Department of Electrical and Electronics Engineering

ELECTRICAL AND ELECTRONICS
MEASUREMENT_18EE36
MODULE-1
RESISTANCE, INDUCTANCE AND



[JA T M E

atme ] College of Engineering

On to the lsading edge
—

Department of EEE
Emitting Elite Energy

Department of Electrical and Electronics Engineering

MEASUREMENT SYSTEM AND ITS ELEMENTS

b

= —-‘\ Primary Signal
@Fsmal } » sensing Transducer = 2

conditioner
WEEE_W element

Input

(measurand)
Modified

signal
2

Data

[

- isi o anipulation
Remrder| transmission Manipulatio

Dala
presentation elements

Variable
conversion
elemeant

METHODS OF MEASUREMENT
Methods
of measurement
Direct comparison Indirect comparison
methods methods
| I |
Deflection Comparison
methods methods

Null methods Differential methods



AT M E

-] College of Engineering

CLASSIFICATION OF INSTRUMENTS

Measuring instruments

Absolule
instruments

Analog

Secondary
instruments

Indicating
instruments

Integrating
instruments

Recording
instruments

instruments

Mechanical

instruments

Department of Electrical and Electronics Engineering

instruments

Manual

Electrical instruments

Electronic
instruments

instruments

Self-operated

Automatic instruments

instruments

Deflection

Power-operated
instruments

instruments

MNulloutput instruments

Department of EEE
Emitting Elite Energy



aUlle ) College of Engineering Department of EEE
sone Emitting Elite Energy

Department of Electrical and Electronics Engineering
MEASUREMENT OF RESISTANCE
LOW, MEDIUM AND HIGH

Classification of Resistances

Low Resistances upto and including one ohm

Medium Resistances one ohm upwards to about 0.1 mega ohm

High Resistances above 0.1 Mega-ohm
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Measurement of Low Resistance and Medium Resistance

The methods used for measurement

Ammeter voltmeter method

Kelvin's double bridge method

Potentiometer method

Wheatstone's bridge
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Wheatstone's Bridge Method
measuring an unknown resistance

medium resistance in industry

very accurate and reliable method of measuring

E

Wheatstone's bridge
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CONSTRUCTION

consists of four resistance arms p, Q, R and S

P and Q are of known value and give a known ratio
FI

R is an unknown resistance _ _ _ ]
1S S is a standard variable resistance

whose value can be easily measured

whose value is to be

determined

D

E

||
I ||
Wheatstone's bridge
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WORKING PRINCIPAL

A source of e.m.f is connected between point AC

galvanometer G is connected between BD

which is used as a null detector

The current flowing through the galvanometer will depend upon

the potential difference between B and D when there
is no current through the galvanometer, which will be | E

obtained by adjusting the value of standard resistance I’
Wheatstone's bridge

Under this condition, voltage from point B to A will be equal to the voltage from point D to point A

or
when the voltage from point D to C is equal to the voltage from point B to C.
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For the balanced condition of bridge, we can write the equations if the assumed current in

different branches of Wheatstone's Eriﬂge are as shown in Fig

Combining (1), (2) and (3) and simplifying we get

ILLP =1,R P __ _R

' ? - (1) P+Q R+S

Il=13
or

E

I, = =1 e (2)

PTP+Q QR = PS | E
or v

E

L =L=gis - (3 R P

~Q

where, E is e.m.f. of the battery

The unknown can be determined
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Errors in a Wheatstone Bridge

A Wheatstone bridge is a fairly convenient and accurate method for measuring resistance.
However, it is not free from errors as listed below:

1. Discrepancies between the true and marked values of resistances of the three known
arms can introduce errors in measurement.

2. Inaccuracy of the balance point due to insufficient sensitivity of the galvanometer
may result in false null points.

3. Bridge resistances may change due to self-heating (I°’R) resulting in error in
measurement calculations.

4. Thermal emfs generated in the bridge circuit or in the galvanometer in the
connection points may lead to error in measurement.

5. Errors may creep into measurement due to resistances of leads and contacts. This
effect is however, negligible unless the unknown resistance is of very low value.

6. There may also be personal errors in finding the proper null point, taking readings,
or during calculations.
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Four arms of a Wheatstone bridge are as follows: AB = 100
Q,BC=102,CD =4Q, DA = 50 Q. A galvanometer with
internal resistance of 20 Q is connected between BD, while
a battery of 10-V dc is connected between AC. Find the
current through the galvanometer. Find the value of the
resistance to be put on the arm DA so that the bridge is
balanced.

Solution Configuration of the bridge with the values given in the example is as shown
below:

To find out current through the galvanometer, it is required to find out Thevenin

equivalent voltage across nodes BD and also the Thevenin equivalent resistance between
terminals BD.

To find out Thevenin’s equivalent voltage across BD, the galvanometer is open
circuited, and the circuit then looks like the figure given below.

At this condition, voltage drop across the arm BC is given by

Department of EEE
Emitting Elite Energy

Ll
I, 2
A& @) Rp = 20 170
I,
7. \
500 * 40 |
I4
D
10V
p _—
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10
100+10

Ve = 10x =091V

Voltage drop across the arm DC is given by:

4
Vo = 10x
s 50

=074V
+4

Hence, voltage difference between the nodes B and D, or the Thevenin equivalent
voltage between nodes B and D is

VTH - VB.D - VB— VD - VBC_VD-':z 091-0.74=0.17V

To obtain the Thevenin equivalent resistance between nodes B and D, the 10 V source
need to be shorted, and the circuit looks like the figure given below.

100

100 0 100
Iy, 10093 100

SOQ\ 40
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The Thevenin equivalent resistance between the nodes B and D is thus

_ 100x10 50x4

- -1
100510 " 50+4_ (210

Th

Hence, current through galvanometer is
Vi 0.17

p=—LB =2l __5i3mA
RD +RTf.‘ 20+12.79

In order to balance the bridge, there should be no current through the galvanometer, or
in other words, nodes B and D must be at the same potential.

