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AMPLIFIERS

This chapter covers electronic amplifiers. An
electronic amplifier is a circuit using active
devices such as transistors and ICs that allows
an input to control a power source 10 produce
some useful output. Industrial sy;stems may
also use hydraulic, pneumatic, or magnetic

amplifiers.

6-1 -
SIMPLE LINEAR TYPES

A linear amplifier s one whose output signal is a
replica of the input signal. For example, if the input

_ signal is a sinusoid, then the output signal-from the
amplifier will also be a sinusoid. The purpose ofa”

linear amplifier is 1o increase the leve! of the signal.
mp

In an industrial control system. the output from a -

temperature Sensor may vary only several millivolts
over ils entire operating range. Small signals such as
this must be amplified to be useful. Ampliders are
often identified according to the power level that they
produce. Amplifiers that produce signals at signifi-
cant levels of voltage or current are usually called
power amplifiers. Amplifiers that work at small volt-
age and current levels are usually called voltage am-
plifiers or small-signal amplifiers.

The amount of gain that an amplifier produces is
often measured in decibels (dB). Tke dB power gain
of an amplifier is evaluated by

dB=mxlog%~j-!
n

For example, if an amplifier develops a 100-W output
signal when driven by a 1-W input signal, then the
power ratio is 100. The common logarithm of 100 is
2; therefore the power gain of the amplifier can be
stated as 20 dB. Small-signal amplifiers are usually
evaluated in terms of their voltage gain. Since power
varies as the square of the voltage, the dB gain is
evaluated as follows:
¥
dB = 20 X Iog-g‘.‘“
ot m
Suppose an amplifier develops a 5-V output signal
when driven by-a 100-mV input signal. The voltage
ratio is 50, the common logasithe of 50 is 1.7, and
the gain of the amplifier is 34 dB. Since the dB system

is based on power ratios, it must be adapted to work
with voltage ratios by doubling the logarithm, which
is equivalent to squaring the voltage ratio. However,
there is an implicit assumption: that the input imped-
ance of the amplifier is equal to the output impedance
of the amplifier- This rule is commonly violated, aad
the dB voliage gain of a circuit is often evaluatad

- with the preceding equation even though the imped-

ances are not equal.

Figure 6-1 shows a simple common emitter ampli-
fier circuit. The name common emirter is used since
the input signal is supplied to the base circuit, the
output signal is taken from the collector circuit, and
the emitter terminal is groonded and is therefors
common to both the input and output circuits, This -
circuit is useful for amplifying small signals since it
can be expecied-to show a voliage gain of about 100
times (40-€B. igrioring the impedances). It can ke
viewed as a voltage amplifier even though it is based
on =z bipolar transistor. which is  current amplifies.
This idea was discussad in Chapter 2.

The input signal is capacitively coupled in Fig.
61 to the base of the tramsistor. As the input signal
goes in a positive direction it will aid the supply
voltage (V) and increase the base current. Since the
transistor is controlled by base current, the collector
current will also increase but many times more since
there is quite a bit of current gain from the base Lo
the collector. The increase in collector current wil
cause a greater drop across the collector load resistor
(R,), and therefore less voltage will drop across the
transistor from collector to ground. It can be seen
that the output signal goes in a negative direction
(less positive) when the input signal goes in a positive
direction. Thus, the output signal is phase-inverted

e =15V

Cuip
signal

5.1 Comman emittar volage amplifier.
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18" when compared to the input signal. As th2 input
signzl goes in a negative direction, the base current
decreases, the collector current decreases, and the
drop across the transistor increases, making the col-
actor terminal go in a positive direction.

Figure 6-2 shows a graphic presentation of the
ampiifier performance. Ti consists of a collector fam-
ily of characteristic curves upon which a load line
hzs been added to show how the collector load and
supply voltage will interact with the transistor to
develop an output signal. Notice that one end of the
lozd line terminates on the horizontal axis at & value
of 16 V. This is the cutoff voltage and is equal to the
supply voltage in Fig. 6-1. Also notice that the other
end of the load line terminates on the vertical axis at
avalue of 18 mA. This is called the saturation current
and represents the maximum flow with a 16-V supply
and a load resistor of 889 Q1. Use Ohm's law to verify
this current. An amplifier can operate anywhere
along its load line between saturation and cutoff.
Small-signal amplifiers usually operate near ihe cen-
ter for best linearity and maximum signz! output
swing. The amplifier of Fig. 6-1 will operate where
the 40-pA base curve intersects the load line due to
the 16-V supply and the 400.000-02 base-limiting re-
sistor Rg. Use Ohm's law to verify this current.

The operating poeint is also called the guiescent
point. Itis marked witha Q in Fig. 6-2. The gudescent
value is the steady-state or resting condition of the
amplifier. Quiestent values can be measured with no
input signal applied. The quiescent collector-to-em-
itter voltage can be found by projeciing down from
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the O point in Fig. 62 and is seen to be a litle less
than 8 V. The quiescent collecter current is found by
projecting to the left and is 2 little over 9 mA. What
happens when an input signal is applied? An ac input
signal will drive the amplifier above and below its 0
point. Figure 62 shows the amplifier being driven
with an input signal of 40 p A peak-to-peak (from 60
to 20 wA). By projecting this swing down, the output
signal is shown to be about 8 V peak-to-peak. The
voltage gain can be calculated if the input resistance
of the base-emitter circuit is known. This resistance
is approximately 2000 (2 in a circuit of this type. We
can now use Ohm’s law to calculate the input signal
valtage required to develop a signal current of 40 pA
peak-to-peak:

V =40 x 107 x 2000 = 0.08 V

The voltage gain of the amplifier is 8 divided by 0.08,
or 100 times. It should now be clear how bipolar
transistors can be viewed as voltage amplifiers even
though they are inherently current-amplifying de-
vices.

Figure 6-2 is also useful 1p explain clipping in a
linear amplifier. If the input signal is too large, the
output signal will be clipped. The limits at which the
clipping will oceur are saturation and cutoff. The
amplifier will clip if the output tries to swing more
than about 15 V peak-to-pezk. The output signal will
no longer be a good reproduction of the input. A

=verely clipped sine wave, for example. looks more
ike a square wave. This is not desirable in linear
amplifiers. It is avoided by operating the amplifiers
near the center of their load lines and by not allowing
the input signals to become too large.

Figure 6-1 can also be evaluated with a few simple

alculations. We know how to use Ohms law "o
calculate the base current at 40 pA. If hgzis known,
the collector current is found by:

Ic = "IFE x [g= 230 x 40 x 107% = 9.2 mA

You can verify /ge and the quiescent collector cur-
rent from Fig. 6-2. Chapter 2 covers how to calculate
hgg from the curves if you have forgotten. The hee
varies quite a bit from transistor to transistor. Sup-
pose the circuit is constructed with another transistor
which has an hgg of only 50. In this case. the collec-
tor current will be only 2 mA. The drop across the
load resistor will be 2 mA % 883 Q, or 1.78 V. This
means that the drop across the transistor will be 16
— 1.78, or 14.22 V. The transistor will be operating
near cutoff, which is not a good arrangement. The
output signal can now be no larger than 3.56 V peak-
to-peak before clipping starts to appear on the posi-
tive peaks. It should be clear that the circuit of Fig.
6-1 is not practical because it is too sensitive to fige-
It is also temperature-sensitive, and its Q point will
move toward saturation as it gets warmer.

Figure 6-3() shows an improved common emitier
amplifier. This circuit is not nearly so sensitive to
hee and temperature. It is improved by the addition
of two resistors: one in the base circuit and one in
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the emitter circuit: Resistors Ry, and Ry, form a volt-

age divider to set the base voltage at some fraction
of the supply voltage. The divider curmrent is much
greater than the base current (typically 20 times as

much) and therefore behaves essentially as an un-.

loaded divider fo provide a stablé base voltage. Plac-
ing different transistors into the &ircuit will not

__change the base voltage or current appreciably. Re- -

sistor Rg is sdded in the emitter circuit to provide
negative feedback. If a fransistor tends to conduct
more current, the drop across the emitter resistor
will increase, thus subtracting from the forward bias

_for the base-emitter junction. This condition tends to

decrease the device current. The negative feedback

stabilizes the operating point. The negative feedback .

increases the imput impedance of the amplifier by an
amount equal to hgg times Re. The negative feedback
also affects the signal performance of the amplifier.
The voltage gain is much lower and is approximately

_equal to R; divided by R ;. However, the gain zan be

restored for ac signals by eliminating the ac negative
feedback. This is done by adding an emilter bypass

“QotIut sigrai__

Ouzput sigral

Input
>

signal
i

lyee

A

121

Fig. 6-3 Improwed amplfier circuits. () NPN common emitter

2 am?!.iﬁer_. (M PXF common emitter amplifier.

% CHAPTER 6 Amllil-'léns 131
capacitor (shown as a phantom ccmpnnenl in F:g
6-3[a)). The capacitor is selected 1o have a rcacr.ancc
of about one-tenth the value of Ry at the lowss:
frequcncy of operation.

Figure 6-3(5) shows the PNP \ers:on of the. im-
- proved amplifier circuit. It has the same ac charas-
tefistics as the NPN wversion but uses a negative
collector supply. Compare the two versions and note
that the dc currents are reversed. =

The circuits discussed thus far bave shcmn capac-
itors for coupling signals and for eliminating ac negz-
ative feedback. These techniques are not dszful in
dc amplifiers. Direct coupling must be usad in d¢
amplifiers. One very popular direct-coupled arrange-
ment is the Darlington amplifier shown in Fig. 6-4(a).
The emitter of @, is directly connected 1o the bassz
of 0». Thiscircuit provides a very high gain from the
input to the output. The input impedance is also
increased by this arrangement. If each transistor hzs
an hys of 200, the overall current gain will be zp-
proximately equal 10 hgg; times hges, or 40,000. In
practice it is difficult to achieve this much gain. how-
ever. The first transistor must be operated at a ven
low level to avoid driving the second transistor inio
saturation. Transistor gain tends to drop off at low
current levels. In spite of this, the circuit still pro-
vides considerable current and Voltage gain. \\'he
two rassistors are connected in the Dardinzton 2
_rangement. they éssentially behave as asingle tran-
sistor with super gain’ For [hlS reason. they are av ;1‘

$r

teput ——t

1|—AAA

(&)

Fig. 6% Darlington conpection. (a) NPN Derlington amplifier.
(k) NPX Darlington transistor.
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TABLE 6-1 AMPLIFIER CONFIGURATION SUMMARY

Common
Collector
Common Common {Emitter
Emitter Base Follower)
Input signal applied to  Base Emitter Base
Qutput taken from {LCollector Collector Emitter
Current gain High 50 to 100 Low =1 High 50 to 100
Vollage gain High =100 High =100 Low =1
Input impedance Meditm =1200 0 Low =50 0 High =100 k2
Qutput impedance Medium =20 kil High =1 M1l Low =50 {1
Application General purpose Low to high Buffer amplifier
impedance
transformer

able packaged as a single device with one base, one
emitter, and one collector lead (Fig. 6-4[b]). In ad-
dition, PNP Darlingtons are available.

The common emitter configuration is the most pop-
ular way to arrange an amplifier circuit. However,
two other configurations exist, as shown in Fig. 6-5.
The common base amplifier in Fig. 6-5(a) is so named
because the base is common to both the input and
output circuits. This configuration has a low input
impedance since the input signal is applied to the
emitter terminal, which is a high-current point. It is
therefore limited to amplifying signal sources that
have a low characteristic impedance. The ou:put
impedance is high. The output signal is not phase-
inverted as it is in the common emitter amplifier. It

4 E/---\_C
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(2] Coem=2n Dase amplifier
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Fig. 6-5 Other amplifier confgurations

provides no current gain but does provide voltage
and power gain. The common collector amplifier con-
figuration is shown in Fig. 6-5(F). It uses the emitter
terminal as the output and shows no voltage gain;
there is actually a slight loss in signal voltage. The
output is in phase with the input, and the circuit is
usually called an emitier follower. Even though it has
no voltage gain it is still very useful, especially for

-eliminating loading effects on a signal source. It has
a reasonably high input impedance and a low output
impedance and is often used as a buffer amplifier. It
does provide current gain and power gain. The circuit
of Fig. 6-4(a) can be converted 1o a Darlington emit-
ter follower by moving the load resistor to the emit-
ter circuit of O, to provide an even higher input
impedance. The common emitter amplifier is the only
configuration that provides both voltage and current
gain. It also provides the highest power gain and is

- best suited to most applications. Table 6-1 provides
a summary of the amplifier configurations.

Other transistor types can be used to build ampli-
fiers. For example, PNP devices can be substituted
in the circuits shown by using a negative collector
supply. Metallic oxide semiconductor field effect
transistors (MOSFETs) can be used, although the
gate-biasing techniques may be different. For those
applications where a signal source has a high imped-
ance MOSFETS are attractive. Since they are volt-
age-controlled transistors, they do not load the signal
source as much as biopolar transistors do. They are
often used in the first stage of a multistage amplifier.
Bipolars will be used in the subsequent stages since
they are less expensive and provide better gain.
Power MOSFETs are attractive in some applications
and are replacing power bipolars. Some of the in-
dustrial applications arc in dc motor control, ac mo-
tor control, power supplies, induction heating, and
high-frequency welding.

REVIEW QUESTIONS

1. Calculate the dB power gain for an amplifier
with an input signal of | mW and an output signal
of SW.
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2. Calculate the dB gain of an amplifier with an
input signal of 0.5 V peak-to-peak and an output
signal of 20 V peak-to-peak (assume the input
impedance is equal to the output impedance).

3. A transistor amplifier is driven at its base ter-
minal, and the output signal is taken from its col-
lector terminal. What is the configurztion of this
amplifier?

4. What is the phase relationship between the in-
put and the output voltages for question 37 )
5. Refer to Fig. 6-1. If the drop across the col-
lector load resistor is 12 V, what is the voltaze

from the collector terminal to ground?

6. Suppose the base bias resistor in Fig. 6-1
opens (infinite resistance). At which end of the load
line will the amplifier operate?

7. What will be the collector voitags for gues-
tion 67 =

6-2
DIFFERENTIAL AMPLIFIERS

A-differential amplifier (diff amp)_responds 1o the
difference between 1wo input -signals. Figure 6-6
- shows a simple example: The circuit has two inputs.
~ and two outputs. It is possible to dnve such an am-

plifier at one, or at beth, of its_inputs. 1tis also”. -
- possible to take the output signal fromone. or both.

of its outputs. In a single-ended ouiput the signal s

- being taken from one of the outpuis ireferenced to
ground). In a differential ouiput ihe signal is being
taken from both outputs {not referenced to ground).
The amplifier is very flexible in this respect since it
offers four combinations of input/output conditions.
Differential amplifiers are important in their own
right. They are very flexible and stable and capable
of rejecting some types of noise. They are even more
important as an integral part of operational ampli-
fiers, which are covered in the next section of this
chapter.

o

Input A

Fig. 6-6 Diffcrential amphfier.
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. Direct coupling is the method uszd to provide dc
_gain. When quite 2 bit of gain is needed, several

stages must be arranged, with the output of the first
amplifier directly coupled to the input of the second

- amplifier and so on. When this multistage arrange-

ment is used with the simple designs of the preceding
section, drift becomes -a problem. Tran sistors are
l:mpe_ramrc-sensilive.' When many stages are direct-
coupled, even a small temperature change in the first
stage can drive the last stage into saturation or cotofl.

Temperalure compensation and negative feedback
can be used to stabilize the operating point, but the
circuit tends lo become expensive and complicated
A differential amplifier is an attractive choice be-
cause its design inherently cancels drift due 1o tem-
perature change (refer to Fig. 6-6). If the two tran-
sistors are closely matched and maintained at the
same lgmperature. any lemperature change will af-
fect both outputs by the same amount. We will s2s
that such changes are canceled in the differsntiz!
output. Matching transistors is 2n expensive propo-
sition in discrete circuitry, but fortunately it is &
byproduct of monalithic circuit comstruction. Since
all of the devices are formed at the same time, thel
have well-matched characteristics. They also track
well in temperature since they exist together in 2
single monolithic structure. Thanks to integrated cir-
cuit technology. differzntial and pperational ampl:
fiers-have found wide applicasion in-indostrial €ir-
cuitry. : :

" - Suppose the a’mr‘liﬁc_r of Fig'..k-é is driven with =

sinusoid at its B input only. As you would expect.

“the input signal will cause changes in the base cur-

rént. which. in tern. will create a'collector signai 2
output B. We can also expect that output B will be
phase-inverted. Now look at Fig. 6-7. It shows th=:
both outputs are active. Why is this so, since only
input B is being driven? The reason is that both sides
of the differential amplifier share emitter resistor Rz
When'input B goes positive, the base, collector. and
emitter currents of Qg all increase. This causes an
increase in the current through Rg which increases
the voltage drop across it. This drop acts as a posi-
tive-going signal fed to the emitter of Q,, which re-
sponds as a common base amplifier, and it produces
a positive-going output at A (Fig. 67). Thus, both
outputs are active even though only one input is
driven. The same results can be obtained by driving
only input A, except that output A will be out of
phase and output B will be in phase with the input.
Driving only one of the inputs creates a difference
signal to which this tvpe of amplifier responds.
Figure 67 also shows that the differential output
(A — B) has twice the peak-to-peak swing when com-
pared to either single-ended output: For example, if
output A has swung 2V positive, then output B has
swung 2 V negative, and the difference is +2 —
(-2) = +4 V. What happens if both inputs are
driven with the same signal? Of course, if they are
driven the same, then the difference is 0 and there is
no difference to amplify. Any signal applied to both
inputs with exactly the same phase and voltage is
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Dutput A

Cutpui B

Differential output (A — B)

Fig. 6-7 Ouiputs with dirferential input.

known as a common mode signal. Figure 6-8 shows
what happens. When input A and input B are driven
by a common mode signal. the outputs are in phase,
If output A has swung 2 V negative, then output B
has also swung 2 ¥ nonative, and the difference is
—2 = (=2) = 0 V. So when the output is taken
differentially, any common mode signal is canceled.
It will be shown a little later that it is also possitle
to cancel common mode signals at the single-ended
outputs by adding a current source to the emitzar
circuit of the diff amp.

