TR | Drect- Current
Meters

2-1 Instructional Objectives

The purpose of this chapter is to familiarize the reader with the
d'Arsonval meter movement, how it may be used in ammeters,
voltmeters, and ohmmeters, some of its limitations, as well as some
of its applications. After completing Chapter 2 you should be

able to

1. Describe and compare:constructions of the two types of suspension used
in the d’Arsonval meter movement.

Explain the principle of operation of the d’Arsonval meter movement.
Describe the purpose of shunts across a meter movement.

Describe the purpose of multipliers in series with a meter movement.
Define the term sensitivity.

Analyze a circuit in terms of voltmeter loading or ammeter insertion errors.
Describe the construction and operation of a basic ohmmeter.

Perform required calculations for multipliers or shunts to obtain specific
meter ranges of voltage and current.

9. Apply the concepts related to error studied in Chapter 1 to the circuits of
Chapter 2.
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) 'NTRODUCTION
The history of the basic meter movement used in direct-current (dc) measure-
ments can be traced to Hans Oersted’s discovery in 1820 of the relationship
! between current and magnetism. Over the next half-century, various types of
, devices that made use of Oersted’s discovery were developed. In 1881
[ Jacques d’'Arsonval patented the moving -coil galvanometer. The same basic
construction developed by d'Arsonval is used in meter movements today.
This basic moving-coil system, generally referred to as a d’Arsonval meter
l movement or a permanent magnet moving-coil (PMMC) meter movement, is
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FIGURE 2-1 The d'Arsonval meter movement.

shown in Fig. 2-1. The moving-coil mechanism is generally, set in a jewel and
pivot suspension system to reduce friction. Another method of suspension is
the “taut-band” suspension system which provides a more sensitive, but |
more expensive, meter movement. As a matter of comparison, a typical #
full-scale current for a jewel and pivot suspension system is 50 uA, whereas
a full-scale current of 2 uA for a taut-band system is entirely practical. "

2-3 THE D’ARSONVAL METER MOVEMENT

The d’Arsonval meter movement is in wide use even today. For this reason
this chapter presents a detailed discussion of its construction and principle of @

operation. The typical commercial meter movement, shown in Fig. 2-2, &

operates on the basic principle of the dc motor. Figure 2-1 shows a horseshoe-
shaped permanent magnet with soft iron pole pieces attached to it. Between £

the north—south pole pieces is a cylindrical-shaped soft iron core about which

a coil of fine wire is wound. This fine wire is wound on a very light metal frame §
and mounted in a jewel setting so that it can rotate freely. A pointer attached &
to the moving coil deflects up scale as the moving coil rotates.

Current from a circuit in which measurements are being made with the

meter passes through the windings of the moving coil. Current through the &
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FIGURE 2-2 Cutaway view of the d'Arsonval meter movement. (Courtesy Weston
Instruments, a Division of Sangamo Weston, Inc.)

l coil causes it 1o behave as an electromagnet with its own north and south
poles. The poles of the electromagnet interact with the poles of the perma-
{ nent magnet, causing the coil to rotate. The pointer deflects up scale
< whenever current flows in the proper direction in the coil. For this reason, all
dc meter movements show polarity markings.
It should be emphasized that the d'Arsonval meter movement is a current
; responding device. Regardless of the units (volts, ohms, etc.) for which the
scale is calibrated, the moving coil responds to the amount of current through
its windings.

| ’ARSONVAL METER MOVEMENT
ED IN A DC AMMETER

Since the windings of the moving coil shown in Fig. 2-2 are of very fine wire,
the basic d'Arsonval meter movement has only limited usefulness without
modification. One desirable modification is to increase the range of current
that can be measured with the basic meter movement. This is done by placing
a low resistance in paraflel/ with the meter movement resistance, R,,. This low
resistance is called a shunt (R,,), and its function is to provide an alternate
path for the total metered current / around the meter movement. The basic dc
ammeter circuit is shown in Fig. 2-3. In most circuits /,, is much greater than
/,,. which flows in the movement itself. The resistance of the shunt is found
by applying Ohm’'s law to Fig. 2-3

| where

R, =resistance of the shunt
R, =internal resistance of the meter movement (resistance of the
moving coil)
| /4, = current through the shunt
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FIGURE 2-3 D’Arsonval meter movement used in an ammeter circuit.

/., =full-scale deflection current of the meter movement
/ =full-scale deflection current for the ammeter

The voltage drop across the meter movement is
Vi =1 A

Since the shunt resistor is in paraliel with the meter movement, the voltage
drop across the shunt is equal to the voltage drop across the meter move-
ment. That is,

Vir =V

The current through the shunt is equal to the total current minus the current
through the meter movement:

,sh:/_,m

Knowing the voltage across, and the current through, the shunt atlows us to
determine the shunt resistance as
Vsh /m'qm /m - /m

R :—.—.—.:.—_—.:—R P
i /sh /sh /sh 7 /_‘/m

xR, () (2-1)

EXAMPLE 2-1 Calculate the value of the shunt resistance required to convert a 1-mA meter
movement, with a 100-Q internal resistance, into a 0- to 10-mA ammeter.

Solution
Vyp=I1,R,=TmAx100Q=0.1V

V=V, =01V

l,=/—-1,=10mA-1mA=9 mA

R, =-%=_""=1111Q (2-1)

The purpose of designing the shunt circuit is to allow us to measure a current
/ that is some number n times larger than /,,. The number n is called a
multiplying factor and relates total current and meter current as
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/I =nl, (2-2)
Substituting this for / in Eq. 2-1 yields
Rl
R —_ m'm
onl -1
R
ie— (Q) (2-3)

Example 2-2 illustrates the use of Egs. 2-2 and 2-3.

A 100-uA meter movement with an internal resistance of 800 Q is used in
a 0- to 100-mA ammeter. Find the value of the required shunt resistance.