Balance equation is thus

100 Ry,
10 %ps or.R., =400
10 4 o
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The four arms of a Wheatstone bridge are as follows: AB =
100 Q, BC = 1000 Q, CD = 4000 Q, DA = 400 Q. A
galvanometer with internal resistance of 100 Q and
sensitivity of 10 mm/uA is connected between AC, while a
battery of 4 V dc is connected between BD. Calculate the
current through the galvanometer and its deflection if the
resistance of arm DA is changed from 400 Q to 401 Q.

Solution Configuration of the bridge with the values given in the example is as shown
below:

To find out current through the galvanometer, it is required to find out the Thevenin
equivalent voltage across nodes AC and also the Thevenin equivalent resistance between
terminals AC.

To find out Thevenin equivalent voltage across AC, the galvanometer is open circuited.
At this condition, voltage drop across the arm AB is given by

100

Ay =098V
s 100 +401
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Hence, voltage difference between the nodes A and C, or the Thevenin equivalent voltage
between nodes A and C is

Vi =Vac Deflection of the galvanometer = Sensitivity x Current
=V, - Ve 10 mm/pA  2.04 pA
= Vag— Ve = 20.4 mm

=0.798 -0.8 =-0.002 V

To obtain the Thevenin equivalent resistance between nodes A and C, the 10 V source
need to be shorted. Under this condition, the Thevenin equivalent resistance between the
nodes A and C is thus

_ 100x 401 10004000
"7 100+401 1000+ 4000

= 880.04 Q

Hence, current through the galvanometer is

p_ Ve __ 000 -
D= R,+R,  100+88004 - M
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The Kelvin bridge or Thompson bridge is used for measuring the unknown
resistances having a value less than 1Q. It is the modified form of the Wheatstone

Bridge

Wheatstone bridge use for measuring the resistance from a few ohms to several kilo-

ohms. But error occurs in the result when it is used for measuring the low

resistance. This is the reason because of which the Wheatstone bridge is modified,

| r |r2|

- and the Kelvin bridge obtains. The Kelvin bridge is suitable for measuring the

low resistance.

Prinicple of Kelvin's Bridge


https://circuitglobe.com/wheatstone-bridge.html
https://circuitglobe.com/what-is-a-resistance.html
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In Wheatstone Bridge, while measuring the low-value resistance, the resistance of their lead

and contacts increases the resistance of their total measured value. This can easily be

understood with the help of the circuit diagram.

S The r is the resistance of the contacts that connect the unknown resistance R to

the standard resistance S. The ‘m’ and ‘n’ show the range between which

E
the galvanometer is connected for obtaining a null point

Prinicple of Kelvin's Bridge


https://circuitglobe.com/galvanometer.html
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When the galvanometer is connected to point ‘m’, the lead resistance r is added to the
standard resistance S. Thereby the very low indication obtains for unknown resistance

R.

| r |r2|

And if the galvanometer is connected to point n then the r adds to the R, and hence the

E high value of unknown resistance is obtained. Thus, at point n and m either very high or

R — very low value of unknown resistance is obtained.
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P
So, instead of connecting the galvanometer from point, m and n we chose any intermediate point say d, Then R +7; = —.(S§ +13)

Q
i N : _ i P
where the resistance of lead r is divided into two equal parts, i.e., r; and r, r—l =g equ(1)
2
From equation (1), we get
n P
it PO
-
H—P+QJ
as
ntnrn=r
I rl I r2 | T2 = P:_%.T
1r - - Q
. ! R+P+QT_5@+P+Q0
P
Prinicple of Kelvin's Bridge R= 5-5
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R—P 5
0

The above equation shows that if the galvanometer connects at point d then the resistance

of lead will not affect their results.

| r |r2|

The above mention process is practically not possible to implement. For obtaining the

E

" i desired result, the actual resistance of exact ratio connects between the point m and n and
Prinicple of Kelvin's Bridge

the galvanometer connects at the junction of the resistor.
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I r |r2|

alll

Prinicple of Kelvin's Bridge

Kelvin Double Bridge
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It A4 useq’ o measure fow vesistance. /8
;§,/ \%8
P,§ — Outer rsatio arms p «
/ P CFYq “\\
\} Y N\
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. al R [ r(Lead) > |c
S —> Standard ?es:stqnce . =
D
M

P)i —> Ynner ratio arms ><°—

Y — dead ?es?szfJCQ

M- Reversible Switch

Kelvin's Double - Bridge Methodl

Kelvin Double Bridge
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The galvanometer is connected between the arms p and g at a point d. The point d
places at the centre of the resistance r between the point m and n for removing the
effect of the connecting lead resistance which is placed between the unknown

resistance R and standard resistance S.

The ratio of p/g is made equal to the P/Q

Kelvin Double Bridge
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At balance. no current flows through the galvanometer
b

. 2 ! 2 P
R S oy or
pr qr 1
lt p+g+r ptqgrr Q S+_:-£]_-:_
PrqTI
L = P qr pr
R, ' Fig2.10 R = —=S+— -

P
6 Qp+q+r p+q+tr
P
Q

St [B—E]
p+q+r{Q q

Kelvin Double Bridge

P
If the ratio of P/Q =p/q, Then R = a.5
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Limitations of Kelvins Bridge

At balance. no current flows through the galvanometer
b

1.The sensitive galvanometer is used for detecting the balar

2.The high measurement current is required for obtaining tf

—= or
Q ¢, &

R-Pg P o

Q Qp+q+r p+q+r
Q

:BS-{- qr E._.l_).]
p+q+r{Q ¢
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Kelvin's Double - Bridge Method

selected that

resistance 'R' is an unknown resistance
whose value is to calculated

A galvanometer is connected between the dividing points
XY and xy

under this condition the galvanometer will give zero deflection.

~< |
< | %

consists of a standard
resistance 'S' the value of which can be chang

Rheostat

L 'WK ‘@*

Kelvin's Double Bridge



using Kirchhoff's laws

Let the value of current flowing through branch X = current flowing through branch Y be equal
to i; amperes; at zero deflection of galvanometer.

Current through R = Current through S = I. Also from voltage drop across X = voltage drop
across R + voltage drop across x.

ij_ X = 1R + izx .”(1)

and i1 Y IS + iy .. (2)

Department of EEE
Emitting Elite Energy

Rheostat

il wr

Kelvin's Double Bridge
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As x and y are in parallel with resistance r,

o ..(3
'2_{r+x+y}l (3)

Cross multiplying (6),

Substituting the value of i; in equations (1) and (2), we get

Y — ___F ..(4)
WX = IR+ iy !