The albility of differential amplifiers to cancel com-
mon mode signals is an important one. Many signzls

have corimon mode noise. A prime example is in the

case of floating measurements, where the oscillo-
scope probe cannot be grounded because of the pres-
ence of ac voltages (reference to ground) at beth
points in a piece of equipment across which a wave-
form must be measured. Figure 6-9 shows how a
differential amplifier can be used to make such a
measurement. Nolice that input A is a higher-fre-
quency wave that is riding on a lower- l'requency sig-
nal. The lower-frequency signal is undesired and is
Known as noise, or hum. Input B is about the same,
but note that the phase of the higher- -frequency sigral
is inverted, Now look at the output. The low-fre-
quency noise, or hum, has been canceled, and the
high-frequency signal has been amplified because it
appeared as ifferential signal. A differential am-
plifier ¢ . ulsg eliminate high-frequency noise if it
appears as a common mode signal.

Cu!put A

QuiputB—f ——

Differential output (A — B)

Fig. 6-8 Outputs with common mode input.

Input A

Sigral Nesa (hum)

input B

Differential
output
(A=8)

Fig. 6-9 Elimination of common mode ncise.

A differential amplifier must be perfectly balanced
if it is to cancel the common mode signal completely.
Perfect balance can never be achieved. For this rea-
son. a way of measuring performance is required.
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" negative supply. The zener drop is applied across the

The figure of merit is known as the common mode™

rejection ratio (CMRR). It is found by

Gain (dilferential)
ain (common mode)

_ CMRR = 20 X log 5

For example, suppose an amplifier shows a voltage

_gain of 300 for a differential signal and a voltage gain

of 0.01 for a common mode signal. The gain ratio”
will be 30,000, the common logarithmis 4.3, and the
CMRR is 90 dB. Note that the amplifier actually
decreases the common mode signal to only 1 percent
of its original value. This is the opposite of amplifi-
cation and is called attennation.

Figure 610 shows an important improvement to
the differéntial amplifier. It is powered by a dual
supply. Compare this with Fig. 66 and verify that
the voltage divider bias has been eliminated. The
negative emitterr supply (Vgg) allows the bases of
both transistors to be-operated at dc ground poten-
tial. Base current.is very small. and the drop across
R, and Ryis negligible. This is usually desired in a
dec amplifier since the signal source is often refer-
enced to ground. The original circuit (Fig. 6-6) is
awkward to use since the inputs have a de offset with
respect to ground. ! .

Figure 611 shows another iniprovement for the

_ differeritial amplifier circuit. The emitter resistor has
been replaced with a constant current source. This

particular example uses a 3.7-V zener biased by the

base-emitter (B-E) junction of transistor O and.the
1000-02 zesistor. Subtractinz 0.7 V for the B-E junc-
tion Iéaves 3 V across the resistor, Ohm's law seis
the current through the resistor at § mA, Since the
emitter and collector currents are almost equal. O
will conduct a total of 5 mA for both transistors in
the diff amp. Assuming balance, each transistor will
have 2.5 mA of emitter current. Now assums a com-
mon mode signal that is going positive. Ordinarily.
koth transistor currents would increase, but in this
case they cannot. The constani current source sup-
plies a total of 5 mA regardless of the change in

Ve

—Ves

Fig. 6-10 Dual-supply differential amplifier.
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Ve

Inpat B

5mA

Fig. 6-11 Diff amp with constanl curremt spurce.

olléctor-emitter resistance in. the differential pair. -
The same thing is true if a common mode signal is
negalive-going and ettempts 1o decrease the current -
in both transistors. . The common mode signal will nét
appear at output. A_or output B.-In other words.
adding the constant current source provides good
common mode rejection for the single-ended outputs.
The previeus circuits provided-good common mode
rejection only in the differential output. A differentizl
input in Fig. 6-11 will unbalance the transistor cur-
rents. For example. a positive-going signal applied
to one input might cause that transistor current to
increase to 3 mA, in which case the other transister
current will decrease to 2 mA. The current changes
will cause both differential and single-ended outputs
to appear. The constant current source has a second
advantage. It raises the input impedance of the dii-
ferential amplifier to the megohm region. The input
impedance is increased by an amount equal to hee
times the impedance of the current source, which is
characteristically very high.

REVIEW QUESTIONS

8. Refer to Fig.'6-6. Assume that only input A
is driven with a signal. Will a signal appear at out-
put B? I so, what is its phase relationship to the
input signal?

9. The circuit of Fig. 6-6 is driven with a com-
mon mode signal. Will there by any single-ended
output? Assuming balance, will there be any differ-
ential output?

_ 10. Refer to Fig. 6-9. Suppose the low-frequeacy
{noise) component of input signal B i$ out of phase *
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ik the same component 2t input A, Would the
=mplifier be able to atienuate the noise?

11. What is the CMRR (in decibels) of an ampli-
fier that provides a voltage gain of 100 for a differ-
=ntial signal and a veltage gzin of 0.01 for a com-
mon mode signal?

6-3
OPERATIONAL AMPLIFIERS

The original operational amplifiers {often called op
enps) were based on vacuum tubes and were used
1o do mathematical operations in analog computers.
They were large, expensive. power-hungry. and sub-
ject to drift. The digital computer has replaced the
analog computer, and solid-state devices have re-
placed vacuum tubes. Modern operational amplifiers,
thanks to integrated circuit technology, are small,
inexpensive, power-efficient, and much more stable.
They have found a wide range of applications in
industrial circuitry even though their first applica-
tion, the analog computer, has vanished. They are
direct-coupled high-gain amplifiers and are usually
powered by a dual supply. Dual-supply operation
zllows them to conveniently amplify signals near
ground potential and allows their output to swing
above and below ground potential.

The major sections of a2 modern 1C operational
zmplifier are shown in Fig. 6-12, There are two inputs
to the first stage. which is a differential amplifier.
The outputs of most op amps are single-ended. One
of the differential inputs is in phase with the output
znd is called the noninverting input; it is marked plus
( =). The other input is out of phase with the single-
ended output, is talled the inverring inpur, and is
marked minus (—). An intermediate voltage amplifier
follows the differential inpuc ampiifier to provide high
gzin. An output amplifier is the thitd major stage and
provides a low output impedance so that the op amp
can drive most loads. In addition to the terminals
shown in Fig. 6-12, an op amp may have offset null

Invering input o
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terminals, frequency-compensation terminals, or
gain-control terminals. The standard schematic sym-
kol for an operational amplifier is a triangle with +
and — inputs and a single output. The power supply
and other connections may be omitted from <ome
schematics for simplicity, as they are for many of the
circuits shown in this boos.

Figure 6-13 shows the equivalent circuit for a very
popular op amp, the 741, Since itisa monolithic IC,
studying the circuit in detail is not necessary, It is
shown here to demonstrate how complex and expen-
sive it would be in discrete form and to illustrate a
few important concepts. Transistors O; and Q, are
the input devices and are part of a differential am-
plifier which acts as a voltage-to-current converter.
Emitter resistors R, and R, are brought out to offset
null terminals for the purpose of externally balancing
the diff amp. The current signal from the differential
input is sent to the second stage, consisting mainly
of Qs and @3, which acts as current-to-voltage con-
verter. Capacitor C,, a 30-pF frequency-compensa-
tion capacitor, is connected across the second stage
to roll off (decrease) its frequency response 20 dB
for every decade increase in frequency. A decade
equals 10; thus a frequency change from 100 to 1000
"Hz represents a decade increase. This gain roll-off is
characteristic of most modern op amps with internal
frequency compensation. 1t is used to ensure that the
amplifier will remain stable with all feedback config-
urations. An unstable amplifier does not respond as
planned and is useless. As we will see, op amps are
almost always used with feedback. The last detail
we will look at is the output circuit, which consists
mainly of transistors Qs and @44, which are a com-
plementary pair. These two devices act as emilter
followers to give the op arup a low-impedance output
so that it can drive loads down to around 2000 .~

Figure 6-14 shows some popular op amp packages.
The dual-in-line style is widely applied and can house
one, two, or four amplifiers. The metal package is
hermetically sealed and rated to operate over a
slightly wider temperature range but is more expen-
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Fig. 6-13 741 operationat amplifier equivalent circuit.

sive. Note that the metzl case is intermally coanscied
to the ¥— supply. The quad op amp packags elimi-
nates the offset null terminals since too many pins
would be required. Many applications for operational
amplifiers do not require the offset null function. and
the quad package may be a good choice in those
cases. The dual package uses a separate V'+ pin for
each op amp. Both pins must be energized when both
amplifiers are in use.

Operational amplifiers are widely applied because
they approach ideal amplifiers, especially for dc and
low-frequency signals. Let's see how some specifi-
cations for common op amps compare to the ideal.
The idzal amplifier has an infinite input impedance
so that it can be connected to any signal source with
no loading effects. An ordinary op amp, such as the
741, approaches the ideal with an input impedance of
6 M. Super Beta op amps offer input impedances
10 times higher, and BI-FET operational amplifiers
are available with FETs in the input amplifier and
boast an input impedance of 10'* ). Another ideal
amplifier characteristic is infinite gain. Common op
amps provide over 100 dB of gain at low frequencics.
Premium devices, called instrumentation amplifiers,
provide 130 dB of gain at low frequencies. The ideal
amplifier would infinitely reject common mode sig-
‘nals. Qperational amplifier CMRR ranges from %0 dB

N

for standard types to 130 dB for instrumentation am-
plifiers. The ideal amplifier has zero output imped-
ance and is capable of driving any load. Common
operational amplifiers, such as the 741, can supply
at least 5 mA to a 2000-0) load. Monolithic power
devices are capable of up to 1 A of output current,
and hybrids with even higher ratings can be found.
The ideal amplifier also has infinite bandwidth, mean-
ing it can amplify any signal frequency. In this area
the typical op amp falls considerably short of the
ideal, with useful gain extending oaly into the tens
of kilohertz region. Wide-band devices are available
and extend performance to the tens of megahertz.
Many, many applications do not require wide-band
performance, and the typical device is all that is
required. Modern op amps approach the ideal closely
enough to make them very attractive for many ap-
plications. "
Figure 6-15(a) shows the gain versus frequency
response for a 741 op amp. The gain is in excess of
.100 dB for low frequencies. Around 7 Hz, the gain
begins to drop at a rate of 20 dB per decade as a
result of the internal frequency compensation capac-
itor as previously mentioned. Some op-amps without
internal frequency compensation are available but
are not very popular since they must be externally
compensated with resistors and capacitors. This fea-
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sive. Note that the metal case is internally connecied
to the ¥'— supply. The quad op amp package elimi-
nates the offset null terminals since too many pins
would be required. Many applications for operational
amplifiers do not require the offset null function, and
the quad package may be a good choice in those
cases. The dual package uses a separate ¥+ pin for
each op amp. Both pins must be energized when both
amplifiers ars in use.

Operational amplifiers are widely applied because
they approach ideal amplifiers, especially for dc and
low-frequency signals. Let’s see how some specifi-
cations for common op amps compare to the ideal.
The idzal amplifier has an infinite input impedance
so that it can be connected to any signal source with
no loading effects. An ordinary op amp, such as the
741, approaches the ideal with an input impedance of
6 M. Super Beta op amps offer input impedances
10 times higher, and BI-FET operational amplifiers
are available with FETs in the input amplifier and
boast 2n input impedance of 10" Q. Another ideal
amplifier characteristic is infinite gain. Common op
amps provide over 100 dB of gain at low frequencies.
Premium devices, called instrumentation amplifiers,
provide 130 dB of gain at low frequencies. The idzal

“** amplifier would infinitely reject common mode sig-
_nals, '_ngratianal amplifier CMRR ranges from 90 dB

Ne

for standard types to 130 dB for instrumentation am-
plifiers. The ideal amplifier has zero output imped-
ance and is capable of driving any load. Common
operational amplifiers, such as the 741, can supply
at least 5 mA to a 2000-{) load. Monolithic power
devices are capable of up to 1 A of output current,
and hybrids with even higher ratings can be found.
The ideal amplifier also has infinite bandwidth, mean-
ing it can amplify any signal frequency. In this area
the typical op amp falls considerably short of the
ideal, with useful gain extending only into the tens
of kilohertz region. Wide-band devices are available
and extend performance to the tens of megaheriz.
Many, many applications do not require wide-band
performance, and the typical device is all that is
required. Modern op amps approach the ideal closely
enough to make them very attractive for many ap-
plications.

Figure 6-15(a) shows the gain versus frequency
response for a 741 op amp. The gain is in excess of
.100 dB for low frequencies. Around 7 Hz, the gain
begins to drop at a rate of 20 dB per decade as a
result of the internal frequency compensation capac-
itor as previously mentioned. Some op-amps without
internal frequency compensation are available but
are not very popular since they must be externally
compensated with resistors and capacitors. This fea-
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Fig. 6-16 The effect of op amp siew rate on the output signal.

High-speed operational amplifiers are manufactured
with slew rates of 100 V/us. They have gain-band-
width products over 50 MHz and are useful in high-
frequency applications.

A perfectly balanced op amp will produce 0 V
output for 0-V differential input. Practical amplifiers
show a slight dc voltage at the output due mainly 1o
slight imbalances in the differential input stage. A
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slight differential input voltage of 1 mV or so will
typically be required to zero the output. This error
is called the input offset voltage and can be corrected
in critical applications with the voltage offset null
circuit shown in Fig. 6-17. A 10-k{) potentiometer is
connected across the offset null terminals 1 and 5.
The wiper arm is connected to the negative supply.
The potentiometer is adjusted for 0 V at pin 6 when
the differential input is 0. You may wish to refer to
Fig. 6-13 to verify how the offset null circuit trims
the emitter resistors in the differential input amplifier
to achieve balance. The offset null connection is not
required in all applications, and pins 1 and 5 are left
floating in those cases. The pin numbers used in Fig.
6-17 are for the mini-dip and metal packages shown
in Fig. 6-14.

REVIEW QUESTIONS

12. Which op amp input is in phase with the out-
put, and how is it usually marked on a schematic
diagram?

13, If the gain of an internally compensated op
amp is 80 dB at 100 Hz. what will it be at 10 kHz?

14. What is the input impedance of an ideal am-
plifier? Why?

15, What is the output impedance of an ideal
amplifier! Why?

16. Refer to Fig. 6-15. What is the gain band-
width product at 100 Hz? Is it constant at other
frequencies?

17. Calculate the power bandwidth for an op
amp with a slew rate of 100 V/us and an output
signal of 20 V peak-to-peak (10-V peak).

18. If the amplifier of question 17 has a gain
bandwidih product of 65 MHz, what limits its high-
frequency performance for large output signals?

G-4

OP AMP APPLICATIONS

Practical operational amplifiers approach the ideal
amplifier in several important ways. The approach is
close ercugh to allow simple and straightforward




140 INDUSTRIAL ELECTRONICS AND ROBOTICS 4

analysis techniques to be used with geod results. The 1cf 120
technigues are based on several assumptions. First, i
there is no input current in an ideal amplifier since it = 10° 100
has infinite impedance. Second, the output imped- - F /CP"” toap
ance is zero. Third, the pain is infinite and reduces =~~~ 1t == P

_ {he differential input to zero when negative feedback - 4 it -
is used. Refer to Fig. 618. Resistor R, provides s G
negative feedback because it connects the output - — 7} Clomdionn] E
back to the inverting-input. With infinite gain, it will- 1e° i 40
not be possible to make the voltage at the inverting |
input at all different from the voltage at the nonin- 1@ i b
verting input, which is at ground. Suppose, for ex- [ I R

i 0

ample, that the input terminal to the left of Ry is . -
driven positive by a signal. The inverting input will

also try to go positive, but the gain of the amplifier
will immediately produce a negative-going -output

which feads back through R; to cancel the positive

change and keep the inveriing input at ground poten- 100 (the abhsolute value ignores the minus sign). This
tial. It is not possible to have any voltage difference value is called the closed loop gain. One of the ad-
across the + and — inputs since the feedback acts—— vantages of closing the loop and reducing the gain is
to cancel it. The noninverting input of Fig. 6-18 is —~increased bandwidth.” Figure 6-19 shows that the
grounded through R;. We have assumed no input ~ closed loop gain is constant to a frequency of
current, and there is no voltage drop across Ry Both - 10 kHz, giving 2 bandwidth of 10 kHz. The open
— Joop bandwidth is only 7 Hz, This greatly improved

e 1 gt et et et W
Fiaguency in Hz

Fig. 6-19 Closed loop frequency response.

inputs will remain at ground potential even when the
amplifier is driven with a signal. The feedback keeps

the inverting Taput at ground potential, and that ter-
‘minal is considered to be avirtual ground. . _

= pandwidth makes the amplifier more useful for many

-applications. .
It is easy to predict-the bandwidth when the am-

The voltage gain for the inverting amplifier.of Fig- -+ plifier is operated with negative feedback. Caleulate

6-18 is eady to deérive. The virtual ground sets th
current in R; at ViR, and the current in Ri at
V../Ra. Because there is no amplifier input current,

these currents are equal: E
=V~ Ve e
R, R;

The input voltage is indicated as negative because it

is inveried from the output voltage. Solving for Vo

gives

x Rz

‘_"Eu R,

i II;-,-.J_: =

The voltage gain for the inverting amplifier in Fig.

