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Section 1.7
r function of 0.15

a transfe :
at ¢ = 0, find the output volt

32°C to 30°C 15 applied ag
. L E
Jicared temperature at these times? ’

1.22 A temperature sensor has

3.3 . If a step change of |
d 9 s. What 1s the in
hefore a sudden change (O 70 psi. The <a

after the change. What 1s the sensor tjm,
C

a1 0.5 s, 208 3,35, 4an

§.23 A pressure sensor measures 44 psi Just

measures 32 ps!
constant”’

at a time 4.5 seconds

.ms time constant 1S gsed to measure hight flashes. How b5
MK

1.24 A photocell with a 35
flash before the cell output is 80% of the final value?

after a sudden dark to light

1.25 An alarm light goes ON when a pressure sensor voltage rises above 4.00 volts, The
pressire Sensor outpuis 30 mV/kPa and has a ime constani of 4.9 seconds. Ho

= - . = - h'*.
] 1 T : '.‘l L] - - . C = ¥ ¢y LD 3 - . # : L

ong after the pressure rises suddenly from 100 kPa to 400 kPa does the light go ON?

Section 1.8
l.:6 | TN o . - . "_ 5 - 1 - .

%.L”tlﬂl design calls fora 1.2 k_i! reampr to have 4.7 volts across its terminals. What

would be the expected current? The circuit is butlt and the resistance is X

to be 1500 © and the voltage 4.7 V. What i € resistance 1s measured
- F. 500 € and the voltage 4.7 V. What is the current through the resistor? |
27 Flow rate was monitored for : i i : = - ‘

. ored for a week, and the follow 13
: owine values were recorde
, TN S g 2l _ - S recorded as oal/

A ::u'id' 12.2, 9.7, 88, 11.4, 12.9, 102, 105, 9.8, 11.5, 10.3, 9.3, 7.7, 10.2 g
1.28 A 3. Find the mean and the standard deviation for these data iy
| A Mg 3C . artfirati . y

3 .quEaL{u_r.r:r specification sheet lists the transfer function of ; L

43 = 3% mV/kPa with a time constant of 4 = 10% s d il e LE. SENS0L G

" - . ' = 7o SEcondas ' O O

S alen Hotlos Waten S an e o tresanre Fom. 31 econds. A highly accurate test

a. What is the r £ o of pressure from 20 kPa to 100 kPa

. ange ol sensor voltag e | i

sor voltage outputs initially and finally?

b. What r;

: ange of voltages w -

_ Jltages would be expected to be measured

step change 1s applied? pected to be measured 2 seconds after the
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CHAPTER 2

mV/°C and a time constant |
Y U.

ANALOG SIGNAL CONDITIONING
g

INSTRUCTIONAL OBJECTIVES

The purpose of this chapter is to just familiarize the reader with the basic tech-
niques of signal conditioning in process control. not to produce experts in the
subject. In view of this goal, attention has been given to only the most common

techniques. After you have read this chapter, you should be abie to

pes of analog signal conditioning,.

¢ resistance measurement.

ce bridge and describe ifs operation.
for specific applications.

ifier.

1. Define the common ty
2. Design a Wheatstone bridge fo
3. Draw a diagram of a current balan
4. Design RC low-pass and high-pass filters
5. Define the operation of a silicon-controlled rect
t impedance op amp de amplifier
circuit for its transfer characteristics.

nsation leads in a bridge circuit.

r for specified voltage input and current

Design a high-inpu for specific gain.

Analyze a simple op amp
Explain the purpose of compe
Design a voltage-to-current converte

output.
10. Define the basic linearization procedu

e ® N 2

re.

2.1 INTRODUCTION
m the wide variety of process

4l analogs produces an equally SN
ditioning refers 10 operations

ors needed to transfor
ol systems Into electnc
teristics. Signal con

The wide variety of sens
variables in process-contr
wide variety of signal charac
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Is to convert them Lo a form suitable for interface with
L 5 (B¢ I . e Bran e :
- ntrol loop. In this chapter, We are concet ned only
itione is still an analog repre.
' log conversions, where the conditioned uut.put_tf j:ill:l n Nl % ?prt
with iy Oﬁthe vﬁri;hle Even in applications involving digita p.rf;rr:n,lssmg‘ sOme
P 0 c : . - : : %y o AT o ‘ ) - -
semat:‘{};nalog conditioning usually is required betfore ana!og [L:j leglcl‘l: C([nl. :rgmn
' = . .1 . e L) T : oL
t: F;f::ie Specifics of digital sional conditioning are considered In \pter 3.
| [t . . = E

performed on such sign
other elements in the process-co

22 PRINCIPLES OF ANALOG SIGNAL CONDITIONING

A sensor measures a variable by converting infqrmalion afbou.l that \-'uqn;fble Into
a dependent signal of either electrical or pneumatic nature. [0 devglaP .~_~.u{_.h tran;;-
ducers. we take advantage of fortuitous circumstances in nature where a d}‘fn:nm:c
variable influences some characteristic of a material. Consequently, there is little
choice of the type or extent of such proportionality. For example, once we have
researched nature and found that cadmium sulfide resistance varies inversely and
nonlinearly with light intensity. we must then learn to employ this device for light
measurement within the confines of that dependence. Analog signal conditioning
provides the operations necessary to transform a sensor output into a form nec-
essary to interface with other elements of the process-control loop. We will con-
fine our attention to electrical transformations.

We often describe the effect of the signal conditioning by the term transfer
function. By this term we mean the effect of the signal conditioning on the input
signal. Thus, a simple voltage amplifier has a transfer function of some const
that, when multiplied by the input voltage. gives the output voltage.

It is possible to categorize signal conditioning into sever

ant

al general types.

2.2.1 Signal-Level Changes

level of a signal. The
I altenuate a voltage
slowly varying low-fre-
cquency response amplifiers can be employed.
on of an amplifier is the input impedance that
Bpiecess control i ar:;r any other elemen_t that serves as an input).

> Tepresentative of a process variable

quency signals where dc or low-fr
An tmportant factor in the selecti

L]

222 Linearization
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exists between input and output is nonlinear. Even those devices that are ap-
proximately linear may present problems when precise measurements of the vafri—
able are required. One of the functions of analog signal conditioning is to linearize
a transducer’s response.

Linearization may be provided by an amplifier whose gain is a function of
input voltage level to linearize the overall variation of input voltage to output
voltage. An example of this linearization occurs quite frequently for a sensor
where the output is exponential with respect to the dynamic variable. In Figure
7.1 we see such a case (contrived) where the voltage of a trat}sduqer 1S .ass.umed
to be exponential with respect to light intensity /. We may write this varation as

V, = Voge ™ (2.1)

where

V, = output voltage at intensity /
Vo, = zero intensity voltage

a = exponential constant

/] = light intensity

i

' ' e ural
To linearize this signal, we employ an amplifier whose output varies at the nat

logarithm or inverse of the input

= B
Vi = K loge (Vin) (2.2)
where
7, = amplifier output voltage
K = calibration constant A -
Vin = amplifier input voltage = V, [in Equation (2.1)]

Vi

Qutput voltage
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By substituting Equation (2.1) mnto Equation (2.2) where Vi = Vi, we find

Vi=K loge(Va) — ak/ (2.3)

L

where all terms have been defined. m | |
The amplifier output does vary linearly with intensity but with an offset g

log. (V) and a scale factor of ak as shown .in _Figure 3.3,“Further xigna! condi-
tioning may be employed, if requrre.d‘. to ghmmale the offset and provide any
desired calibration of voltage versus intensity.

Other types of linearization are possible, including eliminating small varia-
tions (in response) away from linearity.

2.2.3 Conversions

Often, signal conditioning is used to convert one type of electrical variation intg
another. Thus, a large class of sensors provides changes of resistance with changes
in a dynamic variable. In these cases, it is necessary to provide a circuit to convert
this resistance change either to a voltage or current signal. This is generally ac-

complished by bridges when the fractional resistance change is small and/or by
amplifiers whose gain varies with resistance,

Signal transmission

An Important lype of conversion is associated with the process-control standard
of transmitting sggnals as 4-20 mA current levels in wire. This gives riéf-* to the
need for converting resistance and voltage levels to an appropriate curré;t level
al tl?e.transmlttmg end and for converting the current back to voltage at th

receving end. Of course, current transmission 1S used because such a‘_signal ii

in ad variations '
dependent of load variations other than accidental shunt conditions that may

h“a?n 2.2 Proper signal conditioning
mwpm!uceq an output voltage which
" varies linearly with light intensity.

Sec. 2.3 Passive Circuits

draw off some current. Thus, voltage-to-current and cu
are often required.

The use of computers In process control requires conversion of analog data into b
a digital format by integrated circuit devices called analog-to-digital converters
(ADCs). Analog signal conversion is usually required to adjust the analog mea-
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rrent-to-voltage converters

Digital interface

surement signal to match the input requirements of the ADC. For example, the
ADC may need a voltage that varies between 0 and 5 volts. but the sensor provides
a signal that varies from 30 to 80 mV. Signal conversion circuits can be developed
to interface the output to the required ADC input. =

2.2.4 Filtering and Impedance Matching

Two other common signal conditioning requirements are filtering and matching
impedance.

Often, spurious signals of considerable strength are present in the industrial
environment, such as the 60-Hz line frequency signals. Motor start transients also
may cause pulses and other unwanted signals in the process-control loop. In many
cases. it is necessary to use high-pass, low-pass, or notch filters to eliminate
unwanted signals from the loop. Such filtering can be accomplished by passive
filters using only resistors, capacitors, inductors, or active filters, using gain and
feedback. .

Impedance matching is an important element of signal coqditioning when
transducer internal impedance or line impedance can cause errors in measurement
of a dynamic variable. Both active and passive networks are employed to provide
such matching,

Bridge and divider circuits are two passi\{e measurement tech:;?hues g;‘hal hﬂg o=
been extensively used for signal conditioning for ma-ny yeaﬁ. ou ﬁ‘emﬁ e _
active circuits often replace these techniques, there are still many app W et
where their particular advantages make them useful. e e
ate means of measur e ominl -y
i : the fractional cagnge.
in impedance. Such circuits are particularly useful when the r e CPR
in impedance are very small. SUPTRRE S g
B = et T
high- and/or low-frequency noise as well as the ﬂﬁ g
I S ‘!;' g

Bridge circuits are primarily used as an accur 308
. { w( ' Sy :'4'.'_._,. :”I -:. I-._"_' <
It is quite common in the industrial environment (o | s
> information in

11 -3 |
AN . i
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™
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example, a transducer may convert lem

proportional to temperature. BeCAUSE ORHEE =EEEE -
there may be a 60-Hz noise VOILage HRPEESSEE
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- ation of the temperature difficult. A passive circuil consisting of a resistor
ml:il capacitor often can be used (0 eliminate both high- and low-frequency noijse
an _

without changing the desired signal information.

2 3.1 Divider Circuit

The elementary voltage divider shown in Figure 2.3 often can be used to provide
conversion of resistance variation into a voltage variation. The voltage of such a
divider is given by the well-known relationship
v R,V
P
> T R, + Rs

(2.4)

where

V, = supply voltage
R,. R> = divider resistors

Either R or R, can be the transducer whose resistance varies with some measured
variable.

It 1s important to consider the following issues when using a divider for
conversion of resistance to voltage variation:

1 Th§ variation of V,, with either R, or R is nonlinear; that is. even if the
resistance varies linearly with the measured variable, the div
will not vary linearly.

2. The effective output im
Ry and R.. This may
considered.

3. In a divider circuit, current
be dissipated by both
the resistor and trans

ider voltage

pedance ofthe divider is the parallel combination of
not necessarily be high, so loading effects must be

‘ ﬂgws through both resistors: that 1S,
» Including the transducer.
ducer must be considered,

power will
The power rating of both

h-_

Example 2.1

e e =

The divider of Figure 2.3 has R
ransducer w ' I

Figure 2.3 Tpe simple voltage divider

can
}oﬁen be used 1o convert resistance

e y vanation into voltage variation.
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varies over a range. Then find (a) the minimum and m

. aximum of V. (b) the
of output impedance, and (¢) the range of power dissi p. (b) the range

_ pated by R, (the transducer).
Solution The solution to part (a) is given by Equation (2.4). For R, = 4 k(). we

have
_ (5 V)4 ke 3
T 0k + Ak Y
For R, = 12 kf1. the voltage 1s
(5 V(12 k)
D= 2.13V

0k + 12k}

Thus, the voltage vanes from 1.43 to 2.73 volts.

For part (b). the range of output impedance is found from the parallel com-
bination of Ry and R, for the minimum and maximum of K. Simple parallel resistance
computation shows that this will be from 2.86 to 5.45 k().

For part (¢), the power dissipated by the transducer can be determined most
easily from V*/R, as the voltage across R, has been calculated. The power dissipated
varies from 0.51 to 0.62 mW.

2.3.2 Bridge Circuits

Bridge circuits are passive networks often used to measure impedances by the
technique of potential matching. In this case, a set of accurately known impe-
dances is adjusted in value in relation to an unknown until a condition exists
where the potential difference between two points in the network is_zera., that IS,
null. This condition defines an equation used to find the unknown lmpedaﬂ_ce in
terms of the known values. A distinct advantage of such measurement techniques
is that they are based on reaching the null condition, that is, zero voltage or
current, as opposed to an absolute measurement. It is usuz‘illy much easier to
refine and improve techniques for detection of & null than for measurement of

some other specific value. This leaves the accuracy of the measurement predom-

inantly dependent on the accuracy with which the known impedances have been

determined. | i

_”;u."-

Wheatstone bridge = s
The simplest and most common bridge circ..u-it is the _d.e Whemm mﬁﬁ TR
shown in Figure 2.4. This network is used in srgpal condlt_lqmﬂﬂ A :

a sensor changes resistance with process vanab_lg;h% h}ﬂw W,q

of this basic bridge are employed for other SpﬁClﬁC k‘__i
the object labeled D is a null detector used mwmm B

S
- L] N

a7
$

and b of the network. In most ;m"-;& GBLIONS AN
high-input impedance differential ampitiier. H SGEELEEs =

)

=1

ok
vanometer with a relatively'flﬂ_ﬂ!.-"_ danc #Jj A
purposes and single measurement -

N L
Bl
- . =]
L ]
-
" il "
[ - I
> e
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Figure 2.4 The basic dc Wheatstone
bridge.

For our initial analysis, assume the null detector impedance is infinite, that

IS, an opéen circuit.
In this case the potential difference, AV between points a and b, is simply
AV =V, -V, (2.5)

where

V., = potential of point @ with respect to ¢
Ve = potential of point b with respect to ¢

The values of V,, and V., now can be found by noting that V

s a 18 just the suppl
voltage V divided between R, and R-. PPy

V. - VR} :
"= R TR (2.6)
In a similar fashion, V, is a divided voltage given by
L-’, — ".*R'-'I :
. RE - R,-; (27}

where
V = bridge supply volta
- ge
Ri,R2, Rs, Ry = bridge resistors as given in Figure 2.4

If we now combine E '
quations (2.5). (2.6) - T
voltage offset can be written il 51 G he voltage difference or

R| + R3 RZ + R4 (2;8}

(Ry + R,) - (R; + R,) (2.9)

Sec. 2.9 Passive Circuits
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Equation (2.9) shows how the difference
function of the supply VOITHEC; and the value
appears in the ummfrufm' of Equation (2.9).
of resistors can be found that will result in

In potential across the detector is a
S qf the resistors. Because a difference |
IL1s clear that a particular combination '

: | zero difference and zero valtie ik
the detector, that 1s, a null. Obviously, this combination, from examination of
Equation (2.9), 18

RiR>; = R\R, (2.10)

Equation (2.10) indicates that whenever a Wheatstone bridge is assembled and
resistors are adjusted for a detector null, the resistor values must satisfy the
indicated equality. It does not matter if the supply voltage drifts or changes: the
null is maintained. Equations (2.9) and (2.10) underlie the application of Wheat-
stone bridges to process-control applications using high-input impedance detec-
{ors.

Example 2.2

If a Wheatstone bridge, as shown in Figure 2.4, nulls with B, = 1000 02, R, = 842
(). and R. = 500 (1, find the value R,

Solution Because the bridge 1s nulled, find R, using

R|R_', = R}R‘_‘r
S A7)
R, = RsR: _ (500 9)(842 @) 2.4
R, 1000 0
R_; = 421 !‘l

Example 2.3
The resistors in a bridge are given by R, = R; = R; = 1200 and Ry = 121 . If
the supply is 10.0 volts, find the voltage offset. .
Solution Assuming the detector impedance to be very high, we find the offset from

! ; RiR> — RiRq
AV =¥ (R, + Ra) - (R; + Ry)
(120 Q)(120 ) — (120 M(1Z1 ) (29 3-;'.1 -
AV =10Vara + 200) - (1200 + 121 9) i
11 '

Galvanometer detector

L Ll
'y SR D
ol O

The use of a galvanometer as a null detecto R Sl
ealagale detector resistance may

_ _ . O e i e
differences in our calculations beC?u$€__the as current offset. Wi -" 1dg
because we must determine the bridge offset as GUITEHE BHREE, S0l e e the

13

_ NEIWCECH LT T

is nulled, Equation (2.10) still defines the relationship B¢t




il

-the current through any galvanometer with internal resistance R,

. e
Exam

‘ ~ ified to allow determination of current
'bridge Ev it qu:anggnitz:* ﬂu:ijnb; nmlﬁ?lf;?dition IS nol present. _Perha_ps the
drajm‘t \bv);;l:z geat:fmine this offset current is first to find the Tl}é\fenlf eth!valem
:ﬁiﬁ bet'ween points a and b of the bricilge.(as ('1rawn ll‘i Fl‘gill-::: ji;i) |?1]E2 Lti?fe
detector removed). The Thévenin voltgge Is simply thle opr.;,n_ C i “;g il
ference between points @ and b of the circuit. But wait! Equation (2.9) i open
circuit voltage, so

= R;R: - RIR-I
(_R| + R‘t)(RZ T RJ)

(2.11)

Vi = ¥
The Thévenin resistance is found by replacing the supply voltage b} IS internal
resistance and calculating the resistance between terminals @ and b qt the network.
We may assume that the internal resistance of the supply is negligible compared

to the bridge arm resistances. It is left as an exercise for the reader to show that
the Thévenin resistance seen at points a and b of the bridge is

__RRs R A
*—R|+R3 R3+R4 =

Th

The Thévenin equivalent circuit for the bridge enables us easily to determine

as shown in
Figure 2.5. In particular. the offset current is

I = 2
- Ry + R 2.13)

Using this equation in conjunction with Equation (2.