LY = S — ..(5
WY = 1S + vy ¥ ! (5)

Taking ratio of (4) and (5), we get

r+x+y (6)

xry Yrx
(r+x+vy) (r+x+y)

RY

XS +

= XS + ! 7 (Xy = Yx)

(r+x+vy

unknown resistance,

_ X5 r Xy )
R=N *or+x+y (_Y_x

_ XS ry X x
R = Y +{r+x+y) (Y_y)
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As ris having a very small value

the value—w— (5 X

X
v (r+x+vy) \Y ;} will be equal to zero

=
[
<X

x S

Department of EEE
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Link r

Rheostat

The second reading is taken by reversing the direction of flow of current so as to avoid the error
that can be introduced by thermoelectric effects of junction. The mean of the two readings will
then give the correct value of R.
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A 4-terminal resistor was measured with the help of a
Kelvin’s double bridge having the following components:
Standard resistor = 98.02 nW, inner ratio arms = 98.022 Q

and 202 W, outer ratio arms = 98.025 Q and 201.96 W,
resistance of the link connecting the standard resistance

and the unknown resistance = 600 nW. Calculate the value
of the unknown resistance.

Solution From Eq. value of the unknown resistance is

X= £35-+L[£_£]
Q2 p+q+riQ ¢

98.025
201.96

WD w 6 —6 o L Y
SR % 1075 4 202 % 600 % 10 *;rat:hn_*;rﬂ.u:a--]
08.022+202+600x107%1 201.96 202

X =47.62 yQ
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Numerical: In a Kelvin's double bridge, there is error due to mismatch between the ratios of outer and inner arm
resistances. The bridge uses,

Standard resistance=100.03CQ

Inner ratio arms=100.31€2 and 200 Q

Outer ratio arms=100.24 Q and 200 Q
The resistance of the connecting leads from standard to unknown resistance is 700u €. Calculate the unknown
resistance under this condition.

Ry = 100.03 p&2, R, = 100.24 Q, R, = 200 _ 200x100.03x107 ~ 100.31x700x10°° { 200 200 |
b = 10031 Q,a =200 Q, R, = 700 uQ - 100.24 [70010°° +200+100.31] (100.24  100.31 JL

Thus unknown resistance is,
= 19958 %1074 +(2.3381 x107%)(1.3923 x102)

° o~ RiRy bR, {n
™~ TR, [R +a+b]|R, h:'

= 1999x107* Q = 199.905 uQ2
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The Wheatstone bridge is shown in the Fig. Calculate the value of unknown resistance, assuming the bridgé to be in balanced condition.

+
E—

Solution : As per the bridge shown in the Fig.

Rl = I.{} kagl, Rz = 2 kglf R3 - 5 kgl and R4 =RJ{_
Under balanced condition,

R
. =Rl R, =%><5 =5x5 =25 kQ

Ril:R

Thus unknown resistance i1s 25 kQ .
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Calculate the current through the galvanometer for the bridge shown in the Fig.

[
B

nl
Solution : From the Fig. +||E|'_
Ry =7kQ, Ry;=2kQ, R;=4kQ, Use Thevenin's equivalent for .

R, =20k, E=8V.
VTH = VBD=VAD‘1{AB =Iz R4 _Il Rl
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VTH = VBD =VAD _E{RB = Iz R4 _Il Rl

E E
R;+R, R*_R1+R2 R

8 20 B 7
20+4 7+2

= 0444 V

2q

b (D

D
Now R, =[R;[|R; |+[R;3]|Ry]| ... with E shorted

- MR Kl sss ke
" R;+R, R;+R,

I- _ T
8 Ry +R,

- 0.444
4888x10% +300 = 85.62 UA
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Measurement of Earth Resistance

*« The provision of earthing for an electrical system is necessary due to the following reasons:

(i) Ewvery metal part in a electrical circuit not carrying any current is required to be earthed as
per ISS, so as to make it safe for the workers to work.

(ii) At the time of lightening discharge or other faults, those parts of equipment which are
normally dead, will attain dangerously high voltages.

(ili) In case of three-phase system, the neutral of the system is earthed to stabilize the
potential.

Department of EEE
Emitting Elite Energy
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Main Factors Affecting the Resistance of Earthing System

(a) Shape and material of earth electrode or electrodes used.
(b) Depth in the soil at which the electrodes are buried

(c) Specific resistance of the soil surrounding and in the neighbourhood of electrodes.

Fall of Potential Method of Measuring Earth Resistance

L £
——@
measurement of earth resistance with fall of potential method

I

Certain current is made to pass through earth electrode E to an auxiliary electrode B from a
battery, which may be in the form of iron spike, inserted in earth at a distance away from E.
Another electrode A is inserted between E and B. The potential difference V is measured
between E and A for the value of current I. E A B

The resistance of earth = % = Rg.

Measurement of earth resistance
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Resistances of the order of 0.1 MQ

LW

These high resistances are measured by portable, instrument known as megger.

It is based on the principle of electromagnetic induction

CONSTRUCTION

It consists of a permanent magnet which provides the field for both the generator G

and ohmmeter.

ohmmeter consist of three coil
deflection coil,
pressure or control coil

compensating coil

Department of EEE
Emitting Elite Energy

Magnet

PC

‘H“Campensatlng coll

Guard ring

[
Rgryes!

TR

EEL

u){.l
—o r—

Xi0

X100
=

Guard terminal
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Flectrode

Earth Tester
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The current coil is connected in series with resistance R; between one generator terminal and the test terminal T.,.

