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OBJECTIVES . -

-
- P

A number of well known and tespected electronig[innttumentj
manufacturers have entned thef? tcputat!onu by makxng precine "
.,neanuring instruments called bridges. These 1nstruments are used '

to nccuxutelv charucterize almost verv kind of electticnl corponent

. tfbm ;esistors, capucitors and indpchore to transmission lines .
apd cables. In this. application thes

the heart of any calibration and sta

fnétruments of ten represent
dards 1abotntory7

But . andther important applicati_n for ghese basic kinds of |
circuits exists in scientzttc dinstrumentation. Bridges can serve
the roll of signal procegs r, transforming the physical input to ~
a transducer  to &n eleczgiénl output whichvi proportional to that
physical 1nput._ How threse two functions are performed is the sub~
Ject of this module. TwSZCommo ridge circuits will be used to
compare some of the:.distinctive characteristics ,of DC. uﬁd AC bridges.
We will learn héw to build and use these bridgé circuits in the. lab-
'oratory. - -

. o . & w e

' v ) ' * . 1 .o )
. v . ' . o . L

' _ ¢ wtruments;

PREREQUISITES N

. N : .
N

’ -
. ~

The d;scussion and laborator; procedures suggested in this
nodule presume familxarxty with fertain concepts, skills and in-

”» v

Concepts - voltage, current registance, capncitnnce. *
inductance and p! ase.

Skills - breadboard1n9 cir uxts from‘schematxc dxgérams,
.. . graphing data and 1ntermed1ate alqebra. .

Instruments - power suppliesg, ohmme ers, . )

decade resistance substitution box, signul
genernto: und oscxlloscope. :
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Objectives:

Explain the idean’ of brldge balance in terms of’ the dtage ‘
difference between the output of two voltage. d1v1der1o .

State two pr1nc1ple appllcatlons for bridge, c1rcu1ts. A

\
N

Bridge circuits genernlly serve two purposes. One is to -
make accurate haasureménts of the electrical quantitiies of re-
sistance, cnpqcitunce and inductance. The other is to convert
changes of these quantitites into changes in voltage, a more
luitnble quantity for processing by electronics. ‘

The second application is perhaps the most useful for’
electronic instrumentation.
instruments is a transduter.
vhich:converts

The first staje of many electronic: '
A transducer is simply a device .
a change in some physical gquantity, ’such as
temperature, light intensity, force or pressure into a change
in ;omé electrical ﬁuq@tity. Fhen a transducer is used as an ' *
element in a brxdge circuit. the-electrical output is proportional
‘o to the physical change at the transducer. ‘ .
basic cxrcuitq in more complex
inltruments like plxnlcal thermometers, 1ight meters, metal
detectors, oscillators, and pcwer supplies. . a

Bridges are also used as

- We can most easily understand the bridge: circdxt by 'con--
sidering first a simple voltage dxvider cxrcuxt. Fxgure_la , .

shows a pictorial diagram of a voltage dxvxder.’ Figure 1lb:

[ . . L ‘e

[EIQ\L(:«_, ’ ( v . . o ' - .; T

Aruitoxt provided by Eic:
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.} - lhows the schematxc dxagram for this circuit. V- v 4
v i . v -
/
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. Figure 1. The voltage divider is the bas
a bridge.: A pote.n,g;ometer is a
voltage’ d;v.lder as plctu‘f‘ed in ]

. shown in 1b.- .

%

By turning t_.ﬁe knob on the potentiometer, the resistance

between the center terminfT~and either_end terhinal, can be- . -
-made to vary from zero to 200 ohms. The cente} terminal ) . . X
.is connected to a wiper .that slides along‘hthe total length . ¢ ) . o

-

of the res:.stiVe mate.rial inside the potentiometer. The point . v

' of contact divigdes t_he total resitance into’ two parts which . | ]

are called the arms of the voltage dxvidet. The position of , : T i . o - "~
the wiper doest not- effect the total resistance across the - ‘ : ¢

ﬁuttery which rem;:ins constant 200 ohms. By adJust:.ng the C ’

f pgtent:.ometer, we can provde vo::a}&fron; zero to nine volts., = L‘ ‘ . &

¢ S : I . . , . »

Example 1. . ) : ] . “ ) ‘ St > o .
v L ! ' ' ' S w (. ,‘*, Tl F 7 (\
. Q: The potentiometer in F’igute 1 has a resxstance of \ T :
200 ohms.  Suppose the tesistance from A to Bais 60 . . . N -
- ohms. -What i's the current in the ci: bit an® the v

output voltage, Vp.? What is Vy.? ° o o (_/,' g

\_*: From Ohm's Law the curren is I=E/R = 9/200 = .045 .' S
mnpq .or 45 nullxamps. , _ . ‘
The-resistance from B to C must be 200 minus 60, or ' :
7140 ohms, so that the voltage from B lto c-is ‘ .

Vpe = (.045) (140) volts = 6.3 volts. ' - . !

'3 ' ‘ /
We also calculate the voltage VAB using. Ohm's : L ) , J » i
fLaw as / a .. A\

- . Vap = G 045) (60) volts = 2.7 volts. . . /

It is prooably ‘po surprise to'you that the voltage - o
Vip @ 2.7 volts, plus the voltage Vge = 6.3 volts, , A ) _ /
‘adds up to give the)apphed voltage of 9.0 volts. C : S /

We have divided the 9.0 volts into fwcF"\ml‘tages which ' ‘ / - ‘
K - _add to nine volts. ) ' B . v 7 :

Suppose that you had two diffﬂrent voltage dividers with /
the o:%::t voltage for eah tonnected to a voltmeter (assame l{-’ e/
tha!. volmmeter draws 2 negligible current) . Figure 2a . "% / .
shows a ‘Jictorlal of these two circu:.ts and Figure 2b shows S .} N . / T "'.
their schematic diagram s;de—by-side. ! . : : .
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of'bélance. Where 1’4

across the arms are egual or balanced.
(N

: -
. ) B

the lefi:, :and on VB' the voltage £Hn the r:.ght:.

R 12 you wanted these circu;ts\to have the same veltage out-
pu;, you would adjust one or both potentiometets until the
voltages “read” the: same on the two meters.  Suppose thay you -
9. use 210 or 15 volt’ ‘scale on a.meter with 1 volt steps and

... .. CONCEPTOF
| ALAncg’ .

mallest sqale diviéio}\s of 0. 2 volt. You adjust the two
voltages until t‘hey are:"equal' at 6.7 volts. ‘ .
’ Ypu mapy tealize “that we cowuld compate these two volta.ge;
with fewer component,s. Why npt use jusf gne battexy, as shown
.- in the schematic in }:‘igure 32 The current .2d voltages in
each Jpotentlometet would still be t.he same as _they were  in
.« .Figure 3. ) ) e

A gt F;g?te 3. ~Bg“u51ng one vol ége ource . for both’voltage
e . . d1v1ders, we obt ln

Aruitoxt provided by Eic:



v n banic problem. Ifq think we ‘read 6. 7 volts on each meter, .
the nctual _volthge could: feasily differ from this - by as much _‘ ) : - ' ‘ 7
as l volts, Becnuae the smallest acale dfvisions are 0.2 volta : 1 :
apart, A difference of ‘0.1 volts would nbt be easily seen on a ] )
10 8r.15 volt scale, o G T - o . - SN

. -If we axe interested in m‘!usuring only the"difference of the ) B N
two- Output voltages, why not plae one met[r directly between . - s

- AN H L.
- In cnmplri&g V. and V with thil!ircult,;thete i*! till ® , ) K . . ’
Y

these po nta, 28 shown in: Figure 4 'l‘hen ye could use & lower ¢

lcale onj the voltmeter. Por mcamp].e, we hight use a 0-1 or o ‘ o . ‘
¢ J 0-1 5V scalé with 0.1V Steps and smallest scale divisions of’ NI 2 SN ‘
‘ *'0.02 volts. We covld tHen detect a voltpge ay _erence as little as e - ~
alzost P.01 {volts. . o R . : . ,
) ‘ BN ; : . i . . . ‘ . . s
. - s e ) . B . .
W : o v - . < L
i N ~ . . - R : . - Wt W
' y ~ 4+l S / . \¥ ; . o . . . ‘ :
. . .. : ) = E . ” - ,‘ .
\ "’f‘ ——— ' - '{
1 Ey -
. ' . :
! - ' ! . N N N
. - > . 7. v
‘ ‘ / ) _ 4 . °
L N ; . ' - o
) : Flgure 4, *The conditipn of balance can be mucg more e .
" PR " accurately determined if the voltmeter N _ . . c
. Q
ot - ‘measures \the dlfference in voltage between A ) ‘
* ‘the two di 1ders. N Lo .
L o . 4 A . * ® . . A e .
— . ’ * l\ : . S '
. N v v 7 ! . B
h I1f we place an extremely sensitive vo ter in this reuit . k
. and%djust until the voltage Vag is zero, circuit is faia ) X s ey
to .be bilanced. T}%s circuit is called a balanced Wheatstone ‘
Bridge. T 4 ) . B o . -
- ° = ° - . . ‘ L . .. T -1 .
-THE WHEATSTONE BRIDGE ~ =
- » ) . b . o e . .