6-18 is equal to the feedback resistor value divided
by the input resistor value. For example, if Ry

he o

the gain by using the ratio of the feedback resistor
the input resistor. Draw a line from the calculated _-
“gain value on the vertical axis until the ‘open loop

" corner frequency and represents the closed loop

bandwidth of the amplifier. The plot in Fig. 6-19 does
- not show it, but the gain is down 3,dB at the comner
- frequency. For the example given, the gain will be
37 dB (40 dB — 3 dB) at a frequency of 10 kHz. The
—3.dB point is the standard limit when specifying
amplifier bandwidth and is also known as the cutoff

. frequency. Note that the amplifier does not abruptly

stop working beyond this frequency, but its gain
drops at a rate of 20 dB per decade for signals higher
in frequency. ;

The input impedance of the inverting amplifier in

is 100 kN and R, is 1 k0, the voltage gain will be—-Fig. 6-18 is equal to the input resistor R; because of

—100. Again, the minus sign indicates the phase in- ~

version between the input and the output. Now refer
to Fig. 6-19. The open loop gain of the typical op
amp is several hundred thousand. By using negative
feedback, the gain is reduced to an absolute value of

Input

the virtual ground at the inverting input. In our ex-
ample, the signal source would see a load of 1000 Q.
The output impedance of the amplifier is equal to the
inherent output impedance divided by the loop gain.
Loop pain is equal to the open loop gain divided by
the closed loop gain. The open loop gain is 200,000,
_ and the closed loop gain is 100 for our example,
yielding a loop gain of 200,000/100 = 2000. The in-
 herent output impedance is 75 {2, and the closed loop
- output impedance is equal to 75/2000, or 0.04 Q1. This
indicates that adding negativé feedback also de-

——-creases the output impedance of the amplifier. The
~ - low output impedance is advantageous because the

* circuit can deliver a signal to almost any load, pro-

vided that the current capabilities of the op amp are
“not exceeded. Resistor R, in Fig. 6-18 may be re-
placed by a direct connection to ground with only

<~ -gain plot is intersected. This intersectioniscalledthe = =



minor impact on circuit performance. When used, it
is usually selected to have a value equal to the par-
allel resistance of R, and R, (590 Q in our example).
The idea is to produce identical voliage drops due to
the input bias current at both amplifier inputs. Even
though we have assumed zero input current, real op
amps do have a small input current. Balance reduces
offset error. However, the input current is only
30 nA in a typical op amp, and the imbalance created
by directly grounding the neninverting input can be
ignored in most applications. :

Thus far we have seen that it is easy to use an op
amp as an inverting amplifier. The merits of negative
feedback for increasing bandwidth and decreasing
output impedance have been established. Now let’s
Jook at some other applications. Figure 6-20 shows
a voltage follower which is a noninverting amplifier
since the input signal is applied to the noninverting
input. The voltage gain of the circuit is 1. This circuit
is useful even though it has no voltage gain. Ithas a
very high input impedance, which is equal to the
inherent input impedance of the op amp. Since this
impedance is 6 M} in a standard op amp, the voltage
follower makes an excellent isolation amplifier. The
inverting amplifier that we looked at previously ex-
hibits a much lower input impedance due to the vir-
wal ground created by negative feedback. A high-
impedance signal source will suffer loading effects
when connected to such zn amplifier. Therefore. it
is sometimes necessary to isolate the signal source
by connecting it to a voltage follower and then con-
necting the voltage follower output to the next stage.

A noninverting amplifier with gain is shown in Fig.
6-21(a). The gain for this circuit is derived by starting
at the inverting input. Notice that th> volrage there
is a function of the output voltage and the divider
network formed by R, and R-7

o R
L:n-v ‘aul X R] & R:

Once again w= make the assumption that both am-
plifier inputs are at the samz potential; therefore,

¥V, = ! £ .__&_
m out R' 4 Rl

Solving for Vo gives
R+ R

Vou = Via X R

Suppose R; in Fig. 6-21(a) is a 1-kQ resistor and
R, is a 22-kQ resistor. The voltage gain will be
(22 + 1)/1, or 23. The bandwidth will be 40 kHz and

Input -

Fig. 6.20 Voirage foillower
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Fig. 6-21 Amplifiers. ta) Noninverting. (b) Switchable.

can be verified by using Fig. 6-19. The input imped-
ance is equal 1o the input impedance of the op amp,
which is high. The output impedance will be reduced
by a factor equal to the loop gain and will therefore |
be quite low, .
Figure 6-21(b) shows a switchable amplifier that
will invert or not inyert the input signal, depending .
on the control signal applied to the gate of the FET.
Suppose the control signal is 0 V. The FET will be
on, grounding the noninverting input of the op amp
and the right end of R;. The amplifier will function
as an inverting amplifier with a gain of 1 since
R, = R». If the control input is made negative enough
to cut off the FET. the amplifier will switch to the
nonin.- rting mode since the input signal now also
drives the + input of the op amp. Once again, we
can assume no differential input due to the large gain
of the op amp, and therefore the signal voltage at the
left end of R, will be equal to the signal voltage at
the right of R,. There will be no signal current in Ry,
and it appears as an infinite resistance as far as the
signal circuit is concerned. Now, lock at the gain
equation in Fig. 6-21(a) to determine that the voltage
gain approaches 1 as R, approaches infinity. There-
fore, the voltage gain of the switchable amplifier is
—1 or +1, depending on the control signal.
Operational amplifiers are also capable of subtrac-
tion and addition. Figure 6-22 shows an amplifier that
subtracts one input signal from another and amplifies
the difference. Input 1 is applied to the inverting
{erminal and is subtracted from input 2, which is
applied to the noninverting terminal. A summing am-
plifier is shown in Fig. 6-23. It can be used to add
two OF moTe ac of de input signals. All inputs are

L
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Current
source

Fig. 6-24 Cumrent-to-voltage convertes.

arntiad to the inverting terminal . 2nd the output will
be the inverted sum. If R, = R, = R,, then the
output will be proportional to the nonweighted sum
of the inputs. A weighted sum can be obtained by
varying the value of the input resistors. Since the
inputs are summed at the inverting terminal, which
is a virtual ground, there is no interaction among the
inputs. A signal at any input will not cause any ef-
fects at the other inputs.

An operational amplifier used as a current-to-volt-
age converter is shown in Fig. 6-24. The output volt-
age is equal to the input current times the feedback
resistor. Since the inverting ‘terminal it a virtuz!
ground, this circuit places a short circuit across the
current source. This is a valuable asset for some

_signal sources since they must be short-circuited for

accurate measurements. Other approaches, such as
using a current meter or a load resistor, may ad-
versely affect measurement accuracy because of the

i

I,=—=
A Hgp

Fig. 623 Current-lo-voliage converter with currenl boost.

Fig. 626 Voltage-to-current converter.

.- loadiné effect of the meter or lhe‘load resistor. The

internal impedance of the meter 2dds o the effective
series resistance of the current source {assuming that
it is not an ideal current source) and unloads the
circuit. The unloading causes the measured current
to be less than the true shor-circuit current. The
current-to-voltage converter circuit eliminates un-
loading effects for improved accuracy. Figure 6-25
shows a current-to-voltage converer circuit with
current boost. The typical op amp can supply only

* milliamperes. This circuit extends the current capac-

ity into the ampere range by using the current gain
of an external NPN transistor. The current gain from
the base terminal to the émitter terminal is Aze + 1,
and the required operational amplifier output current
is reduced by this factor.

Figure 6-26 shows an op amp volt2ze-to-current
converter. This circuit is also called a transconduct-
ance amplifier. Resistors R; and Rgdivide the output
voliage for the inverting input. Once 2gain, We can
assume that there will be no difference between the
inverting terminal voltage and the noninverting ter-
minal voltage; therefore,

V.. = YalRs + R))
Rs
The output current is predicted by Ohm’s law:
V,
= S
lon Rs+ Ry
Combining, we obtain:

FEREEE A s
Rs

low =
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This equation shows that the current in the load
resistor (R;) is independent of the value of the load
resistor. It is a function of the input voltage and the
value of the sense resistor (Rs). By making the input
voltage constant, this circuil can serve as a constant
curreat source or sink.

REVIEW QUESTIONS

19. Refer to Fig. 6-18. Calculate the voltage gain
if Ry = 10 kQ and R, = 100 k). What is the input
impedance of the amplifier?

20. Use Fig. 6-19 to find the bandwidth of the
amplifier in question 19.

21. Refer to Fig. 6-21. Calculate the gain if R, =
1 k{1 and R, = 100 k{1, What is the input imped-
ance of this circuit if the op amp is a standard
type?

22. Refer to Fig. 6-22 and assume that all resis-
tors are 10 kQ in value. Calculate the output volt-
age ifinput 1 = —1 Vandinput2 = 2 V.

23. Refer to Fig. 6-23. Assume that R, = R, =
R; = 10 k) and that Rs = 47 k(). Calculate the
output voltage ifinput 1 = +0.5V, input 2 =
+0.7V,andinput 3 = +1 V.

24. Are the inputs in question 23 weighted or
nonweighted? How could the circuit be changed to
achieve the other condition?

6-5
NONLINEAR APPLICATIONS

In a nonlinear circuit the output signal is not a replica
of the input signal. For example. refer to Fig. 6-27.
The input signal is a sine wave, and the output signal
is a rectangular wave. This circuit is called a com-
parator and can be used to convert other waveforms

to rectangular. It is also used to compare a signal to -

a reference voliage and change output states” when
the reference threshold is crossed. Since the op amp
is running open loop. the gain is very high, and only
a few millivolts difference between the input voltage
and the referedce voliage (Vger in Fig. 6-27) will
drive the output to positive or negative saturation.
Operational amplifiers can be used as comparators,
but their slew rate may limit performance for many
applications. Integrated circuit comparators that
have optimized characteristics such as fast switch-
ing, wide supply range, and high output current are
available. )

Figure 6-27 is an inverting comparator because the
input is applied to the inverting input of the op amp
or comparator IC. When the input signal goes more
positive than ¥gzr. the output gaes to negative sat-
uraticn. When the input is less than Vieg, the output
gocs 1o positive saturation. THe output waveform
shows that the saturation voltages are a litile less
than the supply voltages. Some comparator ICs, such
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Fig. 6-27 Inverting comparalor,

as the type 311, will require an external pull-up re-
sistor on the ouiput. This is convenient when an
analog signal must be converted for another circuit
where the voltage levels are different. For example,
the comparator IC can be connected to a 15-V dual
supply. and its output can be pulied up to a separate
+3-V supply. The output will swing between 0 and
-5 V. This swing is compatible with many digital
circuits.

The reference voltage in Fig. 6-27 can be changed
for different results. If the noninverting input of the
IC is grounded, the reference voltage will be zero.
This will change the duty cycle of the output wave-
form to 50 percent with the input waveform that is
shown because the output will switch at the zero
crossings. If the reference voltage is made greater
than the peak value of the input, the output will
remain at the positive saturation point. By making
the reference voltage adjustable, the circuit could be
used to produce a rectangular output with varying
duty eycle. The circuit can also be reconfigured for
noninverting operation, as shown in Fig. 6-28. In this
example, the reference voltage is negative. When the
input signal goes more negative than the reference,
the output is driven to negative saturation. When the
input is more positive than — Vger the output is at
positive saturation. :

Figure 6-29 shows a window comparator. This cir-
cuit is used to determine whether a voltage or signal
is within or without a given range called the window.
It uses two op amps or comparators and two refer-
ence voltages. The waveforms show that the output
signal is 0 as long as the ioput is between +4.5 and
+3.5 V. If the signal is outside this window, the
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 the input goes more positive than 5.5 V. The top IC
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Fig. 6-28 Neainverting comparator.

in the window. The top IC will be at negative sat-

uration. since its noninverting input is negative (less’

than +5.5 V). The bottoni IC is also at negative
saturation because its inverting input is positive
(more than + 4.5 V). Both diodes are reverse-biased
(off), and the combined output is zero. Now, suppose

+V.

Dutput

lepert ©

Fig. 6-29 Window comparator.

goes to positive saturation, D, is forward-biased (on),

. D, is still off, and the combined output goes to pos-

itive saturation less the drop across D,. If the input
goes below +4.5 V, the bottom IC goes to positive
saturation as its inverting input will be negative with
respect to its noninverting input. This will fofward-
bias D,, and the combined output will be at positive
saturation less the drop across D,. Window compar-
ators can be used to monitor 2 critical voltage such
as a power supply to determine whether or not it is
in tolerance.

The waveforms in Fig. 6-30 show the operation of
a Schmitt trigger. At first glance this circuit appears
to be accomplishing the same result as the inverting
comparator circuit since the input waveform is sin-
usoidal and the output is rectangular: However, there
is a difference because positive feedback is used.
Note that R, comnects the IC output back to the
noninverting input. Thisis positive feedback and pro-
duces two switching points: the upper threshold
point (UTP) and the lower threshold point (LTP).
These points are set by the supply voltages and re-
sistors R, and R,. For example, if the IC is energized
by a 15-V dual suppy the eutput will saturate at near-
+14 V or — 14 V. If we assumié that R, is 22 k€2 and-
that R, is 1 kQ, we have the information needed to

" output is at ﬁosiﬁvc’ saturation. Suppose-the signal is 'j"c"’]-‘?“}?_‘.c 111_*_"' Lwo _gh:_esl_:’_o!ii_ po}nts - e e

UTP = mx (“ ¥sar) it =
- %‘.‘].‘% X (H14 Vi
= +061YV
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output O H——1 —

. Fig. 6-30 Schmitt trigger.
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The LTP is determined by using =~ Vs,rin the pre-
ceding equation and calculates to —0.61 V in this
example. The waveforms of Fig. 6-30 show how the
threshold poiats work. At the beginning of the input
cycle, the output is at positive saturation, Therefore,
the voltage divider sets the noninverting input at the

.UTP. When the input signal exceeds this point, the

IC output goes to negative saturation, and the voltage
divider now sets the noninverting input at the LTP.
The output does not switch again until the input
signal goes more negative than the LTP.

The difference between the two threshold points
is called hysteresis. For our example, the hysteresis
will be equal to +0.61 — (—0.61) = 1.22 V. Hys-
teresis is desirable when signals are noisy. Refer to
Fig. 6-31, which shows the noisy signal performance
for a comparator circuit and for a Schmitt trigger.
The output waveform in Fig. 6-31(a) has extra tran-
sitions. They are caused by noise when the average
value of the input signal is near the reference voliage.
The noise adds and subtracts from the input signal,
and the instantaneous value goes above and below

Noisy ggnal
inte
comparaior

Comparaiar
output

Panisy sig=al
nra
Schmitt 1= aper

i)

Fig. 6-31 Noisy signal performance. (o) Comparator. (5) Schmitt
s

trigger. +
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the reference value several times. The output fre-
quency is higher than the input frequency. The
Schmitt trigger waveforms in Fig. 6-31(h) show no
frequency distortion. As lonz as tha hysteresis is
greater than the peak-to-peak noise emplitude, extra
transitions are eliminated. The hvsteresis must he
less than the peak-lo-peak siznmal, however, or the
output will not switch at all.

Figure 6-32 shows an operational amplifier differ-
entiator. A differentiaror is a circuit that responds 1o
the rate of change of the input signal. It is essentially
a high-pass filter, meaning that it produces more out-
put for signals at higher frequencies. Its instanta-
neous output is proportional to the instantaneous rate
of change at its input (or to the slope of the input
waveform):

A V;
AT

Assuming an input signal that is changing at a rate
of 100 V/s and the circuit values shown in Fig. 6-32:

Vouw = —RC x

V,ut=—1x:0‘x1x:u-‘x%
=1V

The illustration shows the input and output wave-
forms. The simple differentiator circuit suffers from
high-frequency noise since the gain goes up as fre-
quency does. A practical differentiator will often use
a resistor in series with the input to limit the high-
frequency gain.

The opposite of differentiation is integration. Fig-
ure 6-33 shows an op amp integrator. It is essentially
a low-pass filter and produces more output for signals
at lower frequencies. When an input waveform steps
from 0 to — 1 V, the output ramps positive at a rate
of 100 V/s. The integrator output is proportional to
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the product of the amplitude and duration of the input
signal (the area under the curve). The output voltage
is given by . :
5 RCG CE
By dropping the T term in the preceding equation,
the output is expressed as a rate of change in volts
per second. With the input and circuit values shown
in Fig. 6-33, the rate of change will be

I
wJ0tx Tx 10°°

Vou = _.""iu.x -)-C T.

rpu( = _(_l v} x I
= 100 V/s

The simple integrator circuit suffers from drift. Any
dc offset voltage at the input will cause the integrator
to dnit and eventually saturate. Practical circuits
usually use a high value of resistor in parallel with
the feedback capacitor to reduce this drifi.
Comparing the waveforms of Fig. 632 and- Fig.
6-33 shows the opposite natures of differentiation and
integration. If the differentiated function is fed to an
integrator, its output will be the same as the original
function. Figure 6-34 shows circuit performance with
other waveforms. The differentiator output shown in
Fig. 6-34(a) is an inverted cosine wave with a sine
wave input. A cosineé wave is 90° out of phase witl
2 sine wave. The total phase shift shown is 270° sigce .
the output is differentiated and.inverted (90 = 180). ..
Note that the cutput is zero when the inpuris peak-
ing, because the instantaneous rate of change of a
sine wave at peak is zero_ The ‘maximum rate of ‘=
change occurs during the zero crossing at the cutput -
peaks at this time. The integrator waveforms of Fig.
6-34(4) show that an inverted cosine zt the input
produces a sine wave at the output. Once again it is
demonstrated that when a signal is differentiated and
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then integrated, the original signal will appear at the
“output of the integrator. .
Integrators and comparators can be used together
to achisve some other valuable functions. Figure
6-35 shows a voltage-to-frequency converter. The
positive input voltage is applied to the integrator,

Integrator

Reset
transistor

=¥

Fig. 6-35 Voliage-to-frequency converter.
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Fig. 6-36 Light intepator.

which begins ramping negative at a rate proportional
10 V;,. When the integrator ramp exceeds the value
of Vgeg, the comparator output switches to positive
saturation and turns on the reset transistor. With the
transistor saturated (low resistance), the integrator
output is rapidly driven positive because V— is ap-
plied to the input. The comparator then saturates
negative, and the reset transistor turns off so the
next integration cycle can begin. The output is a
series of positive-going pulses, and the pulse fre-
quency is proportional 10 V.. For example, if the
value of V,,is doubled the integrator will ramp neg-
ative at twice the rate. and the reset pulses will ap-
pear in half the ime. The output frequency will dou-
ble. Capaéitor C; is a speed-up capacitor. It
decreases the switching time of the reset transistor.
The voltage-lofrequency converter can also be
called an analog-to-digital converter. The input volt-
age is analog, and the output is a digital pulse train.

