neat sketch, the working of weston synchrascope.
[May-2004, Set-4, 5 Marks|
Ans. : Refer section 2.19.1.
.13 Whint are the different types of frequency mclers available and hevee explain with a weal
sketel e constriction and working principle of reed frequency meter,
[May-2004, Set-4, 5 Marks|
Ans, : Refer section 2.17.1,
Q.14 With a neat sketch explain the working principle of a single phase dynamometer bype
power factor meter. [Mov.-2004, Set-3, 5 Marks]
Ans. ! Refer section 2,15,
Q.15  Dwscribe with a dingram the construction and working of synchroscope.

[Nov.-2004, Set-1, 5 Marks]

Ans. : Refer section 2.19.
Qe Dyscribe with o diagram the construction and operation of a vibraking reeds type
Srequency meter. [Nov.-2004, Set-1, 5 Marks]

Ans. : Refer section 2.17.1.

Q.17  Explain the construction and working of moving iron type power factor meters.
[Nov.-2004, Set-2, 5 Marks)

Ans. : Refer section 2.16.

Q.18  Dwscriby the construction and working of weston type synchroscope.
[Nov.-2004, Set-2, 5 Marks]
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Ans. : Refer section 2.19.1.
.19 Explain thie principle of working of an electrical resonance type frequency mieter,

[Mowv.-2004, Set-3, 5 Marks]

Ans. : Befer secton 22172,

Q.20 Explain the effects of secondary burden on the ratio and phase ervors of a current
transformer. [Nov.-2004, Set-4, 5 Marks]

Ans. : Kefer section 2.9.3,

Q.2 A power primary C.T. has 300 secondary turns. The total resistance and reaclance for the
secondary circuit are 1562 and 1O, respectively. When 5 A flows through the secondary
winding, the magnetizing manf. is 100 AT and the iron loss component is 40 A
Deterniine e ratio and phase angly errors of the C.T. at this load.

[Nov.-2004, Set-4, 5 Marks|

Ans. : Refer =xample 2.16,

Q.22 Explain with a diggram e construclion and working of a Nalder - Lipmen lype 3 phase
poer factor meter. [Nov.-2004, Set-d, 5 Marks]

Ans. : Refer section 2.16.2,

Q.23 Describe with a dingram  the construction and working of a  electrodynamic  type

synchroscope, [Nov.-2004, Set-4, 5 Marks]
Ans. @ Reter soction 2191,
.24  Explain wweston type synchroscope, [May-2005, Set-4, 5 Marks]

Ans. : Kefer section 2.19.1.

.25 Explain the constrictional features used in pokential bramsformers to reduce fhe ratio and
plase augle errors, [May-2005, Set-2, 5 Marks]

Ans. : Refer section 2.11.

Q.26 Explain tiwe characteristics of potentiol transformers in deteil [May-2005, Set-2, 5 Marks]|

Ans. @ Refer secton 2.10.

Q.27 With neat skebch, explain how high currents and voltages can be mensured with Hhe help
of instrument bransfermers. Describe e advantanges of instruments Iransformers for
extension of range of current and poltage on high voltage a.c. systems,

[May-2005, Set-3, 5 Marks]

Ans. : Refer sections 2.2, 2.5 and 2.12.

Q28 A current transformer with 5 primary turns has a secondary burden consisting of a
resistance of .16 and an induchtive resistance of 1.12. When the primary currend is
200 A, the magnelizing current i3 1.5 A and the iron loss current is 0.4 A. Delermine
e expressions nsed, Hie number of secondary turns needed lo miake Hw current rabio
1T and also the phase angle wnder Hhese conditions, {May-2005, Set-3, 5 Marks|

Ans. ! Refer example 2.11.
oag



Ans

Q4

Ans

Q.5

Measurement of Power

The power in g single phase high voltage circwit is measured by wusing instrument
transformers  with voltmeter, ammeler and wattmeter. Observed readings of the
nstruments (assuming no errors) are 115 V, 4.5 A and 200 W, Characteristics of the
transformers are -

FT : Nominal ratio : 11500/115 V, ratio correchion factor (1,995, phase angle - 25°.