R, protects the current coil in the event of the test terminals getting short circuited

The pressure coil, in series with a compensating coil and protection resistance

R, is connected across the generator terminals

Magnet

compensating coil is included to ensure better scale proportions

Ty

Compensating coil

The scale is calibrated reversely means the normal position of pointer indicates infinity

while full scale deflection indicates zero resistance. —— L

4
Ry

=] X-I
le o« —
X10

21895
# |
+

wLr

X100
=

Guard terminal
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WORKING PRINCIPAL

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 Ry

Magnet

When the test terminals are short circuited

Compensating coil
=
i =

When the high resistance to be tested is connected between terminals T, and T, / PC , B .
Guard ripg g ( ,
opposing torques of the coils balance each other so that pointer attains a stationary
L
position at some intermediate point on scale. f2e ] |
=]
The scale is calibrated in megaohms so that g g §H
the resistance is directly indicated by pointer. 1 N 4 .
guard ring eliminate the error due to leakage current " ]
X10
X100
o

Guard terminal
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The Wheatstone bridge is shown in the Fig. The galvanometer has a current sensitivity of 12 mm / pA.
The internal resistance of galvanometer is 200 Q. Calculate the deflection of the galvanometer caused due to 5 L unbalance in the arm BD.

Solution : From the given bridge,

R, = 100Q R, =1000<Q

|+

10V —
R, = 2002 R, =2000Q E

Now R, R, 1002000 = 200000

2001000 = 200000.

R,R,

For R, = 2000 Q , the bridge is balanced. But there is unbalance of 5 Q in the
resistance of arm BD ie. R,.

R, = 2000 +5 = 2005 Q

. . R. R
By Thevenin’s equivalent, v - Er . _ 200 2005 ~
™ T PR +R, R, +R, | =101 100+200  1000+2005 | = 10 [0.6667 - 0.6672] = - 5213 mV
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_ RT Rj Rz R4
R = R, ¥R, 'R, +R,
~ 100x200 N 1000 = 2005 o
= (100+200) T (1000 +2005) ~ />3-888 € oy —
Hence Thevenin's equivalenf is,
VAR oC
Req Now deflection of galvanometer is proportional to its sensitivity.
VrH (I:) @D G, Ry =2000 g D
|
=1
D = 5xI1
3
oo Vmo o B23x107 ) A = 12 mm/uA x 5582 pA = 66.98 mm

& R, +R, 733.888+200
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The four arms of the Wheatstone bridge have the following resistances, AB = 1000 Q , BC = 1000 Q , CD = 120 Q , DA = 120 Q The bridge is used for strain
megsurement and supplied from 5 V ideal battery. The galvanometer has semsitivity of 1 mmMuA with infernal resistance of 200 € Determine the deflection of the galoano
arm DA increases to 121 Q and arm CD decreases to 119 €.

Solution : The bridge given is shown in the Fig.

Now R, = 1000Q R, =1000 Q 5V — A © c

Let us calculate Thevenin's equivalent due to change in R, and R,.

I+

Thevenin's equivalent circuit is,

Bl i

N e[ R R, 121 119 m A
T = = —_— —_ = — - _ _ o—
TH [Rl +R, R,+ RJ =5 [mﬂmm m{mﬂw} ~ 5 [0.1079 - 0.1063] = 7.975 mV
V-
() Yy ©r, -0
R,R, R,R,
- — 214.2842 O
R = R R, TR, +R, 5 |
C
.
1211000 119x1000 I = '™ = 19.24 uA D _
— = 107.939 106. z 5 = = = 19.24 mm
12151000 T 1191000 ~ L7939 + 106.3449 Ry +Ry I
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Using the approximation of slightly unbalanced bridge, calculate the current through the galvanometer having tnternal resistance of 125 €,

for the bridge shown in the Fig.

Solution : For the bridge shown,

R = 5002 and Ar = 20Q

Using approximate result,

EAr  10x20
Vin = 4R 4x500 0.1V
while R. = R =5002Q

R, = 125Q give

500 @ 500 Q

()
&

o900 Q 520 Q2

o]
oV =
I - Vi
& R +R,
01
= = 160
500+125 HA
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In the Fig. the Kelvin's double bridge is shown. The ratio of R, to

R, is 1200 Q while R, is 10 Q and R, = 0.5 R,. Calculate the value of unknown resistance R..

From the Fig. R

R"T » * *
RJ = Ratio of resistances of ratio arms
1
R ) ) :
Rh = Ratio of resistances of second ratio arms

R, R, Now

o
E—
R, R, 1
- - R 10
R, R, 1200 Ry = g5 =g5-209Q
10 Q R

X

1
20 ~ 1200 = 00167 €

0.5R,
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A Kelvin double bridge has each of the ratio arms P = Q =p = q = 1000 Q The e.m.f. of the battery is 100 V and resistance of 5 Q

is included in the circuit. The galvanometer has a resistance of 500 Q and the resistance of the link connecting the unknouwn

resistance to the standard resistance may be neglected. The bridge is balanced when standard resistance S =0.001 Q.

a) Determine the value of unknown resistance.
b) Determine the current (approximate value) through the unknown resistance and at
balance.

c) Determine the deflection of the galvanometer when the unknown resistance R is changed
by 0.1 % from its value at balance.

The galvanometer has a sensitivity of 200 mm / pA.

Solution : A Kelvin double bridge is as shown in the Fig. \/)(‘N\ + ||| -
| |
R,=6Q V=100V

P 1000 B
a) At balance, R = o S = 1000 (0.001) = 0.001 Q
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b) Current under balance condition,

100 R + B
_ \ - - = 19.99 A +q+
I = R, ¥R¥S S+ 0.001 + 0.001 V4 = P( cjr }rr Vg,
R+ S+ PT4
p + q+ r
c) The value of R is changed by 0.1 %. i
New value of R = 0.001 x 0.1 = 0.0001 & Neglecting r,
B R+1+S R
Vac _[Rb+1{+r+8}1"’F Vamd = g3 g Ve
a
B 0.0001 inea
Neglecting r, = 0.0001 + 0,001 (49978 % 1077)
_ R+ S _ 0.0001 + 0.001 _ = 13634 mV
Vae = mv = 5+ 0.0001 + 0001 © 100 = 29995 mV
Hence output voltage is eiven as,
Vg = ooV, = 1000 0595 % 10-3) = 149978 mV ? o —’\73\/\ 1|~
ab P+ Q * 1000 +1000 ' T _ !
vnut = Vab - vam::l R,=5Q v=100V

= 149978 mV - 1.3634 mV
= 0.01362 V
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Types of Bridges
The two types of d.c. bridges are,
1) D.C. bridges used to measure the resistances

2) A.C. bridges used to measure the impedances consisting capacitances and inductances.