The multiplication factor n is the ratio of 100 mA to 100 uA or
n=—=——————=1000 (2-2)

Therefore,

Ry 800Q 800

= = - ~ U. Q
R = =1~ T000-7 999 ~ 00

5 THE AYRTON SHUNT

The shunt resistance discussed in the previous sections works well enough
on a single-range ammeter. However, on a multiple-range ammeter, the
Ayrton shunt, or the universal shunt, is frequently a more suitable design.
One advantage of the Ayrton shunt is that it eliminates the possibility of the
meter movement being in the circuit without any shunt resistance. Another
advantage is that it may be used with a wide range of meter movements. The
Ayrton shunt circuit is shown in Fig. 2-4.

The individual resistance values of the shunts are calculated by starting
with the most sensitive range and working toward the least sensitive range.
in Fig. 2-4, the most sensitive range is the 1-A range. The shunt resistance is
Ry, =R, +A,+R.. On this range the shunt resistance is equal to A, and can
be computed by Eq. 2-3 where

The equations needed to compute the value of each shunt, R,. A,. and R,
can be developed by observing Fig. 2-5. Since the resistance R, + R, is in
parallel with R, + R,. the voltage across each parallel branch should be equal
and can be written as

VR,,+ As VR5+ Ry,
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FIGURE 2-4 An ammeter using an Ayrton shunt.
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FIGURE 2-5 Computing resistance values for the Ayrton shunt.

In current and resistance terms we can write

(Rb +Rc)(/2_/m) =/m(Ra+Rm)
or

IZ(Rb+Rc) -_/m(Rb_{pRc) =/m[Rsh— (Rb+Rc) +Rm]
Multiplying through by /,, on the right yields
/Z(Rb+Rc) —/m(Rb+Rc) =/mRsh“/m(Rb +Rc) +/mRm
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This can be rewritten as

/rn (Rsh + an)
/2

Having already found the total shunt resistance A,. we can now deterime R,

as

Ro+Re= ) (2-4)

R, =Ry = (Ry+R.) (Q) (2-5)

The current / is the maximum current for the range on which the ammeter is
set. The resistor A, can be determined from

Im(Rsp + Rm)
/5

The only difference between Eq. 2-4 and Eq. 2-6 are the currents /, and /3,

which in each case is the maximum current for the range for which a shunt

value is being computed.
The resistor R, can now be computed as

Ry=(R,+R;) — R, (Q) (2-7)

R.= (2-6)

Compute the value of the shunt resistors for the circuit shown in Fig. 2-6.
The total shunt resistance A, is found from

1kQ 1
p = fin _1kQ

=S -1 700-7 g9 1018 (2-2)

This is the shunt for the 10 mA range. When the meter is set on the 100-mA
range. the resistors A, and R, provide the shunt. The total shunt resistance
is found by the equation

/m(Rsh +Rm)
Iy
(100 zA) (10.1 Q+1 kQ)

= T =1.01Q (2-4)

Ry +R,=

+—WWV l MW I AMAN—4
+ I,=1A [,=100mA I, =10mA

FIGURE 2-6 Ayrton shunt circuit.




28 CHAPTER 2 DIRECT-CURRENT METERS

The resistor A.. which provides the shunt resistance on the 1-A range, ¢
be found by the same equation; however, the current / will now be 1 A

_/m(Rsh +Rm)
c /3

_ (100 A (101 Q+TKQ) _ .0 o "~
1A

R

The resistor R, is found from Eq. 2-7 in which
Ry=(R,+R.)—R.=101Q-£.=101Q-0.101 Q=0.909Q
The resistor A, is found from

Ra=Ren = (Rp +R,)
=101 Q- (0.909Q+0.101 Q)=9.09 Q (2-

Check: Ry =R, +R,+R,=809Q-0909Q+0.101Q=10.1Q

2-6 D'ARSONVAL METER MOVEMENT
USED IN A DC VOLTMETER

The basic d'Arsonval meter movement can be converted to a dc voltmet
by connecting a multiplier A, in series with the meter movement as sho
in Fig. 2-7.

The purpose of the multiplier is to extend the voltage range of the me
and to limit current through the d'Arsonval meter movement to a maxim
full-scale deflection current. To find the value of the multiplier resistor.
may first determine the sensitivity, S, of the meter movement. The sensitiv
is found by taking the reciprocal of the full-scale deflection current, written

1
Sensitivity=/— (Q/V) (2
fs
I, —~—»
+ o AW
RS

- o

FIGURE 2-7 The d'Arsonval meter movement used in a dc voltmeter.
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The units associated with sensitivity in Eqg. 2-8 are ohms per volt, as may be
seen from

. 1 1 ohms
Sensitivity = = =
amperes volt  volt
ohms

Voltage measurements are made by placing the voltmeter across the resis-
tance of interest. This in effect places the total voltmeter resistance in parallel
with the circuit resistance; therefore, it is desirable to make the voltmeter
resistance much higher than the circuit resistance. Since different meter
movements are used in various volimeters and since the value of the multi-
plier is different for each range, total resistance is a difficult instrument rating
to express. More meaningful information can be conveyed to the user via the
sensitivity rating of the instrument. This rating. generally printed on the meter
face, tells the resistance of the instrument for a one-volt range. To determine
the total resistance that a voltmeter presents to a circuit, multiply the
sensitivity by the range (see Exampie 2-5).

Calculate the sensitivity of 100-uA meter movement which is to be used as
a dc voltmeter.

The sensitivity is computed as

The units of sensitivity express the value of the multiplier resistance for the
1-V range. To calculate the value of the multiplier for voltage ranges greater
than 1V, simply multiply the sensitivity by the range and subtract the internal
resistance of the meter movement, or

R, =S x Range — Internal Resistance (2-9)

Calculate the value of the multiplier resistance on the 50-V range of a dc
voltmeter that used a 500-uA meter movement with an internal resistance of
1 kQ.

The sensitivity of the 500-uA meter movement in Fig. 2-8 is
(2-8)

The value of the multiplier A, is now calculated by multiplying the sensitivity
by the range and subtracting the internal resistance of the meter movement.

R,=S5 x Range— R,
2 kQ

=T><50V—1kQ=1OOkQ~1kQ=99kQ (2-9)
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7, = 500 A
q\ Ry = 1K

i FIGURE 2-8 Basic dc voltmeter circuit.