. 10) defines the Wheatstone
bridge response whenever g galvanometer null detect

Or 1S used.

ple 2.4 e —_—

—

A bridge circuit has resistances of R, = R2 = Ry = 2.00 kO and Ry = 2.05 k()

and a 5.00-V supply. If 4 galvanometer with 2 50.0 ) ; : :
| ' 0 ) internal resist ~
a null detector, find the offse current, e =

Ry,

.“n Figure 2.5 When 4 galvanometer is

used for a nul| detector, it is

. convenient to use the Thévenin

~ equivalent circujt of the Wheatstone
 bridge, L -
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gec. 2.3
golution From Equation (2.11), the offset volmge is V. e e Ill_i- :
_ sy ZKIC KDY - ekyoskey 000
'OV Gk + kKD s
PR @iy
V'n, = —30.9 mV ”'
We next find the bridge Thévenin resistance.
R. - (2 k)2 k() (2 kQ)(2.05 k)
T QKD +2kD) T 2kQ + 2.05 k) 2.12)
R;r;, == 20] kﬂ
Finally, the current 1s
;o —30.9 mV
Y201 k0 + 0.05 kO (2.13)
.’(; = —15.0 l.l.A

Bridge resolution

The resolution of the bridge circuit is a function of the resolution of tlt:e null

detector used to determine the bridge offset. Thus, _referr{ng primart ly :;tt tfafi?

- >t 0C define the resolution in resistance as that re-

where a voltage oifset occurs, we -voltage that is equal
. - idge that causes an offset voltage that Is equ:

sistance change in one arm of the br e e
- ; . If a null detector can measure a n X

to the resolution of the null detector | FRSBRCGT T

wV, this sets a limit on the minimum measurable resnstancelﬁll’liaigewll:?_ ;‘dé:

using this detector. In general, once gi_ven the detectornrtel?:t -c:ls ;'s-th;:a- oﬁset

Equation (2.9) to find the change in resistances from null that Causes tus |

Example 2.5 e BRI L
L= 1 resistances mﬁ a "\"ﬁ;;-:'_ _~
A bridge circuit has Ry = R: = Rs = R4 = 1200 {1 re - of 10

supply. Clearly, the bridge is nulled, as Equ

ation (2,10) shows. ‘
mV resolution is employed to detect the null, find thg.resnlﬂ;
n R4.

o e
Solution We can simply use Equat:im (2;S)-= Wlth Ry _.m.--- Lt
in R, that will produce a 10.0-mV offset voltage

Solving for R, we get - 5
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In this example. we see that a minimum resistance change of 0.48 ) must occyy
n t ls ex . - ; ) . : : .
before the detector indicates a change in oftset wltagi.: : oyl gl
One may also view this as an overall accuracy of the lnhuumtm_. ecause
it can also be said that AR represents the uncertainty in any determination of
‘ ' IV idge and detector.
resistance using the given bni ' | - i
The same arguments can be applied to a galvanometer measurement where
the resolution is hmited by the minimum measurable current.

Lead compensation

In many process-control applications, a bridge circuit may be located at consid-
erable distance from the sensor whose resistance changes are to be measured. [n
such cases, the remaining fixed bridge resistors can be chosen to account for the
resistance of leads required to connect the bridge to the sensor in providing a
null. Furthermore, any measurement of resistance can be adjusted for lead re-
sistance to determine the actual resistance. Another problem exists that is not so
easily handled, however, There are many eftects that can change the resistance
of the long lead wires on a transient basis, such as frequency, temperature. stress,
and chemical vapors. Such changes normally are picked up by the bridge response
and interpreted as changes in the sensor output. This problem is reduced using
lead compensation. where any changes in lead resistance are introduced equally
into two (both) arms of the bridge circuit, thus causing no effective change in
bridge offset. Lead compensation is shown in Figure 2.6. Here we see that Ry,
which is assumed to be the sensor. has been removed to a remote location with
lead wires (1), (2), and (3). Wire (3) 1s the power lead and has no influence on the

it ire (2) changes in resistance because of SpUrious
influences, it introduces this change into the R4 leg of the bridge. Wire (1) is
€Xposed to the same environment and changes by the same amount but is in the

gec. 2.3  Passive Circuits ﬂi
R. leg of the bridge. Effectively, both Ry and R
th3u5 Equation (2.10) shows that no change in the |

current balance bridge

One disadvantage of the siynple Wheatstone bridge is the need to o_btain-a nul_l_ by
variation of resistors in bridge arms. In the pasl, many process-control applica-
tions used a feedback system in which the bridge offset voltgge was amplified
and used to drive a motor whose s_haft altered a variable resistor to ren.ull the
bridge. Such a system does not suit the Fnodem technology of electronic pro-
cessing because it 1s not very tasl‘, 1S subject to wear, and generates electmm_c
noise. A technique that provides for an electron}c nulling qf the_ bndge and th:a::tl
uses only fixed resistors (except as may be required for caht?rat_mn) can be use
with the bridge. This method uses a current 10 n_u]l the. _bndge. A c'lnse:-_llgop
system can even be constructed that provides the I:‘)ndg‘e w:_th asﬁf-n‘ullmg abi 'lrt[}i

The basic principle of the current balance‘ bfl.dge 1s shown in Flg_ure 2.7. Re
standard Wheatstone bridge Is modiﬁe:d by splll’u.ng one arm l:gsxst?;;;ntpn;w;. a;
and Rs. A current [ is fed into the b_ndge thraugl? the- junction of R4 : thatsthe
shown_. We now stipulate that the size of Iht’:' bridge resnstqgs :isfsﬂl:cb -
current flows predominantly througljl Rq :Thls can .be provided for by
several requirements. The least restrictive 1§ to require

Rs => Rs (2.14)
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2.14) becomes

(R + R4) = Rs (2.15)

Assuming that either conditions of Equations (2.14) or (2.15) are satisfied. the
;rnltage at point A& is the sum of the divided supply voltage plus the voltage d ropped
across K from the current /.

Vi

R: + R4 + Rf.

The voltage of point « is still given by Equation (2.6). Thus. the bridge offset
voltage is given by AV = V, — V,. or

T "”jR} "lR.; + R5)
" R, + R, R, + Ry + R,

T'his equation shows that a null is reache

AV

— IRs (2.17)

d by adjusting the magnitude and polarity
of the current / until IR - equals the voltage difference of the first two terms. If
one of the bridge resistors changes, the bridge can be renulled by
I. In this manner. the bridge is electronically
source. In most applications the bridge is nulle
with zero current, Changes of a bridge resis
signal that is used
Example 2.6.

changing current
nulled from any convenient current
d at some nominal set of resistances

tor are detected as a bridge offset
Lo provide the renulling current. The action is explained in

alues given, the bridge is at a null with

T f.:_llh. L‘ i . ‘/ — __(IOVJ(I k[))

: " 10kO + 1 kO 0
Vo = 0.9091 volts it
i - WRth 1 = 9, Equaiop (2.16) gives
: I'u"l By - il v, = _10V)950 0 + 5 0)
-k - . L 10 k() + 950 O + 50 f_i
Yo = 09091 vojs (2.16)

Often, if a high-impedance null detector is used, then the restriction of Equation
Often, 1 -im

Sec. 2.3 Passive Circuits

V{l - 09[}99 VOltS

which shows that the voltage at b must INCrease

‘ by 0.0008 volts or 0.8 mV to renull
the bridge. This can be provided by a current. from Equation (2.17) with AV = 0.
of 50/ = 0.8 mV,

I = 16.0 pA

— e e S e L
Potential measurements using bridges

A bridge circuit is also useful to measure Sm_all potentials at a very h.i.gh irr_lp'edancg,
using either a conventional Wheatstone bnd.ge Or a current balance bridge. Th}s
type of measurement Is performed by _plac_mg the pmgntlal to be measured in
series with the null detector, as shown in anure 2.8. Tt)e qull detector rf:sponc;s
to the potential between points ¢ and b. In this case, V, is given by Equation (2.7)
and V. by

Ve =V 4+ V¥, (2.18)

where V, 1s given by Equation (2.6), and V. is the potential to be measured. The
voltage appearing across the null detector is

AV = Vo= V= Vot ¥a— Vi

| . : current flows
A null condition is established when AV = 0] -furthermtflf;:;, no;n::.bemea-
through the unknown potential when such a null IS fou?c!. hUS: Iitandsgluing
sured by varying bridge resistors to provide a null with V. in the circu |
for V., using the null condition

_, RV VR 2.19)
‘r:t' + RI + R3 R: ‘+' Ra! ' -.-.-J

A similar analysis using a current balance bridge i::fm f;x:{{’itﬁziﬁ o GRS
vides a null condition that can be solved for V, in terms ol th : ulling ng e i
LRV YRR g
"'..1' s RI 4 RD3 RE + Rd + R.S '.
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. 1 dge with / = O when V, = 0, the,
d resistors are chosen to null the bri ‘ : ‘ *
zl‘;”:vomni?d;??femq in Equation (2.20) cancel leaving a very simple rﬁ'lat!onshnp
e v bl
between V, and the nulling current

V_‘. — [R«s = {) (221)

Example 2.7

A bridge circuit for potential measurement nulls when R, = R, = I'kﬂ! R: = 605
(1, and Ry = 500 £ with a 10-volt supply. Find the unknown potential.

Solution Here we simply use Equation (2.19) to solve for V..

(605)(10) (10)(500) X
605 + 1000 1000 + 500

Ve + 3.769 — 3.333 =

(2.19)
V., = —0.436 volts

Example 2.8

A current balance bridge is used for potential measurement. The fixed resistors are
R] = R_'g = .SLQ,Rg = ] kQ,.R,: = 9900 andR_«; =

| = 10 @ with a 10-volt supply.
Find the current necessary to null the bridge if the potential is 12 mV._

Solution First. an examina
when7 = 0and V

tion of the resistances show

| s that the bridge is nulled
« = () because, from Equation (2.20).

_ VR, _10(] k) ]
RI + R:I. ]k 4 Sk ~ L667 VD“S

and

YR« + R9 101990 + 19

R2+R4+R5‘-5k+990+ m*—‘l.667volts

Thus, we can use Equation (2.21)

Sec. 2.3 Passive Circuits
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Figure 2.9 A general ac bridge circuit.

ZiZ, — Z,\Z4
(Zy + Z:NZ; + Z,)

AE = ac offset voltage

AE = E

(2.22)

where

E = sine wave excitation voltage
Zy,Z>», Z3, Z; = bridge impedances

A null condition is defined as before by a zero offset vol:tage AE = 0 From
Equation (2.22), this condition is met if the impedances satisfy the relation

Z5Zs = P (2.23)

This condition is analogous to Equation (2.10) f‘illll' Tesﬁﬁ:ig;‘:tgeoﬁf' iR
¥ ing the achie e T
A special note 1s necessary concern | itive with reapiet

. ; ) tion system is phase sensiti 2
bridges. In some cases, the null detec . i — vide a0l
to thge bridge excitation signal. In these instances, 1t IS HE-CI?SSN: Li%r;v%qmﬁon
of both the in-phase and quadrature (90° out-of-phase) sig ' e

(2.23) applies. i

S in Fi 10. Fi d a“-E'-'_-a_ - of R,
An ac bridge employs impedances as shown in Figure 2.10. Find the Vale:o:

~ idge is nulled. R - I
and C, when the bridge is _ - a2 el
Solution Because the bridge is at null, we .ha\ft
Zz&za"-'"-'ziz? . il

._L_|I a - r”::ii
gl =y |

r
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Figure 2.10 The ac bridge circuit and
components for Example 2.9,

R:«_R3 = U

T RIRr i
W

The real and imaginary parts must be independently satisfied so that

o R:R}

_ (2 kN k)

R,l;:an

2.3.3 RC Filters

Sec. 2.3 Passive Circuits ”

our
l Figure 2.11 Circuit for the low-pass
RC filter,

frequency above some critical value are simply rejected. Unfortunately, such
circuits do not exist. Y, |

In th_e case of the RC low-Pass filter, the variation of rejection with frequency
is shown in Figure 2.!2. In this graph the vertical is the ratio of output voltage
to the input voltage without regard to phase. When this ratio is one, the signal 1s

passed without effect; when it is very small or zero, the signal is effectively
blocked.

The horizontal is actually the logarithm of the ratio of the input voltage signal
frequency to a critical frequency. This eritical frequency is that frequency for
which the ratio of the output to the input voltage is 0.707. In terms of the resistor
and capacitor, the critical frequency 1s given by

fo = H2wRC) (2.24)

The voltage ratio for any signal frequency can be determined graphically from
Figure 2.12 or can be computed by
Vour _ e
Vin “ R (ffft:)zluz

(2.25)
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Example 2.10

A measurement signal has a frequency of <1 kHz. but there is unw
I MHz. Design a low-pass filter that attenuates the noise to 1%
on the measurement signal at its maximum of 1 kHz?

anted noise at
. What is the effect

Solution Use Equation (2.25) to determine what critical frequency
(Vou/Vin) = 0.01 at | MHz. To do this we have the relationship

will give

£ [
-01 - g > - = = |
9 “ + {1 ]\IHZ;‘)‘L _]*Jl ) J
which gives us
(1 MHz/f,.)* = 9999 |
or .
fe = 10 kHz |
Any resistor and capacitor combination that gives this critical frequency will be a
correct solution. Let us pick a capacitor of some practical value. say, 0.01 uF; then.
from Equation (2.24). the resistor is Figure 2.14 Variation of Veu/Via as a function of frequency expressed as f/f.
R = V[2m(0.01 wF)(10 kHz)] = 1.59 kO and plotted on a semilog graph. |
To determine the effect on a signal of | kHz, we use the graph of Figure 2.12 e ot et It l
. | i . A g unction of
or Equation (2.25) with the (now) known critical frequency of 10 kHz. The graph is An equation for the ratio of output voltage to mput voltage as a f :
used t?rst‘to find (f/f.) = (1 kHz;-*’lO kHzl. = 0.1; from the graph you can see that the frequency for the high-pass filter is found to be
the rejection is very small. Equation (2.25) can be used to find the rejection more
accurately, that is. (Vou/Vin) = 0.995

_ Thus, the Mmeasurement signal at maximum
frequency is attenuated by only 0.5%

(fife) (2.26)
Vuut/Vin - [1 i (f/ft)zlh’?.

High-pass BC filter

: _ Example 2.11 ' 00 Hz. Design a filter to reduce .I .. "'.
fAr high-pass filter passes high frequencies (no rejection) and blocks (rejects) Jow Pulses for a stepping motor are being uansmlttedti;ltaiﬁgﬁdlgf-- G s L
| eq:en(:lejs. A filter of this type can be constructed using a resistor and capacitor, 60-Hz noise, but reduce the pulses by no more dB.
as s Own in the schgmal:c of Figure 2.13. Similar to the low-pass filter. the re-
JECUon is not sharp in frequency byt g :

sharp istributed over a
frequency. This Critical frequency js defined by the sam

4y reddetion We ot
io corresponds to a 3-dB reduction, :
Solution Let us first find what veltage ratio corresponds
range around a critical
as for the low-pass filter.

: remember that 0 i
¢ value Equation (2,24) PRy 20 oRtVN]

— —3. Therefore ol

) dB means that P = —3. Therel . .