P . . - Y

i

N

\\x\ ObJecthES' Derive the balance cond tlons for a Wheatstone Brldge. S

o Cite three factors waich 1nfluenc@ the accuracy of a. L
vy h Wheatstone brldqe. Explain- %he influence. of each factor. TN

Explaln how tb’extend or "alter the ba51q,ra of a’ e w
Wﬁeatstone Brldge. . \% - .

Define and explain the meanxng of the’ follow;ng terms: &

. _ accuracy, balance, null, Precisioy, sen51t1v1ty and 11near1ty. »
N - 1
Work_problems 1nvolv1ng all- of these ideas-. .1 - o '

. ~, E - .
\K . LR , .- ,« A .

. S . . .‘"‘ - — - - . i - . u
. - - B < y o L .
' v c e / T .o L
- The resistahce bridge is’ usually shown with the® resistances SRS oo :
R on each side of thr7/voltage div:.ders as separate resistors. r e ‘ & I

L .
Fig}re 5 shows suc bndge circu.lt with each res:.ctor labeled [y

; We have shown the connections .of the resistoi’s at the top and ’ . . ' - —( L M

- - 4

~“at the bottcm brought together. When V,, is zero ,we say that' o ra ¢

- the bridge is balanced.s - . s * g S a ) ‘_ oos s
N ) \. . ‘ e . ’
» . - . . .

ERIC » P | R
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. . L Ll
I ” ‘r“
/»._' . ,: i N
- : ; [ . .
) . i o i T 'J\
4 < . -,
- - ' - .
. | oy ) . ;
K . . ’ “' . -_‘
v g ‘ ¥ . . “ R "
. L SO U T o~ .
) . . > \» 9‘3‘ o .v:’ .‘)
- -  Figure 5. Th Wheatstox Br.:.dge is s.lmply th’é voltage e \ o v :
. o divider pair of Fiqure 4, but drafm'ina. : - L "
‘ * - : » R . s
o NEEAN diamond shape. Also shbwn are typicafl com-— e s
° (,% . . prnent des.lgnat.lons. : RS REEP T
: e a R _ " ; - Lt - . ,Jl'_ R -
r o ‘o I G PRI 3
- . N . . -
. As you have seen, the balunce condition reqﬁires thdt’ . Lo
the 'oltagc across. R3, ethut‘.hnt across R2' Algn, tb % ) o
: ~wvoltage choss R‘ must equal-that ucrgs Ry~ Thése rel tiOn- “ h : R o \
’hlps can be expreased using Otm's Law; Let (the current o ) I N
g t.hxough the path contuxning R, and R4 +be IA and the curren \\ Lo o
k4 . s . .
t.lu:ough the path containxng Rl and R be ~I fi‘hen liqce oo T .
) v3 - v2 ve must have o PR S o o
2 . e . . v . n -
o n = I R 5 v AN .
. a%3 TR - : ‘
, . "~ ,’_ , . ¥ \ ’ = llﬂw
K - ; . - ) B R L.
v and since Vg = V3, we must have . -7 S, ) /
- : ’ /' o - . .':“ . ) K S .
v ... "UI,R, m X R, o, - - : e e’
¢ .- § ‘, A4 ‘B 1. T . LTy, .. L)
: : ‘ Ao ¢ : P . B £ * <L - A
’ - EVEREN . T R
. Ihen t.be second ‘6{ these two: equat::.on s°is divided by the- CI.R 1 R
- i : . .
: fixst, the ' currents cancel" ? and we jave the balunce - _A_3_=-
r the Wheatstone brxdge-’ O ‘ : IARq . I Rl
L L ’11"433.4- ‘.nlfnz_. ‘\ o
DN SRR R B WHEATSTONE E
“. . W Bave said that thefeatstofe bridge is 1sdd to méaswre o 1 BALANCE CQNDITIONJ&
j 2 resintance. ‘But’ ‘why bother ith ¥ bfidge Why - n9t~ just: use. e T B
<l am o&:htery Because it is possible to méasure res istance. e o ‘ : % f‘
with qreater  Precision ‘and accur’acy with a Jheutstone B X w\ /)\ o e ER
e Bridge. he greater precxslon pemxts one d:.st:.n_gl,ush be- T : " PRECISION AND L
tvern nearly 1dent1cal read',ngs. Vrh:.s means Yhat wit‘ a > :
uitable bridge circuit, msxsgmces can be mh"spreq o/ - ACCURACY OF 7\ -
. moxre sigﬁif:.cant f;gures. ‘E‘or exarnple,.an ohmm ter mxght g:.ve
- o
a zesxsmnce readxng of 10 Ohms for a reslstor‘ Hz'.th-a . 7 WHEATSTONE BRIDGE
Wheatstone Bridge,’ je res 1staﬂce could be mnasur d as 10.45 ohms . & . P
) ) Accura.:cy means at, wth:.n a qucxfxed tolera\nce, the col Lo LR ’ « * .
-easu.ted re tance /is the t:ue res‘:.stance* Typu_/al ohnuneters o : ” . "
ft hdvc 2 mlexunce of- B% ot" more on thex.r accuracy. ' good ,’ | - g .« o~
% M IS oot
Iheat ttfne Brxrlf:;e would hafe a’tolerance o&:l& or petter. - .o, S : - -
. e A . , A
ri,_" 6 shows pictorial and schemat-_xc diagrams, of' a Wheat:st‘bne \, ¢ e R PLARS ., N -
Btidge cu.{cuxt that areé suigable for measuring unknowﬂ re;ist&nce . - ‘ * L
.. "Thiee basic requxrements/mpst be met if we expect “to. measure re- _ ‘ /f R ‘
sistances with high precxsxon and accilifacy.. . » o L . °
P s ., o, .. 2
. . - . )
- ~ /{ ) ot . Vi \/ - N
\ . i 11 /\ . ; : }
. . , - 3 ) ~
: . / . ‘ P o ‘ ‘ - N "E,,/ .
o . C L . ' Vi i i . ) - ..
* by . - - A4 : - 4 > -

- -
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Figure ,6'2 'The brldge c.u‘cu.lt .1nc1udes a. decade res.lstor, e T . Q{
4 ' T a voltmeter, two 10K res.1stors and a 9v ba.ttéry. TP
P ‘E"/" K R D, [} y - .. 2 - "t'. Qe "7\ o v L. L

N~ o e

. 1t s necessary to know precisely\ﬁ&n the bxj,idge i balanced L e

at the relationship between .the resistance 3n Equat on 3. . o
hd . in valid. v For this: purposeba sens:.tive voltage detector is . ) A " ' ‘ Rt
needed. q . u ., ., . o ) N . e

‘ ) Secondly. if two of the re'sistprs are preci§e1y matshed, as. a o o

e ve ha,ve presumed for the a{nk Tesistors in F;gure 6, the un- ' - o .
L knawn resistor/may be determineq by direca’ comparison ,w:.th a ( (
‘Knéwn ?bapdard 'rhe~ final requirement then As a prec'x,se .

n;:andard Jdch may be ad)uted. over t:he des:.red range of resxs- .

tances . A )

e - cinion StéPS of one hm and accw:acies\of, b,etter then 0 1‘ e . " -,l;“‘
. '~Vszuppose “that Rbls an n)gnown resxstance. ‘then, w7 ¢ .
- B A

M )

,’,’ v 4 - '.' R4 - (R R3)/R ) , i . H . ‘4) i . . }

L

LI L . 4.0 ’e -

The accuracy errors in nl, Rz‘ and R3 conttirbute to the error ' ' ' K \

V_"in Ry in a rather. s:.mple way . You.}?{add their;}m:centage : . - . . :
S "; e percedtage error in R4‘ S If . ‘ &' i S ’

exrors, and. the result ‘is .

P 1, Rz, And RJ are 0 1% resxstorgl the’ accuracy errdr in R, .
b 'would be 0.3% . Bu; if these were o;i:.nary carbon resxs@s w:.t:h . "s_
. 10\ tolex:zmce, ‘then the error in\ﬂ“ could be as h:.gh as 30% : !