} By adding a rotary switch arrangement, we can use the same meter move-
ment for ranges of dc voltage as shown in Example 2-6.

| XAMPLE 2-6 Calculate the value of the multiplier resistances for the multiple-range dc
voltmeter circuit shown in Fig. 2-9.
i olution The sensitivity of the meter movement is computed as
1 1 kQ
S=—=—0—o=20— (2-8)

The value of the multiplier resistors can now be computed as follows.

(a) On the 3-V range.

R, =S xRange—A,,

kQ
.; =29V—~x3v—1 kQ=59 kQ (2-9)

(b) On the 10-V range,.
R,=S x Range-F~,,

| =g9—vk—g><1ov~1k9=199kﬂ (2-9)

3V
3V

+ —
o fo

FIGURE 2-9 Multiple-range voltmeter circuit.
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(c) On the 30-V range,

As=8 xRange— R,

20k
=—V—QX3OV—1 kQ =599 kQ (2-9)

A frequently used circuit for commercial multiple-range dc voltmeters is
shown in Fig. 2-10. In this circuit the multiplier resistors are connected in
series, and the range selector switches the appropriate amount of resistance
into the circuit in series with the meter movement. The advantage of this
circuit is that all multiplier resistors except the first (R,) have standard
resistance values and can be obtained commercially in precision tolerance.

Calculate the value of the multiplier resistors for the multiple-range dc
voltmeter circuit shown in Fig. 2-10.

The sensitivity of the meter movement is computed as

The value of the multiplier resistors can be computed as follows.
(a) On the 3-V range,

20 kQ
\Y

R,=S xRange— A, = x3V-1kQ
=5b9 kQ2

(b) On the 10-V range,

k
R,=8 xRange— (R, +r,) =%—Qx 10V -60kQ
=140 kQ
R, R, R,

AT O
1f$=50[,lA
R, =1kQ

v (L3V
—
30V
L 0
S PR

FIGURE 2-10 A commercial version of a multiple-range voltmeter,
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2-7 VOLTMETER LOADING EFFECTS

EXAMPLE 2-8

Solution

CHAPTER 2 DIRECT-CURRENT METERS

(c) On the 30-V range,

R.=S xRange~ (R, +R, +R,,) =2—ka—9x30v—200kn

=400 kQ

When a voltmeter is used to measure the voltage across a circuit component3
the voltmeter circuit itself is in parallel with the circuit component. Since thg
parallel combination of two resistors is less than either resistor alone, thg!
resistance seen by the source is less with the voltmeter connected th
without. Therefore, the voltage across the component is less whenever thg
voltmeter is connected. The decrease in voltage may be negligible or it may
be appreciable, depending on the sensitivity of the voltmeter being used. Thig]
effect is called voitmeter loading, and it is illustrated in the following!
examples. The resulting error is called a loading error.

Two different voltmeters are used to measure the voltage across resistor R
in the circuit of Fig. 2-11. The meters are as follows.

Meter A: S=1kQ/V, R,,=0.2 kQ, range=10V
Meter B: S =20kQ/V, R,,=1.5kQ, range=10V

Calculate
(a) Voltage across Ag without any meter connected across it.

(b) Voltage across Rg when meter A is used.
(c) Voltage across Az when meter B is used.
(d) Error in voltmeter readings.

(a) The voltage across resistor Az without either meter connected is fou
using the voltage divider equation:

Rg
V =
Re ERA +Rg

b kQ

s Y

=30V x

(b) Starting with meter A, the total resistance it presents to the circuit isi

Ry,=S % Range

=1—\5—QX1OV=‘IO kQ
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§RB=5kQ

FIGURE 2-11 Circuit for Example 2-8 showing voltmeter loading.

Z==E=30V

The parallel combination of A5 and meter A is

_Rg XAy,
el RB+RTA

5 kQx 10 kQ
“5kn+10k9'3‘33 <Q

Therefore, the voltage reading obtained with meter A, determined by the
voltage divider equation, is

Rey

-y

3.33 kQ
~30V |
30V s 028V

(c) The total resistance that meter 8 presents to the circuit is

Rr,=S5 x Range
=§)§/5§—2>< 10 V=200 kQ

The parallel combination of Rg and meter 8 is

_Rs xR,

e2
RB+RTB

_ 5 kQx 200 kQ
5 kQ + 200 kQ

=488 kQ2

Therefore, the voltage reading obtained with meter B, determined by
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use of the voltage divider equation, is

- Rez
?  RatA,
4.88 kQ2

=30V s araska Y

Ve

(d) Voltmeter A error=5—v_5—3\'/—5—§—v—x 100%=29.4%

-49V
Voltmeter B error=-5—vr>< 100% = 2%

Note in Example 2-8 that. although the reading obtained with meter 8 is
much closer to the correct value, the voltmeter still introduced a 2% error due
to loading of the circuit by the voltmeter. It should be apparent that. in
electronic circuits in which high values of resistance are generally used,
commercial volt—ohm—milliammeters (VOM) still introduce some circuit
loading. Such instruments generally have a sensitivity of at least 20 kQ/V.
Instruments with a lower sensitivity rating generally prove unsatisfactory for
most electronics work.

When a VOM is used to make voltage measurements, circuit loading due
to the voltmeter is also minimized by using the highest range possible, as
shown in Example 2-9.

Find the voltage reading and the percentage of error of each reading
obtained with a voltmeter on

(a) lts 3-V range.
(b) its 10-V range.
(c) Its 30-V range.

The instrument has a 20-k2/V sensitivity and is connected across A in Fig.

2-12.

§RA=36k.Q
§RB=4RQ

FIGURE 2-12 Circuit for Example 2-9 showing the effects of voltmeter loading on
different ranges.

||ll

E=30V
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The voltage drop across Rg without the voltmeter connected is computed as

I tion

Re
Ve, = E
" Rt Ry

4 kQ

= V — ==
OV s a

3V

(a) On the 3-V range.