L€ that the magnitude of Vou/Vi, = 0.707 SgAapn by 3 Ve 10~ = 0707
¢ out’ ¥in ' B

o e
- AR e
K 11 ,| ,|

You probably saw that coming. T;;uiﬂﬁa&& fr 2 kHz. The ¢
the output is attenuated by 3 dB. Thus, . |

Hz noise is found using Equation (2.26), R

I
T

1
-
3

1

1]
(60/2000)

Figure 2,13 Circuit for the hi h-pass
RC filter. S
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Th ee that only 3% of the 60-Hz noise remains: that is, it has been reduced
us, we s y >
by 97%. - D . .
e 0w B

2.4 OPERATIONAL AMPLIFIERS

As discussed in Section 2.2, there are many diverse _requiremems for Srlg_n‘al con-
ol hea _ ion 2.3 we considered common, passive cir-
ditioning in process control. In Sectloq 2.3V _ Siiter. b
cuits that can provide some of the required signal operations, the S ridge,
and RC filters. Historically, the detectors used in bridge circuits consisted of tube
and transistor circuits. In many other cases Where nmp_edapce transf(?r mations,
amplification, and other operations were requm.?d, a circuit was designed th_at
depended on discrete electronic components. With the remaljkable advance's In
electronics and integrated circuits (ICs), the requirement to implement designs
from discrete components has given way to easier and more reliable methods of
signal conditioning. Many special circuits and general-purpose amplifiers are now
contained in integrated circuit (IC) packages producing a quick solution to signal
conditioning problems together with small size. low power consumption, and low
COsl. |
In general, the application of ICs requires familiarity with an available line
of such devices, their specifications and limitations, before they can be applied
to a specific problem. Apart from these specialized ICs, there also is a type of
amplifier that finds wide application as the building block of signal conditioning
applications. This device, called an operational amplifier (op amp), has been in
existence for many years. It was first constructed from tubes, then from discrete
transistors, and now as integrated circuits. Although many lines of op amps with
diverse specifications exist from many manufacturers, they all have common char-

ac;eristics of operation that can be employed in basic designs relating to any
general op amp.

Taken alone. an Op amp Is an exceedin

amgliﬁe::-. In Figure 2,152 we see th
dESIgIl'a{l[}nS (+) input, (-) Input

gly simple and dpparently useless electronic
€ standard symbol of an Op amp with the

: .‘ (7% 4 30 __ °Pﬂ-ltlp. we label V, the voltage on the (+)
. mﬁ(“ﬂpm !ﬂrmmajand ?q the output voltage. Ideally,
Lty T Yo b Positively. If v, — v, is

Operational Amplifiers “

gec. 2.4
Vo
T Ve
. Vo = Vi=V;
Vi
—_— v

a) Operational amplifier b) Relation between input and output

(op amp) symbol

Figure 2.15 Symbol and ideal characteristics of an op amp.

ive (V> > Vi), then V, saturates negatively, as shqﬁyn_ in Fi-gure_z_.ljb‘:[:ne-
?eg)ail:;m . called the inverting input. If the voltage on this input is more positive

than that on the (+) input, the output saturates negatively. This ideal amplifier
an .

i : 8 | , -
has infinite gain because an infinitesimal difference between V, and V; results
1 |

urated output. . infinite impedance between
e Other characteristics of ideal op amps are (1) an infinite imp e

zero output impedance. Basically, th.e_op- amp dls ggei:l:“:::s
has only two output states: 4+ Ve and — Vi In practhe, l:l;e;m:r;::n gntaﬁbngf
used with feedback of output to input. Such feedback permits i |

| ltage.
many special relationships between input and output voltag

inputs and (2) a

Ideal inverting amplifier ircuit of Figure 2.16. Resistor

. ider the | B

“the op amp is used, let us consl S f the op amp, and R

g S i e back the output to the inverting input ﬂf“_‘ ep nnection is
R, is used to feed bac t. The common connection |

connects the input voltage Vin t _ cedback and the (+) grounded,
galled e sopiis A Sﬁ:«: and Vi, < 0 saturates the output positive.
Vi, > 0 saturates the output pegal o ch that L e
With feedback. the output adjusts to a VORBZE S T i \m[. 0
(+) op amp input level, Z

B 1
b E
=E4) kit
ih LY
N - -

. "
1. The summing point voltage 1S equal to th
this case.

V]n £
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2. No current flows through the op amp input terminals because of the assumed

infinite impedance.

In this case, the sum of currents at the summing point must be zero.
h#l=10 (2.27) -

/, = current through R,
/> = current through R-

b) Nonideal effects

Because the summing point potential is assumed to be zero. we have
a) Nonideal characteristics of an op

_":i_n Frouf — 0 amp
R, R> (2.28) Figure 2.17 Types of nonideal effects in op amp and circuit analysis.
From Equation (2.27), we can write the circuit response as
W ol = i signing op amp circuits. For example, consider the circuit of Figure 2.17b, where
ot R, ™ (2.29) the finite impedances and gain of the op amp have been included. We can .emlploy
Thus, the circuit of Figure 2.16 is an inverti : - : standard circuit analysis to find the relationship between input and output voltage
, = _ & erting amplifier with gain R-/R » ) s : - - e nelie
shifted _130 In phase (inverted) from the input. This device is aglso anhanl that is for this circuit. Summing the currents at the summing point gives
by making R, < R, . ERNGiar I+ 1+ 1. =0
A similar approach may be applj : : .
g pplied to the ideal analysis of m - . it B e A3 -
;‘llep(gl!;‘g;ltswwhere steps (1) and (2) lead to equations su:h ag B quzr:i};s;hg 207'; Then. each current can be identified in terms of the circuit parameters to give
o) an.inp.ut ie ml{;SI note, hOWE\rer: that the in‘v’erting ampliﬁer ot Figure 2 16 Vin = V’s Vo — Vs VJ — 0
e asod ot tE‘Peﬁ"CE afR,' that, In general, may not be high. Thus althou.gh R i R, Z.f, r
itsseniiy hich jnVll:ttu? of variable gain or attenuation, the circuit doeé not have I i :
“-iiput Impedance. Finally, V, can be related to the op amp gain as
Nonideal effects ( e Vo = V5 . _
_ir — .I‘. _- U :
Analysis of op amp circite 0 ’ R, | o I
P circuits with ' :
o the following parameters- nonideal response s performed by considering . n : |
" ' Now, combining the equations, we find e
-. l \ ' LY
Vo = ‘-‘Rl ( ) Yia
Rl Ao b _ e

L. Finite open loop gqj
P gain A real o e
the amplifi . -4 OP amp has finite voltapge oa; '
changepi : 'ZLt':jtpin?e In Figure 2.17a. The voltage ggaing?;née?nl':jown .Ey
Oltage AV, produced by z change in (iiffcrentialaisn:)uf

If we assume that p is very small COMPAFEE
reduces to the ideal case given by Equ

i
: 1
1 1 )
| 1 A
I-

m - .
fr A :ﬂ:‘_;l_



72

an IC op amp are chosen for a case where R»/R, = 100, we can show that j, <«

|. For example, a commaon, general-purpose 1C op amp shows

A = 200,000
in — 75 Q
Lin = 2 Mﬂ

If we use a feedback resistance R of 100 k{) and substitute the aforementioned
values into Equation (2.31), we find w = 0.0005, which shows that the gain from
Equation (2.30) differs from the ideal by only 0.05%. This was, of course, only
one example of the many op amp circuits that are employed, but in most cases
a similar analysis shows that the ideal characteristics may be assumed.

2.4.2 Op Amp Specifications

There are characteristics of op amps other than those given in the previous section
that enter into design applications. These characteristics are given in the speci-
fications for particular op amps together with the open loop gain and imput and

output impedance previously defined. Several of these characteristics are as fol-
lows: |

* Input offset voltage In many cases, the op amp output voltage may not be
zero when the voltage across the input is zero. The voltage that ﬁwst be

applied across the Input terminals to driv : _
‘e the output to zero js
offset voltage. p O 18 the input

* Input offset current Just as 2 voltage offset may be required across the

EC. SO a net current

* Input bias current This

o drive the Output voltage to zerg.

* Slew rate If 4 voltage is ¢

of an op amp. the
| he slew rate is the
aluration value, This typically is

Analog Signal Conditioning  Chap, »
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sec. 256  Op Amp Circuits in Instrumentation ' -

p AMP CIRCUITS IN INSTRUMENTATION

As the op amp became familiar to the individuals working in process contro! and
instrumentation technology;, a large variety of circuits were developed with direct
application 10 th:s_held. In general, it 1s much easier to develop a circuit for a
specific service using op amps than dlsc!*ete components; with the development
of low-cost 1C op amps, 1t is also practical. Perhaps one of the greatest disad-
vantages is the requiremept of a bipolar power supply for the op amp. This section
presents a number of typical circuits and their basic characteristics together with
a derivation of the circuit response assuming an ideal op amp.

251 Voltage Follower

Figure 2.18 shows an op amp circuit with unity gain and very high input irpped—
ance. The input impedance is essentially the input impedance of the op amp itself,
which can be greater than 100 M{). The voltage output tracks the input over a
range defined by the plus and minus saturation voltage outputs. Ct.ment O.Ulpl:lt
is limited to the short circuit current of the op amp, and outpl_lt impedance is
typically much less than 100 1. In many cases a planufaclurer will market an -ﬂl'p
amp voltage follower whose feedbac.k 1S pIiOVIdEd internally. S!uch a unit is usuafJ 'iy
specifically designed for very high mput lmpe.dance. The unity gain voltage fol-
lower is essentially an impedance transformer in the sense of converting a voltage
at high impedance to the same voltage at low impedance.

2.5.2 Inverting Amplifier

The inverting amplifier has already bgen discussed In cnnngc_tlm} w:}?i 33: r:;et;t;
ment of op amp characteristics. Equation (2..29) -shou:fs that th:is‘_ Cll'::)l: N rﬁtiou'of
input signal and may have either attenuation or gain c!epgt: flt;]rgthis amph“ﬁer :
input resistance R, and feedback resistance R,. The circul 1 er

shown in Figure 2.16. It is important to note that input impedance of this circul >

- : is resistance 18 not '
is essentially equal to R, the input resistance. In general. this resista _ |
large, and hence the input impedance 1S not large. | -
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of the values of the resistors is based on the genery] hotion Ofkeeaing e
Summing amplifier in milliamperes. | > current:
A common modification of the inverting amplifier is an aimpli.ﬁer that sums or N
adds two or more applied voltages. This circuit is shms,.»nf in F{gm:e 2.19 for the 2.5.3 Noninverting Amplifier
case of summing two input voltages. The transfer function of this amplifier s '
given by A noninverting amplifier may pe constructed from an op amp, as shown in Figure
, Rao, Rs 2.21. The gain of this circuit is found by summing the currents at the summing
Fout 5. = R, i R, £ (2.32) point S, and using the fact that the summing point voltage is V
The sum can be scaled by proper selection of resistors,

in SO that no voltage
k difference appears across the input terminals.
For example, if we make
R; = R;g = R_;. then the out

put is simply the (inverted) sum of Vi and Vs, The i+ 1 =0
average can be found by making R, = R. and R, = R,/2. hara
wher
O g —_— — _ I, = current through R,
e s I, = current through R,
pevEIUp 401 Op amp circuit that can pProvide an output Voltage that is related (0 the | '
input voltage by But these currents can be found from Ohm’s law such that this equation becomes
Sotut g Vin ;. Yin = Vo 0
; utn::n There‘are Many ways to do this. Ope way is to use a summing amplifier R £ R -
:]::jh [‘(i]n On one l_np]ut and 5 volts on the other. The gains will be selected to be 3 4 l .
Vs Tespectively. The Summing amplifier of F; ure 2.19 js verta : : s e
hoﬂwever‘ S0 the sign wil] be wrong. Thus, a secon = e o df? ]dn::.jlt?; Seving: this cquation 1or Vousy HESEH
S S ‘ R?. ’ _
election T [1 4 _R_] Vi (2.33)
Iy

Equation (2.33) shows that the noninverting amplifier .has a gam lhﬂ::l_u depenﬂs ;ﬂ
the ratio of feedback resistor R and the ground resistor R, but t Sﬁl;;lo oy
never be used for voltage attenuation. Becausg the-lnpnt'1§-tak¢n dhilrﬂ?ds};mm l ﬁ ﬁ i
noninverting input of the op amp, the input impedance is ey p R
effectively equal to the op amp input impedance. i I

210 20 e

B R L

wl
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Example 2.13 e
Design a high-impedance amplifier with a voltage gain of 42.

inverting circuit of Figure 2.21 with resistors selected fr
Solution We use the noninverting circuit of Figure Oth

V = TI + R—] V
oul — RIT in

K-
B = = (2.33
2 =14+5 ,
R: — 4]R;

so we could choose R, = 1 k). which requires k> = 41 k().

2.5.4 Differential Amplifier

Frequently, in the instrumentation assoclated w
voltage amplification is required (for example,
amplifier is constructed USing an op
this circuit shows that the output vo

ith process control. differential
for a bridge circuit). A differential
amp, as shown in Figure 2.22a. Analysis of
ltage is given by

Vour = — (V5 — V) (2.34)

This circuit has a variable
résponds to the difference in voltage inputs as required. It is very important that
the resistors in Figure 2.22a that have the same indicated value be carefully
matched to assure rejection of V on to both inputs. A significant dis-
advantage of this Circuit is that the i ‘ ‘

gain or attenuation given by the ratio of R> and R, and

ut. To employ this
ification js desired, voltage
hiw . + 45 Shown 1n Figure 2.22b. This
Circuit makes a Very versatile hj & :

e mpedance diff; 12 -
plifier for use in instrumentation sVetems. p ifferential am
Example 2.14 .

sec. 2.9

. L. o Y= T
. 1 o . " = - 'iF L+;-; r_ 4 . LI '_- '!I; II '|- I1 I-‘I
2.5.5 Voltage-to-Current Converter
' ‘1
b . RSIT. W] = :
- Pttause si =nal.

~ Cilica!
e _. -

R TE -‘-J': '—_11'
% - (.
ysiouer

- "|"_ t
Op Amp Circuits in Instrumentation A K
R: ‘
R,
. Vo Vou= g (V3= 73)
V2 0—__%7
R
‘ a) Differential amplifier
R,
A
R;
A"
. =32 vy — )
" Vﬁm Vuut = R‘. 2 i
3’% : ifier wi 1gh i nce inputs
Yateeemi b) Instrumentation amplifier with high impeda
V7
Figure 2.22 Differential amplifiers. (a) Differential amphfier. (0) Instrumentation
Igu iy : : .
amplifier with high-impedance inputs.
' attenuation (m
where m is the slope of the line and represents the gain ‘;m :roll_-zl:l)rbé Ve =0,
< 1) required and Vj, is the intercept: that s, the valuef out o i R
For the two conditions we have in this problem, form two equations i
for m and V. | | .

0 = m(0.02) + Vy e =

5 = m(0.25 + Vo 3
: algebra. The equation is
We get m = 21.7 and V, = —0.434 V using standard a bi‘ﬂ ) L
22 A=

Vou = 21.7Vip = 0438 e

out

This also can be written in the form 2 i
Vou = 2L.7(Vin — 0:02)

There are many, many circuits that provi PR P

i Y ION 1
.y Il 1 1
| e, W ey 1|
iw

"
2"

Notice the voltage follower on the input that PrEts

- i','.‘.--:-.-.:.. : : " ¥ 1 }
).02 VOIS COLEL

; . s Q he VUL
diffefe n_lial ampllﬁﬂr WIth a wnkﬂle‘:l i € =

.""-'.I II Idll J.‘
from a well-regulated source. o g

—

B Dhks st
AN ,ll.tll';_lrt_" )

| ] _ - H _i_';:-_|l:£_q._ _ '.. h o .

Hy 420 mA, 1t



78 Analog Signal Conditioning

10k 217 kN

Figure 2.23 Op amp solution 1o
Example 2.14.

different loads without changing the voltage-to-current transfer

characteristics.
AD op amp circuit that provides this function is shown in Figure 2.2

of this circuit shows that the rela[ionship between current and voltage i< o

by

SO that

(2.36)

articular

‘ maximum current are related and deter-
ifier output Saturates in Voltage., Analysis of

urates, the maximum

4

i’bmm Vﬂlhnsg.M-currmt converter.,

Chap, »

sec. 2.5 Op Amp Circuits in Instrumentation
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(R4 + R5) [Yjﬂ = Ra]
I',
le = §
R3 e R4 + R;S
R = maximum | SI
| oad resistance (2.37)
th =

= Op amp saturation on voltage
I'm = maximum current

A study of Equation (2.37) shows that the

maximum load resistance is always
less than V. /I. The minimum load resista

nce is zero.

- = \
Example 2.15

A sensor outputs 0 to |1 volts. Develop a voltage-to-current convertor so that this

becomes 0 to 10 mA. Specify the maximum load resistance if the op amp saturates
at =10V,

Solution If we make R, = R; in Figure 2.24. then Equation (2.35) reduces to | =
Vin/R3. To satisfy 10 mA at 1 V, we must haye

R: = 1 V/I0 mA = 100 )
Let us take Rs = 0 (which is allowed) so that Equation (2.36) also specifies
R3 = R4 = 100 O

This completes the voltage-to-current converter, The maximum load resistance is
found from Equation (2.37).

R = 100[10 V/10 mA — 100}/200
Rm = 450 Q)

2.5.6 Current-to-Voltage Converter

At the receiving end of the proces§-control signal ghan:?aimgz ﬁfm moit suy
need to convert the current back into a voltage. This can be done most e _

ik
L.

l

i
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given by
‘_.'L“—” - IR

provided the op amp saturation voltage has not been reachetd. Ih:—, r

I " ' 1 = ; -1 > =¥ ol -y ‘\
the noninverting terminal is employed to provide temperature
configuration.