- ., <ot . .- . Lo /\.

i ;} e i i < -

‘K\ Example 2. s T T , T - i ’ .

v ;" Q: A Nheatstone I:t:.dge similar to the one - shown ln-Pigure % '.
- ] . is used to measure an unknown &e{_sistant:e. Supposetk3 .

and R, are masched to .1% and ‘the decaqe resistance is '

& calibrated to .1t tolerance, Balance occurs when the 1

decadearesistanc reads "4‘653*’3 ohms, N";Aat is the

. L aCCuracy of th:.s meaSuremont? s How many sxgnificant

Py <

N .
\' sxstance? What ‘is the fund’amenual pret:xsxon of the sys- -

i ~2 tem? L . AU .
. P ] : . ».
- 7. A: 'I‘he combined uncetta\nty {Etroduced by the tolerances of g c Lo
. o 1. R, and, Ry is .1% 018 = g7 2%, It would be mlslead:.ng_ ‘ ‘.‘ : : e
:’ A to quote results rav:.ng a prec:.s:.on greater than this sun- 7 i \ ) % ! - : o
: . certair\ty, "; P , - R L7 "
B 3, e 4 v . ‘ 3 1 ‘.
. . t,.2% x 24 653 = ‘k 002 x 24 653 = 50 O)gﬂs.; ' o o
The value for the urﬁcnown rebzstancc nay be specif;ed as e A " . ' . .
. . . -
. - R, = 24, sso 4 so§ . »
- M ' 5 X . Q M - v !
s The £undamenta1 precrs:.on of"the syst.em is - . - Co. ) - .
o Coon U3 oralem, '

\;1 *. L - f ‘ ' -,‘_ < ] 12 . ~'J o ) . . . . | 7 )
e r 7
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In the bridge circuit we have' Just discuaaed we set the
rcli‘tors Rj And Ry equal, so that the unknown resistance
can be read dlrectly from a decade at balance. wWhat if you
vantad to measure a much higﬁer resistance than the decade
could give? s v - ‘ ' '

Let us look again at the bridge cixcuit and the balfnce
co;ndj.aons. Figure 7 ahows that circuit with R used ﬁplucc
ot'R‘.

"

a

Figure 7. A schematic of the unequal arm
' bridge’ circuit. '
The bnlunce' equation becomes
RR/R - R 2 " (s) -
Multiplying both sides by RJ, we have

R, = R (R3/R . (6)
suppose that we select RJ to have ten times the’ resistance of
Ry, then we have * p 4 -
Ry = 10ry, -~ o

- L] ° °
.nd the unknown resistance would be ten times whatever the decade
renistor, 1, has at balance.

As a better examﬁle, suppose thnt both Rl and R3 were decade

resistors. Then you could adjust t.hese decades to get t.he right

u

values 40 balance a resistance of :nny value. Since there are -many
different values of Ry and RJ whichuswill provide the same ratios,
.nd therefore give a balance. you may wonder if any particular set

“ix better t.hnn others. The Answer is yes! In the next section of

t_he module, you will learn why. : ) kY

<

.

]
AN UNEQUAL

ARM, BRIDGE °
Y

-

-

Example 3. ' - s T s

Q: ‘A Wheatstone bridge like the or‘;:: shown in Figure 6 is
used to measure an unknown resistance. The best null .
is obaerved when the decade resistance is on 55 or 56
ohms. Recommend a modification to the circuit that
will permt determination of the unknown resistance to
1 :

* ! » -3

Az ; The Bpeciiied overall tolerance will he uchieveﬂ Rl'
R, and 3 have ind'ividual tolerances of .1%. 1In. order
to resolve gufficient significant figures on t.he-ed&?age
resistance, an unequnl arm conflguration is needed.

3 so that

The beut null\i- now obset‘:‘ed whcn the decade is set at
5534.4 4. The, lnknown rcsxsta'nce nkculd be specified as
R, =55, 3*: JOM\!. after rounding cff insignificant figures.

A0

ERIC
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rxnnlducers are often placed in pne arm of a bridge circuit : - . :\\;;
. as a means’of bnlnncing out an unwanted ‘s teady background ‘jﬁw._y . d,
\‘fgnnl. In these applications the bridge is initiully balanced _ oo -
.a\that no signal is measured by the voltage getector in the - . c 2 T e
absence of physical 1nput to the tfunsducer. An oﬁtput volt;}é ¢

, will be observed only when the phyoical input to the -transducer ) .
causes the bridge to become unbalanced. “In theése upplicatlons ‘
gt is general important that the unbalanced voltage from the

& . bridge be as inrge as possible and proportional to the physicnl s -
’ehange that is being studie&““‘Tﬂé”?éiattVe size of the output
'voltage will be influenced by the sensxtlv Y of the bridge. R
The ‘sctual output voltage of a bridge circu t is illustrated in ' N s
rigurc 8 for seVernl possible combinntionsgﬂf resistance in the arms . ;
B } . .
K "/‘\ﬁ\b‘ - - . ‘ ". .o e

it
Al

L
1

]

it
=gt

i

e

——
s

Jh i
V- [
Ty "d ‘i" i )=t ';[
Sl J_.ﬂ..;f._!_._ll Ll- - M
! o BT r”; A ﬁ.f ,
At L'4"“'T*1“"+§4 R '
a8 i j_i'li'ﬂ‘r.fl-
Al EnahnsdfeunahERRAN e
=i —j (aal L@i? JRERRERERE

o

-Pigure 8. The unbalance voltage from a Wheatstone
: o . ' Bridge verses transducer resistance, R, -

® . ..
. -

» .
Two important features are 1mmed1ate1/ clear. Neither of -
. the’ two curves are straight lines. This means that the bridge is
] not linear. Secondly, the two curves pass through the null point
.‘/) with different steepness (slope). This determines the sensitivity . _
of the bridge. . . ) .

-

ERIC o
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‘voltuge across each resistor is just thn current times the

What shall we mean by the wdrds, *bridge sensitivity?®
The br{dge is most sensitive ﬁhenithe-smallest change in
rcliltance of Ry produces ‘the lnrgest ghange imgthe voltnge
output of the bridge. : "

f ror this reason, we define the sensitivity of a bridge N
as the amount of voltage output change AV produc.d by a E
change 4R in'the resistance R . If we let S be” the sensi- ¢
" tivity, we can write the definition as 7 . ’
) P RS |

(8)

- ) -

' You may realize:mthis defin is Sust the slope &%
the graph of the °“tPUt valtage the resistance chnnges' : T
AR.' - - o T . ‘

- The lteeper the curva, thg more sensitive the bridge will. .
be to chnnges in «the resi§tance of the transducer. A steep .
curve is importunt for - another'renson. It imprQves our ability
to determine the prectse balance ‘point of the b dge. JFor this
reason we ulwnys try to maximaze bridge. For this reason we always
try to maximxze#bridge sen51t1v1ty We-can see from Figure 8

‘t.hlt the, lbnstivity of t.he bridge near Rull depends on our
choice for the other«resistors used. in the circuit. Whnt choice
®f resistors will produce the maximum sensitivity? .

1f we actually-measured the sensitivity of the bridge
circuit near.null for ull possible’ values of R we dis- -
cover that the senstxvxty behaves as. shown'in FPigure 9. Sens-
itivity near null is greatest when the' resistance,k, of the two

. lower arms of the,bridge; equale the resistance of Ry

. o
)

o

[ENC

.. - . . .

Ae. . e
- Figure 9.” Sensitivity near null verses R.
@ S o o
Since we have nllumed the lower arms of the bridge have
equal relistance ‘and the null condition regquires R, = Rye the
greltest sensitivity of this bridge will occur when all re-
sistances are equal. e T : . ' ’
*Let us to arrive at an equation for the sensitivity 5
of a bridge. Look again at the bridge circuit we have beefi™

using in Figure 8. : \\ : )

Using Ohm's Law, we can calculate the current through
each path of the, bridge. Then, agaih by Ohnm's Law, the

resistance. The current I, through the path containing R
and R is given by

A i

_? o S ‘ (9) "

A

—

—————eme Y

v «

3

REFINITION OF

SENSITIVITY

.

.

-~ )



C . . .. e -
e The current 1p, through the path containin Ry and R is given o4 ' .

- By .- ) . ~ o o
: I,=-_& " s - (10)

. . \ *

Then the voltage across {e{:esistot R on the left is - -
[T ..—.,---'-.---—w-—»T--v s o R :‘_E - ‘A . oo

,,\ : "R_ + R ‘ (11) .

x - ) .
- L= N . ]
.- ® .The voltage acrosssﬁe resistor R on the right is o . N

T N ER__ ' ' )

R, * R . o (12) . .

, ' The differehce of these two voltS\ges is the 'outpu't of the
4 bridge:

N . . » )

- 4 1

. ~« R¥R TR +R - : : : .

— - V= _ER ER. ¢13) B
- But the output volt.age is .zexo unless R, differs from Ry. . o C. ®
Let's rewrj:t-.e R as RI_+ AR Wwhere - h is t'.he chénge in R measureé '
from the null condition. The output yoltage w!mich depend_s on & R
is now given by ' . : ) '

~

N ’ . i ' * N
. , . .
: ) ER # ER -ER 4R o
- av. = R)* BR¥R™ "Ry + R (Ry+R+4R) (R, +R) (14)

o R .