Figure 6-36 shows a light integrator. The light-
dependent resistor (LDR) shows a decrease in resis-
tance when it is illuminated. It acts as part of a
voltage divider along with R,. The divided positive
voltage is appliad to the integrator, which ramps neg-
ative =t a rate that is proportional to the light inten-
sity. When the ramp exceeds’ — Vgef, the comparator

" soutput saturates negative. This turns off the relay

amplifier, and the contacts open and turn off the light
source. Pushing the reset button will discharge the

inregrator-and begin another cycle. The valug of in-
tegration in this application is that the circuit ensures
the proper light dosage regardless of supply varia-
tions, light source variations, or light transmission
path changes. The integrator/comparator combina-
tion will not turn the light source off until the proper
sum has been acquired. This type of a circuit can be
used in various photochemical processes and is far
superior to a simple timer, which is subject to errors
when light intensity fluctuates. Diode D, prevents
the divider from discharging the integrator when the
light source fluctuates or is momentarily interrupted.
Diode D- clamps the base voltage of the transistor
when the comparalor output is negative. Diode D
protects the transistor from relay coil transients.
Ordinary diode circuits cannot be used to rectity
signals in the millivolt range because several tenths
of a volt are required to turn diodes on. A precision
rectifier circuit that overcomes this limitation is
shown i Fie. 6-37. The op amp on the left, along
with its diodes and resistors, forms a precision half-
wave rectifier. When the input signal goes positive,
the outpul goes negative, and D) turns on to conduct
the feedback current. Diode D, is reverse-biased.
and the left end of R remains at zero as long as the
input is positive. When the input goes negative, the
outptt of the left op amp goes positive. Now D, is
off, and D, is on and supplies the feedback current

through Rs. Resistor R, = resistor R» and the signal

LA Ry

Fig. 6-37 Precisics full-warve rectifier.
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Fig. 6-38 Positive peak detector.

ar me cat.lxode of D is an In\crted I'Epllua of the

negative portion of the mput signal. If a precision

- half-wave rectifier is all that is required, the other op
amp and its associated parts can be eliminated. Full-
wave operation_.is realized by combining the half-
wave signal with the original signal in the szcond op
amp, which serves as a weighted adder. Its feedback
resistor is twice the value of R;, and the half-wave
signal receives twice the gain that Vi, receives.

Figure 6-38 shows z positive peak detector circuit.

It “‘remembers™* the greatest positive input value un-

til it is reset. The op amp at the left serves as a
noninverting amplifier. The diode in series with its
output allows the capacitor to charge positive with
respect to ground. If the input signal goes less posi-
tive, the diode turns off and prevents the capacitor
from being discharged. The op amp at the right acts
as a voltage follower. Its high input impedance allows
the capacitor to retain its charge for long periods of
time. The circuit is reset at the end of the sampling
interval by applying a positive puls: o the cnhame-
ment mode MOSFET,

REVIEW QUESTIONS
25. Refer to Fig 677 What will happen ta the

duty cycle of the output if Vgggis reversed?
 26. What will have 1o be added to Fig. 6-27 if

the IC is a type 311 comparator?

_27. Refer to Fig. 6-29. Will the circuit work as a
window comparator if the reference supplies are
reversed?

_28. Refer to Fig. 6-30. Assume that R; = 4,7 k),
Ry = 1 kf], and Vgyris equal to plus and minus
11 V. Calculate UTP and LTP. -~

29. What output waveform would 3'611 expect

from the circuit in Fig. 6-32 with a tdangular input

wave?
30. Refer to Fig. 6-32. If the inpet is going nega-
tive at a rate of 50 V/s, what is the output voltage?
31. Refer to Fig. 6-33. If the input wave is

“square, what will the output be?

6-6
SPECIAL FUNCTIONS

It is often desirable to have a differential amplifier
that has high gain, high input impedance. and a high
CMRR. Using an operatinnal amplifier produces con-
flicting design requirements in these cases since the
gain 1s decreased by making the input resistors high
in value. Conversely. making the input resistors low
{for good gain) lowers the input impedance. You may

wish to refer again to Fig. 6-22 to verify this point.

It is also difficult-to change gain because Tesistor
ratios must be closely matched (within.0.1 percent).

“These op amp limitations have led to the develop- -~ ~
- ment-of a special circuit or. device mlled the ms.rr.r.--
" - mentation amplifier (IAY. Et
_. Figure 6-3%(a) shows how an IA can be “*built up
by usiag three op amps. The input section uses two

devices, and the signal is fed to the noninverting
input in each case. This meets the requirement of

28,
V.=lv—vit+—E

[2l

15)

Fig. 6-39 Instrumentation amplifier. (z) Three op amp. (b) Sche-
matic symbol.



high input impedance. The output section usas a sin-
gle amplifier to combine the two signals differentially.
The bottom input (V,) is noninverting beczuse it
drives the noninverting input of the output amplifier.
The top input (V) is inverting because it drives the
inverting input of the output amplifier. Note that the
gain is set by a single resistor in the sense that R,
can be changed without the need to change K. or i;.
In fact, R, can be made adjustable, a great conve-
nience for some applications. Changing the gain has
no effect on the input impedance of the 1A.
Instrumentation amplifiers are also availz®le in a
single package. They can be monolithic or hybrid
integrated circuits. Figure 6-39(b) shows the sche-
matic symbol commonly used for a single-package
device. Resistor R sets the gain of the IA along with
an internal precision feedback network. The National
LH0038 is one example of a hybrid TA and is avail-
able in a 16-pin dual-inline package. It is shown in

Fig. 6-40 in a bridge amplifier application. It features,

a low input offset voltage of 25 wV and a low offset
drift of no more than 0.25 pV/C. It has a CMRR of
120 dB and can amplify low-level signals in the pres-
ence of nigh common mode noise. The internal gain
selting resistors are precision thin-film types and ex-
hibit excellent thermal tracking. The voltage gain is
set by using pins 5 through 10 on the IC package,
and a range of 100 to 2000 is available. Wizh pin 7
jumpered to pin 10 as shown in Fig. 6-40, the voltage
gain is 1000,

The bridge circuit is a very popular arrangement
for accurate measurements using certain types of
transducers such as strain gauges. Chapter 9 will
treat transducers in detail, but a brief discussion here
is appropriate to demonstrate the need for precision
amplification. A strain gauge is a wire device that is
used to measure strain (elong:''n or compression)
of some member of a physical system. If a strain
stretches the wire in the gauge, it causes its resis-
tance to increase. The bridge circuit of Fig. 6-40 is
an excellent arrangement for a strain gauge since the
bridge balance will be affected if the gaugz is one
element of the circuit, such R;. Also, 2 second
identical gauge can be use. 1 the R; leg of the
bridge. If the two gauges track thermally, then tem-

Gain set 15V
{ping 5~10) o

Outpe 1 sense

DUt

Ground
sense

Shie!'d
- Guard
drive

=15V

Fig. 6-40 Bridge amplifier.
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will not be affected when both elements change by
the same amount. The thermal (compensation) gauge
will be mounted in such a way that it will not react
to the axis of strain. The output of the bridge will
therefore be a function of strain only.

Ideally, the ampliier that follows a precizion
bridge circuit should not degrade the accuracy of the
signals. It should also reject common mode hum and
noise picked up on the bridge elements and the in-
terconnecting cable, The IA of Fig. 6-40 has the high
performance and thermal stability required. The
guard output (pin 11) is maintained at the common
mode voltage and greatly reduces noise pickup since
it also maintains the shield at the common mode
voltage. The output sense and ground sense termi-
nals are utilized in those applications in which errors
in load voltage can occur. For example, the output
(pin 1) may be used to drive a buffer amplifier for
more current capacity. The load voltage at the output
of the buffer amplifier will show some error due to
drops in the buffer amplifier. The error is eliminated
by connecting the ground sense and output sense
directly to the load.

Operational amplifiers are normally energized from
a dual supply. In some cases this arrangement is not
convenient. Figure 6-41 shows that it is possible to
“float’” an op amp across a single supply. Note that
the —V terminal i1s grounded and that a voltags di-
vider *'floats’” the noninverting input terminal at half
the supply voliage. The dc output voliage of the op
amp will therefore be at one-half the supply vol:zge.
This arrangement is convenient for ac amplifiers. znd
a coupling capacitor can be used in series with R, to
block any dc component in the input signal. The
blocking capacitor will be required if the <iznal
source is at dc ground because the output will be
driven to positive saturation without it. It may zlso
be necessary to use a bypass capacitor across R: to
eliminate any ac noise at the noninverting input.

A special type of amplifier called a Norton op amp
offers biasing advantages for single-supply operzt:on.
It is a current-differencing amplifier and uses & zur-
rent mirror instead of the typical differential par to
achieve the noninverting input function. Figure 542
shows a partial schematic for a Norton amplifier. The
common emitter input amplifier uses a current scurce

Fig. 6-41 Single-supply inverting amplifier.
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Fig. 643 Pin configuration of LM3500.

as a load for high-voltage gain. A current source has
a very high internal impedance; any change in col-
lector current will therefore produce a large swing in
collector voltage. The noninverting input function is
achieved with a carrent mirror circuit. Any current
fiowing into the mirror (5;) will have the opposite
effect on the output voltage when compared to any
current flowing into the inverting input (7;). For ex-
ample, if I, increascs, the mirror transistor will turn
on harder and remove some of I; from the base
circuit. This has the same effect as decreasing I,.
The pinout for an LM3900 Norton op amp is illus-
trated in Fig. 6-43. It conlains four separate ampli-
fiers. It is designed for single-supply operation, pin
7 is grounded, and the positive supply is applied to
pin 14 The supplv range isdio 36V de The arrow
on each ampllﬁcr symbol denotes that it is a Norton
type. Figure 6-44 shows two single-supply circuits
utilizing the Norten op amp. The noninverting input
is biased with a single resistor, Rz. When this resistor
is twice the value of the feedback resistor, the dc

output voltage is equal to half of the supply voltage.

 INDUSTRIAL ELECTRONICS AND ROBOTICS

— Fig. 6~3 Norton amplifier circuits. (a) Inverting. (b) Noninvert-
ng. : = =

3 5 - -
F:!mrs are- c:rcmts ‘used 1o remove unuranted fre-
" quency tomponcnu from a signal. Thej,' are useful

< for. improving ﬂgml—w—noase ratio-and for rejecting

undesired signals. Practical filters can be built by -
-using ‘only passive devices such as remslors, ‘capac-
itors, -and inductors. Inducidrs are expensive com-
panenls and arc often physically large in low-fre-
quency designs. It is possible to eliminate the nead
for inductors by using active devices such as op
amps. Filters designed this way are known as active
filrers. They can save space and weight and usually

—cost less than passive designs. They also eliminate

filter loss and are easier to apply since they have a
high input impedance and a low output impedance.
Figure 6-45 shows the circuit and frequency re-
sponse plot for an active low-pass filter, It is a But-
terworth design and provides an attenuation of
40 dB per decade for signals beyond the cutoff fre-
quency fe. The plot shows that the gain is —3 dB at
the cutoff frequency, Two or more filter sections can
be cascaded for improved attenuation of out-of-band
signals. Cascading will affect the cutoff frequency,
however. If two filters with the same cutoff fre-
quency are cascaded, the overall gain will become
—6 dB at the orlgu:ml catoff frequency, and the gain
roll-off will be 80 dB per decade above the cutoff
frequency. The cutoff frequency is always specified
at the —3-dB point and will now'occur at a slightly
lower frequency. The circuit is easy to design. Sup-
pose a cutoff frequency of 1 kHz is required. The
design procedure can begin with a selection of resis-
tor or capacitor values dependmg on which is more
convenient. If a 0.005-uF capacitor is desirable for

S e S
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Fig. 6-35 Unity gain low-pass Butterworth filter,

C,, the equation from Fig. 6-45 can be rearranged to
solve for Ry:

R = 0.707
1= 578 x 1000 x 0.005 x 107°
= 225k0

The feedback resistor will have to be twice that
value, or 45 k02, and €, will have to be twice Cy, or
0.01 pF.

The circuit for a unity gain high-pass Butterworth
filter is shown in Fig. 6-46. It produces an attenuation
of 40 dB per decade for signals lower than the cutoff
frequency. It is ugeful for the reduction of low-fre-
quency noise on a signal. Additional sections may
be cascaded to achieve better attenuation for out-of-
band signals. Cascading will shift the cutofl fre-
quency upward a litle. The design process is
straightforward and usually begins with a selection
of a capacitor value. Suppose the cutoff frequency
is 1 kHz, and 0.005-uF capacitors are availabie:

R = 1.414
! = 528 x 1000 x 0.005 x 10°°
= 45 kO

The feedback resistor will be the same value, and R;
will be half this value, or 22.5 k{).

Figure 6-47 illustrates the design of a multiple-
feedback bandpass filter. This type of filter rejects
frequencies above and below the pass band. It is
used to select one frequency, called the resonant
frequency (fx), out of a range of frequencies. The
gure of merit of a bandpass filter is its @, which is
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Fig. 6-47 Multiple feedback bandpass filter.

equal 1o f; divided by the bandwidth. The band~idth
is the difference between the upper and lower cutoff
points. As always, the response is =3 dB = the
cutoff frequencies. The higher the @, the mors nar
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row the bandwidth of the filter. This particular circuit

is useful for Q values up to about 20. Higher Qs are
obtamablc by cascading filter sections. The design
‘process i3 based on the Tesonant frequency; the 0
value, and the desired gain at resonance (4).

EXAMPLE

A fiiter that resonates at 1 kHz with a bandwidth
of 100 Hz is required. The necessarv Q is
1000100, or 10. If the desired voltage gain at 1
kHz is 10, and 0.01-pF capacitors are selected, find
the values of B, and R,.

SOLUTION
The value of R; can be calculated first:

10
625 X 1000 X 10 x 0.01 x 107°
139k}

The feedback resistoris next:

R =

B-=2 %X 159 x 10°® X 10
= 318 kN
Finallv, R,:
= 10
2 < 525 x 1000 X 01 X 10° Sxazw—m
=83 0 :

Fizure 6-43 de pic:sllhc circui't__for,a .bana'smp fleer,
which is used to remove one interfering frequancy.
It can be used to eliminate 60-Hz hum from a signal. .

. It provides an attenuation of approximately 40 dB at
the resonant frequency and a gain of | for signals
above and below the stopband. It is designed for 2
given value of resonant frequency and Q. The desiga
process begins with the selection of a convenient
value of capacitor. Suppose the selected capacitor
value is 0.01 pF, the resonant frequency is 1 kHz.
and the stopband is 100 Hz wide. Thc Q is 1000100
= 10, and the feedback resistor is found by the

following equation:

Q9

w fR C;

10 '
3.14 x 1000 > 0.01 x 10°°
318 kO

R, is found next:

Rr=

R}. =

R
R = g

318 x 10

4 x 10°

796 (1

The value of R; will also be 796 0, and R, ic
Ry =20°R,

2 X 10° x 796

159 k02

The next special function we will look at is the
four-quadrant multiplier. Its transfer characteristic is

R[z

R

I H

Fig. 6-48 Unity. gain bandstop filter
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shown in” Fig. 6-4%(a). and its schematic symbol is
shown in Fig. 6-49(b). Its output is the linsar product
of its two input voltages. Quadrant | opcranon resulis
when both the ¥and the X inputs are positive. Quad-
rant II results when X is negative and Y is positive.
When both inputs are negative, the circuit operates
in quadrant I1I. Quadrant 1V means that X is positive
and Yis negative. The output voliage is algebraically
correct. For example, it is positive when both inputs
are positive or both inputs are negative. It is negative
if one of the inputs is negaiive. To avoid saturation
with large inputs, the output is divided by 10. There-
fore, with X = 10 V and ¥ = 10 V, the output will
be equal to 10 x 10 = 100 divided by 10, or 10 V.
In addition to multiplying two signals, the four-
quadrant multiplier may also be used to square a
single voltage. This operation is illustrated in Fig.
6-50{a). Note that the X and Y inputs are tied to-
gether. The output signal is equal to one-tenth of the
input signal squared. Note that the output of a squar-
ing circuit-can never be negative. If the input signal
is a sine wave, the output signal is also a sine wave
but at twice the frequency. The odtput sine wave for
the frequency doubler also has a de component. If
this feature is undesirable, it can be removed with a
coupling capacitor. Figure 6-50(h) shows a divide
circuit. The output of the multiplier is summed with
¥z at the inverting terminal of an op amp. Voliage
Vyis applied to the X input of the multiplier, and the
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{b) Schematic symbol,

op amp output is applied to the ¥ input. The overall
oitput is inverted and is equal to ten times of V;
divided by Vy. Figure 6-50(c) shows a square root
circuit. The circuit works for negative input voltages
only, and the output is equal to the square root of 10

times the absolute value of Vi,. The last multiplier

application is-shown in Fig. 6-50(d). Ii produces a dc
output veltage proportional to the peak value of two
input waveforms and the cosine of the phase angle
between them. For example, if one waveform is a
sine and the other is a cosine, the phase angle be-
tween them will be 90°, The cosine of 90° is 0, and
the dc ouiput will be zero. If both input waveforms
have a peak value of 10 V and happen to be in phase,
the dc output voltage will be equal to 5 V because
the cosine of 0% is I.