2.5.7 Integrator

The last regular op amp circuit to be considered is the f'.*m*.grr:m(u:

ration, shown in Figure 2.26, consists of an mput resistor and feedb

Using the ideal analysis, we can sum the currents at the summing
rﬂl if‘ '._-ut

N e (2.39)

which can be solved by integrating both

point as

lerms so that the circuit response is

!
I'L‘LI[ — [ ll.-l'n J,I (2.40
RC . ( )

Put voltage varies as an Integ
. This circuit is

This result shows that the out
with a scale factor of —1/RC
Integration of transducer
Other functions also ¢
age. If the input voltage is

ral of the input voltage
employed in many cases where ap

an be implemented. such as a highly
constant, V;, = K. and Equation (
v K

.L!ut Tl — [

RC (2.41)

linear ramp volt-
2.40) reduces to

‘ ided because otherwise Vour will
Saturation valye and remain fi

1xed there in time,

Figure 2,26

Integrator Ciretiit,

Chap. D

(2.38)
esistor R in
ability tg the

This configy-
ack capacitor.

25 Op Amp Circuits in Instrumentation
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Vi
VOLII = '_"k—éf (2.413
when the input voltage is constant, If we make RC = | ms and Vin = = 10'V, then
we have
Vnui o “0 g 10+3)f
which is a ramp rising at 10 volts/ms. A choice of R = | k0 and C = | uF will
provide the required RC product.
T

2 5.8 Linearization

he op amp represents a very effective device to implement linearization. Gen-
: ellypthiﬂ; is achieved by placing a nonlinear element in the feedback loop of the
erally, this 1t

amp, as shown 1n Figure 2.27. The summation of currents provides

op , a8

pin + F{ ";c:m] = () (242)
R

where

Vin = 1nput voltage
R = 1nput resistance |
' ariati ' 1th voltage
F(Vou) = nonlinear vanation of current with g

If Equation (2.42) is solved (in principle) for V... we gel
Vin

) Yin (2.43)
1’mut I G (R)

where

L',uul = OUIPU[ VOltage

G, ";rn)
(7

Il

' INVErse
a nonlinear function of the input voltage [actually the inv
function of F(Voul.
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l oVen Figure 2.28 When a diod

€IS placed iy

+ the feedback leg of an Op amp, 4
nonlinear amplifier is formed whose
Jz, output is proportional to the Naturg|
' Vour & Inl¥;) logarithm of the input.

the function F(V,,,) is an exponential

F( I F{:ut) == JFI"I exp(a“irur)

(2.44)
where
Fo = amplitude constant
& = €xponential constant
The inverse of this js 3 logarithm, and thus Equation (2,43) becomes
: I , !
Vou = = log.(V;,) — = log.(FyR) (2.45)
Q Q

Different feedbac devices ca

, 2 at only smooth out non-
linear variatjons Or provide specifj

e logarithmic amplifier,
2.5.9 Special Integrated Circuits (ICs)

A vast line of Special inte
turers and js useful to the

Purpose devices include

grated circuits (ICs) is ava;

( lable from many manufac-
Process-control msirumentat

lon designer. Such special-

€ntation amplifiers

Sec. 26  Industrial Electronics

,6 INDUSTRIAL ELECTRONICS

The signal conditioning (_Ji_scu§sed th'us far in this Chapter has referred mainly to
measurement signal modification, It IS often ECessary to perform a lype of signal
conditioning on the controller oulput 1o activate he final control element, For
example, the 4-20 mA coqtroller-output may be required 1o adjust '

a large, heavy-duty oven for baking Crackers, Such heat may be provided by a
2-kW electrical heater. C learly, some sot of conditioning is required to allow
:uch a high-power system to be controlled by 4 low-energy current signal. In this

section we present two devices that are commonly used in Process control to
l;rmfidc a mechanism where such CNErgy conversion ca

1s not to give you all the information needed to const

Fuct practical circuits to use
these devices, but to familiarize you with them and

their specifications.

2.6.1 Silicon-Controlled Rectifier (SCR)

The SCR has become a very important parl of—high-power electrical signal con-
ditioning and control. In some regard_ﬁ. itis a sul_ld-sitate replacement for the relay,
although there are some problems if lhat‘anal(}gy IS taken tp{} far. The §ran§ard
diode 1s, in the ideal sense, a device that will co_nduct current in only one d!recyon.
I'he SCR, again in the ideal sense. is like a diode that will not cnnduct...m elli;gll*
direction until it is turned on or *‘fired ™ Figure :'3.29 shows the schematlf siy:'jnﬂ?
of an SCR. Note the simtlarity to a diode _but vm_h. the added terminal. t.a(l]e 't-;-:
gate. It the SCR is forward biased (that IS, positive voltage on t-l}.e an(}s e l;:; :
fespect to the cathode), it will not be conducting, .Now éuppoae :{t?‘?etiga]el:e E]f s
on the gate with respect to the cathqde. There wﬂl. be some pc:lslclti byt
voltage—the trigger voltage—at which the SCR will start conducting and beha

if 1S it will continue
then like a normal diode. Even if the gate voltage is taken away, it will contin

(0 conduct like a diode; that is, once turned on I will stay Qn?frme;isa:ig:
gate. The only way to turn the SCR back “‘off" is to have th;eh Gfarward m“age
dition taken a.way. T'his means the voltage must drop bfel?wumev:alué ik
drop of the SCR so that the current drops below a mmﬂtna.ctﬁally r;\rersem
holding current, or the polarity from anode to cathode must act |

: o T ] ' icatior to
fact that the SCR cannot be turned off ea§dy l_lmltrs. its ;3_6 I dcntﬂptﬁimu _a';_-;_-_l
those cases when some method of reducing the forward curre m e

= s i

. N . - - - ‘a '!rr'_,_:|jl".| ==l !r'--_ .

- ircuits, the SCR will automatically

holding values can be provided. In ac circuits, the S R

3 5 I € F L i‘-
Off in every half cycle when the ac voltage applied to the SCR reyert

T

ST
Y

8 A
F.
n

Anode

=
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g Characteristics and specifications of SCRs are as follows:

e 1. Mavimum forward current There is a maximum .Currem lhaF l.hn:: SCR can
: : calﬁ' in 1hé forward direction without damage. This value varies tt:om a few
hun&red milliamps to more than a thousand amps for large industrial types.
2. Peak reverse voltage Like a diode. there 1s a peak reverse hlfis vﬁoltage
‘ thél can be applied to the SCR without damage. The value varies from 4
few volts to several thousand volts. |
3. Trigger voltage The minimum gate voltage to drive the SCR into condyc-
ion varies between types and sizes from a few volts to 40 volts.

4. Trigger current There 1s a mimmum current that theﬂsource qf‘ trigger ?011_
age must be able to provide before the SCR can be fired. This varies from
a few milliamps to several hundred milliamps.

. Holding current  This refers to the minimum anode to cathode current nec-

essary to keep the SCR conducting in the forward conducting state. The
value varies from 20 to 100 mA.

tn

Ac operation

Figure 2.30 illustrates the operation of an SCR in varying the rms dc voltage in
half-wave operation. The trigger voltage is developed by some circuit that pro-
duces a pulse at a certain selected phase of the applied ac signal. Thus, the SCR
turns on in a repetitive fashion as shown. The SCR is turned back off. of course,
in each half cycle when the ac polarity reverses. By changing the part of the
positive half cycle when the trigger is applied, the effectjve (rms) value of dc
volta_lge applied to the load can be increased. Of course, with this circuit the
maximum possible rms dc voltage is that which would be developed by a half-

wave regtiﬁ?r. lf MOre power is required, the SCR can be used with a full-wave
bridge circuit. Figure 2.3 shows this type of ci |

L rol applications special circui
| 5% HVLLTO) | : try to convert control
e NIgger signals to the SCRs ¢ r

equired. These CIrcuits are

B e is shown in Figure 2,32, The
_p_ -'ﬁ_ Vide base drive to a lransistor via an LED

Industrial Electronics
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f; h Time
/

| S S
: vﬂ ,.f(-\“ ‘,[\1 ;J\

\
¥ Jz‘ \ NS
BT | i
1 1 : ﬁﬁaﬁﬁﬂ I 75 1 -:1 =
Figure 2.30 Half-wave SCR operation. Changing the time of V7 appiic -

changes the de rms voltage applied to the load Vi. .P i

-

- uit from the power circuit. At low-base
that assures isolation of the control circuit from the po i YT R

ill not reach the SCR trigger voltage -
drive the capacitor is charged slowly and will not reach i =Ty

= 1 N . i

y ' WEr ). I
until late in the cycle (hence low load po ) !L"-'—. . ,

. ; ‘e hieh base drive,
A large control signal will provide high base dm i e

‘MR fur ]LH UL 1 ear 'I-I'
charge much more quickly. Then the“s_(;:f :ﬂm t“in- o *'*i |
and more power will be delivered to the Joac =g g g

! ]
. Rk

-
I = 1
ISy = - .
N o o N W Im
| - - N
"

o I 1
| =l e ;

< ¥ " = 1 &
LA |

2.6.2 TRIAC : 10 N

| ) =

" =
kil
ikl - it L
- - - 4 -

]

An extension of the SCR disct O

{0 conduct in cither direction. The TRIAS
nected in parallel and reversed, but witl

. - et N - L TR Adirectic
I : I_ _ p g I

— I'i | '_Fcil“" -
L i 'I_ .

II r
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- lime

Time

Control Voltage
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conduct in the other direction. The TRIAC thus can be used in pure ac appli-

cations. Figure 2.33 shows the symbol of a TRIAC and a circuit for a typical

application. The voltage across the load, as shown, remains ac. The effective ac
cms value of voltage applied to the load can be changed by changing the time in
the phase of the c_ycles when the TI}IAC gate 1s pulsed. The trigger voltage gen-
erated must be bipolar, one pulse in one polarity and the next of the opposite
polarity. g . -
Specifications of TRIACs are similar to those of SCRs: maximum rms cur-

rent, peak reverse voltage, trigger voltage, and trigger current,

DIAC

A DIAC s a special kind of two-terminal semiconductor switch that is often used
.0 conjunction with TRIACs for triggering. This device, with a schematic symbol

shown in Figure 2.34, is nonconducting (off) in either direction as long as the

applied voltage is below a certain value. If that value is exceeded in either polarity,
the device will begin to conduct (turn on).

Figure 2.31 Full-wave SCR circuit,
The effective rms dc¢ voltage applied to
the load is increased because both
cycles of the ac are used.
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}-‘—V—’"
I T
I
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0 | __1’.___—9"‘ +V
= - ——— VL
—W —In
Figure 2.34 The DIAC goes from a
nonconducting to conducting state if
the voltage exceeds V; in either
polarity. It reverts to nonconducting if

the current falls below /.

Trigger control

Similar to the SCR, for the TRIAC to be useful in control
necessary to link the control signal to the
involves adjusting the time (or phase)
IS triggered.

An elementary method of doing this
of a DIAC between the capacitor and the

of operation is the same as the SCR
impressed with an ac voltage and the

applications, it is
application of trigger signals. This
in a cycle of ac voltage when the TRIAC

s shown in Figure 2.35. Note the use
TRIAC trigger terminal. The principle
system discussed previously, but the load is
bridge rectifier is not needed. The capacitor

Figure 2.35 The TRIAC can be

triggerd from the ac line voltage using
the DIAC .

. o sec. 2.7
Analog Signal Conditioning Chap, »

2.7 D

Design Guidelines

charges in either polarity until the DIAC turns on, which, in turn, triggers the
TRIAC.

£5IGN GUIDELINES

This section discusses ‘typ‘ical issues which should be considered when designing
.n analog signal mndmomlng system. _The_examples show how the guidelines can
;2 used to develop a design. The guidelines assure that the problem is clearly
understood and that the importan_t ISsues are included.

Not every guideline will be important in every design. so some will be not
applicable. In many cases, not enough information will be available to address
flppi“uc properly: then the designer must exercise good technical judgment in
zza;l;mt,ing for that part of the design. 1 £, .

Figure 2.36 shows the measurement and 51gngl conditioning modgl. In_sofne

ases. the entire system is to be developed, from selecting the_‘sgnspr to c_ie_mgnmg
CdSLj‘. nal conditioning. In other cases. only the signal conditioning will be de-
Llflot;gdf The guidelines are generalized, Since the sensor is selected from what
is available, the actual design 1s really for the signal conditioning.

GUIDELINES FOR ANALOG SIGNAL CONDITIONING DESIGN

fine the measurement objective. - _
1. f_‘_’;:;f,.;:::vr:r,. What 1s the nature of the mea-sured vanabie: pressure, tem-
perature, flow, level, voltage, current, remstanc?. etc.” e AL

b. Ranee: What is the range of the measurement: 100 to 200°C, _
si, 2to 4V, ete.”? | Ty

C. 2:1(:;5:314 What is the required accuracy: 5%‘FS, i’:% of reading, etc.’
d. Lr‘awm-ir;!; Must the measurement output be linear: B

e. Noise: “What is the noise level and frequency spee

surement environment?

Process

I _iL ”

Figure 2.36 Model for measurement ant S
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- fapplicable). _
% : Ei;;::;;::?:r (g’hff is the nature of the sensor output: resistance. Voltage.
etc.? : S : -
b. Transfer function. What is the relatmn?hlp bem-e'en the sensor Outpyt
and the measured variable: linear, graphical, equation, accuracy, etc,”
e. Time response: Whatis the time response of the sensor: first-order time
constant, second-order damping, and frequency? ‘

d. Range: Whatis the range of sensor parameter output for the givep mea-
surement range’

e. Power: What iIs the power specification of the sensor: resistive dissi-
pation maximum, current draw, etc.?

3. Design the analog signal conditioning (S/C).

a. Parameter: Whatis the nature of the desired output? The most common
Is voltage, but current and frequency are sometimes specified. In the
latter cases, conversion to voltage is still often a first step.

b. Range: What is the desired range of the output parameter (e.g.. 0 to §
V.410 20 mA, 5to 10 kHz)?

¢. Input impedance: What input impedance should the S/C present to the
input signal source? This is Very important in preventing loading of a
voltage signal input.

d. Output impedance: What output impedance should the S/C offer to the
output load circuit?

4. Notes on analog signal conditioning design.

a. If the input is a resistance change and a brid
be sure to consider the effect of
tance and the effect of current th

b. For the op amp portion of
develop an equation for ou

ge or divider must be used,
output voltage nonlinearity with resis-
rough the resistive sensor.

the design, the easjest design approach is to

: “output versus input. From this equation, it will
€ clear what types of circuits may be used, This equation represents the
static transfer function of the signal conditioning.
c. Alwda‘y‘s consider any possible loading of voltage sources by the signal
conditioning. Such loading is a direct €rror in the measurement system.

¥ these guidelines to measurement signal con-

ditioning problems. Inlater chapters (4,5, and 6) on SENsors, many other exa

will be presented.

mples

- d -:-*i':"‘"”“*m?::fiii:ﬁififgﬁe'2‘4 o —1.1 V. For interface to an analog-to-
~ ditioning,. 00 2.5 volts, Develop the required signal con-

LN | . I ,,
‘variable, the -.'-!m' no information is
-HYITOr _Th-

al Nt or the sensor

this type of
| ‘ f i 1
¥ ok o SO AR

PR s o
.r- 3 ¥ I:| _.I'.-..]' i

provided about the measured
- We are simply asked Lo pro-

¥ ¥

b, -

sec. 2.7 Design Guidelines - g -

vide a voltage—to-vqltage convers.io‘n. $ince the sou
is good design practice Lo assume it Is h_lgl'! and desig
(o avoid loading. Most ADCs have l.ﬁpu!‘_ impedanc
the output impedance of op amp circuits is quite
for the output impedance of the S/C system.

For this type of problem, it is easjest to develop an equation for the output in
terms of the input. From this, circuits can be enyisioned.

i - .1’. | -. '-m I | =
€5 of at least tens of kilohms. and "

low, 50 there 15 1o realcﬂm

Vnut = mvin + Vg

Using the specified information, we form two equations for the un

known slope (gain)
m. and offset (bias) Vy.