R;=58 x Range

20 kQ
= x 3 V=60kQ

_ RrRs _B0kQx4kQ
VR, +Ry 60kQ+4kQ

R =3.75 k2

The voltmeter reading is
Ve, =E Aear

& Req1+RA

3.75 kQ
=30V =2
OV x5 aras @ 28V

The percentage of error on the 3-V range is

Percent error =w x100%=6.66%

(b) On the 10-V range,

_20kQ

R, x 10 V = 200 kQ

RrRs _200 kQx 4 kQ
R, +R, 200 kQ+4kQ

Reoqz = =3.92 kQ

The voltmeter reading is

R
Vp, =EF—292
R Req2+RA

3.92 kQ
=30V a9 araera 290V
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The percentage of error on the 10-V range is

3V-295V

Percent error=—3—v— x 100%=1.66%
(c) On the 30-V range.
k
Rrr—zo Qx 30 V=600 kQ
RR 600 kQ x 4 kQQ
A = T8 =3,
"R TR, 600karika o0 <@
The volimeter reading is
R
Vo, =E£—238
A Req3+RA
3.97 kQ
=30Vx s sTkaraera 28V
The percentage of error on the 30-V range is
Percent error=§v—_32—\'7%§—v x100%=0.66%

We have learned the following from Example 2-9. The 30-V range introduces
the least error because of loading. However, the voltage being measured 3
causes only a 10% full-scale deflection, whereas on the 10-V range the §
applied voltage causes approximately one-third full-scale deflection with less 3
than 2% error. The reading obtained on the 10-V range would be acceptable §

and less subject to gross error (Section 1-8). The percentage of error on the §

10-V range is less than the average percentage of error for a mass-produced
d'Arsonval meter movement.

We can experimentally determine whether the voltmeter is introducing §
appreciable error by changing to a higher range. !f the voltmeter reading does ]
not change. the meter is not loading the circuit appreciably. If loading is &
observed, select the range with the greatest deflection and yielding the most &
precise measurement (Section 1-6).

2-8 AMMETER INSERTION EFFECTS

A frequently overlooked source of error in measurements is the error caused
by inserting an ammeter in a circuit to obtain a current reading. All ammeters g

contain some internal resistance, which may range from a low value for &
current meters capable of measuring in the ampere range to an appreciable $8
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value of 1 kQ or greater for microammeters. Inserting an ammeter in a circuit
always increases the resistance of the circuit and, therefore, always reduces
the current in the circuit. The error caused by the meter depends on the
relationship between the value of resistance in the original circuit and the
value of resistance in the ammeter.

Consider the series circuit shown in Fig. 2-13 in which there is current
through resistor A,. The expected current, /., is the current without the
ammeter in the circuit. Now, suppose we connect an ammeter in the circuit
to measure the current as shown in Fig. 2-14. The amplitude of the current
has now been reduced to /,. as a resuit of the added meter resistance, A,,.

If we wish 10 obtain a relationship between /, and /,, we can do so by
using Thévenin’s theorem. The circuit in Fig. 2-14 is in the form of a Thévenin
equivalent circuit with a single-voltage source in series with a single resistor.
With the output terminals X and Y shorted, the expected current flow is

E

/52/?1 (2-10)

Placing the meter in series with A, causes the current to be reduced to a
value equal to

£
=t 2-11
o (2-11)

Dividing Eq. 2-11 by Eq. 2-10 vields the following expression
!y A,
— = 2-12
le Ryt+R, ( )
AV d

1, —

L :

.

FIGURE 2-13 Expected current value in a series circuit,

A ——
Im ————
_ E R,,
==
Y

FIGURE 2-14 Series circuit with ammeter.
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Equation 2-12 is quite useful in that it allows us to determine the g,
introduced into a circuit caused by ammeter insertion if we know the valye
Thévenin's equivalent resistance and the resistance of the ammeter.

EXAMPLE 2-10 A current meter that has an internal resistance of 78 Q is used to meagy
the current through resistor R, in Fig. 2-15. Determine the percentage
error of the reading due to ammeter insertion.

Solution The current meter will be connected into the circuit between points X 5
Y in the schematic in Fig. 2-16. When we look back into the circuit frq
terminals X and Y, we can express Thévenin's equivalent resistance ag

HaRb
R+ Ry

=1kQ+0.5 kQ=1.5kQ

RTh=Rc+

Therefore, the ratio of meter current to expected current is

IR, 1.5 kQ

TR+ Tskmr7ea 0% (2.1

Solving for /,, yields

.
= E=3V R, =1kQ & R, =1k

FIGURE 2-15 Series—parallel circuit for Example 2-10.

R, =1k
MWy
§Rc=1kﬂ
= E=3V §Rb=1m
] X
Y

FIGURE 2-16 Circuit to demonstrate ammeter insertion.
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The current through the meter is 95% of the expected current; therefore,
the current meter has caused a 5% error as a result of its insertion. We can
write an expression for the percentage of error attributable to ammeter
insertion as

/
Insertion error=<1 —/ﬂ) x100% =5.0%

e

.9 THE OHMMETER
|

The basic d'Arsonval meter movement may also be used in conjunction with
a battery-and a resistor to construct a simple chmmeter circuit such as that
shown in Fig. 2-17. If points X and Y are connected, we have a simple series
G circuit with current through the meter movement caused by the voltage
source, £. The amplitude of the current is limited by the resistors A, and A,,.
Notice in Fig. 2-17 that resistor R, consists of a fixed portion and a variable
portion. The reason for this will be discussed toward the end of this section.
Connecting points X and Y is egquivalent to shorting the test probes together
on an ochmmeter to “zero” the instrument before using it. This is normal
operating procedure with an ohmmeter. After points X and Y are connected,
| the variable part of resistor A, is adjusted to obtain exactly full-scale deflec-
| tion on the meter movement.
The amplitude of the current through the meter movement can be deter-
| mined by applying Ohm’'s law as

.

_E
& "R, +R
P4 m
To determine the value of the unknown resistor we connect the unknown,

, R.. between points X and Y in Fig. 2-17, as shown in Fig. 2-18. The circuit
current is now expressed as

(2-13)

/= £
l R2+Rm+’qx
R1
PN Iy

0.1R, }\ 0.9R, R

| b =

FIGURE 2-17 Basic ohmmeter circuit.
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Solution
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The current / is less than the fuli-scale current, /. because of the addmon.
resistance, R,. The ratio of the current / to the full-scale deflection curreny /88
is equal to the ratio of the circuit resistances and may be expressed as

| _EINR,*Rm+R) __ R, +Rn

ls  E/(R,*R,)  R,+R,+R,

If we let P represent the ratio of the current / to the full-scale deflect
current /. we can say that

/ R,+R,
P = e n (2:1
/fs Rz + Rm + Rx
Equation 2-14 is very useful when marking off the scale on the meter face
the ohmmeter to indicate the value of a resistor being measured.