D.C. hridges
1. Wheatstone bridge

2. Kelvin bridge

A.C. bridges

1. Capacitance comparison bridge. 4. Hay’s bridge.

2. Inductance comparison bridge. 5. Anderson bridge.

3. Maxwell’s bridge. 6. Schering bridge.

7. Wien bridge.
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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.
at higher frequencies

electronic oscillators are used as a source of supply to the bridge circuit.

i) The output waveform is very close to sine wave.

ii) The output frequency is 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.

40 Hz to 125 kHz with power output of 7 W

Department of EEE
Emitting Elite Energy
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For the a.c. bridges commonly used detectors are as follows.

i) Headphones :
250 Hz upto 3 to 4 kHz.

ii) Vibration galvanometers :

5 Hz to 1000 H=.

These detectors can be effectively used below 200 Hz with greater sensitivity than the headphones.
iii)Tuneable amplifier detectors :

The frequency range for these detectors is 10 Hz to 100 kHz.
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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.

Two branches consist of non-inductive resistances R; and R..

One of the arms consists variable inductance with series resistance r.

_ : : R
The remaining arm consists unknown inductance L. / !
AC. .
At balance, we get condition as supply ,.9 '?-'i Detector i4.d5
fHz 3
R R
' 2 e (1)

[(Ry +r)+joL,] ~ Re+jol,

Ri[Re +joly | = Ry[(Rs+1)+j0lLs] (a) Circuit diagram

Ry(Ry+r)+joR,;L,

R, +joR,L,
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Equating imaginary terms, we can write

Ry L, = R,L;
R
Lx =g L o)
AC. _ Y L
s? pH Dly 6}) Detector ) : _,_‘_11_“,13
- .

Equating real terms, we can write,

Ry R, = R;(R5+r)

R .
R, = E‘j (R;+71) e (3) (a) Circuit diagram
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Maxwell's Inductance Capacitance Bridge

Using this bridge, we can measure inductance by comparing with a variable standard capacitor.

The bridge circuit diagram is as shown in the Fig.

One of the ratio arms consists of resistance and capacitance in parallel.

The general bridge balance equation is,

A.C.

L 2Ly, = 4,1, supply v
fHz
L. L, —
Z, = 2 =7,2, Y, - (1)
4 Y
where f = Zi i.e. R, in parallel with C,
1
L, = R,
Zy = Ry

Z, = R, +jwoL, ,as L in series with R,

Department of EEE
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— 1 .
Now Y, = +joC
1 R, J 1
010 1 .
Z, = I‘b"~1||][u_\\—[:]x ﬂEF—-J

Substituting all the values in equation (1)
we get,
) 1 .
R, +jwL, = R, R, [R +JmCI}
1

R, R,
R, +joL, = ‘;.:J+ijR3ﬁ}C1
1

Equating real parts,

R, R,

R, = R,

Equating imaginary parts,

oL, = R, R, oC

L'.l{ = Rz R3 {:1

The quality factor of the coil is given by,

wl
Q R,
_ R, R, G
~ (RyR4
R,
Q = oR, C

Department of EEE
Emitting Elite Energy
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The arms of an a.c. Maxwell’ s bridge are adjusted as :

Arm AB : non-reactive resistance of 700 Q

Arm CD : non-reactive resistance of 300 Q

Arm AD : non-reactive rvesistance of 1200 Q in parallel with capacitor of 0.5 uF.

If the bridge is balanced under this condition, find the components of the branch BC.

Solution :  The bridge is shown in the Fig.

From the bridge,

C, = 0O5uF, R,=12009Q

R, 700 €, R; = 300 &

From bridge balance equation,

R, R, 700300
Re= "R~ =100 =152

And L, = RyRy €, =700x300x0.5x10° ~ 105 mH
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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 modified Maxwell's bridge in

the value of self inductance is obtained by comparing it with a standard capacitor.
The Anderson bridge is as shown in the Fig.

One arm of the bridge consists of unknown inductor L,
with known resistance in series with L.
This resistance R; includes resistance of the inductor.

C is the standard

capacitor with r, R,, R3 and R, are non-inductive known resistances,
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The bridge balance equations are,

il — i.3,
i, =i, + i, e
. A.C.
V, =i, Ry, supply ’9 v
: fHz A
Vs =13 Ry \
R4
V, =V5+idr, i

Vi=1 R +1, oL
U e 1 (a) Circuit diagram (b) Phasor diagram

Vy=1, Ry
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To find balance equations transforming a star formed by R,, R; and r into its

equivalent delta as shown in the Fig. {a.]-and (b).

The elements in equivalent delta are given by,

R. = Ror+Ryr+R,Ry

BT R4
R . R2r+R4r+ R2R4

o R

2 A.C.
A.C R
wh @ @
R,r+R,r+R,R, “

(a) (b)
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Thus, balance equations are given by,

Lx = CR;RE
R
R, = R, RZ

Substituting values of R; and R, we can write,

L, = CI} [R,r+R,r+R,R,] and
4

B RoR 4 (a) Circuit diagram (b) Phasor diagram
=Ry
4

If the capacitor used is not perfect, the value of inductance remains unchanged, but the
value of R; changes.

This method can also be used to measure the capacitance of the capacitor C if a
calibrated self inductance is available.
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Advantages of Anderson Bridge

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.

Disadvantages of Anderson Bridge

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.

Department of EEE
Emitting Elite Energy
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An Anderson a.c. bridge is as follows :

Arm AB : Unknown inductance R, and L, ,
Arm BC : Non-reactive resistance R, = 1000 Q
Arm CD : Non-reactive resistance Ry = 1000 Q
Arm DA : Non-reactive resistance R; = 500 €
Arm DE : Resistance r = 100 Q

Arm EB : Detector and a.c. supply between AC
Arm EC : Capacitor C = 3 uF

State the expressions for L, and R, and find the values of them for given values of elements,

Solution :  The bridge is shown in the Fig.

R, R 1000 500 o
R, = —5—2 =277 =500 Q
R, 1000 AC. b 5
Supply()
CR fH
L, = — 2[Ry 1+ Ry r+ Ry Ry - ~ 1000 6 _
) 4 N R, = 1000 Q
3x107% %1000
= 000 P00x100+1000x100+500x1000] = 1.95 H
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Hay’s Bridge
The limitation of Maxwell’s bridge is that it cannot be used for high Q wvalues.