CT : Nominal rativ 25/5 A, ratio correction factor (.997, phase angle +15°.

Negleeting the voltage phase angle in the volbmeter, calculate the brue power.
[Nov.-2003, Set-1, 5 Marks]

. ¢ Refer Example 3.12,

Expiain, how potwer in high voltage circuils is measured using instrument fransformers.
[Nov.-2003, Set-3, 5 Marks]

. : Refer section 3.19.

A reading of 400 W is indicated on o 100 V/ 5 A wabbmeter used in comjuction with
voltage and current transformers of nominal ratio 100/1 and 2041 respectively. If the
wattmeter pressure coil has a resistance of 400 2 and an inductance of 20 mH and the
mtio errors and the phase differences of the voltage and current tromsformers are
+1 percent and 50 min and — 0.5 percent and 100 min respectively. Compute the true
value of the power measured. The load phase angle is 60° lagging and the frequency is
50 Hz. [Nov.-2003, Set-3, 5 Marks)

. * Refer example 3.8.

Oldain the expression for power. interms of correction factor, wattmeter reading, actual
ratio of P.T. and C.T., in case of power measurement along with instrument transformers.

[Nov.-2003, Set-4, 5 Marks]

. : Refer section 3.19.

Ina 11 kV, 100 A, 3 phase {(balanced) supply, voltmeter of 0-110 V. Ammeler 0-25 A
and wathmeter with pressure coil rating of 110V and current coil rating of 5 A are fo be
wsed for measuring the voltages, currents and power. Drow wiring dingram  using
nevessary  mstrument  bransformers. What  bype of errors are expected in such
measurements? And how to minimize these errors? [Nov.-2003, Set-4, 5 Marks]

(P - 10)
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Ans. :

Q.6

Ans.
o7

Q.8

Q.10

Ans. :

Q.11

Ans

Q.12

Ans.
Q.13

Refer sechion 3.19,

Explain the construction and Hwory of operation of a single phase elecrodynamometer Hjpe
warttmieter. [May-2004, Set-2, 5 Marks]

: Refer sections 3.2.1 and 3.3.1.

A certaim civcuit takes 10 A at 200V and the power absorbed is 1000 W. If the
wattmeler's curvent coil has n resistance of (015 €0 and its pressure codl o resistance of
5000 € and an inductance of (0.3 H, find

i} The error due to the resistance for each of the two possible methods of connection.
i} The ervor due to the inductance if the frequency is 50 Hz.
i) Total error i each ense. [May-2004, Set-2, 5 Marks]

. = Refer example 3.11.

A potentinl transformer with a nomingl ratio of 2000 /100 V, an RCF of 0.995 and a
phase angle (V. lags V) of 22" is wsed with a current transformer with a nominal mbio
of 10045 A, an RCF of 1005 and a phase angle error (I, leads I, ) of 10° to measure the
power i a single phase nductive load. The meters connected to these transformers give
correct readings of 102 V, 4 A and 375 watts. Determine the true values of the vollige,
current and power supplied to the load. [May-2004, Set-4, 5 Marks]

: Refer Example 3.9,

Explain with the ofd of a phasor dingram the error coused by the tductance of the
pressure coil of a dynamometer waltmeter, Indicate the dependance of the ervor on load
power factor and supply frequency. [May-2004, Set-1, 5 Marks]

: Refer section 3.4.1.

A SNV, 20 A dynamometer instrument is used as o wallmeler. Iis current coil has

(L1 W resistance and pressure coil has 25 KW resistance and 0.1 H inductance. The meter

was calibrated on d.c supply. What is the error in the instrument if it is used to measure

the power i a circudt with supply voltage 500 V, load current 24 A at 0.2 pf. 7 Assume

that the pressure coil is connected across the load. [May-2004, Set-1, 5 Marks]
Refer example 3.10.