The following example illustrates the use of Eq. 2-14.

R, = 1k

m =50 4 A
NG

E=15V
“1 X Y

FIGURE 2-18 Basic ohmmeter circuit with unknown resistor A, connected betwe
probes.

A 1-mA full-scale deflection current meter movement is to be used in
ohmmeter circuit. The meter movement has an internal resistance, R,
100 Q, and a 3-V battery will be used in the circuit. Mark off the meter .('
for reading resistance.

The value of R,. which will limit current to full-scale deflection current, §
computed as

£

R"'L;“Rm

3V

= 2.9 kQ
R, T A 100Q=29

The value of R, with 20% full-scale deflection is

Ao+ A
R ===~ (R, +R,)

_29kQ+0.1kQ
0.2

- (2.9 kQ+0.1kQ)
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3 k2
= e =1
02 3kQ=12kQ

The value of A, with 40% full-scale deflection is

_ft Ay

R, (R,+R,)

3k

:7-3 kQQ=4.5 kQ

The value of R, with 50% fuli-scale deflection is

R,+R

=T (p,+R,)
3 kQ

“0E 3 kQ=3kQ

The value of A, with 75% full-scale deflection is

R:+Ap

R, = — (R, +
=TS (R Ry)
3kQ
=575 3kQ=1kQ

The data are tabulated in Table 2-1. Using the data from Table 2-1, we can

draw the ohmmeter scale shown in Fig. 2-19.

Two Interesting and important facts may be seen from observing the
ohmmeter scale in Fig. 2-19 and the data in Table 2-1. First, the ohmmeter
scale is very nonlinear. This is due to the high internal resistance of an

TABLE 2-1
Scale of Ohmmaeter in Example 2-11
P R, R,*R,
(%) (kQ) (kQ)
20 12 3
40 4.5 3
50 3 3
75 1 3
100 0 3
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EXAMPLE 2-12

Solution

CHAPTER 2 DIRECT-CURRENT METERS

ohmmeter. Second, at half-scale deflection. the value of A, is equal to ]
value of the internal resistance of an ohmmeter. A variable resistor Mmay
connected to the ohmmeter probes and then set to the value requireq
half-scale deflection of the pointer. The variable resistor may then be remoy
and measured. Its value should equal the internal resistance of the ohmme

An ohmmeter uses a 1.5-V battery and a basic 50-pA movement. Calcyjyg
(a) The value of R, required.

(b) The value of R, that would cause half-scale deflection in the circyjt
Fig. 2-24.

(a) The proper value of /A, is computed as

R.=L-R,

/fs

1.5V
=———=1kQ=29 kQ
50 uA

(b) With midscale deflection, R, is equal to the internal resistance of
ohmmeter; therefore

R.=R,+R,, =30kQ

In Example 2-11 the value of resistance that corresponded to 20% f
scale deflection was computed to be 12 kQ. Suppose we connected a 97-
resistor to our ohmmeter circuit. The resulting current flow would be

) E 3V
R.+R,+R™ 100 kQ

This amount of current would cause the pointer to deflect 3% of full scale. §
should be apparent that larger-value resistors would permit less deflectiog
Therefore. we can conclude that a 100-kQ resistor would be about th
maximum value of resistance that could be measured with any degree
accuracy with the particular ohmmeter circuit of Fig. 2-19.

/

=30 uA

Ohms

45k 3k

40% 50%

Percent
Full scale 7
%y

FIGURE 2-19 Ohmmeter scale showing nonlinear characteristics.
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The variable portion of resistor R, is frequently viewed as a means of
compensating for battery aging. However, you should be aware of the
consequences of this action. Consider the following calculations.

An ohmmeter is designed around a 1-mA meter movement and a 1.5-V cell.
If the cell voltage decays to 1.3V because of aging. calculate the resulting
error at midrange on the ohmmeter scale.

The internal resistance of the ohmmeter is

Therefore, the ohmmeter scale should be marked as 1.5 kQ at midrange. An
external resistance of 1.5 k2 would cause the pointer to deflect to midscale.
. - When the cell voltage decays to 1.3V and the ohmmeter is adjusted for
full-scale deflection by reducing R,. the total internal resistance of the
| ohmmeter is now

If a 1.3-kQ resistor is now measured with the ohmmeter, we will expect less
than midscale deflection. However, the pointer will deflect to midscale,
which is marked as 1.5 kQ. The aging of the cell has caused an incorrect
[ reading. The percentage of error associated with the reading is

_1.5kQ-1.3kQ o 0
Percent error TE RO x100%=13.3%

To prevent the ohmmeter from being zeroed if the battery has aged consider-
ably, the variable portion of R, is usually limited to a maximum of 10% of the
total value of R, (see Figs. 2-17 and 2-20).

j 1m0
g R, =2xQ R _=28kQ~

®

100
Rx1
_/ MY
R x 10 100 2
— ANV
E=15
| ‘ X Y
1|l{ S ¢

FIGURE 2-20 Multiple-range ohmmeter.
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EXAMPLE 2-14
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The ohmmeter circuit discussed in the previous section is not capable of
measuring resistance over a wide range of values. Therefore, we need to §
extend our discussion of ohmmeters to include multiple -range ohmmeters. 4

One way to build a multiple-range chmmeter is shown in Fig. 2-20. This §
instrument makes use of a basic 50-uA meter movement with an internal 1
resistance of 2 kQ. An additional resistance of 28 kQ is provided by A,, which 1
includes a fixed resistance and the zeroing potentiometer. R, is necessary to
limit current through the meter movement to 50 A when the test probes (not
shown) connected to X and Y are shorted together. As may be seen, when
the instrument is on the A x 1 range, a 10-Q resistor is in parallel with the
meter movement. Therefore, the internal resistance of the ohmmeter on the
R x1 range is 10 Q in parallel with 30 kQ, which is approximately 10 Q. This
means the pointer will deflect to midscale when a 10-Q resistor is connected
across X and Y.