Some industrial applications are hazardous and re-
quire an isolation amplifier to protect equipment from
high-voltage surges and ground loops. Iselation am-
plifiers are also required to measure low-level signals
in the presence of high common mode voltages. Mal-
functions may cause power line voltages to be im-
posed on low-voltage signal lines. The isolation am-
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Vip % V,
X o Vo fde) = "2 fcose)

Wherz @ = phase angle between Vj, and Ve
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Fig. 6-50 Four quadrant multiplier applications. (a) Squaring cif-
cuit (frequency doubler). () Divide circuit. (c) Square root circuit.
(d) Phase angle circuit.

plifier must be able to withstand such a mishap and
protect expensive cquipment on the other end. There
are two commonly used isolator designs. In Fig.
6-51 the block diagram for an Analog Devices 284J,
which is of the modulation type, is shown. High-
frequency transformers couple energy into the input
section. Here, a current-limited converter rectifies
and filters the high frequency to provide direct cur-
rect for the input circuits. Since transformer coupling
is used, the input is guarded (isolated) from the pri-
mary supply, the output, and ground. The signal 10
be amplified is applied to a phase modulator, which
is also fed by the high-frequency signal. The resulting
phase-modulated signal is transformer-coupled to a
phase demodulator in the output section. The de-
modulator recovers the original signal, and a low-
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Fig: 6-52 Block diagram of an optically coupled isolation am plifier.

pass filter removes the high-frequency component.
The other type of isolation amplifier is optically cou-
pled and is shown in Fig. 6-52. It uses photodiodes
and photodetectors to communicate across the iso-
lation barrier. The optically coupled isdlator is less

de-dc comimon
inverter

~ ~

=

supplies

expensive and smaller and has a wider bandwidth
than the modulation type. However, it requires an
external dc-to-dc converter for npcraﬁon: The opti-
cally coupled types also suffer from gain inaccuracy
and are more susceptible to temperature effects.
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Fig. 6-53 The two half cycles of operation for a commutating aulozero op amp.

Their signal-to-noise ratio is also poorer than that of
the modulation types. '
Temperature drift is the major enemy of high-gain
de-coupled amplifiers. An early_solution was to use
a chopper amplifier. These circuits chopped the dc
signal to produce an ac signal. The ac signal was then
amplified in & high-gain ac amplifier. where drift was
not a problem. Finally. the ac signal was converted
back to dc and filtered. Chopper stabilization has
now progressed 1o 2 related but different approach
called commutating auto-zero (CAZ) op amps. One
example is the Intersil ICL7600 CAZ op amp. It

* features a low-input offset voltage of 2 uV. its long-

I"““ Low leakage type

Drocp voltage

o

Haold tima
Acguisition Time:

Fiig. 6-5¢ Sample and hold amplifier.

term drift is only 0.2 pV/year. It also features an
input offset temperature drift of only 0.003 V7~C. It
is based on two internal op amps that are connected
co that when one amplifier is processing a signal the
other is maintained in the auto-2600 mode. Since the
device auto-zeros ils internal offset errors. it is ex-
tremely stable with temperature and time. Figure
6-33 shows ils operating principles. The voltage at
the auto-zero (AZ) input is the voltage to which each
op amp will be zeroed. ln mode A, op amp number
2 operates in unity gain anc charges external capac-
itor C» to a voliage equal to the dc offset of op amp
number 2 and the instanianeous low-frequency noise
voltage. Later, the internal switches connect the de-
vice in the configuration of mode B. Operational am-
plifier number 2 now has capacitor C> connected in
series with its noninverting input. Since it was pre-
viously charged to its off:zct and noise voltage, the -
offset and noise are nulled out.

The last special function to be covered here is the
sample and hold amplifier shown in Fig. 6-54. It is
used in those cases in which circuits or measuring
devices cannot acceptl varying signals. It works by
pulsing the sample input, which turns on the en-
hancement mode FET. With the FET on, the input
voltage can charge or discharge the capacitor. The
acquisition time can be made short by using a capac-
itor of reasonable value and alow impedance op amp
and FET switch, After the acquisition time, the FET
is turned off. The capacitor now holds the value of
V... The hold time can be made long by using a high-
input-impedance op amp at the output. The droop
yoltage is usually on the order of several millivolts
per second and i3 caused by capacitor leakage, FET
lzakage, and the input curvent of the sacond ampli-
fier. The sample and hold circuit is available on a
single chip. .
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REVIEW QUESTIONS

32, Refer to Fig. 6-39(a). What is the differ-
entizl gain of the amplifier if R, = 100 kO and
Ry = 1k07?

33. What sets the input impedance of the IA in
question 327

34, Refer to Fiz. 6-30. Assume no offset error
and a palanced bridze. What is the output voltage?

35. Refer to Fig. 6-40. Will the output voltage
change if Ry and R, change by the same amount?

36. Refer to Fig. 6-30. Resistors Rs; and R, are
identical strain gauges, one of which does not react
to elongation. What is the function of the nonreact-
ing gauge?

37. Refer to Fig. 6-41. What will the output volt-
age be if R; opens?

38. Why are the biasing resistors in Fig. 6-44
made twice the value of the f:':edback resistors?

39. Use Fig. 6-45 and design a filter that cuts off
at 100 Hz by using a value of 0.1 uF for C,. )

40. What is the gain of the filter in question 39 at
20 Hz? At 100 Hz? At | kHz?

6-7
ASCILLATORS

{An oscillator is a circuit that credtes an ac signal or
changes direct to alternating current Oscillators are
often based on amplifiers. An amplifier can be made
to oscillate by adding positive (in-phase) feedback.
If the gain of the amplifier is greuter than the loss in
the feedback network, the circuit will oscillate. Fig-
ure 6-35 shows a Wien bridge oscillator. The Wien
bridge is made up of resistors R, and R, and capac-
itors Cy and Cs. The bridge produces a zero phase
shift at the resonant frequency. Frequencies higher
thian resonance produce a lagging response through
the bridge. and frequencies lower than resonance
produce a leading response. Therefore, only the res-
onant frequency arrives at the noninverting input of
the op amp with the correct phase to sustain oscil-
lations.

A Wien bridge oscillator is capable of very-low-
distortion sinusoidal output because the bridge acts
as a filter and allows in-phase feedback to occur for
only a single frequency. This is an important feature
in low-distortion simusoidal oscillators because a
pure sine wave has energy content at only one fre-
quency. However. there will be considerable distor-
tion in the circuit if the gain of the amplifier is more
than that required to sustain oscillations. The circuit
of Fig. 6-35 keeps the gain low by the voltage divider
action of Rs, C,, and the FET. The FET is biased by
rectifying and filtering the output signal with the
diodes and Cy. If the gain goes too high, the output
signal becomes larger, more of it is rectified. and the
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Fig. 6-35 Wien bridze oscillator,

negative gate voltage at the FET increases. This in-
creases the drain-to-source resistance of the FET.
and the negative feedback voltage at the inverting
input is now larger. This decreases op amp gain, and
the output is stabilized. Ideally, the automatic gain
portion of the oscillator should keep the op amp gain
Jjust large enough 1o sustain oscillations.

The initial study of oscillators is sometimes con-
fusing since it is difficult 10 understand how the cir-
cuit starts oscillating in the first place. When an os-
cillator is first energized, there is no strong signal at
any particular frequency, but there is wide-band
noise. This noise comes from the amplifying com-
ponents and any parts connected to the input of the
amplifier. The amplifier provides gain and wide-band
noise is present at the output. The feedback network
is frequency-sensitive and ensures that only one fre-
quency arrives at the amplifier input with the correct
phase (posiltive) relationship. This signal receives the
most gain and soon appears at the output. The os-
cillator of Fig. 6-55 siarts very quickly because the
op amp gain is maximum when the circuit is first
turned on.

Figure 6-56 shows another type of oscillator,
known as a multivibrator. Resistors R, and R, pro-
vide positive feedback and upper and lower threshold
points, as was discussed earlier for the Schmitt trig-
ger. When the output is at positive saturation. current
flows through R, to charge the capacitor. As long as
the capacitor voliage is less than the UTP, the output
remains al positive saturation. Eventually, the ca-
pacitor does charge to the UTP, the inverting input
goes posilive with respect to the noninverting input,
and the output is driven to negative szturation. The
capacitor now must charge in the opposite direction
until the LTP is crossed. [The multivibrator is not a
single-frequency oscillator in the sams sense as the
Wien bridge circuit. Itis in a category of relaxation

TR —ar
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* Fig. 6-36 Astabiz multivibrator.
oscillators,] which are governed by RC ume con-
stants. The output frequency is a square wave al ]
Ve Trigger
the time constant of R; and C. The output also con- TP SN © (S

tains considerable .energy at the odd harmonics of
the_fundamental. For example, if the fundamental

frequency is 100 Hz, thers will be energy at 300 Hz, B e '
500 Hz, 700 Hz, 2nd so oa. ' / ;
he 555 IC timer can also be used as an astable o . S

multvibrator. This circuit is shown in Fig. 6-57 (the

535 timer is discussed in Chapter 4). The resistors
_can be adjusted for an entire range of dutv cycles in e
- the output waveform. A-diode will be required for -
—duty cvcles of 50 percent and less. JAt the moment. a Serfes o g
- of power on, the capacitor is discharked. holding the 2 &k i R Y S

some fundamental frequency that is determined by e _H
i

**irigeer low. This trigeers the timerand establishes - JH L -
“trigger. 1o} 1§ inggers (e tmer estavli Fig. 635 Inteeratad ciras® timer monostable fone-shott mukivi--

o

“°" " ihe capatitorcharge path through R,and Rp. 2ssum- iy s £
. ing no diode. When the capacitor volage reaches the i
threshold of 32 Vee. the output goes low, and the
discharge transistor turns.on. The capacitor dis-
charges through Rz. When the capacitor voliage

The IC timer may also be used in the monostabiz,

drops to ¥ Vg, the trigger comparator trips and or one-shot, mede to provide a timed output puls2

retrigeers the timer. Adding the diode allows the in response to an input trigger pulse. as shown in

charge path 1o be R, and the diode to provid= . duty Fig. 6-38. Prior to the trigger inpul pulse, the dis-

cycle range of 5 to 95 percent by adjusting the ratio charge transistor in the IC is on, thus short-circuiting

of the timing resistors. Resistor Ry should be no the timing capacitor (C) to ground. When 2 trigzar

smaller than 3000 0 to ensure relizble starting of the pulse drives pin 2 below Vecf3, the device triggers.

L circuit. \ turning the discharge transistor off. The output goes
high and remains high until the timing capacitor

Vi charges to % Ve through the timing resistor (R).
%, \When the %5 Ve threshold is reached, the compar-
ator trips, in turning driving the output low and tura-
ing the discharge transistor on. The transistor quickly
fa L discharges the timing capacitor. The cycle is now
1 =~ complete, and the timer is ready for another input

% pulse. The width of the output pulse is equal o
L

1.1RC. If the timing resistor is 4.7 k€ and the timinz
capacitor is 0.02 pF, the pulse width “']) be 1.1 %

5

L

- . 2 47 % 107 % 0.02 x 107% = 103.4 ps.
Figure 6-59 shows an oscillator circudil that pro-
: . 11 f=Cia, + 271 duces both a square and a triangular waveform out-
- put. Assume that the threshold detector outpul is
= initially at negative saturation. This will cause 1
* Diode required for duty integrator to begin ramping in 2 positive direction. It
gpe pon el will continue to ramp until its output crosses ihe
Fig. 6-57 Integrated circuit timer astable multivibrator. lower threshold point of the detector. Its output will

UF L

||1._.}|
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Fig. 6-80 Sawrouh ascillzior

NOW snap to positive saturation. The integrator will
now begin ramping negative until the lower threshold
poiat is ciossed. The detector reassumes positive
s=turation, and another cycle begins.

& sawtoaih oscillator is shown in Fig. 6-60. Vot
age divider R, and R, apply some fraction of the
negative supply to the integratar. 1 begins ramping
positive at a rate that is determined by the magnitude
of the input voltage, R;, and the capacitor. Eventu-
ally, the ancde-to-cathode voliage of the program-
mable unijunction transistor (PUT) will reach the
breakover voltage. The PUT will turn on and quickly
discharge the capacitor to about 1 V. Then the inte-
grator will begin ramping again. The firing point of
the PUT is adjusted with the positive dividar made
up of resistors Ry and R.. The output frequency is
partly controlled by the gate voltage of the PUT
because if it is adjusted to fire earlier, the positive
ramp will be terminated sooner,

REVIEW QUESTIONS
41, What two conditions must be met for an am-
plifier to oscillate?

42. What is the function of the FET in Fiz. 6-557
43. The oscillator of Fig. 6-36 produces exergy
at a fundamenial frequency and at __ har

monic frequencies.

44. Refer to Fig. 6-57. Which resistor(s) deter-
mine(s) the length of time the output will be in the
high state when the diode is used? When the diede
is not used?

45. Refer 10 Fig. 6-60. What determines the out-
put frequency in 24dition 1o R,. C, R,. and Rs?

6-8
TROUBLESHOOTIXNG AND
MAINTENANCE

Amplifier troubleshooting should begin with a thor-
ough visual inspeciion. Do not forget to check ca-
bles, sockets, and connectors. Edge connectors on
plug-in circuit boards are notorious for causing prob-
lems. Power down and remove the boards. Brighten
the contact surfaces on the board by using an ordi-
nary pencil eraser. Do not use highly abrasive ma-
terials, Check devices in sockets because vibration
can cause them to work loose. Reseat any that look
suspicious. If the pins on ICs look black, that is a
clue that some corrosion has taken place. Use an IC
puller or a small screwdriver and work the ICs partly
out of their sockets and then firmly reseat them. This
procedure produces a wiping action that will usually
restore the conductivity of the contacts to an ag-
ceptable level. Of course, severe corrosion or sock-

-ets that have lost their tension will probably dictate

replacement,

After you have verified that everything looks good,
it is time to verify supply voltages. A circuit vsually
cannot work as intended if its supply voltage or volt-
ages are out of tolerance. Too many (echricians
waste lime troubleshooting circuits that do not have
anything wrong with them. A complete power supply
check may include an oscilloscope test, A de voli-
meter reading can be in the normal range when there
is excess ac ripple on the supply line. This check is
especially importani i one of the symptoms is erratic
output or ac hum in the output of the amplifidr.

After the supply has been verified, it is time to
identify the symptoms. Is the amplifier “*dead™ (no
output at all)? Is the output weak? Is the amplifier
unstable (acting as an oscillator)? Is the output of the
amplifier distorted? Is there noise or hum on the
output signal? Does 1he de output drift? Is the output
latched at the positive or negative rail?

Amplifier troubleshooting is usually done while
working *‘live.” If the amplifier is part of a control
system with motors. hydraulic, or pneumatic actua-
tors, you must be very careful that a circuit distur-
bance will not produce a dangerous mechanical out-
put. It may be necessary to deactivate part of the
system while working. However, if the system pro-
duces feedback signals, then deactivation may intro-
duce its own set of sympltoms. Refer to the maau-
facturer's recommendations when servicing systems
of this iype.
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A dead amplifier is often the easiest to trouble-
shoot. If it is a multistage arrangement, you should
view it as a signal chain. It must be verified one link
at 2 time. Signal tracing with an oscilloscope is a
useful technique. Start with the first stage and verify
the presence of an input sjgnal. Move to the output
of the first stage and check again. If you find a stage
where there is an input signal and no output signal,
the defective stage has been isolated. It is then usu-
ally possible to take a few dc readings to isolate the
defective component. For example, in a common
emitter amplifier such as the one shown in Fig. 6-3.
you may find no base voltage on the transistor, This
situation could be caused by an open bias resistor or
a short-circuited coupling capacitor. Another possi-
bility is normal base voltage and a collector volage
equal to the supply. If the collector voltage is sup-
posed to be about half the supply, then the transistor
or the emitter resistor is open. The kinds of problems
that upset d¢ terminal voltages in amplifier circuits
(assuming normal supplies) include short-circuited or
leaky coupling capacitors, short-circuited or leaky
bypass capacitors, open or out of tolerance resistors,
open solid-state junctions, and short-circuited solid-
state junctions. Your knowledge of circuit principles
and device behavior will lead you in the right direc-
tion. )

K the circuit is a d¢ amplifier, the oscilloscope

_ tracing technique may be less useful It may be more
-desizable 10 use a digital volimeter to verify the do
:signal at various points in the signal chain. Itis also

sometimes possible to utilize circuit adjustment as 2
way To verify proper circuit response. For examplz.
the circuit may have an.offset null adjust potention-
eier. The potentiometer- setting can be changed
slightly while monitoring the dc output voliage (o
determine whether the response is as expected. Do
not use this technique until you carefully note the
original setting of the potentiometer. If it is 2 multi-
turn potentiometer, carefully count the turns so you
can accurately reset the circuit when you are done
testing. Also make sure that the manufacturer’s lit-
erature contains the adjustment procedure 5o you
can restore the circuit to original specifications. 1f
you find that it is possible to restore 2 normal dec
output by making a large change in some adjustment
point, you should not consider this a *'fix"* until you
have investigated further. This condition often indi-
cates that some component has drifted out of toler-
ance. It is probably going to continue drifting with
time, and your fix will be temporary at best.

A weak output indicdtes that the gain of one of the
stages is below normal or that the input signal is out
of tolerance. Once again, tracing with an oscilloscope
or digital voltmeter will usually isolate the stage.
iow gain in a stage may be caused by a defective
bypass or coupling capacitor, & bias resistor, a de-
coupling resistor, or a solid-state device. Even
though the power supply voltages have been
checked, it is possible that one stage will operate at
a voltage lower than normal. Decoupling resistors
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" are sometimes used toisolatea stage from the power

bus. If a decoupling resistor: increases in value, the
supply voltage for that one stage will drop, and the
gain will often be less than normal. When measuring
gain, remember that follower-type amplifiers are ex-

_ pected to produce unity gain oaly.