—24 = 0m + Vo

. ll = 5”1 + VB
Clearly, from the first equation we have V, = —2.4 V. and when this is substituted
into the second equation, we gel

=1l =5m - 2.4

Then. solving for m,
m = (24 — L.1)5S = 0.26
The transfer function equation is thus
"'ruul = 026"‘!;" " 24

There are many ways to satisfy this equation. A su;nmin% ;mil;ljcwrs‘?lglﬂae usa;lﬂ.
| >t have high i ’ . S0 a voltage tollo
but it does not have high input 1mpe¢%anc§ SO a ge ‘_ . ._nced__ ¢
at the input. Also, the summing amplifier mvgrts,__so an 1gv.er;1er w&u‘l;i;ee f;:l]l;i
to get the correct sign. This circuit is shown in Figure 231 '?gf‘or thgdmdarmb
been provided by a divider. A 15-volt supply has been assun}g_ i hy!hﬁw _
sistance calculations. The 100-0) resistor was selected to keep loading by the: amp

~ it
circuit small. A trimmer (variable) re:‘s:§t9r |}a:il :f;:pt:;eg;; :ﬁmyﬁ volts wed,
divider by the op amp circuit and varation O A 3 m R i -
be compensated for by adjusting until the bias is exactly 24 volts. L

1 o '
._I -1-1I.IL“

The design could also be accomplished by 2 differential amplifier. L aa®
in the transfer equation is factored, we get

Voo = 0.26(Vin — 9238

™ [ |
- =, 5,

-~ -
-y -

So this is the equation of a differential mpliﬁ;ﬂ;‘n e racalinsl 50
fixed at 9.23 volts. A voltage f?l[ower- would S
reader should complete this design) =

Al 2 noninverting amplifier
Why is it not possible to use a NOMIYE Bl

impedance, the voltage foﬂbm would

not DE NELESs
;_H (%l

o
—

Example 2.18 793

Temperature is to be measured
- Ih'li‘:i'-:u , o iRt
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[
AT Set for 525 £} and

then adjust for 2.4 V

100 O 10 k&2
NN\

2.6 k§2

Voltage follower

=

Vout = 0.26V;,. — 2.4~

Figure 2.37 Ope possible solution to Example 2.17.

lemperature range. Power dissipated in
velop analog signal conditioning
10 +3 volts for this lemperature

Solution Followin
lem.

the sensor must be Kept
which provides a voltage vary
range. The load is

g the guidelines, let ys first

below 5 mW. De-
ing linearly from — 5
a high-impedance recorder.

identify all the elements of the prob-

MEASURED VARIABLE PAR
Range: 250 to 450°C
Accuracy; +2°C

Noise: unspecified

SENSOR SIGNAL
Parameter: resistance
Iransfer function: finear
Time response: unspecified
Range: 280 0 o 1060 €, linear
OWEr: maximum 5 mW dissipated In sensor
SIGNAL CONDITIONING
ameter: voltage linear
{lange_: =310 +5 volts
fput impedance: keep power in ;
Output impedance- nupp;:'oblem, S X

AMETER: TEMPERATURE

I
] -
|
— _ |

- ||
W

SR =

- I'

) a

Sec“ 27
Chap_2

he accuracy is *+0.8% at the low end and *+0.44% at t
Till keep three significant figures to provide (.19
w _

Design Guidelines "

he high end. Therefore, we

on values selected
The 5-mW maximum sensor dissipation mea

ns the current must be limited. To
find the maximum current, we note that
P = IR
0.005 = I°R
I' = 0.005/R

The minimum current will thus occur at the maximum resistance,
:

Imax = 0.005/1060 = 2.17 mA

Thus, the design must always keep the sensor current below 2 mA. ‘
Since the system must be linear, we should set up a linear equation between

he sensor resistance and the output voltage. Then it is a matter of determining what
the sens S '
circuits will implement the equation.

Vo = mR, + Vi

We solve for m and V;; by using the given information.,

-5 = 280m + V,

+5 = 1060m + V,

Subtracting the first equation from the second gives

10 = 780m or m = 0.0128

Then, using this 1n the first equation,

—5 = 280(0.0128) + V4
‘J'r“ = _‘8-58

So the transfer function equation 18 -
Vuu: = 0.0128Ra — S‘JB

—_——_ | ith the sensor resistor in the
This can be provided by an inverting amphﬁe?[hwem;igns--ﬁﬂmtt Figur 2
back, followed by an inverting summer (0 £ | _

My d input resistor of the-first op B
one possible solution. The fixed lgpuwﬂ‘;}ﬁ;&.ﬁw ol
s i e LA “liréfgh the sensor is just equal to the SREHE B OH
done by noting that the current Vi k{l..a.u'd- 1.00 volt ,,‘__1 1 iy
the input circuit. Thus, by using 1.00 K3& an Ry =

| mA and thus less than 2 mA, as required. Vv

o 'J"-" Y ! 1 1 !
- | /| ! ’ - ’ I "l..l -'.I ] RN .| :
i " vi .'1'-'+II :.: I. L) ¥ &
"'41 i 5'[" - Rl gt
Tl - = ol W 111 d A
] -— .'_.. 1 1_. A

As in Example 2.17, trimmers are used

be adjusted to 1.00 and 8-._58: T_-mh 1t for ¢

|.| l'!FI-_.i —
c e sa |
_41 e J
e
= W 1
. e T

I R
Llf_‘IIJ:' 3 :h:"ill
. e b

- -
- i
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" PR
3 Set for 8.58V OBLEMS

Section 2.3 i Inl

2.1 A sensor resistance varies from 520 to 2500 Q. This is used. . :":. L
Figure 2.3, along with R, = 500 Q and V, = 0.0 V. sed for R, in the divider of A il

Find (a) the range of the divid e
voltage V and (b) the range of power dissipation by the S nge of the divider !.;l"
> 2.2 Prepare graphs of the divider voltage versus transducer resistance for Example 2.1 hi': o

and Problem 2.1. Does the voltage vary linearly with r
10 k€2 increase or decrease with resistance?

2.3 A Wheatstone bridge, as shown in Figure 2.4, nulls with R, = 227 0, R, = 448 b
and R, = 1414 Q. Find R,. ‘ iH# 1
- 7.4 A sensor with a nominal resistance of 50 € is used in a bridge with R; = R, = 100 i‘jﬂ" ,Iil
% Vout Q. V=100V, and R; - 100 ) potentiometer. It is necessary to resolve 0.1 Q) n!L;.
changes of the sensor resistance. (a) At what value of R; will the bridge null? (b) gt
What voltage resolution must the null detector possess?

2.5 A bridge circuit 1s used with a sensor located 100 m away. The bridge is not lead ”J;.I;[
Figure 2.38 One possible solution to Example 2.18. compensated, and the cable to the sensor has a resistance of 0.45 Q/ft. The bridge 'frh.ﬁ .
nulls with R, = 34002, R, = 3445 (), and R; = 1560 (), What is the sensor resistance? n’ir N
2.6 The bridge of Figure 2.4 has R, = 2500, R; = 500 0. R, = 340 0. and V = 1.5 -il’{:':ll:-
SUMMARY V. The detector is a galvanometer with R = 150 Q:-La)- Find the value of R, that iy

will null the bridge. (b) Find the offset current that will result if B> = 190 €.
2.7 A current balance bridge, shown in Figure 2.7, has resistances of R; = R, = 1 ki),
Rs = 590 0, Rs = 10 0, and V = 10.0 V. (a) Find the value of R, that nulls the
bridge with no current. (b) Find the value of R; that balances the bridge with a current ‘B

25 asic concepts that form the ' of 0.25 mA. . y =230 - =
analog Cq“d'tloﬂlﬂg- Foundation of sitch 2.8 A potential measurement bridge, such as in Figure 2.8, has V = 100V, R, = R:
To present a comp

‘ lete pict ' itioni = = ' tential if the bridge nulls with Ry = 9.73 k€. LI
points were considered: piCture of analog signal conditioning, the following R; = 10 k. Find the unknown potenti dge nulls

' |
esistance? Does the voltage iIi|'| ]

it

Ilr

Set for 1.00V _

0.0128R, — 8.58 ‘

e

2.9 An ac Wheatstone bridge with all arms as capacitors nulls when C; = 0.4 uF, g;; -

[P The need for analo . = 0.31 uF. and C: = 0.27 '.I.F. Find Cs. | _.:‘: e .|ITII
g5 - g signal conditi | : : S 2 a0 3 ' , 4 o yan s, SUREE R
%fer_eqmm_m of signal-level chz.mgf:sl lﬂ?‘mg.wa? reviewed and resolved into | 2.10 The ac bridge of Figure 2.39 nulls with R; = 1 Q. R, = 2K}, Rs = l@ﬂ%ﬂ i A
; . “;g ‘E'L%;?Mance matching. | arization, signal conversions, and L g e TR
I [y . . Gil'ﬁﬂits . -y P' - ”.-':”;. EII ]
o mﬁgng - ism"::sirzgmfn;n €Xample of a conversion process where a - Eh ilﬂ - AL
~ modifications of the bridge. e ?:Jr by a current or by a voltage signal. Many e mﬂ,'__u:?"' e oA
s mﬂwc ompensation » Including electronic balancing and tech- oo e

: N many specia =7 signal conditioning

il !in:ppl[!‘ie;;»loiun? ion circuits can be developed.

egrator, ) m.?ohmg ampﬁﬁem, converters,
other functions,

100l largeepar . = ¢ Semiconductor de-

ac or dc signals using low-




CHAPTER 3
DIGITAL SIGNAL CONDITIONING

—_——__——~\

INSTRUCTIONAL OBJECTIVES

In this chapter, the basic principles of digital
with particular emphasis on digital-to-analo
conversion techniques and data ac
chapter, you should be able to

signal processing will be considered
g (D/A) and analog-to-digital (A/D)
quisition systems. After you have read this

1. Develop a Boolean equation for a sj

2. Implement a process
parators,

3. Define the representation of fr

4. Diagram a basic DAC and de

5. Diagram a successive approxi
6. | g

mple process-control alarm problem,

-control design of an alarm by digital circuits and com-

actional binary and decimal numbers,
scribe its operation.

e CBE Dest way to startthls chapter is to consider

s in ing I.'u s tha mmm “ﬂovem]smey of electronics applica-
I€re are many reasons for .  SGital technigues are occurring rap-
ne is the re ig"mi'ﬂm“f*-;m IWo in particular are

e s .|
ner ij:‘ A
1

Ve oo ing With digitally encoded
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Review of Digital Fundamentals | i

oriainty. If a system presents analog information, gre
gt electrical noise influence, drift of amplifier gaj
08 st of other problems familiar to the analog electrc?ﬁics designer. In a digitally
dncc;ded signal, however, a wire carries elﬂ}er a hi.gh or low level and is not
er rticularly susceptible to the problems associated with analog processing. Thus.
F;i;re is an inherent certan:ut?f in representhg information by digital encoding be-
t,uge of the isolation of digital representation from spurious influences. The ac-
Cd, ;u-\- of this signal In representing the information is discussed later in this
curacy .
hapter (Section 3.3). . e S . :
A h A second reason for conversion to digital electronics is the growing desire
se digital computers in the industrial process. The digital computer by nature
- u‘irlea information encoded in digital format before it can be used. The question
rt,q[l;e ceed for digital signal conditioning becomes a question of why computers
Ot_ <o widely used in industry. As discussed in Chapter 11, a few reasons are (1)
d;]t }..1;‘@ with which a computer controls a multivariable process-control system,
[,;" ;:muﬁh computer programming, nonlinearities in a sensor output can be _hnl-
(J.' ized E{-’a ) complicated control equations can be sohfﬁd to c_lﬁteruune rquu:ed
t:dlnlml‘fu-hctiuna, and (4) the ability to micromimaturize -rathgr complex d}gttal
L(:oce;wing circuits as integrated circuits (1Cs). Fmally., the develppment. 0 lnll-
; ) ré;:eamrx has brought about quite a transformation of prosess w“t_m'l-q
e h sed control systems. With microprocessor-based computers, impie
figiaBy based, of : has become practical, and with it,
mentation of computer-based cuntrgl systems has | Pt thahokoet ok
the need for knowledge of digital signal condltlpmng.d fali?' € = |
o< phvsical size but both power consumption and Taiure fate. T _
TRRUGES Py SIEH ‘ ' -control technology. it is now
: » growing use of computers in process e R ]
With the growing 1 i this field also must be versed in the
clear that any individual trained to wc;)rk in this B e Dk
f digit ics. The basic question ¢ W T
technology of }hyml.electmmcs by gfgtudy.Th:eanSWlsm‘a, roce
should extend into this related comp ements and characteristics of process-
1 | technologist must understand the elemEents A&t ool to implement
1 e digital electronics is used as a ook Ll |
control loops. In thl‘:}‘ context, lgtrol ~ { therefore should be nnd '.
SRERaLy o Affect the characteristics of the loop. LonsIGer:
extent of knowing how such devices a edt- ice of etrelbtied wires to understand
that one does not need to know detaile 51'5.)' e s
the application of strain gages and to u

e these devices SUCKESAVERTES
it ed Lo
control. Similarly, one does not need‘_ o in process control. In thi
and microcomputers to use such devices 1m Ptk it e e

°
[

know the internal design B, €L
objectives of this chapter'h?ve bemalm Bimlyﬂh ﬂ— .
sufficient background in digital techng 03? R A

::ll'i I.I: i
control. b
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ained after several courses devoted tq the

ing that can only be obtained : .

unti_crsla?f Tl'lgis text, we assume a sufficient background so the r cader can ap.
subj%ctt' the essential features of digital electronic design and its applicatiop, to
pr;z:fas:mntrol A summary of basic digital electronics concepts js Presented iy
Appendix 2.

3.2.1 Digital Information

The use of digital techniques in process control requires thz:ltt'procequ V
measurements and control information be encoded into a digital form.
signals themselves are simply two-state (binary) levels of voltage on a W

ariable
Digital

ire, as
discussed in Section 1.5.2. We speak, then. of the digital information as 5 high
state (H or 1) or a low state (L or 0) on a wire that carries the digital signal.

Digital word

Given the simple binary information that

It is clear
that a more complicated drrangement must be used to describe analog

information.
Generally, this is done by using an assemblage of digital levels L0 construct z
word. The individual digital ley

' bits of the word. Thus. for
example, a 6-bit word consis X 1 12 els as 101011, which
< number. An important consideration. then,

s digital word.

1s carried by a digital signal.

Decimal whole numbers

One of the most common

IS 10 use the straight count;
The principles of this are r
decimal reépresentations.

Bumplesy

schemes for encodin
ng of decimal (or bas
eviewed in Appendix

g analog data into 2 digital word
€ 10) and binary representations.
2, together with octal and hexa-

first significant digit do not
and son = 5. To find the

£ (A.2.1)

Although not as commonly used, it is possible &

32  Review of Digital Fundamentals y ol
gec. 3.

101 )
Solution Starting the successive division, we get
47 18 _ I .
S 23 with a remainder of 5 S0 that gy = |
then
23 , . l
T I'T with a remainder (_]f'z- s0 that g, = |
then
I |
_2" =5 + -2- ar = 1
5 ]
5 = 2 + 5 a3 = |
2
',; — l -+ 0 ey = 0
l i -
Ezu'k‘i;‘ ﬂ._q-—-l
| | 1
We find that base 10 number 47 becomes a binary number 101111;.

' in b - several forms,
The representation of negative numbers in binary format takes on
L] ; L] " j
as discussed in Appendix 2.

Octal and hex numbers

ith digital words expressed as num- :
: . : to work with digital wo VG- |
cumbersome for humans : : . mmohdonse
Itis Il entation. For this reason, it has become cor oA |
Ll hexadecimal (base 16, called hex) reli'-"""s"’“‘ai fron . 1‘
| octal (base 8) or hexade iently formed from ..
Eﬁ:s; ::-Z reviewed in Appendix 2. Octal numbers are convenientiy

- I 2y

' | 115 is 7g. Thus, a binary I

groupings of three binary digits; that is, 000z is Og al;jirlsli:elsfo:m od casily from y
number like 101011, is equivalent to 53z. Hex num from

- . OF 111 is FH. The capital
groupings of four binary digits; that is, 0000, is OH g::ri:at of 16, Also recall that
H is used to designate a hex number instead of a su 0 . _

_ q . 8-‘.; 9‘ A‘; .B‘ C,.D} E,.‘— '_:‘_'f_l.f. g
the hex counting sequence is 0, 1, 2, 3, 4, 5, 6, 75 8, %, |

v - .f.":.."-_.'?'-'.-:JJ'quI'-.

+ t frequently use either -

cover the possible states. Because microc n is very commonly used with the
bit, 8-bit. or 16-bit words. the hex notatio . e

. : B'Lﬁ b&,- - ' IJ',;‘-é'-'. [
machines. In hex, a binary number like lﬂllﬂlllﬂa WoRia B P

Il 1

3.2.2 Fractional Binary Numbers ' AT m

| ' e numbers using ¢ nly the
In the same manner as whole num

Rl o

T ey - E

T T e e .
i ﬁ-i—‘ -:-J.'-: :: ! !