Explain clearly how range of wattmeler can be extended using instrument fransformer.
[Nov.-2004, Set-1, 5 Marks]

: Refer section 3.19.

Explain the working of a 3 phase dynamometer wattmeter. Describe how mutual effects
between the bwo elements of the wattmeler are eliminated. [Nov.-2004, Set 2, 10 Marks]

: Refer section 3.20.

Prove that the true power = cos/[cos§* cos($—P)] “actual wattmeter reading for
electrodynamometer  type of wattmeter where cosd = power factor of the circuit,
B = tan-lwl/R, [Nov.-2004, Set-3, 5 Marks)

Ans. : Refer section 3.4.
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.14 Describe the method of measirement of reaclive power in three phase circuits using single
dynamometer lype watimeter. [Nov.-2004, Set-1, 5 Marks]
Ans. ! Refer sechion 3.18.
Q.15 Eaplain with a neal circuit diagrom how reactive power can be measured in balanced 3
phase system wsing single wattmeter 7 INov.-2004, Set-3, 5 Marks|
Ans. : Refer section 3,18,
Q.16 Explain t}n'rﬁjﬂtnr.rfr:g errors for glectrodymamomeler wattmelers.
i) Muteadd faductance 4:,&51‘15. i) Errors dee to conmections.
i} Cddy currents. iv) Stray Magnetic fields.
o) Vibration of moving systenr.  0i) Temperature errors.  [May-2005, Set-1, 10 Marks]
Ans. @ i} Due to mutual inductance the phase angle B increases by Af given by,

ol wh
"= BeAP=tan ! —+tan ' ——
B o= prap e <

For (ii), (iii) refer section 3.4.

iv) As the operating field is weak, external magnetic fields affect the reading of
wattmeters.

v} Due to alternating supply, tocque is pulsating at double the supply frequency. If
this matches with the frequency of vibration or moving system then resonance

oceurs and starts vibrating with that frequency. Such vibralions can cause errors.

vi) As temperature increases, resistance of pressure and current coil increases. This
reduces the operating field. This affects deflecting torque. The stiffness of spring
also decreases, reducing controlling torque.

Q.17 Describe the construction and working of electrodynamometer wabtmeter. Derive the
expression for torque when the instrument is used on a.e. [May-2005, Set-2, 5 Marks]
Ans. : Refer section 3.3
Q.18  The pressure coil of an electrodynamometer wattmeter has a resistance of 6600, When the
voliage applied to the pressure coil s 120V and a current of 20 A flows in the series
coll, He deflection is 1600. What additional resistance must be connected in the pressure
coil circust to make the meter constant equal to 20 W per degree ?
[May-2005, Set-2, 5 Marks]
Ans. : Refer example 3.13,

Q.19  Eaplain the errors caused due to pressure coil inductance and pressure coll capacibanee in
electrodynamometer watimeler. [May-2005, Set-3, Set-d, 5 Marks]

Ans. : Refer section 3.4.

Q20  Discuss the shape of scale of electrodynamometer wattmeters with the help of a nent
sketch, [May-2005, Set-3, Set-d, 5 Marks]

Ans. ' Befer section 3.3.3.
Qad
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Q.7 A 220, 5 A, do. energymeter is fested at s marked ratings. The resistance of the
pressure cirenit fs 8800 €3 and Hhat of carrent coil 15 0.1 0 Calculate the power consumed
when testing the wweter with phantom loading with current circuil excited by a 6 V

battery. [May-2004, Set-2, 5 Marks]
Ans. : Refer example 4.2
Q8 Explain Hie testing of energqumeter using R.5.5. meter, [May-2004, Set-3, 5 Marks]

Ans. : Refer section 4.15.

Q9 The meter constant of @ 230 V, 10 A, watt-hour meter is 1800 revolutions per kWh. The
meter is bested at half load and rated vollage and wnity power factor. The meter is found
to sntake B0 revolutions in 138 second. Determine the meter error al half load.