An unstable outpul may be caused by undesired
oscillations. Remember that any amplifier can be-
come an oscillator if there is in-phase feedback and
more gain than loss. Decoupling resistors are used
in conjunction with bypass capacitors to prevent am-
plifier coupling through the power bus. An open by-
pass capacitor may cause ac feedback and oscilla-
tions. Another source of instability is phase error
that causes feedback to become positive at some
frequency. Stray capacitances in a circuit, along with
resistances, form a group of RC lag networks that do
not show on schematic diagrams. Negative feedback’
can become positive feedback if the toial lag reaches
180°. As the frequency goes higher and higher, the
individual lags can sum to produce enough phase
shift to make the feedback positive. Iithere is enough
gain at this frequency, oscillations will occur. This is
why op amps are often internally compensaied for a
gain roll-off of 20 dB per decade. This compensation
ensures that the pain will be too low for oscillations
to occur at the frequency where phase shifi makes
the feedbsck become positive. If an op amp is un-
stable and is externally compensated. the compen-
sation components should be checked. If the gain is

" too high. it may also cause esciliation {or the reasons

already discussed. 5 S 3 _

Distortion in an amplifiecis often caised by a bias
error. For example. If an amplifief is not operating
near the center of its load linz, then clipping of cither
the negative-going or the positive-going part of the
signal may result. Itis usoaily casy torace distortion
to one stage by using an oscilloscope. In some cases.
it is also helpful to use a function generator to feed
a known test signal through the system. Most func-
tion generators are capable of producing sine,
square, and triangle waveforms. The triangle wave-
form is wsually the best choice when looking for
distortion in z linear amplifier. The sharp peaks make
it easy to spot any tendency toward clipping or com-
pression, and the strzight sides make any nonlinear-
ity apparent. Once the defective stage is isolated, do
voltage checks will often reveal which component
has failed. If the dc readings are correct, a defective
solid-state device should be suspected.

Noise and hum are problems that can indicate
power supply difficulties, open bypass capacitors.

. broken ground wires and shiclds, or defective de-

vices. If the noise or hum is 2’ common mode signal
that the amplifier should reject, check the op amps
and 1As. Circuit imbalance is also a possible culprit
when the CMRR is not what it should be. For ex-
ample, the IA shown in Fig. 6-3%(a) will not exhibit
good common mode rejection if one of the four re-
sistors (R4 through R;) in the output stage changes
value. It may be possible to adjust the CMRR in
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some amplifiers. Once again, if a significant change
in a potentiometer must be made to restore proper
operation it may be an indication that some compo-
nent is drifting. Another noise source is a defective
component in the input stzge of a high-gain amplifier.
A resistor, transistor, diede, IC. or some other com-
ponent may become a noice generator. Rem=mber
that some components such as zzner diodes normally
generale significant noise and must be bypassad to
confine the noise. Check the appropriate bypass ca-
pacitors. A transducer (or some other signal scurce)
connected to the amplifier input may also be defec-
tive and noisy. Check for dirty and corroded con-
nections. Finally, the amplifier may be responding to
astrong electromagnetic field from some RFI scurce.

Drift is often a problem in high-gain dc amplifiers.
Some drift is normal. If the drift is causing prohlems,
it must be investigated. It is usvally worst when it
occurs in an early stage because it is amplified by all
succeeding stages. Often a pattern to the drif: can
provide a valuable clue. For example, the drift may
always be in the same direction as the amglifier
warms up. This usually indicates that some compo-
nent or device is changing with temperature. You
can use a source of heat or cold to help isolate a
sensitive part. Some cold spray materials build up
damaging static charges and attack plastics. <o be
careful to use an approved type. Heat sources in-
clude soldering pencils, lamps. and heat cunsz. Be
careful not to overheat circuit boards, comporents,
and plastic parts.

Latch-up is a problem encountered with some op-
erational amplifiers. The output gets ““stuck™ at the
positive rail or at the negative rail. If the inputs seem
normal, check the feedback circuit components. If
no problems can be found there, investigate the dual
supply on power up by using a dual-trace oscillo-
scope. If the plus and minus voltages are not applizd
at the same time, latch-up may result.

REVIEW QUESTIONS

46. Refer to Fig. 6-3. Suppose Ry;opens up. The
amplifier operating point will move toward y
47. Will the dc collector voltage measure nor-
mal, high, or low for the fault discussed in ques-

tion 467

48. Refer to Fig. 6-4(a). Will the dc output volt-
age measure normal, high, or low if the emitter of
2, opens up?

49. Refer to Fig. 6-5(b). Should the normal volt-
age gain of this amplifier be high, moderate, or near
unity?

50. Refer to Fig. 6-10. What dc output veoltage
can you expect at A and B if the — V- supply fails
and goesto 0 V?

51. Refer to Fig. 6-40. What dc condition will
exist at V., if R, opens?

CHAPTER REVIEW QUESTIONS

£-1. Refer to Fig. 6-2 and assume a quiescent
base current of 80 pA. Where will the amplifier op-
erate?

6-2. What will the quiescent collector-to-emitter
voltage be for question 6-17

6-3. Refer to Fig. 6-3. Which two components
establish the base voltage?

6-4. What type of coupling is required for dc
zmplification?

6-5. What is the function of the emitzer byrass
capacitor in Fig. 6-37

6-6. What is the overall current gain in a Dar-
fingten pair in which the first transistor has an fpg
of 50 and the second an Ay of 2007

6-7. What is the phase relationship between in-
put and output for common base and emitter fol-
tower amplifiers?

6-8. Refer to Fig. 6-11. Assuming balance and a
common mode input, what will the differential out-
put be? What will the single-ended output be?

6-9. A particular op amp requires a 1.5-mV in-
rut differential to produce 0 output. What is this
error called?

6-10. What terminals are provided on some op
amp packages to eliminate the error of question
6-97

6-11. Refer to Fig. 6-23. Input | is driven 0.2 V
negative. What effects will be noticed at the other
two inputs? . :

6-12. Calculate the output voltage for Fig. 6-25 if
the feedbtack resistor is 27 (1 and the current source
is conducting 0.5 A.

6-13. Refer to Fig. 6-26. If V;, = 0.01 V. R; =
10,000 0. and R, = 10 0, how much current will
flow in the load resistor? How much current will
flow if the load resistor is changed to 4.7 kQ1?

6-14. Refer to Fig. 6-33. If the input is +0.2 V,
what are the polarity and rate of change at the out-
put?

6-15. What is the instantanaous cutput veltage in
question 6-14 after the input has been applied for
100 ms? _

6-16. Refer to Fig. 6-35. What will happen to the
oulptit frequency if the reference voltage is made
more negative? i

6-17. Vhat is the function of R; in Fig. 6-367



6-18. Refer to Fig. 6-36. What will happeﬁ to the
ox time of the light source if the reference voltage

is made more negative? - ety
6-19. Suppose the output waveform in Fig. 637

shows every other negative peak al a greater ampli-
tude. Could this be caused by R; being out of toler- -

ance?
6-20. Refer to Fig. 6-38. How would the circuit
act if the diode were short-circuited?

6-21. What is the bandwidth of a bandpass filter
having a O of 20 and a resonant frequency of
100 Hz?

6-22. Two unity ain highpass filters are cas-
caded. Assuming that both have 2 cutoff frequency
of 100 Hz, what is the overall response at 100 Hz?
Is the cascaded cutoff frequency higher, lower, or
the same? X
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6.23. What iS the output voltage for the muki- -

~plier in Fig. 649 i Vx = =5Vand Vy=+6 V2.
__In which quadrant is the multiplier operating?

6:24. Calculate the dc output voltage for Fig.
6-50(a) if the input signal is a 6.32-V peak sinusoid.
(Hint: Refer also to Fig. 6-50(d).) o

6-25. Calculate the output voltage for Fig.

6-50(c) if the input voltageis —5 V. .

6-26. What are the two types of isolation ampli-
fiers?

6-27. Why arc chopper-type amplifiers used?

6-28. What is the function of the external capaci-
tors in the CAZ amplifier shown in Fig. 6-537

6-29. Refer to Fig. 6-41. What dc condition will
exist at Vo i_f R; opens?

6-30. Refer to Fig. 6-55. What ac output condi- -
tion will existif C;opens? — ——— ——

ANSIWERS TO REVIEW QUESTI ONS
1.37¢dB 2.32dB 3..common emitter 4. 180°
"11.80dB 12. noninverting; + .13. 40 dB 14. infini
161 MHz;yes 17.1.59 MHz 18. slew rate
" 24, nonweighted: change any of the inpus resistors
outpul is at positive saturation} 28, +1.93 V¢ E
33, the intrinsic impedance of the op amps 3 7210

41. in-phase feedback and more gain than loss

saturation)

5.4V 6cuoff 7.16V 8 yes; 0 9_yes: no 10. no -
ty; to avoid lozding effects 15. zero; so it candrive any load

19.10: 10k0 20, 100kHz 21.101:6 MO 22763V 23, - 1034V -
25, it will decrease -26. an output pull-tp resistor _27:no (the |
2-1.93 ¥
35 ne 36, thermal-compensation 37: positive saturation

= 225 k0 Cs = 0.2 uF 40.0dB; =3.dB; —40°d3~

38. to set-,,, 2t half the supply 39 R, = M3 kO R:
42, to control gain and minimize distortion ™ 43. odd . R R,

and Ry 45. R, and R, 46. saturation  47. low 48, high 49, near unity

29, square wave: 30, +0.5 % 3l trangle 32. 701

30, equal to Ve 51 +14 V (positive




This chapter deals with some important mag-
netic devices used in modern industry. These
devices are for the most part passive and con-
tain no moving parts. They are relatively main-
tenance-free and reliable. They will last indefi-
nitely if not abused by overloading or
overheating, provided they are adequately pro-
tected for the environment in which they are
designed to operate. Industry relies heavilv on
these devices for control, transfer, and condi-
tioning of ac power. In this chapter emphasis
is on 60-Hz power, though other frequencies
are mentioned where appropriate.

7-1
SIGNAL AND SPECIAL PURPOSE
TRANSFORMERS

An impedance relationship exists across a trans-
former that is not equal to the turns ratio. The fol
lowing analvsis will show what is true for all power
and signal ransformers. Since the voltage ratio of a
transformer 1s equal to the turns ratio.

Also, the current ratio is equal to the reciprocal of
the turns ratio:
IJ’ e ‘\ri

il

Then, by dividing one equation by the other we
‘obtain,

EE >
b _ N
Vv, N2

-

Since V.l is equal to Z,, the primary impedance,
and VJ/I, s equal to Z,, the impedance of the sec-
ondary, by substitution we obtain

2. (B '
Z, N.

T]lcrcfore. the ratio of the impedances across a

transformer varies -as the square of the turns ratio.

MAGNETIC DEVICES

Rearranging the terms,

z, =

&K (‘%%):

and

N\
Z', Zp x (:‘;?;)
If the transformer shown in Fig. 7-1 has a step-up
ratio of 10 to 250 and draws 100 mA at 6 V in the
primary circuit, the primary impedance is

e B
Z, = it ) 60 O
The impedance of the secondary is
25042
Z; = 60 x [W_.

= 60 » 625 = 37,500

For a step-down transformer with a turns ratio of
15 to 1 supplying an impedance of 2 (), the impedance
of the primary is

15\
¥ (T)

3 x 235
430

The value of a signal transformer is in its ability
to transform a low impedance to a high impedance
or vice versa. No external power is required to ac-
complish this feat. The isolation characteristics are
also very beneficial for the elimination of ground
loops that can override a small signal. Signal trans-
formers have well-defined bandwidths. Most iron
core types are limited to audio frequencies. With
ultrasonic circuits of 20 kHz or more, ferrite or air
cores are used to eliminate the hysteresis and eddy
current losses that increase with frequency.

Maximum transfer of power from source to load
is important in any circuit and especially so when
moderate to high power levels are involved. The
maximum transfer of power occurs when the imped-
ance of the source is equal to the impedance of the
load. The simple dc circuit of Fig. 7-2 illustrates this
principle. A 10-V battery with an internal resistance
Ryof 1 1 feeds a variable load resistance R,. When
R; i5-4 , the total circuit series resistance is 5 Q
(Ryz + Rp), the current is 2 A. and there is an 8-V
drop across the load. The power absorbed by the
foad is 8 V times 2 A or 16 W. The power dissipated

1]
1

ra
“p



Fig. 7-1 Equivalent cirzuit of signal transformer impedanz.

in the battery as heat is Rptimes I, or 4 W. Aralysis

of the chart in Fig. 7-2{b) indicates that the maximum
power absorbed by the load is 25 W. Further amlysis
shows that this maximum poWer OCCUrs with Rpand

R equal to 1 0. Thus, the greatest power is delivered
1o the load when the impedance of the load is egual

~ 't the impedance of the source. G

Pulse transformers are ‘often-used o couple atrig-

" ally used for thyristor control can be arrangsd with

a 11 ratio (1wo windings), & 1:1:1 ratio (three wind- -

ings). or a l:1:1:1"ratio (four windings). Figere 7-3
shows the physical dimensions. along with the sche-
matic representation for a tvpical unit. Neie the
black dot that appears at each winding. This is a

~ger pulse to a thyristor in order o obtain electrizal
isolation between two circits: The transformers usu- -

v | A | sl Aol v | v (R0
w | 1 |4 5 2 2 8 |%
w | 1|3 4 25 |25 | 75 |1E]5
TAIEEEEE 333 | 333 | 667 | B2
w | 1§ .|2 5- |8 5. |5
o 1 | 5 |15 |667]667] 333]22
0 | 1 3| 133 75 |15 | 25 (1875
7 oL 25 |125]8 |8 2 s
\ ] :

Fig. 7-2 Power transfer and im;;edam:e. () Circuit. () Table of

impedances.
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Fig. 73 Thyristor pulse transformer. fer Physizal dimensicas.
tk; Schematic symbel

phasing (polarity) reference dot. The dots show that
the indicated terminals have the same polanty with
respect Lo each other.

For pulse triggering a thyristor. a minimum amount
of energy is required, and a minimum trigzer pulse

width ic also necessary. A lypical gate curreit 1o gate.
pulse width piot is shown in Figs 7-4. along with ine

L
Eguivaent wigger circuit

{2}
= = T
| }
< \ H
! e !
2 i
= i
= i [
Y | i
: | =
z 1 |
= | i
L D N l
& \_—
l i
R Lsr —s3isy EPRTTIT L ppans i
001 1 10 10 100 1200
Py — Gate pulse width—ps
(43}

Fig. 74 Typical thyristor irigger circuit. {a) Gate circult with puise
transformer. (5) Gate current to gate pulse widih curne.
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equivalent trigeer circuit. The transformer shown in
Fig. 7-3(a) has been specifically designed for irigger-
ing thyristors. The prime requirement of a trigger
puise transformer is efficiency, The simplest test is
to use the desired trigger pulse generator to directly
drive a 20-0 resistor and then to drive the same
resistor through the pulse transformer. If th= pulse
waveforms across the resistor are the same under
botk conditions, the transformer is considersd to be
perfact. 1

A similar type of pulse transformer is used to drive
MGSFETs in switching and fiyback converters. The
windings are interleaved for lowest practical l=akage
indzctance. When driven by these transfcrmers,
drain to source rise times of 25 nanoseconds (ns) are

Primary Secondery

(e
.
i

Ve 11 74
L i

e
PO Y

r—_..._..._..._..._..-.

_ r-—lf"—‘_"ﬂ
g L. T

R —— =)

5]
> . . 1
Primary Compensating Vi
wanding winding i &

Secondary v Vou
winding ’l‘ l’
) le}

Fir. = unstant voltage transformer cperation.

achieved, and useful frequencies up to 200 kHz are
obtainable. Ferrite cores are commonly used at these
frequencies. These devices are for pulse service and
will not work as input or output transformers, which
are primarily low-frequency devices.

Bucking and boosting transformers (sometimes
called corrector transformersy are used to provide an
economical znd convenient mcans of boosling ar
bucking vollage on single- and three-phase circuits.
These transformers have series-multiple 12/24- or
16/32-V secondary windings suitable for a pide va-
riety of applications. They are connected as auto-
transformers in single-phase or three-phase circuits.’
for boosting or bucking voltages. Each boast or buck
(B-B) transformer will have eight leads brought out

Knee
e

Flux

&

Magnetizing force —-

&)

L - et e

Flux

: 1
Voo Yo Ve Yoy

Magnetizing force —e
{d)

in
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for wiring. In accordance with American National

_Standards Institute (ANSI) standards, the four Jeads

_on the high-voltage winding will be marked HI, H2.
H3, and H4. The low-voltage leads will be marked
X1, X2, X3, and X4. A few points of interest should
be noted: The open-delta connection requires only
two B-B transformers to ttansform three-phase volt-

- ages. The open-delta does not provide a neutral and
therefore is used only on three-phase applications in
which the neutral (if one exists) is not connected to
the load. The geometric neutrals of the input and
output voltages on the open-delta connection are not
the same. Thus, circulaling currents will result if the
neutral of the line is connected directly to the load:
therefore, the neutral must not be connected for this
tvpe of operation,

As an example of the use of a B-B transformer.
suppose we have 2 60-Hz, single-phase. 12-kilovoli-
ampere (kVA) joad that is rated at 230 V. However
the only line available is 208 V. 60 Hz. The selution
would be to select a B-B transformer ratzd 1224 .4
with a kVA rating of 10 percent of 12 kVA or
1.2 kVA. The primary currents cancel. so only the

_ low-voltage winding conducts full load current.
For many types of industrial applications 2 simpls.

reliable source of constant potential is a requisite for

~successful operation. The static-magnetic regulator. -
vey = - Wwith ils cimplicity. -ruggedness. and reliability. 15
. commonly employed. These units hiave many geperic-

- names: ferromagnetic, flux-former, €. Ferroreso-

nant constant-voliage transformers are discussad in

Chapter 5. Thebasic operating principle is the sama: ..

only the nzme is different, as they are all constani-
voltage transformers.