System. Such numbers, qu _,.-

k&l
¥ )
N
(W = . -
& - . -
= =
L s

f wa
'.i

L

' thﬂ-cﬂuntiﬂS' system to v .r""i';'.x‘.l;l;'-[-.g*-i.'_-_:.'i'_-

&
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numbers in a similar fashion to Equation (A.2.1). as
Nio = 6:27" + b227% + -+ - b, 2" (3.1
A.)
where
Nio = base 10 number less than one
biby - -+ b,, b, = base 2 number less than one
m = number of digits in base 2 number
Example 3.3 -
Find the base 10 equivalent of the binary number 0.11010,.
Solution This can be found most easily by using
‘.r\‘-"“ = f?;:’" 3 1’133_: + <« h :—u;
with a
m= >3
Nig = (12! 2
10 (1)2 + (1)2 + (0)2 + (1)2 4+I’[)j2_i
. ! !
Nip = M L. - —-l—
e 4 16
. Nyo= 08125,
S ———
Conversion of 4 base 10 numpes

2(03125} — 06250 50 b] —
2(0.625) = 1.250

0

50 bz':_-l

\ |'_.i” 2w A

W

I
.

sec. 3.2 Review of Digital Fundamentals

3.2.3 Boolean Algebra

In process control, as well as in many other tec
on the basis of an evaluation of observations made

an autombile. for example, we are constantly observing such external factors as
traffic, lights, s;ipe:ed limuts, pef?‘lestnans,.street conditions, low-flying aircraft. and
such internal factors as how fast we wish to 20, where we are going, and many
others. We evaluate these fzictors and take actions predicated on the evaluations.
We may see that the light is green, streets good. speed low, no pedestrians or
aircraft, we are late, and thus conclude that an action of pressing on the accelerator
is required. Then we may observe a parked police radar unit with all other factors
the same, negate the aforementioned conclusion. and apply the brake. Many of
these parameters can be represented by a tfrue or not true observation and. in
fact, with enough detinition, all the observations could be reduced to simple rrue
or false conditions. When we learn to drive, we are actually setting up internal
response to a set of such true/false observations in the environment. In the in-
dustrial world, an analogous condition exists relative to the external and internal
influences on a manufacturing process, and when we control a process we are in
effect teaching a control system response to a set of true/false observations. This
teaching may consist of designing electronic circuits that can logically evaluate
the set of true/false conditions and initiate some appropriate action. To design
such an electronic system, we must first be able (o mathematically express th-e..
inputs, the logical evaluation, and the correszpon(iing'outputs. B""kf“f' qigei;r:a Is
a mathematical procedure that allows the combinations of true/false condmm;s
in various logical operations so that conclusions can be _dra'wnz. For purposas ‘?f
this text, we do not require expertise in Boolean technique, _tjut .an-_qperauonal.-
familiarity with it that can be applied to a process—mn-iml envimnme_ri}. died
Before a particular problem in industry can be 1miﬂlﬂmﬁ'}t§d USINE: Qi |
electronics, it must be analyzed in terms that are amenable t?-the_, bm "mm Nt
P Aiottal pemprisaht o , is i omplished by stating the problem in
of digital techniques. Generally, this 1§ acc phist T e
the form of a set of true/false-type conditions that must be applied to deris o o

desired result. These sets of conditions then are stated in the LOFm quation s

Boolean equations. We will see in the next section that a Bﬁﬂlﬁ% ~ lh'l =

hnical disciplines. action is taken

In the environment. In driving

w
-
- - il L
L a:.lk::ﬁ

; ey The e
aform that is readily implemented with existing digital
approach of Boolean algebra allows us 1o writg.an ‘f‘ o o
resent these stipulations. The fundamentals of Bw' fir 2
in Appendix 2. PRl

pEet us consider a simple exampquhﬂﬁ" iv;“ there:
from a practical problem. Consider a mixing Ui & =
ables of interest: liquid level, pressure, anc (EMEEREEE
must signal an alarm when certain comoinations GEEEEH

Variables, Referring to Figure L. we diocis

\

I |

~-_......J_

temperature by C, and assume that

Variable so thatfgﬂ_ i;E_; can va 10

are above or bhelow the setpoin
. - ne p '. : 3

= ="

— —
-
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Ch&p; 3
1 High pressure
B =
0 Low pressure
T
Pressure
Level
]r . Temperature O —
1 High level
— A =
0 Low level k el temp
ey =
10n >
A Ty = L0 Low emp
0 Off
Figure 3.1 System for the application example of Section 3.2 3

Boolean varj '
vVariable D goes to the logic true state. The alarm conditions are

_ evel with high pressure
2. High level with high temperature

evel with low lemperature and high pressure

We now define a B
Oolean ex ' : .
o oot Cindilion Pression with AND OP€rations that will give a D

e
—

I for condition (1).
I for condition (2),

thr§e conditions so that if any
mplished with the OR operation

sec. 3.2 Review of Digital Fundamentals

3.2.4 Digital Electronics

The electronic building blocks of digital electronics are designed to operate on
the binary levels present on digital signal lines. These building blocks are based
on families of types of electronic circuits, as discussed in Appendix 2. that have
their specific stipulations of power supplies and voltage levels of the 1 and 0 states.

The basic structure involves the use of AND/OR logic and NAND/NOR logic o
implement Boolean equations.

Example 3.5

Develop a digital circuit using AND/OR gates that implements the equation devel-
oped in Section 3.2.3.

Solution The problem posed in Section 3.2.3 (with Figure 3.1) has a Boolean equa-
tion solution of

D=AF4+AvCEasCAl (3.2)

The implementation of this equation using AND/OR gates is shown in Figure 3.2.

The AND. OR. and inverter are used in a straightforward implementation of the
eguation.

M

Exampie 3.6
Repeat Example 3.5 using NAND/NOR gates.

A
A O ’.

Temperature
{0
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Solution One way to implement the equation in NAND/NOR would be tg Provide
inverters after every gate to, in effect, convert the devices back to AND/OR gate .L
In this case, the circuit developed would look like Figure 3.2 but with an "”Vcr[b'
after every gate. A second approach is to use the Boolean theorems to f'(ff}”-””d”ef
the equation for better implementation using NAND/NOR logic. For example. If x:
are to get the desired equation for D as output from a NAND gate, then the i"put:

must have been

A-B+A-C

and

A8 C

because NAND between these produces

(I-B-J—A*(‘IWA-B-E')

that, by DeMorgan's theorem. becomes

that 1s, the desired output. Working backward from this result

: e S allows the cirens
be realized, as shown in Figure 3.3. Many other correct config g

urations are possible

W ‘ P’EUI'E 3.3 Sﬂluul:)ﬂ f{}r Exampie 3 6

gec. 3.2  Review of Digital Fundamentals e

3.2.5 Programmable Logic Controllers

The move toward digital logic techniques and com

~ralleled the development of special
paralleled the | pecial controllers called progran . 1
ff()”frrj’. [I)LL\) Or blmply Progr(lmmab[e COTTr P grammﬂb’f lﬂgl'f con-

ollers (PCs). Th : |

| i D . These
particularly huugd to thg solution of control problems associated wic':?lﬁceslm
equations and binary logic problems in general, DO}

They are a compute

¥ - r f - " . r-b -
growth of relay sequence controllers. Detailed treatment of thispt . a;sed out
system 18 given in Chapter 8. Yp€ ol control

puters in industrial control

3.2.6 Busses and Tri-State Buffers

Two concepts that deserve special comment are important features of miCropro-
cessor-based computers in control applications. These concepts are the use of

common busses for data input and output, and the use of tri-state buffers for
connections to these busses.

Bus

A data bus is a parallel arrangement of lines connected to a computer, where each
line is dedicated to one bit of the data word. Thus, an 8-bit computer may have
a data bus with eight lines in parallel. All data input and output to the computer
are carried over these lines. Clearly, an important issue is that the data bus lines
be free for use by many different devices, including memory, input devices, output
devices, and the computer itself. If one of these lines is simply connected to the
output of a gate, that line would always represent the state of that gate and be
unavailable for other devices.

Tri-state buffers

The problem of allowing many devices to use the bus is solvgd by, usir?g the tri-
state buffer. This is a device that acts like a switch. :When the smt;:h-!l_s_ c}ase_dj
its input is placed on the bus line. When the switch is open, the bus line is free

for use by other devices. Of course, the switch is actually electronic in nature

4 1 mIm
1

and very fast in switching between the open and closed state. b
The tri-state buffer is described as having three states on ts ogic

e -~
. L

lasts until an ENABLE command is issued from some other SOUTEes S8t
r* s 1ne
its state impressed on the bus line. 4

I, a logic 0, or a high-impedance state (open circuit). The high-impedan gt
. e Eraiira ;"E: -;;.:iliﬂ: I ut

computer. The symbol for the tri-state bufter Is sh__owg i -Plg T” T

state is not passed to the output unless the enable line 1s dri SAENS R

output of several devices could be connected to the Same BUEHEECE

state buffers. Only the one whose tri-state buffer ' Al - TG

S g
v L :

i,
IRl N

Jul'_ 5

o
-I.I ko
] i

v
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state buffer with an active HIGH
enable. Active LOW would have the
. invert symbol on the enable line.

3.3 CONVERTERS

The most important digital tool for the process-control technologist is one that
translates digital information to analog and vice versa. N!()ﬁfl measurements of
process variables are performed by devices that translate information about the
variable to an analog electrical signal. To interface this signal with a computer
or digital logic circuit, it is necessary first to perform an analog-to-digital (A/D)
conversion. The specifics of this conversion must be well known so that a unique,
known relationship exists between the analog and digital signals. Often, the re-
yerse situation occurs where a digital signal is required to drive an analog device.,
In this case, a digital-to-analog (D/A) converter 1s required.

3.3.1 Comparators

The most elementary form of communication between the analog and digital is a
device (usually an IC) called a comparator. This device. which is shown sche-
rnfalically in Figure 3.5, simply compares two analog voltages on its input ter-
minals. Depending on which voltage is larger, the output will be a 1 (high) or 0
(low) digital signal. The comparator is extensively used for alarm signzllszo com-
puters or digital processing systems. This element also is an integral part of the
analog-to-digital and digital-to-analog converter. to be discussed in Section 3.3.2.

A comparator can be constructed from an op amp provided the output Is
properly clamped to provide the required levels for the logic states (as + 5 and 0

[:f:)!‘ transistor—transistor logic [TTL] 1 and 0). Commercial comparators are de-
signed to have the necessary logic levels on the output.

. One of the voltages on the comparator inputs, V, or V, in Figure 3.5, will
€ the variable input and the other

a fixed value called a trip, trige - reference
vol e . : p, trigger, or referenc
aﬁdlﬁz.n’]"he :’ngrenue value is computed from the specifications of the problem
Example ?;P;J I?thor;?: HPPFOPI‘;&IG comparator input terminal, as illustrated in

: rence voltage 1s provi ~ il o , Ly
power supplies. g provided from a divider from available

[1 Va> ¥y Figure 3.5 A comparator changes
0v < V, output logic state as a function of the
analog input voltages,

Figure 3.4 Diagram symbol for the .

Converters

sec. 3.9

Example 3.7 _
A process-control system specifies thfat temperature should never exceed 160°C if
the pressure also exceeds 10 Pa. Design an alarm system to detect this condition.
ysing temperature and pressure transducers with transfer functions of 2.2 mV/°C and
0.2 V/Pa, respectively.

golution The alarm conditions will be a temperature signal of (2.2 mVEC)(160°C)
_ 0.352 V coincident with a pressure signal of (0.2 V/Pa)(10 Pa) = 2 volts. The
circuit of Figure 3.6 shows how this alarm can be implemented with comparators
and one AND gate, The reference voltages could be provided from dividers.

._‘,'
Hysteresis comparator |
en using comparators, there is often a problem if the signal voltage has noise

i . alue lowly. The comparator output may “‘jig-
- ~oroaches the reference value very slow . VI S
Z]r:‘pgfick and forth between high and low as the reference level is reached. This

effect is shown 1n Figure 3.7. Such fluctuation of output may cause problems with
the eqﬁipmem designed to interpret the comparator output signal.

Wh

Comparator

Temperature [_|—

0.352 V Alarm on

1
Pressure —+——‘

Comparator

20V

Figure 3.6 Diagram of circuit for Example 3.7. | an

-'fimo.

A RTTY s i)
110 L i A=l =

Figure 3.7 Notice how the comparator 0 -+»| g

through the reference "‘ﬂlw "' o aati)

L-
L 1 I

':'J Ep ™~ r-

I = | = ] L
I_ 1 I 11 1 "1 & I [
1 = '
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This problem often can be solved by providing a deadband or hyste
the reference level about which output changes occur. Once the ¢
been triggered high. the reference level is automatically reduced SO
must fall to some value below the old reference before the comp
the low state.

There are many ways this hysteresis can be provided, but Fig
one very common technique. Feedback resistor R ; is provided betw
and one of the inputs of the comparator. and that Input is separ
signal by another resistor R. Under the condition that Ry > R, the FE€Sponse of
the comparator is shown in Figure 3.8. .

The condition for which the out
dition

that ¢
Arator goeg to

ure 3.8 shows
ated from the

put will go high (V,) is defined by the cop.

(3.3)

Once having been driven high, the ¢ ck t
0

, ondition for the output to drop h.
the low (0V) state is given by the relation : P ba

Vin < Vier — (RIR )V,

1S given by (R/R ) Vo
| long as this relation js satisfied.
IS shown by the graph of Figure 3.8. The
input voltage.

(3.4)

and is thus selectab]e by choice
' The response of this comparator
arrows indicate INCreasing or decreasing

The deadband or hysteresis
of the resistors. as

e ——

Example 3.8

Chap, 3

"EJI“T [D
OMparator py,
he signy)

= (20 mV/cm)(50 cm) = | volt. Th‘e'spl.ashin'g..
mV/cm)(*3 ¢m) = %60 mV. This is 4 toa] rang
of at least 120-mV, but let us make it 150 mV fo

(RIR;) = 0.03

If we make K¢ = 1007KLl, then Ro=i3ika Siishie of these resistors, as shown
in Figure 3.8, with a reference of 1 volt will meet the requirement. » 4

B - _\

3.3.2 Digital-to-Analog Converters (DACs)

A DAC accepts digital information and transforms

digital information is in the form of a binary number with some fixed number of
digits. Especially when used in connection with a computer, this binary number
is called a binary word or computer word. The digits are called bits of the word.
Thus, an 8-bit word would be a binary number having eight digits, such as
10110110;. The D/A converter converts a digital word into an analog voltage by
scaling the analog output to be zero when all bits are zero and SOmMEe maximum
value when all bits are one. This can be mathematically represented by treating
the binary number that the word represents as a fractional number. In this context,
the output of the D/A converter can be defined using Equation (3.1) as a scaling
of some reference voltage.

it into an analog voltage. The

Vour = Ve[bi27' + 8227% + - = b,27"] (3.3)
where
Vour = analog voltage output
Vr = reference voltage _ |
bib, - - - b, = n-bit binary word

The minimum V., is zero, and the maximum is determmedbzlef-:tﬁ sie of thﬁ LN
binary word because, with all bits set to one, thfdecuna':sm;___ e QP.
Vg as the number of bits increases. Thus, a 4-bit word has & maximum

and an 8-bit word has a maximum of T L ol
Vinax = V[0~ 4372 o 3 A=t 2""5.+2"‘ht: rATE

-
o N !
g=%
.
A

15
W
Sk
E A
o

An alternative equation to Equatl@n(?‘l g 1
On noting that the expression in brackets in EQUAtGRESSE S

- SRR e Y [
& ¥

of total counting states possible with the z-0 ??' e
We can write

¥
-I.'

.-.- . ™ :
e Il-k I.b.'-??: . a
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112 Digital Signal Conditioning Chap, 4 Sec _ 13 CEE]
where word and hence the greater the resolution. The smallest possible change is simply
: \ : giVCn b}' |
= frox quivale AC input _
N = base 10 equivalent of D p | | | AV = V2= o
Suppose an 8-bit converier with a 5.0-volt reference has an input of 101001112‘ .1)
or A7H. If this input is converted to base 10, we get N = 167,0 and 2% — 256 where
From Equation (3.6), the output of the ADC will be A V.. = smallest output change
167 Ve = reference voltage
four = 35¢ 5.0 = 3.2617 volts n = number of bits in the word
Thus, a 5-bit word D/:ﬂ converter with a 10-volt reference will provide
S _— ' = | - = == f AVaoue = (10)(277) = 0.3125 volts per bit.
Example 3.9 changes © : P
What is the output voltage of a 10-bit ADC with a 10.0-volt reference if the Input is I = =
(a) 0010110101, = 0B5H, (b) 20FH? What input 1s needed to get a 6.5-volt output? Example 3.10
Solution Let’s use Equation (3.5) for the part (a) and Equation (3.6) for the part Determine how many bits a D/A cer}vener must have to provide output increments
(b). Thus, for the 0B5H input we have of 0.04 volts or less. The reference is 10 volts.
Vour = 10.0[27° + 27° + 275 4+ 278 4 2—10) Solution One way to find the solution is to continually try word :s.iz_e_s until the
resolution falls below 0.04 volts per bit. A more analytical procedure is to use Equa-
= 10.0[0.1767578] tion (3.7).
| = 1.767578 volts AV = 0.04 = (10027
For the (b) case we have 20FH = 527,;and 2'° = 1024. so Any n larger than the integer part of the exponent of two in this equation will satisfy
Vour = (527/1024) 10.0 the requirement. Taking logarithms
= log[(10X27*)]
= (.514648) 10.0 log(0:04) = legl :
= log(10) — y log |
= 5.14648 volts log(0:0 B 0.0 | it
We can use Equation (3.6’ : ; ; log(10) — log(0.04 il e
giiing foqu, 1on (3.6) to determine what input is needed to get a 6.5-volt output = log 2 | ) ,’T &
N — EH(VGUI/VR) }? — 7.9% 1 N '_
. : AL T proved by E |
N = 1024(6.5/10) Thus. an n = 8 will be satisfactory. This can be proved by

N = 665.6 AV = (1027%)

e, . The fact that there js 5 fractional remainder

i volts from the converter. Th
he . I'he best we can d
Or 666 = 29AH. The outputs for

tt::lls us that we cannot get exactly 6.5
0 Is get an output for N = 665 = 299H

tively. The only way 1o : 0 Inputs are 6,494 V and 6.504 V, respec-
of the refere 4y 10 get exactly 6.5 volts of Output would be to change the value
- Teierence slightly g DAC characteristics R

TYAIL ' AT 11IANE

| B P - For modern applications, most DALS S5 ~ir st ohara
] "h':ll-l N b g, T , : IO e l!, i/ ﬂ_}j"'f--' ""I"- ;
P . viewed as a black box having CErtari FHERE oo

1 +e T 1Nt I
1 - re 11 J | =
"!",.’_ I -:,I !_1_;:1-". .'._‘r .

. T i
o aactegtic mnn b
,‘,'ﬁ o’ 1 6l o) LI5S .

3.9, we see the essential
output. The associated char

g e - (R r|lrt '.1 ‘l_'l I-J = 'I- L
ﬁgure‘ - i ik I-Il - I:-: . _

3 pE Ly =

0 Of the number of bits in the word.
- OWputfor a I-bit change in binary

a o T woh
= o i Ry . = 1 = g PESS
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Data Vr

'L?m'—'_l J

a
az
2 m——
by Digital-to- Analog output
converter
(DAC)
dn —1
a, q
+V GND —V

Figure 3.9 Diagram showing typical inputs and outputs for an n-bit digital-to-
analog converter (DAC).

ified by the device specification sheet. Typically, TTL logic levels are required
unless otherwise noted.