[May-2004, Set-3, 5 Marks]

Ans. : Refer example 4.4.

Q10  Wha! are the various adjustments lhat are required fo be maode in a single phase
erergymeter, so that it reads correctly ? Explain each of them fo the extent required. Also
sivet all e details about an induction hype single plase energymeter.

[Nowv.-2004, Set-3, 10 Marks]

Ans, : Refer section 4.4.

Qa1 Explain the various types of errors occurring in an energymeter and also the method of
compensation o overcome these errors. [Nov.-2004, Set-4, 5 Marks]

Ans. : Refer soction 4.4.

Q12 Explain with a neat sketch the construction and working principle of a single phase
energymeter and derive an expression to show thal number of revolubionsfsec. is
prroportional fo potoer. [Nov.-2004, Set-4, 5 Marks]

Ans. : Refer sections 4.2.1 and 4.3,

Q13 Draw o neal sketch showing the construction of a single phase mduction  hype
energymeter. Give the theory and operation of the instrument.
[May-2005, Set-1, Set-3, 5 Marks]

Ans. : Refer sections 4.2.1 and 4.3.

Q.14 An enerqymeler is designed to make 100 revolutions of the disc for one unit of energy.
Calculate the number of revolutions made by it when connected to a load carrying 20 A
at 230 V at 0.8 pf. for an hour. If it actually makes 360 revolubions, find the percentage
error. [May-2005, Set-1, Set-3, 5 Marks]

Ans. : Refer example 4.1.

Q.15  Draw a neal circuil diagram of a single phase walt-hour meter and explain ils working.
What are the various sowrces of errors and how they are compensated 7

[May-2005, Set-2, Set-d, 5 Marks]
Ans. : Refer sections 4.2.1 and 4.4.

Q.16 A large consumer has 0 KVA demand and a KVAh tariff measured by “sine” and
“cosime” walt-hour type meters each equipped with @ Merz price demand indicator. The
tariff is Rs. 40 per month per kVA of demand plus 30 paise per kVAh. Determine the
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Electrical Measurements P=-17 Potentiometers

(a) Circuit diagram {b) Phasor diagram

Fig. 1

Ty is the isolating current transformer which is used along with ammeter A and
suitable burden Z. The wvalue of non-inductive resistance R is decided by required
sensifivity and range. The variable mutual inductor M is used in series with slide wire
potentiometer .

To eliminate inductive interference in measuring circuit first of all the leads of
resistance R are disconnected and short circuited. The values of r and M are made zero
and full rated primary current is allowed to flow. Now the leads are connected and the
measuring circuit is so adjusted that there is no deflecion on galvanometer. Thus
inductive interference is eliminabed.

The phasor difference of the two currerts through the non-inductive resistance R and
the potential difference across R is balanced by the voltage in the secondary of M and
voltage drop across part of slide wire r. As the Ter is of unity ratio, the current through
primary is same as secondary current of Scr. The vibration galvanometer gives the
indication of balance through the adjustment of M and r.

Q.7 Explain how polenbiometer is employed in measuring resistance power and calibration of

wattmeler, [May-2004, Set-d, 5 Marks]
Ans. : Refer sections 5.11.4, 5.11.5 and 5.11.3.
Q8 During the measurement of a low resistance using a potentiometer the following readings

were obtained. Voltage drop across the low resistance under test = 0.4221 V voltage drop
across the 0.1 £ standard resistance = 1.0235 V. Calculate the value of urknoton
resistance, current and power lost in il [May-2004, Set-4, 5 Marks]

Ans. : Refer example 5.10.
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Q.18

Ans.