The basic principles of conslant-voliage trans-
former operation are illustrated in Fig. 7-3. Feure
7-5(a) reviews how the conventional transformer pri-
mary voltage (17,) sets up magnetizing current (1)
and a resultant flux (arrows in corel that links the
secondary winding to induce a voliage (V). When
operating below the knee of saturation (Fiz. 7-3[b]).
flux &,-&.. V, is proportional to the primary veltage
V,. Above the knee, changes in Vy, have little effect
on V, With a magnetic shunt added (Fig.
7-5[c]) and a capacitor across the secondary, the ca-
pacitor current I, generates additional flux im the
sccondary leg through the shunt path. The total flux
in the secondary leg is now above the knee (Fig.
7-5(d]), so changes in V,, have considerably reduced
effect on the secondary flux and on V,as compared
to Fig. 7-5(b). To minimize changes of V; with V,,
further, a compensating winding can be added over
the primary winding and is connected in series op-
position (Fig. 7-5[¢]) to the secondary to subtract
from V.. Figure 7-5(f) shows a locus of points, illus-

_trating that with increasing load current (V, con-

stant), the compensating winding subtracts less. This
means that as the load current is increased, the com-
pensating winding bucks out less of the secondary
— voltage. This effect offsets- the drop in secon
voltage normally associated with increasing load.
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REVIEW QUESTIONS :

1. ‘What is the primary impedance of a trans-
former with.300 primary turns‘and 20 secendary
turns if the secondary load is 40 ?

2. The characteristics of the signal

“transformer are’ useful for the elimination of grourd

loops. g :

2, Signal transformers are vsually employed for
frequencies below

4. The maximum transfer of power is oblained
when the source impedance is to the load
impedance.

-2 =
MAGNETIC AMPLIFIERS

The magneiic amplifier is @ device used 1o reprodisce
an applied input signal at an increased amplitude. All
emplifiers do this. but the method of amplification is
unique for magnetic amplifiers. The increases in am-
plitude that occur in magnetic amplifier circuits are
gproduced by the variations in magnetism and indusi-
snce within the unit. The magnetic amplifier is known
for its dependability. ruggedness, hich efficiency. 2nd

“ability 1o withstand high temperatures and other s=-.-

£

vere environments. | ¢ -

Thev are usad as “industrial regulators. relays.
stafiers, amphifiers. servosystems, and converters.
wad they are employed in some compoter applice-
ticns. Since a good knowledge of magnetism is £3-
cantial 1o understanding the magnelic amplifier. 2
brief review of basic magnetic theery is in order.

The region around a bar magnel where its influznce
is felt is called a magnetic field. This field can be
viewed 25 a pattern of lines arranged in an orderly
fashion emanating from the poles of the magnet. A
similar pattern of magnetic lines will exist around 2
current-carrying coil. The strength of the field is
called magneiomotive force (mmf) measured as NT.
proportional to the ampere turns:

MMF = NI

where

MMF = ampere turns
N = number of turns ia the coil
1 = current flow in the coil, A

Another parameter to be considered is the field

intensity (H), sometimes called magnetizing force. It
is the magnetomotive force per unit length:

_M
H =1
where

H = ampere lurns per meler
__ NI = ampere turns.
| = length,m
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Magnetic flux (9) is similar to the current in an
electric circuit and comprises the total number of
lines of force existing in the magnetic field. The unit
of nux is the weber (Wb). A weber is composed of

10® tines. Flu; 'utfﬂ'n_u (B} is ihe micans of measuring
the amount of flux lines per unit area. Inthe SI (the
international system of measurements), the tesla (T)
is the unit of flux density, The flux densitv is 1 T
when there is | Wb m’, eapressed as

=3
B~
where
B = flux density. T
$ = flux, Wb

A= area. m®
Permeability () is a comparative factor depicting
the ease by which a material can conduct magnetic
fux as compared to the ease of which a vacuum
conducts flux. The permeability formula is
- 2B
L

where

]

permeability
A B = change in flux density
A H = change in field intensity

It should be noted that 1n a vacuum tor air) fux
density equals field intensity at all times. Therefore,
the u (permeability) of a vacuum equals 1. Materials
with a permeability of less than | are called diamag-
netic, and those with a p slightly greater than | are
called paramacneiic. Materials such as iron, cobalt,
and nickel with a u much greater than 1 are referred
to as ferromazneric,

Reluetarce is the opposition to magnetic flux of-
fered by a magnetic material. The equa.mn for re-
luctance is

Il

B
o o

Il

where

= reluctance
length. m

= permeability
= area, m’

I R
I

Reiuctance is analogous to the resistance of an
electric circuit, Up to this point, we have discussed
electromagnetic circuits having fixed or slowly
changing direct currents and constant or slowly
changing magnetomotive forces applied. Circuits
with alternating currents will now be considered.

When an ahernanng current flows through an air-
core coil. as shown in Fig. 7-6(a), the flux density
(B) increases and decreaszs in phase mth the force
(F) that produces it

The B-H curve Of an electromagnetic coil with a
ferrons - 13 shown in Fig. ?-G(b) The curve forms

Fiux density

>Acn"de

{a) Aircore coil

=H
Magnetizing lurr_e
{empere turns/meter}

t 1 2

-H

o

“agretzing force

————————a

Flux
o’ | density

-8
(B} lron caracoil
Fig. 7-6 B-H curves.

a loop as a result of the residual magnetism. The
ability of a core to remain magnetized after the force
is removed is called retentiviry. The greater the re-
tentivity, the greater the residual magnetism will be.
[t is important to note that in Fig. 7-6(b) if the force
is increased beyond point a', the flux density in-
creases very little (as indicated by the dashed line)
since B has reached saturation. The permeability (p)
is very low at this time since the change in flux
density (A B) is very small. The inductance of the
coil is also very low at this time. It should be noted
that the permeability (u) is a direct quantity in the
equation for inductance. This, of course, also affects
the coil’s reactance, since

X, = 2=/




s g S

P SN

where

o ='frethncy in Hz
. L = inductance in henrys

““The reactance of a coil is very low if its core is

- allowed to saturate and is very high during any time~

when flux density (B) changes rapidly in response to

field-intensity change. Hysteresis losses depend on -
-several factors, Among them are the core type, the

temperature of the core, and the frequency of the
applied voltage,

Figure 7-7 compares hysleresrs loops for high, me-
dium, and low retentivities. A core with high reten-
tivity (Fig. 7-7[a]) has a wide hysteresis loop. Use of
such a core results in high hysteresis loss. The use
of a low-retentivity core results in a narrow loop (Fig.
7-7[b)) and low hysteresis loss. If a rapidiy varying
force is applied, the hysteresis loop will widen. The
higher the frequency, the greater the amount of lag
and the wider the loop. The use of ferromagnstic

_cores becomes impractical when the frequency goes

too high.

The terms magnetic amplifier and saturable reac-
tor are frequently used interchangeably. This prac-
tice, however, is erroneous because a magnetic am-

plifier is a device consisting of a combination of
- saturable “reactors, rectifiers, resistors, and trans-.
formers. Even though the saturable reactor is the

main componenl in all magnétic amplifiers. the term .

(saturable reacior) applies to only one pan the fe-
actor.

Amplification mcur: \Lhn 2 low -}e\ el si znnl con-
trols a relatively large am\‘-\.nl of power.In a
rable reactor, a control signal can determine the
permeability of the core. It has been shown that a
change in p will change the inductance and thereby
vary the inductive reactance (X)) of the coil. The
resistance is low compared to the inductive reac-
tance, so the impedance of the coil is due mainly to
Xp. It was also shown that when a core saturates,
its p is very low, and the impedance of the coil in
this case approaches the coil's dc resistance. The
ideal saturable reactor core would have the highly
rectangular B-H curve, as shown in Fig. 7-8. Many

"materials approach this ideal curve.

When faithful reproduction of a waveform is
needed, a core of nickel-iron alloy provides a linear

o4

High Medivm Low
retentivity retentivity retentivity
= () &) &)

__' Flg. 7-7 A camparison of hysteresis loops.

saty--
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High-rectangu’anity
magnetic a=chifier
core mats-isl

2

Fig. 7-8 Typical and idzal core materials.

relationship between B and H. Most saturable reac-
tor cores use nickel-iron alloys. These are subdivided
into (1) high-permeability {mumetal or Permalloy)
and (2) grain-oriented alloys (orthonol. dzitamax. and
Permirson). High-permeability cores are used in Jow-
level input amplifiers. The grain-orientad materials
are used in cores of [ugh-le\cl outpul siages.

Twe desirable features of the saturable rector cors
are (1) thin laminations for reduced eddy current loss
and (2) gapless constructionto umumue fux leakage.
Toroidal, or circular, cores will I‘I:i\t much less flux
leakage than square or rectangular cores. Flux lines
follow smooth curved paths, not sharp comers. z2:
illustrated in Fig. 7-9.

The p of th2 core in 2 saturable rezctor is con-
trolled by sending a dc current through a coatrol
winding. The flux produced when cument Bows
through the dc control winding is not confined to the
core. Some fiux lines flow outside the core or through
the insulation on the core as shown im Fig. 7-10.
Consequently, the entire fiux that is produced by the
current in the control coil (N¢) does not pass through
the load coil (N). The amount of leakage increases
as the core approaches saturation. This leakage can
be minimized by winding the control coil on the same
leg of the core as the load winding (N;), as shown
in Fig. 7-11{g). Another method is the use of dual

N M

Toroica

Rectarngular
Fig. 7-9 Comparison of a recangular and 2 toroidal core.
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Saturable
resctor

oc
cameenl M- Flux M,
voitaze leakszs ¥

Fig. 7-10 Flux leakages :n a saturable rescior core.

c0'ls on two cores. as shown in Fig. 7-1151. Both of
:hese methods require a high amount of insulation
nerween the coils.

Another method is the three-legged core. Wwhich
requires less insulation. The coils are wound sepa-
rately, as shown in Fig. 7-Tl(c). Reactors are clussi-
fied as to whether they have a single, double, or
three-legged core or according to their construction
=s follows:

I. Rectanegular cores
a. Stacked
b. Spiral- or tape-wound

{11}

Comtral

garodit

Load
circuit

el

rig. 711 awble reacior core npes. ia) Single ring. fb) Twin
T : Three-legaed,

Spiral
ia)
Single ring Twin ring Thres legged
-
Fig. 7-12 Core types, fa) Construction. f£7 Schematic represen-

tation.

2. Toroidal cores
a. Stacked
b. Spiral- or tape-wound

Toroidal cores are more common than rectangular
cores in reactors. Figure 7-12(«) shows the spiral and
stacked cores: Fig. 7-12(h) schematically illustrates
the single-ring. double (iwin ringi. and threc-legged
cores, Figure 7-13(a) shows a su crable reactor con-
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trol circuit. It contains a ferromagnetic core with @

control winding (N,), an adjustable series resistor, a
switch. and the control voltage V.. A
With the switch closed, the current flowing in the
control Gircuit depends on the amount of series ve-
. sistance R, Therefore, the magnetizing force (H)
applied to the core is controlled by adjusting R.y.
The B-H curve for this core is. illustrated in Fig.
7-13(k). As the control current is increased from

z2ero, the flux density (B) increases slowly through -

region A of the B-H curve, The core permeability is
relatively low in this region.

As the control current (magnetizing force H) is
increased into region B, the flux density increases
very rapidly. The core permeability in this area is
high, because a small change in M results in a large
change in B. Further increases in the control current
will drive the core into saturation, area C. In area C.
any increase in H results in only a very small change
in B: therefore the permeability is very low. Figure
7-14 shows the addition of the load circuit to com-
plete the saturable reactor circuit. _ :

The load circuit consists of the load winding and
a load resistor in series with an ac voltage source.
The voltage developed across the load resistor is
determined by the current flowing in the Joad circuit.
This curren: is determined by the inductive reac-
tance, X,. of the load winding and the resistance of
the load resistor, The inductance ofa.coil is: directly
proportional to its parmeability, pt; and -can be ex-
pressed as . e .

N
L = .“‘-_;_
where
L = inductance, henrys (H)
p = core permeability, B/
N = number of turns

A = cross-sectional area, m’
| = magnetic path length of coil, m

The inductive reactance of the coil is directly pro-
portional to its inductance expressed by X, = 2=/L.

It has been shown that the permeability of the core
can be controlled by varying the control current,
thereby changing the operating point on the B-H
curve. If the control current is set so that the oper-
ating point is in the B area of the B-H curve of Fig.
7-13(b), the permeability of the core is very high.
This results in a low current flow in the load resistor.

110V 60 Hz

Fig. 7-14 Saturable reactor with load circuit.
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and 2 low voltage drop occurs across the load Tesis-
- tor. = -
By increasing the contrdl current to the point at
which the core is driven into saturation, the perme-
ability is now reduced to 2 low value. The inductance
and inductive reactance of the load winding wilt also
be very low. This will now permit a high load current,
and most of the ac source voltage will appear-across
the load resistor. Accordingly, a saturable reactor
uses & small control voltage variation to change of
control a large ac load voltage over a wide range, /*
The basic circuit illustrated in Fig. 7-14 is ineff-
cient because of the ac in the load windinz. This
current causes two detrimental effects:

1. Voltage is induced in the control winding from the
lead winding by transformer action.
. During ene half cycle, the load winding curremt
flow will produce a flux which opposes that pre-
duced by the control windinz. Power from the
control winding is needed to retum the core flux
to its pormal operating point. The problem of the
opposing fiux is eliminated by using a rectifier m
szries With the load winding. The load currem
becomes unidirectional, and if the rectifizr (diods)
is connected properly; the flux fields never oppose
cach other. The addition of a ractifier converts ife
. saturable reactor into a.magneticamplifier. 5

Another way of reducing these effects is o usea

" nonpolarized three-legged core, as shown-in Fig
7-1%a). The control winding is wound on the center

lez.-one load winding on one outside leg. znd i

other on the opposite leg. 5o the flux Aelds cancel iz

the center leg. as seen in Fig. 7-13(a). The schematic

(%)

-
Cor=
L ¢ —
1 &R
Nq: ﬂc: . #,_! 3
s y  Load
= ) 722 3
“w
240 .
D€ contral
ta}
s e

cenvol

Fg. 745_ Nonpolarized sarurable reactor. (a) Three-lezzed cre.
() Circuit.
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circuit representation of this configuration is shown
in Fig. 7-15(b). It can be seen that the two load
windings. being in opposition, induce no veltage into
the control winding. When the load voliage changes
(reverses), the fiux fields still oppose each other in
the center leg. Also it can be seen that one flux field
. the control flux, and the other opposes it. This
characteristic allows a control voltage of 2ither po-
larity 1o be used and is the reason for the term non-
polarized three-legged core.

In somz instances it is necessary to use a three-
legged core with the load winding wound so the flux
will aid in the center leg, as shown in Fig. 7-16(a).
The schematic circuit representation of this core is
illustrated in Fig. 7-16(b). The load winding flux fields
now aid each other in the center leg. These fields
may aid the control field, thereby helping to saturate
the core, or they may oppose the control field, re-
ducing the flux density. The polarity of the applied
voltage of either the control coil or load coils will

- determine flux density. The core is now said to be
polarized.

The addition of a rectifier in the circuit of Fig.

7-17 converts the reactor circuit to a magnetic am-

plifier circuit. The satrable reactor is used with a
solid-state diode (rectifier) to produce a controlled
dc voltage across the load resistance R, . The reactor
used is a three-legged core. The two load coils ap-
pose. @s was previously indicated. and this reactor
is nonpolarized. The current and the resultant voli-
age across the load R; will depend upon the level of
the dc control voltage.

The operation of the circuit with the control voli-
age. across Nc. at zero will be considered first. When

o ——
L o~
q -]
#, : Ne g " Z
g <2 Load
2 o Z
A
%4 s
x - Vae
Control
input
lal
. oy
ocC = i Ta
conitral Mot e

. fa) ThreeJeggzed core.

{al

Load current

I
—Saturation

— Minimum los
I current

+——— — Control curreny =
ke
b}

Fig. 7 17 Basic magnetic amplifier. (@) Nonpolarized. 1h) Transfer
curve,

the ac supply veoltage is positive. current will flow
through R, and D,. and through the load windings
tN7) back to the source. With no direct current to
saturate the control core. a high permeability exists.
which results in a high inductance and a high induc-
tive reactance. The current through the load circuit
will be smzll. and consequently the voltage across
Ry will be low.

When a dc potential is applied across the control
winding. current will now flow and magnetize. the
core. If the current is of sufficient magnitude the core
becomes saturated, and u decreases drastically. This
decrease will make the inductance of the load wind-
ings approach zero, and the load current will be high.
Therefore, the voltage across Ry will be hizh. In-
creasing the current beyond the saturation point pro-
duces an insignificant increase in the load cumrent.

The dynamic characteristic curve can be plotted
to illustrate the cffects of varying the control current
in a magnetic amplifier. This plot is shown in Fig.
7-17(b). Note that the direction of the control current
is unimportant in a nonpolarized magnetic amplifier.
The load current in Fig. 7-17(h) never goes 1o zero.
but only to some minimum value. This minimum
value of load current. called the mo signal or guies-
cent current, appears when the control cument is
zero. The control signal is analogous to the input
signal between the base and emitter of a traasistor.
Amplification is achieved in the transistor circuit be-
cause a small input curren! in the base-to-emitler
circuit produces a relatively large change in the col-
lector currenl. In the magnetic amplifier. small
changes in the control winding current cause large
changes in load current.