Hay’s bridge is suitable for the coils having high Q values.

Hay’s bridge consists of resistance R, in series with the standard capacitor C, in one of the ratio arms.

larger phase angles R, needed is very low, which is practicable.

Hence bridge can be used for the coils with high Q values.

Under balanced condition,

The various constants of the bridge are :

- AC. )
B : _ . supply
Z; = Ry -] X _R]_](E] fHz
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72,2, = Z, Z,
A.C.
A 1 :
AR O SRR iy ©

L] . R, |
|:Rx R1+C_I]+]{WR1 Ly _m_C,} =R, Ry (1)

Equating the real parts of both sides,

L,
RyRi+ = Ry Ry .. (2

Equating the imaginary parts of both sides of equation (1),

R

ORy Ly - oC,

= 0 .. (3)
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To obtain R, and L, solve equation (2) and equation (3) simultaneously.

From equation (3),

oR, L, = Ry
wC
R-"'l
L = Grc @

Substituting in equation (2),

RxR1+L:R2R3
®? R, C,? '

R, |R, + 1 R, R
" @R, C2 2

o’ R, C2R, R,
R, = — .. (5)
1+@® R? C,

Substituting equation (5) in equation (4) we get,

o* R, CI R, R,
1+ R? ¢;*) 0’ R, C,

L. =

X

T 1+ RIC2

This is same as Maxwell’s bridge equation.

Department of EEE
Emitting Elite Energy
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De Sauty Bridge
De Sauty bridge is to compare two capacitance.
The circuit diagram of De Sauty bridge is as shown in the Fig.
The De Sauty bridge consists a capacitor C; which is capacitance under test in branch AB.
The branch AD consists a known, standard capacitor.

The remaining branches BC and CD consists non-inductive resistances R and R, respectively.

At balance, we get condition as,

- j XC] _ - j Xf_'g 1

R; Ry - () V3=V, =LiR3 = 15R,

i F A.C. 9 -1: I, 1,
— R. - - ] R supply :

( II'.*C1 J 4 [ ® Cz , 3 fHz !
V1 = Vz =£1_ =IL v
c, - C, Ry ) 0Cq oGz
R, {(b) Phasor diagram

(a) Circuit diagram
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The balance in the bridge can be achieved by varying either R, or R,. Under the balanced condition the vector diagram
for the De Sauty bridge is as shown in the Fig.

The main advantage of De Sauty bridge is that it is very simple in construction and
the measurement of the capacitor is done with simplicity. Inspite of the simplicity of the
measurement, it has one drawback that when the capacitors are with dielectric losses, then
it is highly impossible to achieve balance condition. Thus practically De Sauty can be used
effectively for the capacitors with very low dielectric losses such as air capacitors.
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Schering Bridge

[t is one of the most widely used a.c. bridges for the measurement of unknowncapacitors, dielectric loss and power factor.

It can be used for low voltages.

Ry
The C, is perfect capacitor to be measured. R, is series resistance. C, is C2
standard air capacitor having very stable value. R; and R; are non-inductive AC. )
' ~
resistances while C, is variable capacitor. 5;‘|F_'|F;|Y
From the general balance equation,
Z-l Z_,; = 22 23
o1 j )
Z _ _ _
1 X JmCK =i 4[ mCy
Zy = Ry || 0C =
4 ( R. _i 1
. i \ 4 ](IJC ]
2 - fﬂCz
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g o_  TiRy “jRy (R Co+j) Ry-joRICy
P oR C-j (oR, Cu-j)(0R, Cy+)) @ R2C3+1
i *
-—— (R 2 R2 2 _ ]
L, 722y ( WCQJ( 3) _(1+{ﬂ R3 Cq)RS( ng]
! Z4 R, -joR} C, - (Ry-joR} Cy)
1+w® R C3

u}C2 (R4 +joR3 Cy)

Rationalising, Z, = R (1+®? R3 C2
5 21 = Rs ( PO R

1 Ry(1+0?R}CY) R} C, R,
oC,  RI(1+?R}C}) | G 0C
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Equating real and imaginary parts,

R, RiC, R;C
R = v3y Nt N3y G
X R% C2 CJ_' { ]
o1 B &X Ry 1
]mCI ]Ri m C, ]&mf_‘z
R
Ry .
wC, = R—amf_g
_ Ry .
C, = R, C, . (2)

The equations (1) and (2) gives the required values of C, and R,,.
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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,

pf. = cos o, = ?x

X

For phase angles very close to 90°, the reactance is almost equal to the impedance,




[JA T M E

atmel College of Engineering

Department of EEE
Emitting Elite Energy

Department of Electrical and Electronics Engineering

ii) Loss angle (&) : 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 &.

Now tan o =

IR,
1

(5c:)

mCJ

ans = of K2R

G

R,

C2j=mR

4(:4

|

o ——
rﬂ
] T
I
I
|
I
I
I
|
|
.:: —— -

Thus loss angle can be measured, knowing the values of w, R, and C;.

iii) Dissipation factor (D) : For R, -C, series circuit, it is cotangent of the phase angle ¢,.

D=

cot 9, =

1

1

=wR, C, =0k, C,;

tan ¢, [(

1
wC

X

)

IR

X
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The Schering bridge has the following constants :

Arm AB - capacitor of 1 uF in parallel with 1.2 k& resistance

Arm AD - resistance of 4.7 kQ

Arm BC - capacitor of 1 UF

Arm CD - unknown capacitor C and R .

The frequency of supply is 0.5 kHz. Calculate the unknown capacitance and its dissipation
factor.

R, C;  12x10°x1x107°

Solution :  From the given information, TR, 4.7 %103
R, = 47kQ C, =1WF
The dissipation factor,
From the balance equations,
D = wC, R, =2nfC_ R,
_ R G 47x10%xax10°¢ oo = 21 x 05 x 103 x 0255 x 1076 x 47 x 103

b Gy 1x10°®
= 3.765
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Given the Maxwell bridge as shown in the Fig. find the equivalent series resistance and inductance of R, and L, at balance.