Q.19

Ans,

Q.20

I the measuvement of power by a polar potentiometer, the following readings were
obtaimed @ Vollage across o 0.2 () standard resistance in series with the  load
= 146 2 32°V. Vollage across a 20001 polenbinl divider across the line = 1.37 Z56°V.
Estimate the currend, voltage, power and power factor of the load,

[May-2005, Set-1, 5 Marks]

» Refer I.*IFLITIF]E 515,

Describe the construclion, principle of operation of @ Duc-range potentiometer by drawing
its circeeif diggram. Also explain ifs advantages. [May-2005, Set-2, 10 Marks]
Refer sectiom 5.5.

Describe  the  comstruction and working of a polar type potentiometer. How s il
shandardized 7 What are the functions of the transfer instrument and the phase shifting
transformer 7 [May-2005, Set-2, Set-3, 10 Marks]

¢ Refer section 5.14.

Drescribe Hhe working and construction of a potentiometer with the help of a diagram.
[May-2005, Set-3, 5 Marks]

: Refer section 5.2.

A basic slide wire polentiomeler has a working battery voltage of 3.0 V with negligible
miernal resistance. The resistance of slide wire is 400 and its length is 200 cm. A 200 cm
scale is placed along the slide wire, The slide wire has 1 mm seale divisions and il is
possible fo read wp te 1/5 of a division. The instrument is standardized with 1.018 V
standard cell with sliding contact at the 101.8 cm mark on scale. Calculate

i} Warking current.

i) The resistance of sevies rheostat.

i} The measurement range.

v} The resolution of instrument. [May-2005, Set-3, 5 Marks]

Ans. : Refer example 5.11.

Qaa



Ans

Resistance Measurements

Draw Hre circwit of Kelvin donble bridge for measurement of low resistances. Derive the
condition for balance. [Nov.-2003, Set-2, 5 Marks]

.  Refer section 6.14.

A highly sensitive galvanometer can defect a current as low as 0.1 nA. This galvanometer
is used in a Wheatstone bridge ns a detector. The resistance of galvanometer is negligible.
Each arm of the bridge has a resistance of 1 KL The inpul vollage applied lo the bridge is

20V, Calculate the smallest change in the resistance, which can be defected.
[Nov.-2003, Set-2, 5 Marks]

. : Refer Example 6.16.

A Kelvin double bridge has each of the ralio arms P = Q = p = g = 1000 £ The e.m.f. of
the battery is 100 V and a resistance of 5 Q &5 included in the battery circuit. The
galvanomneter lus a resistance of 500 0 and the resistance of the link connecting the
uintknown resistance to the standard resistance may be neglected. The bridge is balanced
wien the standard resisfance 5 = (L0071 ()

i} Determiing the palue of unknoton resistance.

i} Determine the current (approximate value) through the unknown resistance R at
balance.

iii} Determine the deflection of the golvanomeler when the wnknown resistance, R is
changed by 0.1 percent from its value at balance. The galvanometer has a sensitivity of
200 mmyf pA [Mov.-2003, Set-3, 10 Marks]

Ans. : Refer Example 6.15.

04

A maodified Wheatstone bridge network is constituted as follows.

AB iz resistance P in parallel with resistance p ; BC i resistance Q in parallel twith a
resistance g ; CD and DA are resistance R and 5 respectively. The nominal values of P,
(J and § are each 1082 With resistance R in circuit, balance is obtained with
p o= 30,000 3 and g = 25000 Q. With R replaced by a slandard resistance of 10 2,
balance is obtaimed when p=15,000 £ and g = 40,000 £ Colculate the value of R.
[Nov.-2003, Nov.-2004, Set-4, 10 Marks]

Ans. : Refer Example 6.14

(P - 20)
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0.5

Ans.

Q.6

Ans. :

Q7

Ans. :

0.8

Ans. ;

0.9

Q.10

Ans.

Q.11

Ans. :

Q.12

Ans, :

Q.13

Ans. :

Q.14

Ans.

Q.15

Ans.
Q.16

Ans.

Describe any one methed of measuring a very high value of resistance.
|May-2004, Set-2, 5 Marks)

» Refer section o.160.