When the instrument is set to the A x 10 range, the total resistance of the
ohmmeter is 100 Q in parallel with 30 kQ, which is now approximately 100 Q.
Therefore, the pointer deflects to midscale when a 100-Q resistor is con-
nected between the test probes. Midscale is marked as 10 Q. Therefore, the
value of the resistor is determined by multiplying the reading by the range
multiplier of 10 producing a midscale value of 100 Q2 (R x 10).

When our ohmmeter is set on the A x 100 range, the total resistance of the
instrument is 1 kQ in parallel with 30 kQ, which is still approximately 1 kQ.
Therefore, the pointer deflects to midscale when we connect the, test probes
across a 1-kQ resistor. This provides us a value for the midscale réading of 10
multiplied by 100, or 1 kQ for our resistor.

(a) In Fig. 2-21 determine the current through the meter, /,,. when a 20-Q
resistor between terminals X and Y is measured on the R x 1 range.

(b) Show that this same current flows through the meter movement when
a 200-Q resistor ts measured on the /A % 10 range.

(c) Show that the same current flows when a 2 kQ resistor is measured on

the A x 100 range.

R = 2kQ
== E=15V §R=10.Q
] R, = 28 kQ2
R, =20Q
—WAV—

FIGURE 2-21 Circuit for Example 2-14 with ohmmeter on R x 1 range.
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(a) When the ohmmeter is set on the R x 1 range, the circuit is as shown in

-
- —

ution Fig. 2-21. The voltage across the potential combination of resistance is
computed as
10Q
V=1bVX—e—o =05V
10Q+20Q 05
i The current through the meter movement is computed as
0.5V
. ly=7=—==16.6 A
1 ™30 kQ #

(b) When the ohmmeter is set on the R x 10 range, the circuit is as shown

% in Fig. 2-22. The voltage across the parallel combination of resistance is
1 computed as

! V=15bVx 1004 =05V

100 Q+200Q

The current through the meter movement is computed as

05V
/rn —m_166 ,uA

<

(c) When the ohmméter is set on the R x 100 range, the circuit is as shown
in Fig. 2-23. The voltage across the parallel combination is computed as

V=15 1 kQ

1 S a2k 00V

The current through the meter movement is computed as

/ T e "—“166 A
"~ 30kQ #
|
= E=15V §100$2
g S T 28 k2
| R, =2009
& < —AAMN S

FIGURE 2-22 Ohmmeter on R x 10 range.
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R =2kQ
-:—-F-P?:T.SV ’ kO
28 kQ2
R, =2kQ
o AAA —
X Y

FIGURE 2-23 Ohmmeter on R x 100 range.

As can be seen, the current through the meter movement is 16.6 A in eachl
situation in Example 2-14. This means the meter face is marked as 20 Q aff
33.2% of full-scale deflection.

When the ohimmeter is on the R x 1 range, a reading of 20 Q times thg
multiplier of 1 means the unknown resistor has a value of 20 Q. When the}
ohmmeter is on the A x 10 range. a reading of 20 Q times the multiplier of 103
means the unknown resistor has a value of 200Q. Similarly, when the
ohmmeter is on the A x 100 range, a reading of 20 Q times the multiplier ofg
100 means the unknown resistor has a value of 2 kQ. The important thing to$%
note is that a multiple-rdnge ohmmeter may have a single scale for a// ranges. &

Thus far in Chapter 2 we have discussed the ammeter, the voltmeter, and theg
ohmmeter. All these instruments have one thing in common. Each uses the]
sarne basic current-sensitive d’Arsonval meter movement. Therefore, it might$
seem reasonable, given a proper switching arrangement, to combine the three’
circuits in a single instrument. The multimeter or volt—ohm-milliammeter §
(VOM) is such an instrument. It is a general-purpose test instrument that§
has the necessary circuitry to measure ac or dc voltage, direct current, or g8
resistance.

A typical commercial VOM of laboratory quality is normally designed £
around a basic 50-uA meter movement. The Simpson, Model 260 (shown in &
Fig. 2-24), is a typical general-purpose VOM. The instrument uses a 50-uA §
meter movement and therefore has a sensitivity of 20 kQ/V on the dc voltage §
ranges. It is capable of a wide range of measurements, as shown in Table 2-2, &

TABLE 2-2
Simpson 260 Measurement Ranges

Direct current 0-50 uA. 0-1/10/100/500 mA, 0-10 A

Dc volts 0-250 mV. 0-2.6/10/60/260/1000/5000 V
Ac volts 0-2.5/100/60/250/1000/5000 V
Ohms R x1,Rx100, R x10,000
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FIGURE 2-24 Typical laboratory-quality VOM (Simpson Model 260). (Courtesy
Simpson Electric Company.)

which lists 22 ranges for measuring voltage, current, and resistance as weil as

additional ranges for measuring audio-frequency output voltage and sound
level.

2 CALIBRATION OF DC INSTRUMENTS

Although the actual techniques for calibrating instruments using the d'Arson-
val meter movement are covered in subsequent chapters, we introduce the
topic here since we have just discussed dc instruments.

Calibration means to compare a given instrument against a standard
instrument to determine its accuracy. A dc voltmeter may be calibrated by
comparing it with one of the standards discussed in Section 1-5 or with a
potentiometer as described in Section 4.3. The circuit shown in Fig. 2-25 may
be used to calibrate a dc voltmeter, the test voltmeter reading, V, is compared
to the voltage reading obtained with the standard instrument, M.
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Voltmeter R Standard
under test instrument

Regulated
d¢ voltage
source

FIGURE 2-25 Calibration circuit for a dc voltmeter.

% .

Reguslated
dcfgoltage Standard Standard
source resistor instrument
{2}
N/
Ammeter
under test

FIGURE 2-26 Calibration circuit for a dc ammeter.