Notice that AR appears two places in this equation, once : : A
) in the numerator and once in a factor of t:he denominator. ' )
For ssituatieﬁs of interest to us, how much difference w111 it
make if we ignore AR in the denominatot? Recall that we ' . ‘ . ’ .
are talking about the sensitivity. near null and at nu11
AR = 0. 1In our bridge problem we Will be safe in ‘ignoring
AR in the denominator as long as it is much less than R +R.

Therefore Equation 14 can be simplified to .
AV\ . - '_ . . .
: Avec —TER_ AR, if AR &< Ry4R. (15) : o _ .

- R’y +R2 . : -
which is only valid neaxr ‘null. ptherwise we must use Equation 14

to calculate the output voltage.- Combining Equations 8 and 15 we

arrive at.an equation for, the sensitivity of the bridge near null,
] . - _

1

°

'

S = ﬂ o ~ER ) '(16) ) ) SENSITIVITY
a . (R, +R)?2 : . . ‘ :
1 L FORMULA .

if SR<C Ry + R, . R , )
~ . ", " 0 .' <.

o -~ .
‘Example 4.

- L4 .. * * .
Q: Use Equation 16 to calculate the mensitivity of two -
.bridge ‘circuits near null using (the R values) given

- i belo,w.' ’ ) . i . . R . <<

a) R = 10K, R = 1K, E = 10V J ' L
) " . B R=1k, R = 1K, E =10V A ' N ’
. A: For R = 10K . . » o e .
' - . . !" N "- ‘
s = _=10(10,00¢) , volts/oha o R . .
(1000 + ,10,000) : . : ) e .
105 e ’ '
& . w2102 . 33 mv/ohm . < ' ~ /
: 1.21 x 108 - S ’
. * . .o e '. o : . ’ .
Por R = 1K . . o : . . - : - .

g m _=10(1000)

\ 1
volts/ohm/ \ . . . -
" i AN .

£1000+1000)
’ _yp4 : \8
* - o207 .5 mV/ohm .
4(106) -

" Are these findings compatible wit.h the curdes in
rigure 8?

¢
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Ve hlve llxeudy observed thut: linearity is important.if the\‘ K co ‘ Y
output voltage is going to be an accurate representation of the = ’
physical input: ‘to the transducer, R,.

What condition must be sntis-fl? ! .
‘fied in order .to insure linearity? Exnminnt,ion of Equntion 15 wil1 ® . oy

show that it Px‘edictl a perfect straight line for the output voltage
" of Lt-.he bx'idge.

The necessnry condition, ‘that R be much less than S
- Rlﬂ!. is the condit-_ion for 11neux‘ response’ of th‘g bridge circuit. / A ® 7 . ',
. This means’ ve can always im_px'ove linearity by’increasing the value . - )
' v .- of R. (leult Btay (the same as R, for the bridge to satisfy the . ;. ~
Y ' bahnce condition.) You should nlso note that the sensitivity is IS

This means . . Lo
in linenrity associated with an incx‘ense in R! will be
[+ .. xesponsible for a cox'x'esponding ‘decrease in lenuitivity. .There are

"two basic wnys to x‘ecoup any such loss in sensiti
voltage source,

inversely proportional to R uccox‘ding to Equation 16.
>that any gains

The extex‘nnl - B

ty..
E, can be inc ensed and the output-signal cun be .
' amplified. The mi? 1imitntion associated with increasing’ E is, the o T
. povlex' dissipation linu.ts of the bridge elements. . - Seff heating of . S 4 : o
the’ transdugér due to hzgh cux'x'ent: in the. bx':.dqe—-nmq can be an ) ) T e
important source of error in some measurements.S LT b . @
>~ The lmplifiex- would px‘obnbly need to ‘be a differential dix‘cct N B i S
eoupled amplifiex' as shown in Figure 10. . . ‘ -

4

- : A - ‘
R . . N . . .

Using an ampllfier to enhance the overall

12
ERIC
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This building block

‘to

s& I9ER
i 2
4(Rq*+Ry)

~

,of an amplif:.ex' having ga:.n, g,

sen51t1v1ty of a bridge.
- _ Lt

is dlscussed in nnothex' amodule.

increases overall sensitivity
t

The addition

]

'

.
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QUESTIONS e

) , &
‘: T 1. A lingle thermistor is used {n a DC .bridge to produce an
'Y output voltage proportio;§i to the chnnge‘dn ‘temperature.
. The bridge is dr1Ven by a 3 volt OC source.' The initiur
-3 . xesistunce .of the thermistor 15 1000 Ohms ana 1;5 temper-
/i ature coefficient is AR/MAT = =1 ohm/°C. - ‘ "
T_"b; f . . a) Hhat is the largh t chunge in voltage . .
: Tl ‘. possible at the gutput of the bridge i¥ . !
SRR L 8T e=a0% oy : ‘ e
. b) Druw a schematic of the bridge citcuit
- A T B S thnt will producq_tﬁis output.
N N/ . o , v ot -
2. In questlon 1, a brxdge clrcuit was® desxgned that maxi'-é
‘ mized sensitivity. It is known that tﬁis design will not
\ have good linéarity. . ) ) - ~
a) What, erroi is produced by non-lifearity in
the bridge for a témperature change of 100°?
- To answer this question compare 'the predictions - 0
3;' ‘ of Equati'ons 14 and 15 and express the differ~ '
O M ¢ '"ence as a percentage. ‘- - -
e N b) How cGould the bridge be modifxed to 11m1t the
‘ . non-linearity error in ‘this measurement’ to .
less than 1%? : “ 4
~ c) How much gain would'need to be added to, the S
v . detector to recoup the lost’ sensxtIV1ty cansed
"by the modification in b? .f' e . )
. . ) . < ~ . .
) 3) A Wheatstone Bridge like the oné shown in Figure 6 has a =
_ ) voltage detector just sensitivg.enoﬁgh t" measure 50 micro-
P volts of sianai at the output. Express the precision of the
R bridge in terms of the minimun’ AAR that will proddce this
output. ‘°", -
+ . 4 The Hheiks!one .Bridge discussed ‘In Question-J is to be ‘

used to €alibrate some unknown resistances. It ig de~
cided that the accuracy of the bridge should be checked ~
agairist some resistance standards ‘that are’ available in

. the lab. 'The standard resistances are R1= 10.17 ohms,
R, = 101.34 ohnms, Ry = 999.97 ohm.,, and R, = 10,010 ofims.

* . a) Which of these resistors would you choose%
: . for this check?- Explaxn your choice. :
r b) Suppose the bridge is tuund to have an

- accuracy of 1%, what is the nea- ‘st 519n1£_
icant brid&e reading expecte*‘in measuring

each of these standard resistors? : ~

ERIC
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% » The answers to Ouestion 4 ahould have revealed a few of the

- : - . . o "_ ; L \

limitations of. the<bquu1 arm Wheatstdne ‘Bridge. Design an, L F
nneqpnl urnyWheatstone Bridge,pupablg o}fmeasuring ﬁ;known
‘ reliltan s of the range of 1 to 10 ohms with 1% accuracy.
R V1] ou have’ uVutlublé a 1% decade which cnn be ~adjusted _ : '
=¥, ohm" steps from 0 to 100 000" ohms. Assume als that a
ltage detector is uvailable which w. 1l provide al} the et
gsensitivity needed for ‘these measuren :nts. Draw a achematic ‘
ddiagram sim;lur 2

o Figure 7 show;ng the vulues and tolerances

. _:iigit eaqh resistor.’. Explain the ope;\/}:n of your proposed S

-

" circuit for, meusurements in this resistance range. ¢ o

-
.

'&. Check the unequaL arm *k§dge design 1n Queqtion 5 to see if -

there is J’problem with excessive power dissiPation in the -~ - o 7
low resistance- arms pf' the bridge. Sp‘cify the. maximum I .
.voltage that can bezzsed to drive the bridge if the power )

dillipatlon in ‘any element is to'be less than the .1 watts.

. .
“ N [ . - . N

“*7, In the unequal ‘arm configuration of the Whentstone Brid&g N

14

ERIC
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the detivntion of bridge sensitivity will lead to two - . - ) .
different results depending on whether the AR 1s associ-.

ated with’a change in the decade resistor or a change in

the unknown Tesistor (as in the case of a transducer).

Show thnt the expression for sensxtxvxty, when the bridge
is used“with a transducer 1n the location of R, , is given 3

~ER P
2\"’ if 4R« T3
TR,

—— (R1+R2)

¥
*
)

R3(R +R2)
Proceed in your derivation along the lines used in
%Equations 9 through 16 with a modificatiom in the logic at ! ’ !
the point where the substitution is made .ox R, near.null.
Recall that in the unequaljarm configuration the balance

condition is R, = Rl Ry so that near null R should be
—_— LS ¥
L Ry . . ] 4 . ‘ 5
» replaced by R,R R -
epiaced by Rif3 + AR. Vs <
e : 2 o . e\ 7
You .can ‘also, show that- this sensitivity is just 53 times
. . R Moo
3 S

the sensitivity obtained when AR is associated with' the
decade resistor instead of transducer at location'l_!x

a

= .