How do you classify the resistances from Hhe point of view of measurements 7
IMay-2004, Set-3, 5 Marks]

Refer section 6.2,

Describe the method of measurement of medivm resistances by Wheatstone Dridegs method

derive Hhe conditions for balance. IMay-2004, Set-3, Set-4, 5 Marks]
Refer sechion &..

What are the warions faclors fo be considered in Hw precision measurenwnt of medivm

resistances wsing Whealstone bridge 7 Explain. |May-2004, Set-4, 5 Marks]
Refer section 6.9,

A Kelvin double bridge is balanced with the jollowing constants : Outer ralio arm 100
ared TOO0 €3 ¢ [ener ratio arms, 99,92 Q and 10006 £ ; Resistance of link 0.1 0
Standard resistance (U377 O Caleulate the value of mnknoien resishance.

[Nowv.-2004, Set-1, 5 Marks]

¢ Refer Example 613,

What are Hee differcit problems associated wille measurement of fow resistances 7 Explain.
[Nowv.-2004, Set-2, 5 Marks]

Refer soction 6.14.

How these problems are eliminated by using Kelvin's double bridge 7 Explain.
[Mov.-2004, Set-2, 5 Marks]

Refer section 6.14.1.
Explain the working of a Megger wilh relevan! equalions.  [Nov.-2004, Set-3, 5 Marks]
Refer section 6.16.4.

Explaine the working of shunt lype Ofvwe-meler with o neal diagram.
IMov.-2004, Set-3, 5 Marks]

Refer section 6.5,

What are the various limifabions of Wheatsfone bridge for mensurement of high and low
resistances 7 [May-2005, Set-3, 3 Marks]

Refer section 6.9,

Devive an expression for cureenl thirough the galvanometer connected in Wheatstone
bridge for a small unbalance. [May-2005, Set-3, 3 Marks|

: Refer section 6.8.2.

Diescribe the substitution method of measurement of medivum resistances. List the factors
on whech are accuracy of e method depends upon. |May-2005, Set-3, 4 Marks|

: Refer sechions 6.6, 6.8 and 6.10.

auga



Q.1

Ans. :

Q.2

Ans. :

Q.3

A.C. Bridges

The arms of a froe node bridge are as follows :

arot ab : an unknown impedmice (Ry, Ly ) in series with a non-variable inductive resistor
Fie

armt e @ non-inductive resisfor Ry =1006% arm cd @ a0 non-inductive  resisior
Ry =200 £

armt da : a nen-inductioe resistor Ko =250 03, arm de @ a variable non-inductioe resistor r,

armt e @ a lossless capacitor © = 1 pF, and arm be © a detector. An A.C. supply fs
canected befween a and c.

Dievive the expressions for balance condition.

Calcutate the resistance and inductance Ry, Ly wien under balanee conditions n =431 0
i ¢ o= 2297 03 [Now.-2003, Set-1, 10 Marks]

Refer Example 7.23.

The four arnis of a bridge are :

arie ab :an fmperfect capacilor Cy willh an equivalent sevies resistance of ry.
arme e o oa novr-imdnctioe resistance B, arm o g nor-inductioe resisfance Ry.

arn da s oan fmperfect capacitor Cy il an equivalent resistance of v i series with a
resistinee Ry. A supply of 450 Hz is given betiveen terminal @ and ¢ and the detector is
commected eboeenr I oand d. At balance @ Ry = 4.8 0, Ko = 200 £}, Ry = 2850 12 and
o =0.5uF amd rp = 04 L1

Calewlate B value Cp and n and also of the dissipating factor for this capacitor.
[Nov.-2003, Set-2, 10 Marks ; May-2005, Set-4, 5 Marks]

Refer Example 7.24.
A Jour arm A.C. bridge a b ¢ d has the following impedances.
Arm o b £y =200 £ 6070}
Armia d @ £a =400 £ -60°()
Arm b oo £y =300 20°02
Arm o d : 24 =600 £ 3070
(P - 22)
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Electrical Measurements P-24 A.C. Bridges