2. Power supply This is bipolar at a level of + [? to =18 V as required
for internal amplifiers. Some DACs operate from a single supply.

3. Reference supply Required to establish the range of output voltages and
reszalu-tion of the converter. This must be 1 stable, low-ripple source. In some
units. an internal reference js provided,

‘ 4. Outpur A voltage representing the digital
In steps as the digital input changes by
(3.7). The actual output
negative digital inputs.

e :; Qﬁ'set.'_‘_Becailllse the DAC is usually implemented with op amps, there
#r;mall;hin tzgzﬂoﬂétﬁ?}tj gg’set v%ltage witl? a zero input (see Section 2.4.2).
with's 2810 siord 1o Provided to facilitate a zeroing of the DAC output

. 8 Datalarch M

input. This voltage changes
S by bits with the step determined by Equation
may be bipolar if the converter is designed to interpret

| ?E“NPH_I --}vill be upd'ated for that input data.
¥ 'WW dlgltﬂl data are latched into the input.
- €an be connected directly onto the data bus of

9. ¢ updatec ‘When a latch command is given by the
conme e e
' . ' _'I ‘Il |1._ all = | 1 _ »

|.L- A e (|
| o S

.Ili- F_ - ';
i B A

1
P e = -

- (1

"IIH-H:' oy

DAC structure

Generally speaking, a DAC is psed as a black box, and nﬁknaw ﬂﬁ internal :
zrkings is required. There is some value, however, to briefly show how such
W ' 8 1

version can be implemented. The simplest conversion USES a series ofﬁphﬁu ' s
con’ ut for which the gains have been selected to provide an output as givenby
f?r 'f‘f{on (3.5). The most common variety, however, uses a resistive ladder net- "|
qu%f to provide the transfer function. This is shown in Figure 3.10 for the case
w?: 4-bifconverter. With the R-2R choice of resistors, it can be shown through
s ork analysis that the output voltage is given by Equations (3.5) or (3.6). The
Ei}iihes are analog electronic switches.

—
— =

Example 3.11 _ . ar . ronn s
A control valve has a linear variation of o;?e.n.mg as the input vn.ltag_,e va{tes Ifr?m 0-
10 volts. A microcomputer outputs an 8-bit wn:{rd to control valve opening usm%latn ;
g-bit DAC to generate the valve voltage. (a) Find the reference voltage required to i

e/
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obtain a full open valve (10 volts): (b) find the percentage of v

alve OPening for , )
bit change in the input word.

tion ‘ | |
gi(}}'uTli]oe full open valve condition occurs with a 10-volt input. If a 10-

volt rc:fenen,c,.e
is used, a full digital word 11111111 will not quite give 10 volts

» S0 we use 4
larger reference. Thus, we have
V-ml = ]'-R(,Jiz_l T bjjh: S0 F fJg;}hH)
. f 1 ! l
“_)=1R(;+3+"'+R (3.5
10 _
'R = = 10.039 V
YR = 0991

(b) The percentage of valve change per step is found first from

f — ri=—3
At'nul 3 LR.:..

]
AVow = (10.039) ;;6—_ (3.7)

Thus.

0392
Percent = (0. 10)“0{” = 0.392¢9,

Microprocessor Compatible DACs

used easily with t

hese systems. The DAC is des;
the data bus, and

control lines

’ Data Output boards

Pansion slot and js 4 complete data output
system. The board has all NEcessary DACs., address decoding, and bus interface
! most Fasasl, the supplier of the board wi]| also provide elementary software,
often written in C BASIC, or assembly lang
for data output,

. N O
"""""

: Igitally encoded signal for the

uter. The transfer function of the ADC can be EXxpressed in the sm mannef
Conézuation (3.5) In that some analog vl | ' "
as

48€ IS provided zs in

erter finds a binary number that, when substituted into Equati
v

analog input. Thus,

Put, and the con-
on (3.5), gives the

vin = Vi’f[blz-_I + bzzﬂz <+

b2 (3.8)
where
Vin = analog voltage input
Vr = reference voltage
biby -+ b, = n-bit digital outputs

We use an approximate equality in this equation

because the voltage on the right
can change by only a finite step size given by E

quation (3.7),

AV = Ved=n (3.7)

Therefore there is an inherent uncertainty of AV in any conversion t?f an-aiog
voltage to digital signal. This uncertainty must be taken into account in deslgn
applications. If the problem under consideration specifies a certain resolution in

analog voltage, then the word size and reference must be selected to provide this
in the converted digital number.

— ___—_'-—'——-————________
Example 3.12

. - - oy
Temperature is measured by a sensor with an output of 0.02 vo_it:ﬁcl.n?tennﬂ;; L!fﬁ
required ADC reference and word size to measure 0-100°C with 0.1° TESO __ lution

Solution At the maximum temperature of 100°C, the voltage output is G o
(0.02 VAC)(100°C) = 2 V . 2

SO a 2-V reference is used. _ | =i N .!'- .
A change of 0.1°C results in a voltage change of s 2 .I_-J
(0.1°C)(0.02 VIPCy = 2im¥. i e S

-Jﬁillﬂ_- é'_; L i
SO we need a word size where %-F:Ii':‘, ﬂr&ﬂ i
0.002 V = QI3 4
' - . Sotving with fogar
Choose a size » that is the integer part of y plus one. Thus, seiving wi i

¥ - 1 |“|
- I“AI_I_,II rI PA
1" I'l‘—-" u Iu
we find

_ 105(2} = | ‘:_},_ i = -l 3
y = .

Lo 2™
y=999%~10 =
%0 4 10-bit word is required for this resol g

T

¥ | i 1 ]
L] . 1 0l
R T
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be- V= 0.00195 volts

' which is better than the minimum required resolution of 2 mV.

‘ Example 3.13 T

Find the digital word that results from a 3.127-volt input to a 5-bit ADC with a s.
volt reference.

Solution The relationship between input and output is

r — = =3 = -5
Vin=Vgla:27"' + @:27° + 4327 + a2 * 4 a2 >

(3.8)
Thus, we are to encode a fractional number of Vi./Ve or
! = 3.127
al ' 4 @2 "« + + {11{2_5 = s = ().6254
Using the method of successive multiplication defined in Section 3.2.2, we find

0.6254 (2) = 1.2508 . a, = |
0.2508 (2) = 0.5016 . ay = 0
0.5016 (2) = 1.0032 .. a; = |
0.0032 (2) = 0.0064 .. g, = 0

0.0064 (2) = 0.0128 -. as = ()

so that the output is 10100,.
—_—

—

Itis possible to write Equation (3.8) i
.8) 1n a simpler fash:o
Ofcountmg states, as was done for the DAC 1 ﬂl; n by usmg the fraction

sion for the actual output N expressed as a base- 10 mteger.

INT(N) = ——"32"

(3.9)
where Vi

, INT(N) = the integer part of N
: The inte '

it ugt::; {Ji;t“c:f N is then converted to hex and/or binary to determine the
2 _ _ Ithe ADC. In the Previous example, we would have

INT(N) = (3. 127/5.0)2°

soraﬂ output of 14H = 10100, as already found.

a 2.500-volt rcfenance is l 45

G ke * OULpUL was found mbe volts. What is the hex

' -ii MIW ABC m

Converters ) " -

SecC. 3.3 - . i | - E
. We will use Equation (3.9) to find th T
Solution = 2110 1ind the solution to thes T p

first part, we can form the expression these questions. For the

INT(N) = (1.45/2.5)2%0
593.92

593

= 251H

So the output of the ADC is 251H for a 1.45-voli i input. To get the voltage i input for
a 1B4H output, we solve Equation (3.9) for the voltage

Il

Il

Vin = (INT(N)2")W,

A conversion vields 1B4H = 436,.
Vi = (436/1024)2.50
= 1.06445 volts

However, it is important to realize that any voltage from this to 1.06445 + 2.5/1024
= 1.06689 will give an output of 1B4H. So the correct answer to the question is that
the input voltage lies in the range |.06445 to | 06689 volts.

Bipolar operation

A bipolar ADC is one which accepts bipolar input voltage for _canvf:rsion into_an
appropriate digital output. The most common bipolar ADCs prov-ide an ml.t_pqt
which is called offset binary. This simply means that the norrpal output 1S Shlﬂed
by half the scale so that all zeros corresponds {o the negative maximum lnpllt
voltage instead of 0. In equation form, the relation would be written from Equation
(3.9) as

INT(N) = I/‘l_ |Vin + VRI-Z]ZH QM' :
R :

From this equation, you can see that if Vi, = — Vgl2, “1;2 the ¢
INT(N) = 0. If Vi, = 0, then the output would beﬂhalf of T:'hﬁl i{, W ::.: o
the maximum count when the input is Vg/2 — Vg2". FW’ AMPIE,. 1

...' b il
[y

{
Fora] — e
¥ 'r-_ . 1Ny 12

1 e a2

3 ,,, 5 '.'L'-'I.'-_- P LS
a 10.0-volt reference, the step size is AVi, = (102" “ﬂ )3 1 s
possible states, we would have - -

Vio = —5.000 N =00 !"...;;,‘lié'-a '.
in - ,.,.._” -

Vin = —4.961 - N‘I-ﬁ
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2 back ADC
Vin = +0.039 N = 10000001 parallel-feed .
el-feedback A/D converter employs a fee LS
eic. The parfi” as shown in Figure 3,11, Es -'yl sback syst?,m 0 perform the
V- = 44961 N = 11111111, the input voltage V. to a feedback voltage V- that comes from a DAC as shown
ator output signal drives a logic net SR
There is an asvmmetry to the result so that the converter cannot represent th The comparatt” © pt) 61 th : sIt. _work that stepg the digital output
ymmetr ik 5 d hence DAC input) until the comparator indicates the two signals are the s
full range from minus to plus Vg/2. (and oy i f the' converter. Th __ . ame
within the rebolutlon_o e conve €r. € most popular parallel-feedback con-
il | . verter is the successive approximation device. The logic circuitry is such that it
1l uccessively sets and tests each bit, starting with the most significant bit of the
Example 3.15 S . : b ‘ Th - . l=i |
_ : : ‘ word. We start with all bits zero. Thus, the first operation will be to set b, = 1
thi! s the hex an_d binary output of a bipolar 12-bit ADC with a 5.00-volt reference and test Ve = VR2™ ' against V, through the comparator.
for inputs of —0.85 volts and + 1.5 volts? What input volt > :

age would cause ap Output

e If V. is greater, then &; will be 1; b; is set to 1 and a test is made of V,

— j_'| - r
versus Vy = Ve(27' + 27 °), and so on.

Solution Using Equation (3.10), we get If V, is less than Vz2 ™', then b is reset to zero: b, is set to 1, and a test

INT(N) = (1/5.00[—0.85 + 2.50]28 is made for V., versus Vg2~ *. This process is repeated to the least significant bit
= (1.65/5)256 = 84 .48 of the word. The operation can be illustrated best thmugh an example.
= 84y

H

54H = 01010100,

and
INT(N) = (1/5.00)[1.5 + 2.50]256 Nt S
= (4/5)256 = 204.8 b
= 204,,
= CCH = 11001100,
To get an output of 72H. we solve Equation (3.10) for Vin |
V= (INT(N)2")V, — Vig/l2
_ = (114/256)5.00 — 2.50 g
. . Bm = =0.2734 ¥
| . ﬂt;fﬁgt))ufe‘_tgzzg;u:]oifwer IS any voltage between —0.2734 volts and (—0.2734

[
-----

: . m hmmet,hodg in use that represent S

=l =

1
= e e I -
X I = |1II . &

_ ' " ' el el = ;
- |HF - e . ”
Wy DaLs = ':w 4 i L A sie

o - =Y 2 S {}Iﬁl‘" - _” ' N

LSRR 7 Qe of an inter
- == = .-r-.- i‘i'.. ..."..I Rl L
] II-I__ . A
i

a - - w
= e - I
" I l. ¥

.-l -

I
n 3
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Example 3.16 N

Find the successive approximation ADC output for a 4-bit converter toa3n
input if the reference 1s 35 volts. <17y,

Solution Following the procedure outlined. we have the

following operat;
V. = 3.217. then PErations; | ¢,

(1) Set by = 1 Ve =5(127") = 2.5 volts
V. > 2.5 leave by = 1

(2) Set b, = 1 Ve=25+ 5272 = 3.75
Ve 3:78 reset b, = 0

(3) Set by = 1 Ve =25 + 5273 = 3.125
Ve >:3.125 leave by = 1

(4) Set by = 1 Ve = 3.125 + 51279
Vi <3.4375  reset by = 0

By this procedure, we find the output is a binary word of 1010
- 2-

e e e

=

| In addition to the analog input, digital out
Inputs, most A/D converters

complete logic outpur, as sho

e A put, POWET supply, and reference
Ay 4 convert start logic input and 3 COnversior
wn in Figure 3.11. I

1€ apa]og Input. The ramp itself is
d in Section 2.5.8.

Sec. 33 Converters
123
~V, 0= ' 2 - | —0 b,
— — by
0 R ~
l L]
Com
| } i . o5,
|
l . Digital
\ y pamp counter
+ ¥R O | -

Convert start

Convert complete

Figure 3.12 A dual slope ADC uses an op amp integrator, comparator. and as-
sociated digital circuits.

7 | ; l r .
VoL it —Rcf Vi dt (3.13)
or, because Vp is constant and V, 1s given from Equation (3.12),
1 1 |
o e . — ¥ 3.14)

L=
1

A counter is activated at time T, and counts until the comparator indicates Vz:
0, at which time 7, [Equation (3.14)] indicates that ¥ will be

™=

. oY - el
acnt oL t

Thus, the counter time ¢, is linearly related to Vi and IS IndepERGEnT SEEEE A
g - "Ia g { o e 1 10A 11 1 L o d

tegrator characteristics, that is, R and C. This pmceduwu SUONIVE

diagram of Figure 3.13. Conversion start and J[ﬂ s

in.the timi
used in these devices, and (in many cases) internal OF eXtEHIEEEEEE

be used. oL

Example 3.17 . pili

A dual slope ADC as shown in Figure 312 Bas 1 L8 s

. . . Cd ke Gved intecralion ine
reference is 10 volts, and the fixed INtESEE

time for a 6.8-volt 'in]!lll!!a_ .

™ 1
oy a1l
1IN _
\ .5 1:' |
-l " | " - —'IL
- F B~

LI
i
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- Time Figure 3.13 The dual slope ADC

|
|
|
I
|
L the time required for a -
_.,l‘_r:k counts E\ - g Or a zero
,ﬂ StOD count croﬁsing of the mtegratur UUIDUI j‘mm 9

Start count known, fixed input.

Integrator output

Solation We find the voltage after an integration time of 10 ms as

!

= — TV,
Vi re 1V
6.8 V)
v, = (10 l'll‘_a")( A
(100 k2)(0.01 uF)
1*1 = 6.8 volts

Then we find the time required fo integrate this to zero as Vs = 0in

T] L"r I ;
fh=—= _ Xy (3.14)
V2 RC - RC'®
thus,
IV,
xr = L,R
0 (10 ms)(6.8 V)
r ]0 v
I« = 6.8 ms
The total conversion time is then 10 ms + 6.8 ms = 16.8 ms.

Genera| characteri’stics

L. Inpui Generally an analog voltage level, The mMost common levels are
0-10and 9—5 Yoltsor —10to + 10 '

tf bipolar CONVErsion is possible. In some cases,
mally supplied reference.

i - th { -. C { AN IO‘
input. al1s an encoding of the ana g
3. Reference A

4P

verters
3 Con
gec. 3.

5. Digital signals  Most ADCs require an in

-

. wiote the CONVErsSION process. Whe;n conve::sm_n is c:ampleﬁe,_the.-mvtiﬁ-'; :
to mlllualtf:_ ovide a high level on another line as an Indicator to fgllawi’ngequinmmt ‘
usually P .,
of that Statub; rsion time The ADC must sequence through a set of operations

0. 0T ?‘md the digital output as described. For this reason. an important
bef‘l"r‘:’,’t ca_n cification 1s the time required for the conversion. The time is typi-
part onllothr:(;)lﬁ5 depending on the number of bits and the design of the converter.
cally 1VU= y

*___——‘_'*
Example 3. 18

: ent of temperature using a sensor that outputs 6.5 mV/°C must measure
2 meﬂ:: ure;n 6-bit ADC with a 10-volt reference is used. (a) ng;lap a circuit to
5 mfncgthe ;:;r:naor and the ADC; (b) find the temperature resolution.
interta el

To measure to 100°C means the sensor output at 100°C will be
(6.5 mV/PC)(100°C) = 0.65 volts

' | C the ‘output
a) The interface circuit must provide a gain 5o thatial lﬂ(}"gfthemADC outp
lli‘ijl The input voltage that will provide this output is found fro
is 1 .

Solution

¥ "'] -I i s ik + a 2 )
‘.-'t = 1"}'{(H|2 e r< * 6

I B 3
v, =10 (e ho il

-

.ilf b g .8 l3; 5 h .
-‘I I Ll L i - ] : = | L lmoc

9.84375
aln = —gee

= 15.14

" f‘ is | ain- ™ | ; ‘
) circuit of Figure 3.14 will prowics : dgby working backward from the
o U?b;mjf[;\c temperature resolution can btf: tl;ou?kDC -
L t e .
least significant bit (LSB) voltage change 0

AV = VRZ’" i
.'1 l_s — llO)(:‘b) — 0.[5625 v ol |.|.|I A .
sensor change of
: : esponds (o @ S€NsOl P
Working back through the amplifier, this COrTesp o .