AC BRIDGE CONCEPTS |~ -  -_.7

.y - L‘ ) » . . ) PR . e
’ ’ i N - . . .
- = g - T T T e

Ob]ectlves. Explaln w@& AC brldces are often used 1nstead of DC brldges. ’ 4~f”b

N .) Identify three fundamental dlfferences L~tween.AC and DC g
: I brldges. S . . : B :
MR
- . Distinguish the terms resistance, reactance and 1mpedance. ‘ -
- . L . -
o~ ’ o Explaln the fundamental differences between res1st1ve #na T
] reactive circuit ‘eléments. ., A \ J‘ ,;;~ Lo

Explain precautlons that sh0uld be recognlzed when - addrmg
voltages and curréent amplltudes in AC 61rcu1ts. :
'*Explaln how Ohm's Law can be~used 1n modlfled form- 1n AC

01rcu1ts.' c . el : _ : - T

v

\- - Work problems 1nvolv1ng all of these 1deas. .

>

2 ’ ) D . . » .

- L N 7 Co ) ' K t e

An AC bridge.is a variation of. the Wheatstone-Bridge, where 4 : W
the bridge is driven with an AC signal rather than DC and the o ' HAT Is AN o8
arms of the bridge contain deneralized resistance-like elements ; R AC B'RIDGE?

»

called impedances. These changes are Yldustrated in Fijure il,.» .

P . A
PR ©a s

Figure 11. General schemdtic of an 2% bridge.-

The possible varjations of this circuit are: enormcus since

* each 'impedance can be cdmposed of a series/parallel netvork of ’
resistors, capacitors and’inductors. The mathematics that are
used to discuss AC.bridges involves the use of comple:t ‘numbers .

N

which’ we wigh to avoid using here. We will therefore restrict
[

our attention to one common type of AC bridge wh:.ch we can d:.s-

cuss in simpler term., _ : . o N s !

N e
5 A . ’ . ' :

ERIC
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We have jult mentioned that-the lensitivity?of o of hrtidqel - - ‘ ,
can be cnhanced by adding an alhplitier to the output of the ' - ADVANTAGES
bridge. When a Wheatstone Bridge is driven b¥ AC, the balancp - » OF "Ac BRIDGES . oo

. conditionl are still the same, but now the output is AC and ) A . - :
_\_‘J . can be amplified using an AC amplifier. This wi11 _eliminate ' A . ..
. - errors due to offgset and drift in the amplifier and effects . .

an Qverall impro\rement in signal to noise. For this reason '_ ) ' . . I%ﬂ-
alone it is common to use AC for driving a Whéatstone fidge. » ’ -

<

o
-

:! . - “Some of the othex' advantages are more subtl and require
i ) Ca cioscr loo:gat the properties of transducers and the balance ~ - . T
e ) mnditions for AC bridges. In general, tra sducex:s produce ° . BN
‘\ . - both reeigti and reactive e1ectrica1 responses to a -physical' . c . N v Pl
“ input.  We P:ave seen how .the Wheatstonet Bfidge can be used to ' ) : ’ .
‘\ ' me e the resistive variations in trangducer output. What BRI
'il‘ e origin of the reactive com}gonent in a ciz’cu&t element )

.or transducer? How can these chaiacten. tics be. investi— L .
N gatcd? How is reactance ai ferent than Ristance? .
- How 'do these two ideas combine to give meaning to .the word ¢ i i . Co .
- ? inpedance? What do these i‘aeas ‘hive- to do with balance =~ 7 - . : o
. \ : conditions ‘in AC bridges? These are'et.he quest10n5 we must . . \ o . )\

| _now address. : » . )

: C-pacitors and inductors respond to the passage of an ' - ‘ - .

- elcctrh:dl cu,rrent in a way that is fundamentally different - J y

\ than a r?nistoi' At DC neither device plays a roll in circuit . . ; ‘. -

. \ analysig except at the transition between DC levels The capac- . _— oA Y
‘ itor lo(ok- like an open circuit ;and the inductor: looks like a -
*\ short circuit. _Since these two circuit elements are the origins _ . R

\ of reactance in all networks we are already able to give’-‘ this ’ )

‘ quantity a value at DC, If the réaétance« is, .dlbe to a capacitor . . . : .
it is infinite and if it is due to an inductor-it is zero.: If‘\;_\;’ . . ,

v ' we perfomed all measurements at DC we would. never be a.ble to '

/

‘determine the capacitance /or 1nductance of a circuit element or ; .
tijansducer. The reactance would al_wayc have the same value re-', . : ' , : ’
gardless ‘of the ;ize of these con!pqnents. Even this simple DC - : : R .
A analysis. showe" that inductive reactance is different than ca- ‘ ‘ o _ B
’pacitive reactanc The value of these 7“two quantities may be ., 7 e
calculate at any ffequency using Equations 18a and 18b. . i '

N .
’\ X, = Inductive reactance = 2W fL S asa) ! . , N s -
- Cap.acitiVe reactance = _ 1 ' ‘ A
. ‘ xc 1 : ! (18b) _
R ‘ 27 fC . s
\vhcre f 'is the: £requency in Hertz, L the inductance in
" Henries and € the capacitance in Farads. The um.t for reactance

is Oh the _same nnit psed for resistance. . ‘ L _ 2

The use. of AC is essential ‘for measuring the value or de- “ ' ‘ -
) tecting the presence of eithef of these two electrical properties. t . L
) It is sometimes important to realize that there'is no such thing o
— as a pure resistance; Every resistor’ wi11 begin to manifest the . ' / .
. ' charcteristics of a capacitor arM/or an inductor at sufficiently B ' ‘
'high fregquenciecg. FC bridges are, used to investid’ate these imper- ) o L
fections in reel resistors. It is also true that there ss no such ) ’
N thing as a. pure inductance or capacitance. At sutficiently high ) )
’ frequencies, resistive effects will begin to dominate their elec- ' " T
trical characteristics. AC bridges.are used to the¥@ effects i '
. as well, Transducers often exhibit a combined resistive and Treactive '

™

response to a physical input. It is only possible to separate these
two pieces.of information using an'AC bridge. T e
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DJETINCTIONK"

The upplication of AC signals to a pure resistive’ circuit

i -element results-in a voltage waveform thatiis precisely in., - ) . N
. phase With the associated current passipd thiough the device. N BETWEEN = 7
e N The cyrrent and voltage reach their alues' ecisely )
i - at the same time and are simultanequs [ at a er time. oo ol RESISTANCE
_ In pure reactive (¢gments ‘the AC curr‘ nd voltages are pre- » I\NI}
, - cisely 90 degrees out of phase at all es. Hhen the voltage . . . ) So
' reaches its maximum value, the- curre passing through T . T REACTANCE
. zero and vice-fersa. This is the, tntal difference be- : . A o : R 4
M tween resistive and reactive cifofit elements. A’ consequence . - ' " ,
~ : of this fact as tha¢ elecgricul power (current x voltage) is. ) Ve
‘. gero in any pure reactance, It can neither rec@}ve nor deliver ' ._ - @Iyq() .
‘ )/ any net pqger in.an AC circuit. These phdbelshifts ‘complicate _-' * N ! '
{ : the bq}ance cond:.tions for AC br;dges. ‘1f; bulance is to be - o * ‘BALANCE

lchieve

“the M’: voltages at points A and B ih _Figure. 11 must
. ) not‘only have the same Emplitude, they must, alsq be :Ln phase
. E at all. times. : . . b

i . ~

CONDITIONS
IN'AC =
‘BRIDGES

-~

ilso complicates the rules that must be used whén these two guanti- -
v ‘ties are added together to obtain the electrical quant-_;ty called - ' -
o 1mpedance. +“The impedance of a circuit ele:ment, such as a Pspeaker, .

"is often specified by a gquantity like 8 ohms. - If yousmeasure a. . o

speake: using a UC Hheatstone Br;dge or,an ohmmeter, the numbek ';f i .

obtained wl ld probably be more 1ike 4 ohms or less. Impedance can ‘

red at. Dc because Dchxgnores the reactive contrxhution ' -

of the spea r s ind&tance and measures’ only the resxstance. Th'e '
"‘yeactxve c‘bntributxon dependes on the frequency used in the measure-
.Since all three of these- quantities
- In simple elements,

.
. ; ¢

e : The peculiar phase relationship between current and voltage _ B f\ :
~ H .

g
not be mea

A ment and 80 will the 1mpedance. . ]
are. measured in ohms it is easy to be confused. - V ’ '
it is- often poss:Lble to use 1mpedance$‘-:"or -reactanges to coxnp\:te the

relationship’ between AC currents and vo,‘ltages in much_the same manner -

as Ohm's-Law is used with res:Lstance in DC,c,itcuxts. See Fiqure 12. q\\ 3 ;,_. \
Vo e, e Y ST C
4 . . ¥

B A 2 L . -
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PHASE
SHIFT

FREQUENCY
DEPENDENCE

o APPLICATION g

- Capacitive elements

Indué'tive‘ elements

-
v

fesistivelelements
(Ohm's | Law)

r r. B t .
Complex Networks

l -

“ I leads V by

90 degrees

90 degrees

1 lags V by

I and V in
phase '

all-shifts from |-
‘+90_ to -90 degrees

-_1
2reC

oA

None

.