Ans, @ Refer F,xﬂmplle 7.2

Q.10 fn o Heavy side Campbell bridye as shown for measwrement of a self inductonce Ly with
Hie equal ratfo re, Ry =Ry the folloomyg resulls were oblained. With switclt open
M =158 mH, r = 25.7 0 and with awitch close M = 0.2 mH and r = 1.2 €0 Find the
resistance and self inductance of the cail, [May-2004, Set-4, 5 Marks]

Ans, © Hefer Examp]e 7R
.11 Dratwiee Hhe condifions for balancing of bridees iin AC. bridges.

[Nov.-2004, Set-1, 5 Marks]
fdns. © Reber sechon 732

.12 The fpowr impedonces of an AC. bridge are £ap =400 £50°0), Za4p =200 L4070 |
Ly =800 2 <5070 | Zrp =400 £20°00 . Find out wihether the bridee s balanced under
these conditions or net, [Nov.-2004, Set-2, 5 Marks]

Ans. : RHefer Example 720,
Q.13 Menbion the fwe condibions for balaucing of A.C. bridges.  [Nov.-2004, Set-2, 5 Marks|

Ans. : Hefer section 7.3.2

Q.14 A condenser busihing forms arm ab of a Schering bridge and a standord capacitor of
S5t pF capacitance aind neglivible loss, If’anu,-: arig ad. Arm be consists qf.ﬂ pigr-fmd ictiog
resisbince of 300 £ When tre bridge is balanced, arm od has a resistance of 72.6 Q in
paraliel with a capacitance of 0.148 uF. The supply frequency is 50 Hz. Caleulate Huwe
capacitance and diclectric loss angle of capacitor., [Mov.-2004, Set-3, 10 Marks]

Ans. : Hefer Example 7.30.
Q.15 Explain the difference between balance conditions for D.C. and A.C. bridges.

[Nov.-2004, Set-4, 5 Marks]
Ans. : Refer sections 7.2 and 7.3

Q.16 An AL bridge civeiil working al 1000 Hz, have its arims as follows. Arm AB is 0.2
micrafarad capacifance. Arm BC is a 500 Ohms resistance ; arm CD confains an
ke pmpedance and arme DA has o 300 ohees resisfance  in parallel with a
(.1 micrafarad capacitor. Find e R and L or C constants of arm CD congidering it as a
srics circudt [Nowv.-2004, Set-4; May-2005, Set-1; 5 Marks]|

Ans, : Refor Examp]u e

0D.az Derive the vquations for balangee in e cose uf Mayzvells mdicfarice cqpﬂcr'tm;cf .[Jr:'d:qu_-.
Give its advantages, Do the phosor dingram for balanced condilions.
| May-2005, Set-1, 5 Marks|

Ans. | Refer sections 7.6.2 and 7.6.C

Q.18 - Explain what is meant by slidin balance, How s this condition avoided by choosing
variables for manipulation of balaace ie., why wariables are so chasen Hhat the hoo
equations for balance are independent o each other 7 [May-2005, Set-2, 5 Marks]

Ans. : Refer secHon 7.3.2,

Q.19 Why i3 it preferable in bridge circuils, chat Hwe equabions for balance are independent of
frequency 7 Explain. [May-2005, Set-2, 5 Marks]
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Q.1

Ans. :

Ans. :

Q.5

Ans, :

Q.6

Ans. :

Q.7

Ans.