A dc ammeter is usually calibrated by using a standard resistor R, c
either a standard voltmeter or a potentiometer M. The circuit shown in Fig}
2-26 may be used to calibrate an ammeter. The test ammeter reading, A,
compared to the calculated Ohm's law current from the voltage readin
obtained across the known standard resistor using the standard voltmeter Mg

The ohmmeter circuit designed around the d’'Arsonval meter movement
usually considered to be an instrument of moderate accuracy. The accuracy of
the instrument may be checked by measuring different values of standard
resistance and noting the reading obtained. However, when precise resis$
tance measurements are required, a comparison-type resistance measurement
using a bridge is preferable {see Chapter b on bridges). '

The most fundamental applications of the instruments designed around thg
d'Arsonval meter movement are implied by the names of the instruments—
voltmeter, ammeter, and chmmeter. The purpose of this section is to point oug
some applications that may not be quite as obvious. These will show you thé
versatility of the instruments and help you to adapt them to your own needs

2-13.1 Electrolytic Capacitor L.eakage Tests

A current meter may be used to measure the leakage current of electrolytid
capacitors. The leakage current depends on the voltage rating of the capacitog
and its capacitance value. The test voitage applied to the capacitor should bg
near the dc-rated value for the capacitor. After the capacitor charges to theg
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Regulated ——@ﬁ_
dc volitage

C
source *']h

FIGURE 2-27 Circuit for determining leakage current for an electrolytic capacitor.

supply voltage, ideally the flow of current should stop: however, because of
capacitor leakage, a small current continues to exist.

Because of the design of electrolytic capacitors, they tend to have a
relatively high leakage current. As a rule of thumb, the acceptable leakage
current for electrolytic capacitors when tested as in Fig. 2-27 is

1. Capactiors rated at 300V or higher—0.5 mA.
2. Capacitors rated at 100 to 300 V—0.2 mA.
3. Capacitors rated at less than 100 V—0.1 mA.

2-13.2 Nonelectrolytic Capacitor Leakage Tests

A voltmeter may be used to check for leakage current across the plates of
nonelectrolytic capacitors (paper, molded composition, mica, etc.). The leak-
age of a capacitor may be expressed in terms of its equivalent resistance. If
we apply a dc voltage across a series circuit consisting of a capacitor
suspected of being leaky, and a dc voltmeter, as shown in Fig. 2-28, the
applied voltage will be divided across this voltage divider network according
to the ratio of the resistance (after charging) in series with the input
resistance of the voltage. Therefore, all the applied voltage will appear across
the capacitor. If the capacitor is leaky, a voltage reading will be obtained
on the voltmeter because of the flow of current. The equivalent resistance
that the capacitor represents can be computed from
E-V

R=Rn—,—(Q) (2-15)

where

R =capacitor’'s equivalent resistance, Q
R.,=Iinput resistance of the voltmeter,

£ =applied dc voltage, volts

V' =voltmeter reading, volts

()
Regulated i) A/ _L ¥
dc voltage T CE-V
s

source

e Iy

FIGURE 2-28 Circuit for determining leakage cutrent of a nonelectrolytic capacitor.
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The equivalent resistance A of a nonelectrolytic capacitor should be on the
order of 100 MK or higher. Therefore, if an equivalent resistance value of leg
than, say 80 MQ, is obtained, the capacitor should be suspect.

2-13.3 Using the Ohmmeter for Continuity Checks

An important application of the ohmmeter is to check continuity on sych
components as lamps or fuses when troubleshooting. An open filament on
lamp or a burned-out fuse, a switch contact, or a coil may appear acceptab)
upon visual inspections but may actually be faulty. A continuity check with
an ohmmeter would indicate whether an “open’ exists.

Continuity checks can also be made on test leads, oscilloscope probeg
coaxial cables, multiconductor cables, ac cords. and many other devices. A
ohmmeter check for continuity is made by setting the resistance switch to
suitable scale, and placing the test probes at two points between whic
continuity is being checked, as shown in Fig. 2-29. A full-scale reading ¢
the ohmmeter indicates continuity.

2-13.4 Using the Ohmmeter to Check Semiconductor Diodes

The ohmmeter is frequently used to make quick checks on semiconducto
diodes. The question of which (unmarked) terminal of a semiconductor diode 3
is the anode and which is the cathode frequently comes up. The ochmmeter
can be used to answer this question very easily. If the positive lead of the
ohmmeter is connected to the anode (p material) of the diode and the ;
common terminal of the ohmmeter is connected to the cathode (n material), 1
the ohmmeter should indicate a relatively /ow value of forward (bias) resis- i
tance. If the chmmeter leads are reversed, the ohmmeter should indicate a !
high value of reverse (bias) resistance. These measurements are shown in
Fig. 2-30.

This test also distinguishes between a good and a defective diode. A good
diode will have a high ratio of reverse to forward resistance, a defective diode
a low ratio.

—

+ O

com O—-

FIGURE 2-29 Continuity check on a lamp filament.
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R <3 k2 R>1MQ

com + com

{ ] 73

! pi P
migtnE ? n P ”
! FIGURE 2-30 Checking a semiconductor diode for forward- and reverse-biased
conditions.
[
{ . SUMMARY

The basic d’Arsonval meter movernent is a current -sensitive device capable of
directly measuring only very small currents. Its usefulness as a measuring
device is greatly increased with the proper external circuitry. Large currents
can be measured by adding shunts. Voltages can be measured by adding
multipliers. Resistance can be measured by adding a battery and a resistance
network.

All ammeters and voltmeters introduce some error into any circuit under
test because the meter /oads the circuit—this is a common instrumentation
problem. The effects of voltmeter loading may be reduced by using a volt-
meter with a sensitivity rating of 20 kQ/V or greater. Most laboratory-quality,
commercial multimeters have sensitivity ratings of this value or higher.

GLOSSARY

Ammeter: An instrument for measuring current, using a basic movement and
shunts.

Ayrton shunt: A shunt arrangement, also called a universal shunt, that
prevents a meter movement from being used with no shunt.

d’Arsonval meter movement: A device consisting of a permanent horse-
shoe magnet and a movable electromagnetic coil that rotates about a magnetic
core. A pointer is attached to the movable coil.
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Internal resistance: The resistance within the meter movement causegd
mostly by the resistance of the fine wire used to wind the electromagnetiq
moving cotl.
Loading error: The error (or disturbance to original conditions) caused by
placing an ammeter in a circuit to obtain a measurement.