Comf:lex

possible |

[

;«

£

L = 2<rrfx.4>'~f<

f‘igur_e, 12.°

)

. How to use phm s Law for comparing -the:
magnltudes of currents and voltages. in
res,lstlve, reactive and COmplex c1rcu1t

elements.



V1tvy

., ,' o i Flgure 13. T?g examples of apparent v1olat%gn af basic
’ . -71rcu1t,pr1nc1p1és in AC c1rcuxfs” . ~
[

- v

BT L // LT , P T &
Such discrepuncies always occur Shen the ampl).tudes b ) . o
of AC qtantities are added without' recoynizing that’ ench ot the )

quantitiel involved attained their respective maximum values at . -
different times. At any instant in time the. -voltages and currents . L ™ N
will add correétly in the famliur ‘way (see Figure 14) but one can M 4 ’
not simply add the largest values of Ac quantities und ignore the

R phuse rel&tionshxp bet

. . -

-

the uaveforms , : : »

: . As we have already salQ; ma], unalyisis of. these conce'ptsi, ’ .

. - @uire/s the use of véctors an¥/or.complex mathematics. Several . L

(] nppropriate rqsd’urce)s are mentioned in the referefice material for » / .
the purs\ut of these ideas:s On the other hand, dhe can easily verify '

these concepts by direct measurement in the lab.

e

. .~ . -Figure 14. Three AC waveforms with ‘peak amplitudes
: T S of 3, 4, and 5 vo.ts. The phase shifts
o . .- are such that at any instant the magni~
- ; . tudes of the 3 and 4 volt .yaveforms can
- * - be added together to obtain the magnltud@
Ve of .thg 5 volt Q?vefonw" : .

[
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THE WIEN BHEDG f’ Rt \7

- . <

A

3 - L

0y
A
N
. Lo ] ..‘.ﬁ' o

T — ,‘ - —

bjeetives: Explaln the fEi;tlonshlp between the-two general requlrements

X for’ balance in, AC bridges and the .Balahce conditions of the

4

P T Wierd Brldge. ‘4The relatlonsn&p/can b
-~ v nation of the c1;cu1ts respone? to aij
51gnals ) ., J ok ~,. ‘;,n-. A

N

' seen through an expla—‘

. .other. This is a highly desirable sltudtxon 1n AC brldges. JIf

4

¥

: & b.‘ — =

L . - hl 5, . . )

An actual Aberidge that 111ustrates all of’ the concepts we ; e 4 4
have qut dlscussed is shownL in Pigup:e 15. \ .. . EJ ) . | N

.. . C R 3
e e R X . 4

.\g/\. \A'.J';

-Figure 15.

s,

The Wien Brldge with eathode ray OSCl]lOSCOpe

“detector and ad7ustab1e ac .signal source attached. .

’
~
. =
~

AC inpyt to the: brxdge otrcuit is- provxded by a variable fre- °

quency signal generator and “the unbal&nced output, 1£ any, is_ de-

tected with an oscilloscope. *There is a frequency at which the” tuo ¢ ) RS EY
_balance conditions for an AC bfldge will be satlsfled That fre— o . Y

' quency iz given by Equation 19. Y -

VO CEm
w
L >

if the two ahd the two Cs are 1dent1cal If ‘the components in
the left hans side of the'brldge are not matched, balance’ is st111
possible but the frequency will differ fzom that predlcted by
Equut107 19. 1I1f the components in the eft hand side are propéily
a null should be’ obqerved when Ry 1s set equal to twice Ry y ;‘ '

matched

T -

1 S , (19)

"2WRC ¢ v ' g

In this AC bridge the two parameters that must be adjusted to

obtain a null are relatively independent or :Qz;ngzgug}-.to each . 1

~substantial interaction exists between the rqg parameters chosen for
3 ndJustment, it is Practically impossible to. devise a procedurec o

for ffﬁdxng the two null conditions o=f the bridgeg Thete in no sub~

o - . : : -

stitute for a liberal dose of forma mathematical analysis of thn ) . R

circuit to unravel these mysteries of AC’ bridge des;gn. \

ERIC
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- "1t is &nlu‘uctive to. gfiefly consider the, action of each’
) S side of the bxidge in satisfying the two balance condxtions.
; 3 \ '+ The right hand Eide of the’ brbdge is a pdrely resistive vo¥-
‘ ‘tage divider network y The AC signal appearing at point B will
' ;-be in se with t-.he applied ‘ac signal o matter what fré-
-, qQuency is chosgn. The amplitude iss'adjust-_able over'a wide °
) range dependinilbnly on the relatdive values' sdlected fo/}n
e and Rze "1If a null. Is ever gblng to be achieved wit.h this~ -.
o T bridg;, he, 'sjignal at point A will have to be_in phase ith the *
- “" ‘appliefi AC signal .and hence ‘with the signal at point B. Once
'thil@lmtch in phase is achieved, the amplit;ude of the two ’

. .signals’'can be matche,d by ad)ustmg Rl K _* . Co
~ . : . : L4 e
N : o~ T T -2 :
: . T w‘rhe resistive and xeacthre components in the }.eft ‘hﬂ side " T ey,
' of the bridge ate&iranged so that the\phase of “ehé sigmil lt VP R L - ‘\" ’
iy / ’poxnt A is a' func ,{ of t.he!'dppl freq‘,ency_ A‘; vezy low fre.. v RIS \_ Ty .
. B ency,, the amplitude of the signal‘at point A ¥pprdaches zero . N A
)n‘d the phase shift approachHes 90 degrees “ahead of driving RPN Lo s ':,
T . - : IS
- N llgnal. ‘At very h:.gh frequencies, the afnplit:ude?o the s:.gr)al : L e o "
approaches zero but now the phase shift approqches o degtees be- | . 4 e 3 ~
hind the driving signal Somewhere betzeen these tw extremes, the . - " . &
4 amplitude reachés a relatxve maxmum and the phase shi oes to - T
) zero. As Soon as we. ‘have d:.scovered the frequency where. theé ! c.
N shift at po,\nt A goes to zero the br:.dge can be balanced. Simply . ¢ ) B
' “Q“st R} 'so' that the amplitude at poynt B matches the amplitude . Coe
t \point A and null is achieved. ; : . ) -
. -~ . “
. e . 2
¥ . s 2
. . N el
’ ’ . ’ .
8 S "
) . N - v ) . 2
‘ & : . O o b
o * ’ o ‘
s L e . '
[N i , -~ +
' * [N 4 *
v ’ v s T
< r- . 4
. / ’ ,
. ‘ ) N b 4
. : : P ! 4 :
- - s h
- - ¢
: E N Lt
e e/
- .0 .~ S ﬁ\ . ’ )
(2 . » . .
C , % A
\ a ) . \ M - )
- ® B A 4 ~ L
- " Y . : s
, . TR L r C
T . . - . . . o
R i . B & R . - -
4 11 . . l.' ’ N
. \ ) ' =, .
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QUESTIO\SS T

. & { L

B.' The current thnough each element in any serieés circuit-.
must have the same value at any instant. \Suppose an AC

. current of 1 amp pusses through a series connected re-

/ B
sistor of 4,ohnms and capacitiVe rédct unce ‘'of. 3 ohms.

. ) a) USing Figure 12,preﬂict the magnitud% of
¢ . " AC voltage that vouId be measured across-
_ both elements. . »
] b) | , What phase shth Dust cx:.st between these s
. " two voltagz aneforms? : .
. ‘:,T' \..bgL Care‘fully sketch both voltage, waveforms
. o ¢ v 'with® the. proper pha,se relationship for ore - °.
. ; - . con!plete cycle. o ' v . .
o d) Add these two waveforms’ together to find

y “ -

. . .

! :~ 4og tife wvaveform of the total voltage across :,T‘.,;
'y . the series combination. - :

g e) Again, refer to Figuze 12 and compute the

. % R 'P",' / 'impedance for this series netwérk. .
9. The voltage a\cross each élement ‘in any «para'llel cir uit
must have the same valqg ‘at any-instant. Suppose an AC .

vol¥ige of 12 volts is a\pplied to & parallel- combination

‘ Qf 4 ohms res:.stance and 3 ohmg inductive reactance. .

' a) USLangute 12, pred’ict the magnitude of . °
r AC current that would be measured through“
A " both ele.merts. > .
- . b)+ What ‘phase shift must exist between ‘these two
- . . curren,t wa\/e‘orms? ot
") Carefully sketch both current vaveforms with
the propex! phase .relationship for one com-

) . plete gycle \A
P d) - .xad these two*waveforms Jto find the waveform
. of the total cu’rrent through the" parallel combi-
‘nation. .- ’

ek Compute the 1mpedance for this parallel network

using Figure 12. . .