Z, = R, [| X 2.7
1 P Z, = % & = 7,7,Y,
1
] 0
Y] - R_I =+ ] [ﬂ'Cl

=100 1000 % [1.66x 1073 +j 6.283x 107%]
+7 (2nx1000x1x107%)

~ 600 = 166 +j 6283 Q=R +j X, Q
= 1.66 x 107 +j 6.283 x 10~ R, = 166 Q R,=600 (2
‘ R, = 100 Q

Z, = 1004 X, = 6283 =2nfL,

Z, = 1000 Q A ®

- , - [ - 628.3 .
2y = Ry#) Xy =2, 0 2mx1000 Ry=1kQ 2
From the basic balance equation, — 0.099 H
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An a.c. bridge circuit for measurement of effective inductance and
capacitance of an iron cored coil is as follows : Arm AB : the unknown impedance,

Arm BC : a pure resistance of 10 Q, Arm CB : a loss free capacitance of 1 uF and
Arm AD : a capacitance of 0.135 uF in series with 842 Q resistance. Obtain the balance
equations of the bridge and determine the unknown parameters in the arm AB.

The general balance equation is,

Z'l Z4 = 22 Zg

Zoy 7

Z, = ——=
! Z4 AC.
supply
fHz

Let the frequency is o rad/sec.

Z,

i ]
[842—j 1 } _ gap 7407410
®0.135%10°6 ®

Z, = 10+j0=10 £0° Q

Detector

Department of EEE
Emitting Elite Energy

0.135 uF Z,

8420
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: 1 10 10°
7o = 0—-§— ~ T
! ) ox1x10°6 "o 490 @
. 7.4074x10°
{842'1 {u }[10] 7.4076x107 | 1
Z, = =| 8420 Z490°
! 6 ® 10©
10
— Z-90°
0}
. 7.4076>107 . W 7
— 8420_] ‘:"'J 5:| =jm8420+?.4076>(10
© 10 108 106
A.C.
supply
. -5 fHz
= 74.076+)w8420x10
Comparing Z; with R; +joL,
R, = 74.076 Q

L, = 8420 uH = 8.42 mH.

These are the unknown parameters of arm AB.

Detector

Department of EEE
Emitting Elite Energy

0.135 uF } Z,

8420
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An a.c. bridge circuil working at 1 kHz have its arms as follows.

Arm AB : 0.2 UF capacitance Arm BC : 500 & resistance

Arm CD : unknown impedance

Arm DA : 300 Q resistance in parallel with 0.1 uF capacitor, Source @
Find R and L or C constants of the arm CD considering it as a series circuit.

Consider the basic a.c. bridge as shown in the Fig.

The branch AB consists C; = 0.2 uF. Hence impedance of branch AB ie. Z; is given by,

1 i ]
Zy = —jXg T Tag, 2n fC, 2xmx1x10% x0.2%x10 6

Z, = —j795.77Q =795.77 Z - 90° Q
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Similarly, branch AD consists parallel combination of R, =300 and C, =0.1uFE
Hence, impedance of branch AD i.e. Z, is given bv,

)
Rz 0C,

R R, 300 300

2 L= —
2 = 1+joC, R,  1+j(2xmxfxC; xR;) 1+j(2xmx1x10% % 0.1x10°6 x 300) 1+0.1885

_ 300
T 1.0176 £+ 10.695°

Z, = 29481 £-10.67° Q

For balance, the condition is given by,

_Zz'za
= 21

Zy



[JA T M E

College of Engincering Department of EEE
P Emitting Elite Energy

Department of Electrical and Electronics Engineering

Substituting values of Z;, Z, and Z, we get,

_(294.81 £ -10.67°) (500)
o 795.77 £ - 9P

7, =185.2356 £ 79.33° ©
Z, =R, +j Xy, = (342967 + j 182.03) Q

Thus inductive reactance can be written as,
XL4 ={1]L4 = 2ﬂ.fL4 = 182.03
2x mx1 x10% x L, =182.03

R, =34.2967 O

Thus branch CD is a series R-L circuit consisting R; = 34.2967 Q and L; = 28.97 mH.
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A 4 terminal resistance of approximately 50 u€ was measured with the
help of Kelvin double bridge under the following conditions

Value of standard resistance 100.03 p& ;

Resistance of inner ratio arms 100.31 Q and 200 Q

Resistance of outer ratio arms 100.24 Q and 200 Q ;

Value of low resistance link 700 ug

Calculate the magnitude of error in the measurements.

A Kelvin double bridge can be drawn as shown in the Fig.

By using the expression of unknown resistance we can write,

R, - Ripg s % [R _a
x R, * a+b+R, |R, b
200)(700x10" 6
R, = 10024 10005 00- 6y, X )_ [100.24_100.31}
200 100.31+200+700x10- ¢ | 200~ 200

R, = 49.97 x10° bQ =49.97 uQ
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Hence the magnitude of error in the measurement is given by,

Actual value of resistance— Measured value of resistance

| error

= |50x10~ 6 —-4997 %10~ % — 0.03 x 10"
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The four impedances of an a.c. bridge are

Z 45 = 400 £50° Q,
Zpe = 800 £-50° Q,

Zap = 200 £40° Q,
Zep = 400 £20° Q

Find out whether the bridee is balanced under these conditions are not.

Solution :  For an a.c. bridge, the balance conditions are given by,

L2y = Z, 7,4 .. condition of balance for magnitudes

Consider the basic a.c. bridge with four impedances as shown in the Fig.

Applying the condition of nc
balance for the magnitudes, we Supply
get, fHz

That means condition of
balance for magnitudes is
satisfied.

Z,-Zy = Zy-Zs
(400) (400) = (200) (800)

... condition of balance for phases.

Department of EEE
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Z,=200240°Q

Z,=400/50° O

Z; =400.20° 0

Z,;=800/-50°02
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Applying the condition of balance for phases, we get
£201+£04 = Z£0,+20,
LHS. = 20, +20, = [50°+20°]=70°

R;HS = .f’i’ﬂz + iﬁ 3 = [4“0_5001 = _‘100

As the values on L.H.S. and RH.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.

A four arm a.c. bridge a-b-c-d has following impedances.
Armab : Z, =200£60° Q, Armad :Z,= 4002-60° Q

Armbc: Z,=300£0° Q,  Armcd: Z,=600£30° Q
Determine whether it is possible to balance the bridge under above conditions,

Department of EEE
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The arms of five node bridge are as follows :

Arm ab ; an unknown impedance (R, L,) in series with a non-variable resistor r,,
Arm be : a non-inductive resistor R; = 100 Q.