Magnetic Measurements

With a suwitable diggram explain Hhe working of ballistic gafvanometer.
[Nov.-2003, Set-1, 5 Marks]

: Refer section 8.2,

Showr Huat f:h,.' wsing fluxmeter the leakoge fackor can be measured or the specimen.
[Nowv.-2003, Set-1, 5 Marks]

: Refer section 8.7,

Write short note on the following
Mensurement of permeability. [Mov.-2003, Set-2, 5 Marks]

Refer section 8.12.
Write shart nofe on fluxmeler, [MNov.-2003, Set-3, 5 Marks)

Refer sechion 8.3,

Explain wilh suitable diagram the working of ballistic galvanomeler in the magnetic

mensurement. Show B e mistrument s proportional to the tokal charge.
[Nov.-2003, Set-3, 10 Marks]

Eefer section 8.2,

Describe the method of obtaining hysteresis loop of a ring specimen nsing fluxmeter,
[May-2004, Set-1, 5 Marks]

Eefer section 8.8

The wutual inductance bebween magnelising winding and a search col wound on a
specimen i 9 mH. The search coil has 20 turns and Hhe specimen has a cross-sectional
area of 5000 sq. pun reversal of currend of 3 A in magnelising winding  produces
galoanometer through of 60 divisions. Calculate the value of flux densify in the specimen,
if the reversal of current in the maguebising wihiding produces a galvanometer deflection
of 36 divisions. [May-2004, Set-1, 5 Marks]

: Refer example 8,12,

(P - 26)
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Q.8 Deseribe the methed of reversal wsed for the determunation of B-H loop of a smple
mutferitl, Stake Hir ud;mim‘q['ﬁ pf s method over shep by step method. Heqp oo Yo
calealate Tiysterests {oss in this specimen 7

[May-2004, Set-2; Nov.-2004, Set-3, 10 Marks]

Ans. @ Refer section 8.8.1.

0.9 Describe with o diggram method of getfing the relative permeability of the bar specimen
nsing a fluvmeter., [May-2004, Set-3, 5 Marks|

Ans. : Refer sections 8.4 and 8.5

COnee B and H are known, B = pguH hence p, can be obtained.

Q10 I oa test on oa specimen of lotal weight 13 kg the measured valies of iron loss al a gioen
wilue of flux densiby were 17.2 watts gt 400 Hz and 289 watts at 60 W, Estimate Hhe
avtlues of hysteresis and eddy current losses ab 50 Hz for the sanee value of peok flux
densily. [May-2004, Set-3, 5 Marks]

Ans. : Refer example 8.11.

QA1 Duwseribe the step by step method of getting B-H curve of a ring specimen nsing ballistic
walownemeler, [May-2004, Set-4, 5 Marks|

Ans. : Refer section 8.8.2,

QA2 Awp dron ring has a mean diameter of 0.15 m and a cross-sechional area of 34.5 sqmm. It
s onnd with o magnetising winding of 330 furms ond a secondery windimg of 220
beens. On reversing a current of 12 A in the magnetising  winding o ballistic
walvanometer gives a throw of 272 scale division. With a HMS with 10 twrns and flux of
Ln2s Wh, givs o reading of 102 scale division. Other conditions remain the dame.
Fid the relatioe permeability of the specimen, [May-2004, Set-4, 5 Marks]

Ans. : Refer example 85.13.

Q.13 Deseribe Brwe construction and sworking of a moving coil ballishe galvanomeier
[Nov.-2004, Set-1, 5 Marks]

Ans. : Refer section B.2.

Q.14 Describe the method of experimental measurement of flux density in a specimen of
mutgnebie mterial :r:.-‘r'iig ballistic gﬂfnrr!umt'ﬁ:r. [Mov.-2004, Set-1, 5 Marks]

Ans. : Refer sechion 8.4.

.15 Describe the method of measurement of iron loss using Lioyed-Fisher square.,
[Nov.-2004, Set-2, 5 Marks]

Ans. : Refer section 5.10.

Q16 Hew Hw walue of AC. permwability of magnebic material s determined by using
Muaxuwell's bridge. [Nov.-2004, Set-2, 5 Marks]

Ans. : Reter section B.12.1.

Q17 Explain how B-H curve for the ring specimen by using potentiometer is obtained.
[Nov.-2004, Set-4, 5 Marks|

Ans. : Refer section 8.6
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