8 t . . . . . - - -
“10. . The AC bridge shown in Pigure 14 is called a Wien: Bridge.
" - One of the balance conditibns is shown in Equation 19. -
Show that this balance condit-.ion is eguivalent to the
statement that at-:null the capacitive '-eactance of C

eguals the x,esist&mcg of R. > o

L3

2

**110 Analyze the left hand side of'the brigge “n Figure 14
using the methods developed in Que ons 8 and 9 to show
that at .null the impcdance of the ugper ‘arm is twice that
of the lower arm. 'QQDB conforms with the qecond bala'\ceb

ie -

condition for the Wien-Bridge, i.e. R =2R

2*
.3



LABORATORY .

1

>

Objectives: Build a Wheatstone Bridge and use it to
a) measure several unknown'r istanceg,
b) measure and maximize the %i;tivity,
‘ _ © ¢) measure output voltag€d and erve non-
o _ , linearity and .
. c) balance out the initial offset resistance
of a thermistor. . . . .

v : Build a Wlen brldge and use it to

r" :

L > a) éf‘verlfy two balance conditions for AC bridges,
¢ . o * . b) " study and record the frequency dependence of ‘
coe the phase shift produced in the arms of an AC .
—~ . :) S bridge, and .

R : - § <) balance out' the initial offset reactance of an
K AC transducer. ). -

<
Pe
&

,b' &

7 . = ¥
” . R
;R R - AY

MATERIALS AND EQUIPMENT

DC power supply with several output Voltéges¥
Signai Generator

Oscilloscope ) : T
Decade Resistance Box, Oyto 100k

Thermistor s . . e

N

10k resistors, two matched 3

—~—— R
Matched 1k resistors, 3.9k resistors,
39k resistors and 100k . resistors

i 32 Capacitance Substitution Boxes or several matched
e L - capacitors .001 pfd < c<.ol pfd

Assorted coils of copper wire

N W R

- 1 1:1 Audio Tfansformer : o . o

v
Ve
-
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- EXPERIMENTAL PROCEQURE

The laboratory will focus attention on the two busic-typcs
of bridgé éircuits we have studied:. wheutntone and Wien bridges,
We will use the Wheatstone Bridge to meusure aevcrul unknown ‘
xeliutunces, to measure and maximize thé sensitivity of “the basic i
bridge, to measure and observe ghe non-linearity of Ehe output
voltage and to use the bridge to null out the offset voltage pro-
duced by the initial resistance of a thermf{stor. The Wien Bridge -
will be used to investigate the two balance conditions necessary
for null in .an AC bridge, to study the frequency dependent phase
shift produced by impedance networks in the arms of the bridge and
to build a metal detector with-'a reuctive transducer

’

-

*

1. PFor our first eXperiment we will use the Wheatstone Bridge to

measure a-few "unknown” resispunces.' Build the circuit shown

in Figure 6 using the DC power supply to drive the bridge and

the oscilloscope for detecting the output voltage. The oscillo- 7

scope should be direct coupled to the bridge.' The zero poeition

for the,trace should‘be set to the vertical midpoint of the

scale and the senitivity should be set initially at about 1 volt/
divisicn. e two matched 10k resistors. in the bridge. ' o :

' 2: The next /'step in'us;ng a wheatstone brigdge is finding the .balance ."\\\“‘
) or null condition. From the discussion we know- that the unknown

resistance will'equal the setting of the decade resistance at '
null if the 10k resistors arelmatched One systematic procedure

for finding null begins by setting all tng decades to thcir - N
highest value, nine. When the powcr supply is turned off the
oscilloscope trace should still be vertically centered on the

screen. ‘When the power supply is turned on, the trace ‘'will de-

flect away from the zero postibn. Ae?ugt the oscilloscope sen-

sitivity so that the deflected beam remains on the screen.

Proceed to decrease the decade resistadce‘in the largest polsible
steps and ohserve the output voltage from the bridge. As the,
output moved toward null, continue decreasing the setting «of -

the decade. If the output moves away from null, the unknown
resistance ‘is greater than.the decade resistor and megsurement ° L !
with .this circuit is impossible. When the output passes’
through null, return that decade switch to its previous setting.

Then ¢rop down to the next lower significant decade and repeat.
this ptocedure. ' , ‘ : ST ,
As we get closer to null it will be necessary to- continue
increasing the sensxtivity pf the oscilloscope. This will
1mprove our nbility to determine the precise null point
‘and hence the precise value of the unknown reqistance. A .
useful trick for distinguishing small departures from rull
is ‘to. switch the power supply on und off while looking for e
', . a deflection of the trace., At null no deflection should be

.

observable. L . . . s .
‘. > B . i 2?6; ;: . ‘ .‘fﬁ
ERIC o | - ,
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. ) At some point it will no longer be pgi-ible to improve the
(:T null as observed on the oscilloscope. The setting of the
] docnd.(ﬁesistot, rounded off+to the last adjusted decade,
] . is the best value this circ jit can give for the unknown
resistance. _an you auggeat-nnothet/t/!tematic method !nr

finding the null or balance conditior 2

.

/ 3.. Determine the‘precision of the bridge. Express this in
‘ terms of the smallest steps'on the decade reaiatnncevthat
. \ ) - will produce an observable chznge in the output. Report
. A sources of error in the measurement process that will de-
: grnde the precision of the measurement. Can the ptocedure
be improved to overcome the error? Consxdering the pre- ~
-4;_ cision of this bridge, what is the lowest.percentuge toler-

ance warranted for the decade resistance and fixed resistors?

.

Explain your reasoning. A

i

v . ‘ . . J ' . . 2

4. Determine the sensitivity of the bridge. Use E;e definition

' of sensitivity in Equation Q. ﬁeusure the chnnge in voltage
on the outbut and divide by a corresponding éhnnge in the
resistance of the decade resistor. Calculate the predicted
lensitivity uccording to Equation 16. Record and comnare your
calculntion with your measurement. Replace the 10k resistors
in turn with the 1k, 3.9k, 39k and 100k matched pairs and
repeat the sensitivity measurement and calculation. Summarize

- your oﬁservutions in a table.

\

5. Prom the information on bridge sensitivity obtained in Step4.
create a graph sxmilar “to Figure 9.  What qonclusions can be
. drawn from these. data about maximizing bridge sensitivity?
Verify that changing the power supply voltage hus the expected
. effeCt on bridge sensitivity.

7 . -
A . {

LY . ’

.

- : ¥ 6. Verify that thq balance pdnditions for thin bridge are the

' sate with an AC drivign signal as thpﬁ were for DC drive.
Repluce thé power - supply with the variable frequéncy signal
generator and devise a nulling procedure for AC signals. - ‘Do

* the results agree? Is it easier to find null? - .

4

'

" 7. It‘ia possible to use a thermistor as the unknown resistor in
,our bridge ‘circuit. Since the resistance of the thermistor
changes as- the temperatute changes, this circuit can be used .
as an electron;c thermcmeter. Optimize the sensitivity of ':
. the circuit, calibrate the output and record your design. . -
- . d

.
L

-t

ERIC
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D
‘ 8, Build a Wien Bridge using the schematic shown in, Pigure 18"

vherc nl is the decade resistance box or a 100k pot, n2 is L
39k, R is 10k and C is sonfewhere betwecn .01 and .001 micro~

', farads, Theﬂcircuit»shows the bottom cornef of the bridge
grounded. This presumes that neither of the oscilloscopen'
connections are referenced to ground i.e. ,the oscilloscope .
has differential }nputs. If two points on the bridge circuit
are grounded through connections to the oscilloscope and.signal -
generator, ‘the circduit will behave in an unexpected manner. s
Unformtunately this situation‘often arises without recognition
by the user. Multiple. grounding of this cirduit will effect-
ively short out one of the essential bridge arms through an
external 'ground loop® and no null will be po;sible. There
are ncverul‘wuys to avoid this problem. One easy solution-is
to introduce the AC signal through an audio transformer and

N leave the bottom corner of the bridge ungsquanded. You can’

then safely ground any one point in the bridge ciréuit with L

¢

one of the oscilloscope leads and measure the voltage differences
at any other‘ﬂbint in the circuit. Differential input is no

longer neaded. : ' :
1 JES I

9., Find the null conditions for the Wien Bridge. Again a pro-_
< o~ .cedure is necded to systematically aetermine the balance or
null point of the bridge. Since-two gonditions must ‘be sutis-
fied for balance we shduld expect to-sxmultuneously minim}ze
bridge output for two adjustable parameters. The two parameters
“'that are within our. power to adjust are the ireguency of the
the decaae resistor. If either of these
balance, the null in the output vo;tage may be)

. N AC signal source a
iis’ very far £
.. very slight.
' through adjustment of the- frequency parameter,‘then adjust the
deca for best null and repeat this cycle through several

t may be necessary to. minimize the output

iterations before finding the best>nu11. - ‘ -
TR

Verify that the balance conditions for the Wien bridge °

agree with theory.' Does’ thq measuredlf;equency,agree with
7 *the prediciton ‘of Bquution 14? Is~R1 twice the -size of R2 e
o Aze obsqrved discrqpnncies‘xﬁsoﬂhéde? Explain: ! . :

e &
Jphase shift:as a function ﬁd'f
puvce. mhese measurementS‘

re|gire consxder&n}e‘exg:“v‘ i ﬁg;ng the oscillo;cope,"').