AVr =514 it

00102V _ yepe

T e g ”.."..-.. If_'
'¥"Ta£.'.-.:?- .!? ir- =

Or a temperature of

I —
.i.

-
RN ) |
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14.14 k0
6.5mV/°C | 6 bit
. . taur
1 kD
2 10V
Reference
Figure 3.14 Circuit for Example 3.18.

Microprocessor compatible ADCs
Just as with DACs, a whole line of ADCs have been developed that interface
easily with microprocessor-based tomputers. The ADCs have built-

In tri-state

can be connected directly to the data bus of the computer,

Computer. The AD
Input 1s actually taken by the compu
The decoding circuitry j

. -convert command.
L0 input the convert-complete res - - '

€ response from th
enable back to the ADC ¢ ADC, and t

‘ —_ |||IIII_ 5 'LII1-—
sec. 3.3 Converters | vy 13

Data input boards e i

Just as in the case of DACS, there are now many types of data input boards for
rsonal computers. These boafrds. which plug into €Xpansion slots, contain the
[::DC(‘;) addressing and decoding, bus interfac

. €. and the reference for the con-
rter. Often, many channels of input can be ¢
verter.

aken from a single board. In most
ases. the manufacturer will provide user manuals and software in a common
C +

language for use in data acquisition systems.
d

Sample and hold

The ADC requires a certain length of time to determi

utput from an analog input. For different ADCs. th
?nicmseconds to several milliseconds. It

change during the conversion.

For slowly varying signals and converters performing the conversim_in a
few microseconds, this is not a problem. In some cases. however, tt_ae_mgna]
ehan e rate and conversion rate are of the same order, lq these cases it is nec-
zssargy to “‘freeze’’ the input signal during conversion. This can be done using a

' : ireul d a . le and hold.

al op amp circuit called a samp _ .

e Thepcircuit in Figure 3.16 shows the essential elements of_a sampl_f% and hold.
The field effect transistor (FET) on the input operates as a snmple. gwytch. :Mhen
it 1s iﬁ the “‘closed’ state, the voltage on the capacitor follaws th.e q!pu; vo tagg
The capacitor voltage is coupled to the output through the very high input imped-

oltage follower. r B m A e
i :‘Vhef the FET is driven to the “‘open sta:lei E‘E'T""I..t“f'en:;‘ tl‘;*‘; :gﬁ;‘l’:

: tate of the ~occurred. It is possible
will hold the last value before the open s | s Apetin arwiion T2
now to measure this value using the voltage foll‘ower. because its high inp do
ance will not appreciably discharge the t._:apac.lto_r‘ Jid the ADE. T aemalle oy

This circuit is placed between the signal SoUlEE 45 .ADC,_G the FE' s et
in the closed or sample state. When a conversion is to be made, FE’T R

-..I
K _-‘—.
m

ne the appropriate digital
IS time varies from a few
is clear that the input voltage should not

the converter i ted and com e
driven to the open or hold state._Tht?n t_hf: C;l_n?ﬁlt'lt;l_': I§ q_#‘ i
proceeds. When the data acquisition is complete, FE Tis B
sample state.

(1
- - _"-T‘

T "= s -
i I'I_III + M'_.
|'.",|' - F l.l_.l-l .
v _r:l""'l ” . I t:':l &

- I
|_.."II =l

a
-
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3.4 DATA ACQUISITION SYSTEMS

A digital computer can make a tremendous number of Calculations jn as
because the typical time required to execute one instruction may -cond,
microseconds. For example, a typical microprocessor can add two 8-bit b
numbers in 2 ps. By contrast, most process-control Installations Involye pr{;nary
variable variations with a time scale on the order of minutes. For this reasg fiess
others discussed in Chapter 11, the efficient use of computers in process‘ !
means that a single computer may control many variables. To do this, th
puter periodically samples the value of a variable, evalu ‘
grammed control operations. and outputs an appropri
final control element. Under the program control. th
other of the controlled variables. samples, evaluates.

COntro|
€ Com.-
O pro-
0 the
IS an-

ates it according
ate controlling signal
€ computer then sejec
and outputs, and SO

" " " 0
all the iocps under its control. Getting a sample of a real-world number intcl;l [ti?r
computer is not easy. It requires 3 combination of hardware and :

grams) 1o enable the computer
process vanable, such as temper
of doing this, and its

to read in a number that m
ature, pressure, and so on
reverse of output, is called by the ge
C and any necessary amplifiers and w
€r an interface to some computer for

4y represent Some
The overal Process
neral term interface.
rite the programs re-
d process application.
such a system for each
ala acquisition system
- Sources to be inputted to the

Isitio , but it is possible to
nin Figure 3.17. The following para-
h block of_th_e DAS. Most data acqui-

, called
or single-ended voltage
ave 8 differential input
ler can then select any
of data in that channel.

gnals (two-wire)

- ' » & System may h
€-ended inpyt channels. The comypu

under program control for input

Channels or 16 sihgj
one of the channels

G word can be selected by the use
making the m. _ | by the user.
o the m"d“l"- channe| addresses appear 1o

computer
,ddfﬁi
lines

gontrol

lines

Computer
data

lines

1E 8

sec. 3.4 Data Acquisition Systems
Analog input channels i
SN WIS
e Analog multiplexer
Address
decoder

v Amplifier
Read I

: ' i e
. Output :
. latch : ADC v
: tristate rof
r Figure 3.17 Data acquisition system.

the computer as addresses of memory locations. Thus, if the computer executes
a command to fetch the contents of some memory location, it may aemalls'be
selecting some analog input channel. In other words, the selecting of an input
channel is equivalent to reading the contents of a memory location. In other
systems, a binary code is sent from the computer through special input/s

' ; d input the data on that channel. In such
devices to select an analog channel and input the d i SIEALAL AT OV
cases, the selection of a channel is done by what may hecaﬂedammﬁ T
code. SO e T AT

Analog multiplexer

This element of the DAS is essentially a solid-state switch "’ vt
address signal and selects the data for the sslec.t.qd-_:.,___ _. e
connected to that analog input line. e e .._-':._;.-;{.il-};'}.- ool

As shown in Figure 3.18 for a single-ended sy 11 |

_I!;-1-. . -
~lpse 1
i < e

an input from the address decoder and uses this to €lose
to allow that channel signal to be passed {0 the NEXE SEEEH
3.18 shows that channel 2 has been selected, WhIGH WA=

selected by a 10 on the input linefs,s._fmf_. Jj',,rf i
0, 01 channel 1, 10 channel 2, and R L

- .
»

convert the computer address i-lw g

|||||||

|
"’

F

has been addressed by the con 11 -0
effect transistors (FETs) that have at
and 'all t-naﬂp- resi 'ii“-""rg'_"f}:_:i‘_'? hundreds |

r

i - LY
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Analog channels

o Switch
;fcd::r e selector
L J

'

Analog output

Figure 3.18 Four-channel analog multiplexer,
Amplifier

Most data acquisition systems include a

variable gain amplifier that allows the
USEr to compensate for the input ley

¢l of the signals. The integral ADC usually
is designed to work from 2 definite unipolar or bipolar input range so that input

levels must be adjusted to fall within this range. Thus, if the ADC signal input
must be in the range of 0 to 5 volts, ‘ | IS given a gain to assure that
the_lnputs will be within this range. If there is a great difference between the

u Input signal levels, some signal conditioning may be required prior to
application of the signal to the DAS.

part of the DAS is an an
ages that span a Speci
g. The converter
inputs, Features s

alog-to-digital converter. The
fic range as provided by the pre-
usually can be configured to accept
uch as offset adjustment and full-scale

converter will accept volt
ceding signal conditionin
either unipolar or bipolar
adjustment are common,

3.4.2 Application Notes

3.4 Data Acquisition Systems
Sec. v

gample and hold

sing the DAS, account must be made for the fact that
When us

annels may be changing very rapidly. If the changes are fast enough so
inpu Chd'n al varies during the conversion time. a sample and hold must be used
that the S'f:l“d el to hold the value during conversion, This adds to the complexity
oIt Z‘;[d;?;re because account must be taken of commands to the sample and
of the s

hold module.
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the signals on the

compatibility 1o computer

-ases, a data module is designed to work with only one model or type
[n many &< This is particularly frue of microprocessor-based computers where
of C?mp““ff' o rie:*% greatlv between microprocessor models. Thus. it is ne'ce?sary
archt;ecttiiz r:ti m;:.dule that is compatible with the input/output characteristics of
to selec ¥

the computer.

Hardware programming

- ions for use in input/output operations.
ydiles oiv - ny options for use in inpu ut operatic
ata modules give the user many _ . bt
MOSF d?)tptions include unipolar/bipolar operation, adimss_ seiectilg:n y seﬁzc o
Th.esed-fferenli al/single-ended operation, and others. T.eytarf: li:ll;nt'of o
g ld jumpers between pins of the module or by the attac res
wired j - _ o s
z: specified in the specification sheet of the module

Software programming

' ing i software routines that
Another important aspect of inpul[output mterfa;mg ols ﬂzib[e'mth igareed
will use the data modules. These routines must be COMP ware

acteristi the module, The programs may
programming and the other characteristics of for caampie. JHI8

nlete conversion, =
include delays waiting for the ADC to complete ¢ . - ..

aspect is discussed further in Chapter 11.

Overall response time .

vide the digital conversion &’ S8 GG
A data acquisition system does noit ptl;(;;licwm Rather, there is a delay »
selected channel the instant the selectic -

.1 while -:.1_.'-"-;-'._:;:?!.4 I‘:_
: ystem channel, while the ampiEs B2 v s
the multiplexer acquires the sysiem ch k

by )C performs the CORVETSIEH =
value on the channel, and while tget‘:DC piol;ﬂgﬂt R
This time will be important for a det l.fﬂm__ s

P ¥ "'4.'}"'
+:b||.,l|
}ll

from the DAS. The time may run from IEU8 B0 0y o ains

L
]
-

TIVE
- i -

. * anmk L }I-'ﬂ__:t.':,zl.l.;f =Y -
microseconds, depending on lJP.Q e
and signal-switching speed.
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SUMMARY

This chapter provides a diital electronics background to make the re
l‘ . = ] = - ~ - .
versant with the elements of digital signal processing and able to perfg

analysis and design as associated with process cogltroL :
- o - S ncoding of analog inf -
1. The use of digital words enables the e g Og Informatjgp, intg

ader Con.
'm blmple

a digital format. fractional decimal numbers as bj
2. It is possible to encode fractional de €r's as binary ang Vice

versa using
- Ny =2 e Y —m
f\“[} = blj [ + [}3- + + !-}.F‘Hi-'

(3.1)

3. Boolean algebra techniques can be applied to the development of Proces;
alarms and elementary control functions. ‘

4. Digital electronic gates and comparators allow the implementation of PIO-
cess Boolean equations.

5. DACs are used to convert digital words into analog numbers
fractional number representative. The resolution is

AV = Vg2~" a7

using a

- 6. An ADC O'f the successive approximations type determines an output
digital word for an input analog voltage in as many steps as bits to the word.
_ 7. T_he dual_slope ADC converts analog-to-digital information by a combi-
nation of integration and time counting.
8. The data acquisition system (DAS) is a modular device that interfaces

many analog signals to a computer Signal addre : , :
: : : ss decoding, mult
ADC operations are included in the device. B, MUtpIOHIES

PROBLEMS

Section 3.2

3.1 Convert the following binary numbers

11011, (c) 010119, into decimal, octal, and hex: (a) 10103, (b)

3.14 An 8-bit DAC with a 5 .00-volt reference

Problems 133

3.8 A process control's moving speed, load weight, and rate of loading in a conveyor

system. The variables are provided as high (1) and low (0) levels for digital control.
A'Ln alarm should be initiated whenever any of the following occur: |

a. Speed is low; both weight and loading rate are high.

b. Speed is high; loading rate is low.

Find a Boolean equation describing the required alarm output. Let the variables be
§ for speed, W for weight, and R for loading rate.

3.9 Implement Problem 3.8 with (a) AND/OR logic and (b) NAND/NOR logic.

Section 3.3
3. 10 A sensor provides temperature data as 360 WV/°C. Develop a comparator cireuit that

poes high when the temperature reaches 530°C.
A light level is to trigger a Comparator high (3 V) when the intensity reaches 30 W/

i m=. Intensity 18 converted to voltage according to a transfer function of 0.04 VAW/
m2). Noise is found to contrnbute = 1.6 W/m?® of intensity ﬂucnilations. pevelop a
hysteresis comparator to provide the required output and immunity for noise.

3.12 A 6-bit DAC has an input of 100101, and uses g lU.D—volt.reference. {a) Find the

‘ output voltage produced. (b) Specify the conyersion resoluuon‘. | |

3.13 A 4-bit DAC must have an 8 00-volt output when all inputs are high. Find the required

reference. | ‘ |
connects to a light source with an intensity
given by I; = 45V°= Wim®. e ; .

; 1S e of | iitv which can be pro :

a. What is the range of intensity Wichcali P
b. What intensities are produced by digital inputs of IBH. TA_H. OFH, and ESF

c. Plot the intensity versus hex mput. and comment on linearnty.

3.15 An 8-bit ADC with a 10.0-volt reference has an input ot 3;’?7 g?-sztmﬁtrl’hseucll:pg:jt:é
output word. What range of input voltages u-"(}.uld p_rodm-.e "ts :q utput? S

the output of the ADC is 10110111,. Whaﬁl 1S the‘ input v@ -ag ¢ " e

3.16 An ADC that will encode pressure data 1s required. The input SIgn 666.6 _

- | : i cessary for the
ZH If a resolution of 0.5 pstis required. find the number of bits necessary it s

ADC. The reference is 10.0 volts. ,
' imum measurable pressure. s Lol o
b. Find the maxim nce. What output 1S ‘

- ' fere
ipolz C has 10 bits and a 10.00-volt re ‘What is the input vo
= i?prlir:‘i};'r 1‘\4[)3 V. —0.66 volts, + 2.4 volts, and +4.8 volts? Wnat.;sthb_m;ﬂ:!é !
l . ‘b == “ 1 3

if the output is 30BH? L o
3.18 A sample and hold circuit hke the one_shﬂ‘ﬁ'“\‘:;'#fi%?"- 18 .I.l‘_,ﬂlf__, the
the ON resistance of the FET 15 75 ). For O e e :

- - al voltage? How does this limit
capacitor voltage down 3 dB from the signal voltage - . L_i:: A
plication of the sample hold?
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3.19 A DAS has an ADC of 8 bifs with 8 Q- 10 2.2-¥EEL S i
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CHAPTER 7/

gec. 7.2 Final Control Operation R -

-z
process for necessary corrective action is €xpressed b
FINAL CONTROL

representation. In general, the controlled process itself m@ inva‘l—vé' o hfgh b );ﬂ_
condition, such as the flow of thousands of Cubic meters of [iqﬁid or 3;:%
hundred thousand newton hydraulic forc 2 | 2 L
ﬁ—_\ of the final control element is to transa
of action commensurate with the proce
an amplification of the control signa. signal is als
converted into an entirely different form, |

In this chapter, the general conge
function are presented together with s
control.

A sensor used to measure some vari
should have negligible effect on the process
is based mainly on required measurement sp
(of the sensor) from harmful effects of the
tion, the process-control technologist nee
mechanisms of the process itself.

These arguments do not apply, however,
element. By necessity, the final
process and therefore must be sele

Pis 1o implement the fj

_ nal control elemer
pecific examples in sev

eral areas of proces

able in a pProcess-control applicatio
itself. It follows that sensor selectio
ecifications and necessary protection
process environment. In sensor selec
d not have intimate knowledge of th

when considering the final contre
control element has a profound effect on th
cted after detailed considerations of the proces
operational mechanisms. Such a selection. therefore, cannot be the responsibilit

of the process-control technologist alone. In this view. the process-control teck
> final contrg] elemen nologist should have sufficient background on the final control element and it

associated signal conditioning to know how such devices interface'w‘ithjp_rgcl‘.din
process controllers and transducers. The technologist should be ahletﬂ com

nal control operation. municate and work closely with process engineers on these subjects. The objec
(rical signg] conversion, tives of this chapter were selected to fulfill such responsibility.

= Tl :
'y and Stepping motors.

! I_:III e T
:ﬂ”.- .

T2 FINAL CONTROL OPERATION

Final control element operations involve-!;hf Steps necessary to ¢
signal (generated by a process controller) into pr

nnal
ANARI

itself. Thus, to use a typical 4-20 mAﬁ! _.'_'?-i_ﬁ%f‘-;:"i*i"ii‘ ' =
Say, 10.0 m*/min to 50.0 m*/min certainly requirs

A Ll R
Ly
- 1 | a

The specific intermediate operations var ks

control design, but certain g oneralizal i ons OR5 B8
from the cuntmlsngnal'im 1} e fin Ijr TC
application the conversion of a pro

etfergy ﬂﬂalﬂg or digitﬂl repmm ': E_-:E_llérll - -'r' 1l '.'____';.1:.., ,' |'_-r"-'i-- 1S, 1INCit
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