Arm cd : a non-inductive resistor Ry = 200 Q.

Arm da : a non-inductive resistor R, = 250 Q.

Arm de : a variable non-inductive resistor r.

Arm ec : a lossless capacitor C = 1 uF.
An a.c. supply is connected between a and c. Detector is between b and e. Calculate the
resistance R, and inductance L,when under balance condition r, = 43.1 Q and r = 229.7 Q.

Solution : The a.c. bridge is as shown in the Fig. R. = 2500 r=4310Q
5= (

From circuit arrangement, it is A.C.
Anderson's  bridge. The wvalue of :EE?E: @ D B
unknown resistor is given by, 1 Hz :
R,=100Q
_ RyR, _ _ (250)(100) — 431 = 819 Q

R, =

R, 17 200
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Unknown inductance is given by,

CR

_ﬁ -
_ L 1020 DX 100" 1250 + 200) (229.7) + (250) (200)]

= 0.0766 H = 76.6825 mH
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The four arms of the bridge are as follows :

Arm ab @ An imperfect capacitor C; with an equivalent series resistance of 1
Arm be : A non-inductive resistance R,

Arm cd : A non-inductive resistance Ry

Arm da: An imperfect capacitor C, with an equivalent resistance of v, in series with
resistance R,.

Headphone as null
detector

A supply at 450 Hz is connected between terminals a and c and the detector is connected
between b and d. At the balance condition :

R, =48Q,R;=200Q,R, =2850Q,and C, = 0.5 iF, r, = 0.4 Q

Calculate values of Cy and v and also of the dissipating factor for the capacitor,

Solution : The bridge is as shown in the Fig.

Z, =1 —j

1

= (4.8+0.4)—]
( )7 3 X 450% 05% 10 ¢

= 52 -j 7073553 Q = 707.3744 / - 89.5788° Q
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Z; =200+j0Q=2002 0°Q
Zy = 2850 +j0Q=2850 2 0°Q

Headphone as null

At a bridge balance, no current flows detector

through the detector,

L = E
YU Z,+Z,
[=_r
2 Z,+7Z, E . 450 Hz
Now Lz, = 1,Z, for null deflection of detector
EZ, = EZ,

Z +Zy  Z,+Z,
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)
o0
]
=
1
e
I
rj‘
IS
|

= 200 £ (F x 707.3744 £ - 89.5788°

49.6403 £ - 89.5788° = 0.3649 —j 49.6389 Q
Comparing both sides,

5|

0.3649 Q and L = 49.6389
oC,

1
C1 = nxa50x 49,6389 ~ [ 1POME

Dissipating factor = wr;C

21 x 450 % 0.3649 x 7.125 x 10°¢

0.007351

Department of EEE
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The four arms of the Maxwell’s capacitance bridge at balance are :

Arm ab : unknown inductance Ly having an inherent resistance Ry

Arm be : A non-inductive resistance of 1000 €2,

Arm cd : A capacitor of 0.5 UF in parallel with a resistance of 1000 Q .
Arm da : A resistance of 1000 Q

Determine the values of Ry and L,. Draw the phasor diagram of the bridge.

Solution : From the given information, the Maxwell's capacitance bridge is as shown

The equation for balance is,

Z"z_g[_ = 22'23

L

R
R, + i'ﬂL-t][mmﬁ} - ®) Rs)

A.C.
supply
fHz

Department of EEE
Emitting Elite Energy
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Equating real terms, we get,

R,R; = R,R,
o - RoRy _ (1000(1000) _ 4909 o
1 T TR, 1000

Equating imaginary terms, we get

L, = R,R;C, = (1000)(1000) (0.5 x 10°%) = 0.5 H
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The four arms of Hay's bridge are arranged as follows :

AB : coil of unknown impedance.

BC : non-reactive resistance of 100 Q.

CD : non-reactive resistance of 833 Q in series with 0.38 WF capacitor.

DA : non-reactive resistor of 16800 € .

If the supply frequency is 50 Hz, determine the inductance and resistance at the balance condition.

From given data, Hay's bridge can be drawn as shown in the Fig.

At f = B0 Hz, reactance offered by C, is,
—j _ 7]

ey =46, T anic,

B ~]
2xmx 50x 0.38x 10~ 6

o —jXg, = -] 83765759 Q

a. c. supply @ 50 Hz
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Ly =Ry —j X
= 833 —j 8376.5759
. 7, = 8417.8924 /< 84.32°

Now in general for a.c. bridge, the
condition of balance is given by,

a. c. supply @ 50 Hz

7,7, _ (16800) (100) B .
21 = TZ7 T 8417.8929 Z 8430° = 199.5749 7+ 84.32°

Z; = Ry+jXy, =Ry +jol; =R, +j2nfl; =19.7524 + j 198.595 Q
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Comparing imaginary terms on both the sides,
2nfl, = 198595

198.595 198,595

MO Tonf T 2xaxso

= 0.6321 H

Comparing real terms on both the sides,

R, = 19.7524 Q
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In an Anderson’s bridge for the measurement of inductance, the arm AB

consists of an unknown impedance with inductance L and R, a unknown wvariable resistance
in arm BC, fixed resistance of 600 € each in arms CD and DA, a unknown variable
resistance in arm DE and a capacitor with fixed capacitance of 1 uF in the arm CE. The a.c.

R, =600 Q
supply of 100 Hz is connected across A and C and the detector is connected between B and 2
E. If the balance is obtained with a resistance of 400 Q in the arm DE and a resistance of sﬁ'c-l
800 Q in the arm BC, calculate the values of R and L. Qf Y *"\) D B
100 Hz

By the standard formula, the unknown R, =6000 ¢ R;=8000
resistance R, in branch AB is given by,

_ RyRy (600)(800)  _ 500 O
R, (600)

Similarly the unknown inductance in
branch AB is given by,

_CRy ~ (1x10°¢)(800)

L= 7R, [Ror+Ryr+RyRy | = <00 [(600)(400)+ (600 % 400)+(600)(600)| = 1.12 H