Multimeter: An instrument containing the proper circuitry in a sing[ei
enclosure to obtain voltage, current, and resistance measurements. Usually
designed around the d'Arsonval meter movement.

Multiplier: A resistor placed in series with a basic meter movement tg !
extend the voltage range of a basic meter movement.
Ohmmeter: An instrument, designed around a basic meter movement, tha
is capable of measuring resistance.

Sensitivity: The reciprocal of the full-scale deflection current expressed in
units of ohms per volt. A measure of the instrument indication (deflection) tg .
a change in current.

Shunt: A resistor placed in parallel (shunt) with a basic meter movement tg -
extend the current range of the basic meter movement.

Voltmeter: An instrument, using a basic meter movement and multipliers
that is capable of measuring voltage.

The following review questions relate to the material in the chapter. Reader,
should answer these questions after study of the chapter to determine thei
comprehension of the material.

1. List two types of suspension system used with the d'Arsonval mete
movement.

2. Describe briefly the principle of operation of d'Arsonval meter move
ments.

3. How can the basic d'Arsonval meter movement be used to measur
high-amplitude currents?

4. How can the d'Arsonval meter movement be used to measure voltages

5. How can the d'Arsonval meter movement be used to measure resis
tance?

6. What is meant by sensitivity? What are its units of measurement?

7. What effect, if any, does connecting a voltmeter across a resistor in
circuit have on the current through the resistor?

8. What effect, if any, does connecting an ammeter in series with a resisto
in a circuit have on the current through the resistor?

9. What is the purpose of the zeroing resistor in an ohmmeter and does i
always accomplish its intended purpose?
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10. What is the significance of midscale deflection on any ohmmeter range?
11. How can a person check whether a voltmeter is introducing error through

.,;17 pROBLEMS

2-1

2-2

2-4

2-5

2-6

2-7

2-8

loading?

Calculate the voltage drop developed across a d’Arsonval meter move-
ment having an internal resistance of 850 Q and a full-scale deflection
current of 100 pA.

Find the resistance of a multiplier required to convert a 200-uA meter
movement into a 0- to 160-V dc voitmeter. if R, =1 kQ.

Calculate the half-scale current of a meter movement that has a
sensitivity of 20 kQ/V.

Find the value of shunt resistance required to convert a 1-mA meter
movement with an internal resistance of 1056 Q into a 0- to 150-mA
meter current.

Which meter has a greater sensitivity: meter A having a range of O to
10V and a multiplier resistor of 18 kQ, or meter B with a range of O to
300V and a 298-kQ multiplier resistor? Both meter movements have
an internal resistance of 2 kQ.

Find the currents through meters A and B in the circuit of Fig. 2-31.

R = 10k R, =2k
—— PRV Range 0-1 V
S =10kQ/NV

’fs = 1bOpA

———

FIGURE 2-31 Circuit for Problem 2-6.

Calculate the value of the resistors A, through Ag in the circuit of Fig.
2-32.

R, R, R; R4 Rs
MV Wy AWV A'A'A% AW
Iy, = 50 A
R, =2k
i 1V 5V 10V 50 V 100 V

FIGURE 2-32 Circuit for Problem 2-7.

Calculate the value of the resistors R, through R4 in the circuit of Fig.
2-33.
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R, =1xQ
If.\ =50IJA
O
R, R, R,
q
o) o]
- 100 mA 10 mA 1 mA

FIGURE 2-33 Circuit for Problem 2-8.

2-9  Calculate the value of the resistors R, through A, in the circuit of Fig
2-34.

- 100 mA 10 mA 1 mA 100 A

FIGURE 2-34 Circuit for Problem 2-8.

2-10 In the circuit of Fig. 2-35, what is the value of R, if the meter read
half-scale?

R, = 4.8 k&2 (actual setting} ’fs =50 uA

N Ry =2kQ
R

—AM—] §R=1kﬂ
Rsh=5009
H——— W ——
E=15V Ry

FIGURE 2-35 Circuit for Problem 2-10.

2-11 A voltage reading is to be taken across the 6-kQ resistor in the circuit -
of Fig. 2-36. A voltmeter with a sensitivity of 10 kQ/V is to be used. &
If the instrument has ranges of 1V, 5V, 10V, and 100V, what is the
most sensitive range that may be used to obtain a reading having less
than 3% error owing to voltmeter loading?
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FIGURE 2-36 Circuit for Problem 2-11.

2-12 In the circuit of Fig. 2-37. voltmeter A having a sensitivity of b kQ/V
is connected to points X and Y and indicates 15V on its 30-V range.
Voltmeter B is then connected to points X and Y and indicates 16.13 V
on its 50-V range. Find the sensitivity of voltmeter B.

100 k2

— E=100V X

J||t

e

Y
; FIGURE 2-37 Circuit for Problem 2-12,

2-13 A voltage reading is to be taken across the 50-kQ resistor in the circuit
of Fig. 2-38. A voltmeter with a sensitivity of 20 kQ/V and a guaran-
teed accuracy of +2% at full scale is to be used on its 10-V range.
What is the minimum voltmeter reading that could be expected?

30 k&2

— E=12V
S

50 k§2 Vo

- -0

FIGURE 2-38 Circuit for Problem 2-13.

8 LABORATORY EXPERIMENTS

Experiments E3 and E4, which are found at the back of the text. deal
specifically with the theory presented in Chapter 2. These experiments are
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intended to provide students with hands-on experience, which is essentia] ]
a thorough understanding of the concepts involved.

The experiments require no special equipment; therefore, the equipme!
should be found in almost any electronics laboratory. One comment might 4
tn order—the resistance values for the shunts on the multimeter experimej
are standard EIA commercial values for composition resistors. Howeyg
they may not be values that are ordinarily stocked in the laboratory. Becay}
they are standard. they are easily purchased.

The contents of the laboratory report to be submitted by each student a4
listed at the end of each experimental procedure. The troubleshooting prog
dure is necessary only for problems requiring circuits or measurements.