'Phase shift meusurementshare‘ﬁi AyE made.with respect 40 a

- referencé. The AC m\g iy §§n§§pé’Qu)1 serve xhﬂ,t functmn

here. Trigger the osc&kl&aéé#e on‘the brldge input waveform

’ ' and the phase shift at thé output of the Sridge can be obprved

" on the oscilloscope display. Figure 16 shows a block diagram
for doing this. ’ )

o

'og the frequency b th_ AC

,

El{lC Co | .’



. . . . L " ' 7 e

. “ . : external trigger o -t

- . . — (/ . 1 . .
. AC. : h : ' * . N . . -

. - Wien . i
Signal N s+ POscillo-
Source . Bridge . N scope

v - .

N iy R
Pigure 16. A block diagram of the experiwental setup for
measurlng output phase shift firom the Wien Bridge.

Begir. the measurepents with the bridge balanced, then vary
t only the frequency of the signal souxce. An’\plitudes‘lnd\phuse
shifts change most rapidly near null. They both should be
L, ' XeXo when the bridge is balanced. Gather enough data so YO“ ’ T
, i can sketch a graph of both of these quantities for, all fre— N
auenciel.

*#12. Add an inductive transducer to the basic Wien Bridge and
" discover how the null conditions are modified. A good
Place to add this circuit element is in series with Ry-in
. * that arm of ‘the bridge. The transducer may just be a coil

wire which will sense the Proximity of metallic or magnetic K .
(

‘ objects. If the transducer is goirg to be sensitive as a
e sensing device, the inductive reactance.will need to be about
the_sume size as Rz. Use Equation 18a to estimate the approx-
imate inductance desired. It may be difficult to construct
an open coil of wire having this much inductance. You may /A )
find It useful to construct a-variety of coils’and experiment ., ,
Vi;h them in this circuit to see how each modifies the.balance ’
conditions. Compare theamount of unbalenee signa* ﬁhet.is, . '
Produged when a “"standard” metal object is placed in the center
bf .each coil. Alternatively, it may 'be¢ easier to study the
effect of changing the size of R, on the relative sensitivity
of the bridge.' Other circuit locations’ for the inductor

G . appear to be possible but study of the phase.shifts and ampli~
tudes that are produced as a function of frequency at points A : _— .
and B will show that null is not always possible. A little ' ' L

. experimentution wll soon convince you that, 'in the long run. '
« . the analytical approich will epxedite AC bridge design. See AR
_the Reference material for some suggested reading.on this *'. | RN RO
subject. L . S,

v s !

\)‘ . . . ) - . . ( . S,
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. r @ . -
‘ r j‘ : - / . . ’
an electrical c .rcuit having four arms, eachf arm consisting !
- ’ of an impedanc. , which are connected‘togethet in a loop having .
N four junctions. This circuit is driven at two opposing junc+
tions by an AC signal source and the butput of the circuit is
detected by an "C detectors connected between the other two ,
. ) junctions, It .s generally necessary to satisfy two balance’ i
\ : conditidns in order to nulafthe-output.

' AC BRIDGE

' . . . .
ACCURACY a specification of any measurement process which eXpresses the
. degree to which the process is able to determine the actual value
of the measurem~nt. This results in an uncertainty which is
usually express,d as a percentage of the measured quantity. It
is often referred to as the tolerance of the measurement process.
‘For example, resistors are color coded according to the values
measured in processes whose tplerance is 5%, 10% or 20%.
ARMS P in bridge circuits, four impedances are connected in a loop at
‘ > four junctions. These four junctiona define the points at which
' external connec.ions are .made to the baglc bridge circuit. The® .
four circuit portions that lie between eaqh.of.these four corners’
are called the arms of the bridge. - 3 .
BALANCE ) in bridge circuits, the combination of circumstances that must be
.CONDITION(S) - 'met if the output is to be zero for non-zero input. These circum-

: stances usually involve necessary relationships between the circuit
parameters such as the ratio of resistances orsthe frequency of the
- driving signal. d e . . P

i -

BALANCED : in bridge circuits, the staae i

?thlch the output is, zero or null’
when the input'is non-zero. :

. -

(GOMPLEX - , ° .the body of theory which defines the rules for manipulating quantities
MATHEMATICS' -« that must be specified by two independent numbers. .It is especially

) useful in the analysis of the electrical quantity called impedance g
which is compoged of ~the itwo quangities, resistance and reactanck.

4
1

. . .

COMPLEX NUMBERS - numbers which are .composed of two independent parts. -The theory

of this number system is called complex mathematics. It is impor-

tant in electronics becauge impedance can be represented by a complex
number, 2=R+jX, where R is ¢ resistance, X is the reactance, and 3

is the symbol used to distin&,ﬂ%&_pne part of the number pair.’ . X

Y . <
- .

- IMPEDANCES ¢ 4Circuit elements which contain fesistive and/or reactive parts. ¢ ¢
. . . 4 -

LINEARITY . “ °» a.perm used to describe the relation pip_between/ggo inter- . . ’
.o related circuit parameters,, In the inge in which/ they are : -
' C " proportional, the gircuit exhibits linear response. Otherwise i
the response is ron-linear.. . . : '

’ . A
ORTHOGONAL in AC bridge circuits,.the term used to define those bridges o a
‘ whose design permits adjustment of either balance parameter -
; without altetégion of the other"balance condition.
. % : . ,
PRECISICN *  a term used to express the resolving power of a measurement S
P ) process. It may be conveniently stated in terms of th® smallest
° : : change in the measured quagtity that can be discerned through
PR . <the measurement process. Another way of stating the idea is .
- . . by specifying the minimum distinguishable difference between, two ,
measured quantities. The precision of a Wheatstone Bridge could: #
be specified as &.1 ¢hms, meaning that changes this large are
needed to measurably® #lter the bridge output. . . v

PRECISION DEC " a switchable resistance box in which tighter than normal stan-°
RESISTANCE SUB- dards. have been followed in order to.-insure that the total re-
- sistance selected is accurate to a ptegetermined tolerance such’ «

-STITUTION BOX
‘ * - as 1% or .1%.
: 3

REACTIVE “ circuit elements in which the applied AC currents and “voltages - .
COMPONENTS . are 90 degrees out of phase. These effects are observed in

o ) ipductors. and capacitors. ) ) .

o BN @ ‘ '
1 v ’
4
3
2
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SENSITIVITY
VECTORS

VOLTAGE DETECTOR
WHEATSTONE BRIDGE

“tion is used to represent the telntive phnse.

* ‘ N

~ L . » -

~ .

a ratio between the changes in two 1ntet-re1nted citcuit pa- /
rametexs. In bridge circuits, the change in the output voltage
divided by the corresponding change in the impedance of one of

the arms, ,

physical quuntities which have both magnitude and direction.

They are sometimes used to represent AC voltage where the

magnitude is used to represent the peak voltage and the di.rec-

. <

a meusuring device which is sensitive to small voltnges.

a circuit consisting ‘'of four resistnnces connected together
in.a loop at four junctions. Two opposing junctichs or corners .
are used. for connection to an external voltage sdyrce. - The N
remaining two junctions provide oytput to a voltafe detector.

The output is zero for certain resistance ratios whigh makes.
the circuit useful for mensurement and cnlibtntion unknown
resistors. H : :

¥
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- ANSWERS =~ *

;1. 'j.s

. . 2. .5%,

3. Aﬁéut.s ohms’,

. -4, a) .

b))

mv, R,=R,=1k. .
9, g = 5.

¢
»

Ry can be verified.to within 50%
R, can be verified to within 5% .

,'B3fcan be verified to within .5%

‘R, ‘can be verified to wi in .05%, use .
‘this for testing the accuracy of the

bridge. . -
9e- o -

4 . : e

10; 100; 1600; 10,01d. <

5. Ry = 100Ry, -both R, and R, should be..5%'
tolﬁrance:or_bétter. '

A

8:'-a)
. 'b)
Q)
9]

- o

9; a)

Y

&)

5 ohms»_ S

‘See Figure 14.

' L r——————— 5 L ';'2' 7
. 6. vEmaJ o PmaxR3 L - .

4 volts, 3 volts?

o : P ‘h
0°

See Figufé»lq;

3 amps, 4 aﬁps.;g .

o

- 90 !

2.4 ohms