The load current of the magnetic amplifier is also
dependent on the size of the load resistance R;.
Figure 7-18 illustrates the output curves for load cur-
rent I; for two different values of load resistances.
The curve shows that the load current is greater at
saturation in the magnetic amplifier that has a lower
value load resister. It should be noted that operating
on the steep portion of the curve (from point a to
saturation) will produce a large change in the load
current; consequently, amplification is achieved.
~ * As with other types of amplifiers, feedback may
‘be added to magnetic amplifiers. Positive feedback
is used to increase the gain, and negative feedback
is used to limit the gain or to improve the stability
or_linearity. Magnetic amplifiers can be classified as
follows:

I. Without feedback
2. With external feedback
3. With internal feedback

A magnetic amplifier with external feedback may
have positive or negative feedback supplied by
means of an external, inductively coupled winding,
with the load current flowing through it. Usually, the
rectified load current flows through a feedback wind-
ing.

If this field in the feedback winding aids the control
winding field, the feedback is positive. If the two
fields (control and feedback) oppose each other. the
feedback is negative. The effect of positive external
feedback on the magnetic amplifier is shown in Fig.
7-19(a). A comparison of the curves shown illustrates
that positive feedback produces a nonsymmetrical
curve, whereas the nonfeedback curve is symmetri-
cal. It should alsp be noted that the load current does
not reach its minimum when the control current is
zero (as in the nonfeedback case) but reaches its
minimum when the control current is negative.

Figure 7-19(5) shows the way that the slope of the

feedback curve is determined by the percentage of -
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Fig. 7-18 Magnetic amplifier load curves.
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Fig. 7-19 Magnetic amplifier feedback and nonfeedback transfer
Curscs.

feedback. If the positive feedback is increased above -
100 percent, the amplifier will become unstable and
will probably lock up into maximum conduction even
with very small control current. The feedback factor
is usually kept below 85 percent to mainain good
stability.

Figure 7-20 shows the schematic symbols of a re-
actor using a feedback winding. The terms N, Ng,
and N refer to the control, feedback, and load wind-
ings, respectively. These designations will be usad
throughout the remainder of this section. Figure
7-21 shows a simple positive feedback magaetic am-
plifier with a feedback winding (Vg) added to each
reactor.

Flg. 7-20 Magnetic amplifier with extemnal feedback.
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To follow the circuit of Fig. 7-21, it is assumed
that the ac supply is on the half cycle having the
circled-polarity. Current will flow from the positive
end of the.supply through D, Ng, series load wind- -
ings N, and N, of both reaciors, and load R back

" to the supply. On the other half cycle. current flows
“__through the lead Ry, Ni.. Vg sthe feedback winding

s

| KNI

N, and back to the supply through D;. Note that
the current that flows fn_the feedback windings will
aid 1he flux set up in core 1 and core 2 by the dec
control voltage. This causes a higher load current to
flow and causes the output load voliage to increase.

If the control polarily is reversed, negative feed-
back occars. The control winding flux will now op-
pose the flux of the feedback winding. Under this
condition, an increase in the control current will in-
crease the load winding reactance until the point
where the control flux and feedback fiux are equal is
reached. If the control fiux overrides the feedback
flux, the load winding reactance will slowly decrease,
causing the load current to increase. ‘The input
impedance of a magnetic amplifier is not affected by
external feedback. In contrast, in other electronic
amplifiers, the feedback partly determines the input
impedance. Since the feedback current of a magnetic
amplifier flows through an isolated winding. the input
impedance is determined only by the winding resis-
tance and any additional series resistance used to
increase the response time. The time constant (7) of
an inductive circuit is T = L/R; T is in seconds, L is
in henrys, and K is in ohms.f

It was mentioned previously that increased current
wiil fiow through ilic load winding of o magnetic
amplifier using positive external feedback. This tends
to make the quiescent load current too high for some -
applications. Quiescent current reduction may be ac-
complished by the addition of a bias winding, (Np),
to the core of each reactor, as shown in Fig. 7-22.
The bias winding reduces the load current to an ac-
ceptable value when the control current is equal to

N, 3 N,

|

{2} Feeusck and bisswindings

External
feedback without
bias

< IC

-IC

(b} Comparison curves

Fig. 7-22 Magnetic amplifier with extemal feedback and bias
windings.

zero. Figure 7-22(b) compares the characteristic
curves with and without bias. Operating point A of
Fig. 7-22(b) shows a high quiescent current with no
bias. This large quiescent current is due to the flux
in the core caused by the current through the feed-
back windings as indicated earlier.

Operating point B shows that the quiescent current
is minimum in the magnetic amplifier using feedback
with a bias winding. Figure 7-22(a) shows that the
flux from the bias winding opposes and cancels the
flux produced by the feedback-winding when the
control field is at zero. This effect provides minimum
flux in the reactor core and means that the permea-
bility will be high. The inductance and inductive re-



sctance of the load windings are maximum, and the

10ad current, Iy, is at minimum with no control cur-

rent. But once control current is applied the feedback
current will increase and overcome the bias. By vary-
ing the bias current amplitude, the operating point
may be adjusted to any desired value,-as shown in
Fig. 7-23.¢

Eeedback in a magnelic amplifier can be accom-
olished by having the load winding produce the feed- -

back directly. This is called internal, intrinsic, elec-
iric, or self-saturated feedback. This type of circuit
feedback has a (rectifier) diode in series with the load
so that direct current will flow through the load wind-
ings. If a three-legged core is used, the load windings
are wound on the center leg of the core and are
connected in series aiding. An internal feedback mag-
netic amplifier is one that uscs a self-saturation (auto-
excited) circuit because of its nature of operation.

Comparison of the characteristics of internal and ex- .

ternal feedback amplificrs yields small differences

between the two, Self-saturation has the advantage
of eliminating the feedback windings and also elimi-

_Dates the additional resistance in series with the load.
On the other hand. use of external feedback allows
easy adjustment of amplifier gain.

A basic self-saturating magnetic amplifier is shown
in Fig. 7-24(a). The determining factor in this self-
saturating magnetic amplifier 1s the rectifier (diode).
This confizuration is a polarized magnetic amplifier:
therefore, it responds differently if the control wind-
ing is reversed in polarity. The full wave output is
more common and will be analyzed rather than the
half-wave output of Fig. 7-24(a).

To produce a full sine wave outpul requires a two-
reactor magnetic amplifier circuir, as shown in Fig.
7-24(l). The control input voltige for this circuit is
also direct current. With no dc control voltage pres-
ent and the ac supply being that of the circivu polar-
ilies indicated in Fig. 7-24(b), the current will flow
from the ac supply through R;. Dy. Ny,. and back to
the source. On the other half cycle (uncircled polar-
ities) current will fow through, Ny, Da, Ry, and back
to the source. The load windings N and Ny of Fig.
7-24(b) are wound series aiding on the center leg of
their respective cores.

13
Operating 3
points
2
!
=g o +T,

Fig. 7-23 Operating points for various values of bias.
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Fig. 7-24 Self-saturating magnetic amplifier. fa) Hzif wave
{b) Full wave.

Note that the voltage drop across the load Ry will
reverse on each half cycle, producing the alizrnating
voltege (Vg,) shown in Fig. 7-24(0).

The polarity and magnitude of the inputdir
rent 1o the contrel windings will determine the alter-
na current developed across the load. With the
de cantrol polarity as shown, the flux produced in
the control winding aids the load-winding fiux. This
will decrease the reactance of the load winding, and
the load current will increase, producing a greater
vohage drop across Ry. Increasing the load curreat
increases the flux developed in the cpre. The load
winding reactance decreases further, and the load
currsnt will increase. Therefore it can be szen that
if the load flux aids the control flux, the internal
feedback is positive. .

When the control voltage is reversed, the control
flux will oppose that produced by the load current.
This causes the reactance of the load winding to te
high, resulting in a low output voltage across Rp. A
point where the control flux and the load flux are
equal and cancel cach other can be reached. The
reactance will be maximum at this point. and the
lozd voitage will be minimum. Any further increase
in the control voltage will cause the flux in the core
{0 increase, thus decreasing the reactance of the load
coils. The load current will increase only a little sinze
the increased load flux opposes the control fux and
reduces the overall flux in the core. The internal
feadback is now negative.

The transfer characteristic curve for Fiz. 7-2415)
(with positive feedback) is shown in Fig. 7-231a). The
quisscent current (point A) is due to the hich level
of lvad flux in the core. The control flux zids the
load flux, and the gain is high as a result of the
positive feedback. Negative control flux opposss

2t cur-
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the load flux, ‘and the resulting negative feedback -

results in a reduction of gain. The addition of a bias
winding can be used to set the operating point, as

.. discussed previously.

| A typical application of a magnetic amplifier is
d]ustraled in Fig. 7-26. Many servosystems (cov-
“ered in Chapter 10) use a two-phase induction motor
to position the load. The direction of rotation in such
a motor is dependent upon the phase of the ac signal,
and the speed is proportional to the signal amplitude.
The circuit of Fig. 7-26 will produce the required
output to drive such a servomotor. The bias windings
(Ng, and Np) minimize the quiescent load-winding
current. With no control signal applied, the reactance
of Ny, and N, are high and equal, and the small

thc contml {crmr) s:gnal

current that flows through the field windings of the
servomotor produces opposing. effects. Thus the ro-
tor will remain stationary.

The control windings of the tWo reactors of Fig.
7-26 are connected in series opposition, so that a
given polarity of control current will increase the
amount of core flux of one reactor, and the opposite
polarity of control current will increase the amount
of core flux in the other reactor. If the circled polarity
of control voltage is applied, reactor SX, approaches

‘saturation, and the reactance of N, decreases. Since

this reactor controls the current through field 1 of
the servomotor, the decrease in N;, reactante will
allow more current through field 1. The reactance of

. remains high so that very little current flows
through field 2. A resultant torque is generated within
the motor, causing the rotor to turn the output shaft
in a particular direction.

~If the control winding is driven by the uncircled
polarity, the reactor SX, will approach saturation.
The reactance of Ny will decrease, allowing more
current of flow through field 2 of the servomotor.
Winding N;, has a high reactance, and the current
thmugh field 1 is low. A resultant torque is produced,
causing the rotor to turn in @ direction opposite of

- that previously considered. The speed of the servo

is approximately pmpurmnal 1o the magmtudc of_'

REVIEW QUESTIONS

5, Materials with a permeability much grealer
than 1 are called
6. Air core coils have a higher permeability
than iron core coils. (true or false)

7. Referring to Fig. 7-6(b), the inductance is
minimum (g is low) at what points?

8. The higher frequencies of operation will pro-
duce a hysteresis loop.

9. A saturable reactor may operate in either the
A or B regions of Fig. 7-13(b). (true or false)

10. The saturation current for a load of 800 () on

Fig. 7-18 would be than 0.1 A.

(O} 5
Error
e
supply
Of+

Fig. 7-26 Application of magnetic amplifier servomolor.
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7-3
TROUBLESHOOTING AND
MAINTENANCE

in general, magnetic devices are fairly hardy and less
sensitive to abuse than solid-state devices, However,
excessive current produces excessive heat, which
can cause insulation failure and short-circuited turns
within the inductor. As always, cooling and ventila-
tion must be adequate and not restricted in any way.
A visual inspection may show signs of overheating.

A distinct **burned’* odor is another clue. Some units

have a built-in thermal switch to protect them. Trip-
ping of this device can be an indication of future or
current problems and should be thoroughly investi-
gated. An inductor may fail by short-circuiting to its
core (frame). This is easily checked with a high-
voltage ohmmeter (megger). Most inductors have
breakdown voltages greater than 500 V. Unless a
very low resistance short circuit has occurred, an
ohmmeter with a 10- to 30-V source is not adequate
for most insulation tests for breakdowns.

The dc resistance of a high-current inductor is on
the order of milliohms and would require a
Wheatstone bridge or millichmmeter to check its
value adequately. If an inductance bridze is avail-
able, measurement of the inductance will also verify
the integrity of the coil. In a switching power supply
or in a line filter. a test frequency close to the de-
vice's operating frequency will yield a more mean-
ingful value when using an ac bridge or impedance-
measuring equipment. Do not interrupt a choke-type
circuit when current is flowing. The induced voltage
can be many times the applied voltage and may causc
arcing and a breakdown of the insulation. Also, it
creates a shock hazard. and the arc may cause eye
damage. The arc caused by interrupting a 5-A current
flow in a several-henry inductor is in excess of
1000 'F. .

An abnormaliv high output voltage from a dc sup-
ply using a choke input filter cai. occur if the load is
below the minimum for the critical inductance value
used. Excessive load current can saturaie lie core
and lower the inductance, czusing abnormally high
ripple.

Signal transformers should be tested for short cir-
cuits to the core or frame as well as between the
windings. Since most units are low-power, the use
of a signal or function generator is best suited for
dynamic testing along with an oscilloscope or wide-
band ac voltmeter. The pulse- or trigger-type trans-
former can be tested, as mentioned in Sec. 7-1. The
insulation resistance of these devices is suspect in
many cases and is best checked with the aid of a
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high-voltage ohmmeter. If the thyristor it triggered
had a fault (anode-to-gate short circuit) the trigger
wransformer should be checked for signs of over-
heating (discoloration or a burnt odor). A complete
test may save a future return call for a marginal
system.

The saturable reactor and the magnetic amplifier
require no preventive maintenance other than clean-
ing and inspecting any associated cooling systems.
The windings should all be well insulated from each
other and the core. This is easily verified with a
megger. The diode (rectifier), if used, can be checked
in the usual manner. The MOSFETSs may find appli-
cations in magnetic circuits, especially in their con-
stant-current mode (gate tied to source). An oscillo-
scope is an invaluable tool to troubleshoot these
circuits. Cases of saturation or distortion can only
be detected this way. Caution: The alternating cur-
rent used may or may not be referenced to ground
or neutral. The use of an isolation transformer may
or may not be a safe way to prevent ground loops
through the test equipment. Floating measurements
are covered in Chapter 1. Changes in the bias source
can shift the quiescent point.and cause excessive no-
signal load current and possible overheating. The
loss of positive feedback (if external) will give a re-
duction in gain or sensitivity, whereas loss of nega-
tive feedback can give such an increase in gain as to
lock up (latch) the system, which will become im-
mune to all external signals. A comparison of each
winding for double-reactor systems is very benefi-
cial, and these values should be recorded for future
reference.

The devices covered in this chapter are ac devices,
and in most cases (except extreme short circuits,
etc.) the de resistance is not a good measure of the
integrity of the device, especially where turns ratios
are involved. Short circuits to the corc frame) are
common, especially if overheating had occurred
some time in the past. A high-voltage ohmmeteris a
very useful tool for these types of checks.

REVIEW QUESTIONS
11. Suspected electric leakage of an inductor is
best tested by usinga .

12. A Wheatstone bridge can be used to check
the dc resistance of an inductor. (true or false)

13. Interrupting the current through 2n inducter
may create a dangerous %

14. A load waveform that appears as half-wave
direct current in Fig. 7-24(b) is due to D, being
open or short-circuited?
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CHAPT; hH RE VIEIV PROBLE.‘MS

7-1. Thc polarity of transformer umdmgs may .
be indicated with phasing

7-2. Thecon sta_m-véltagc transformerusesamag-

netic , along with a compensating winding
to stabilize the voltage. -

7-3. One method used to reduce leakage flux is
the use of ring cores.

. 7-4. A basic magnetic amplifier is a saturable

reactor witha — added.

7-5. The minimum value of load current is
called the ______ or quiescent current.

7-6. Positive feedback will the gain of
a magnetic amplifier.

7-7.- Positive feedback is kept below 85 percent
to protect a magnetic amplifier from

T-B s =
quiescent current of the magnetic amplifier.-

winding is used to minimize the

7.9, -Negative feedback increases the input -
impedance _pl' the ma.gn:tic-ampliﬁer (true or false).
7-10: The two-reactor = circuit m{l pro-

videa full sine-wave to-the load. =
7-11." The servomotor magnetic amplifier typi- -
cally has how many reactors?

7-12. An increase in the ripple from a filter may
be due to excessive current causing it to
7-13. Trigger transformers are best tested by
using :

7-14. The are usually suspect in a mag-
netic amplifier failure since they are the least reli-
able part of the system..

-7-15. Loss oI negative feedback can make the re-
actor

~ 7-16. Excessive quiescent current may mdlca[e a

loss of the

ANS WERS TO RE VIE W QLESTI ONS

1 9000(1 o I, 150131:0:1 lZﬁkHz B :qua!. 5. ftnomagnct:c E.fal’sc oppos;tcssnue 7 aord 8 md\:r
9. lrue 10, greater ll.mce.gtr 12; 'lruc 13, arc 4. Open SRy




CONTROL

This chapter treats open-loop motor control
and power conversion, including inverters,
choppers, and cycloconverters. It also covers
phase contral of dc motors and static conver-
sion as applied in ac motor circuits. The im-
proved reliability and increased ratings of
solid-state devices have made their presence
commonplace in industry. They also interface
well with computer-tvpe controls; that inter-
face is the major thrust of automation tech-
nology.

8-1
DG MOTOR PHASE CONTROL

There are two basic categories of motor control:
open-loop and closed-loop. A __glg_s_ed-lqop system
senses the motor output and uses this information 10
correct the drve to the motor to eliminate error.
Closed-loop systems are covered in Chapter 10. In
some cases, where the load on the motor is reason-
ably constant, open loop motor control is adequate.
The half-wave drive circuit discussed in Chapter 4 is
an example of an open loop control system.

For many years, dc motors were contralled by
thyratrons, vacuum tubes containing an inert gas. a
heated cathode, an anode (plate), and a control grid
located between the cathode and the anode. These
tubes can control loads from a few milliamperes to
several amperes. A simplified thyratron motor con-
trol circuit is shown in Fig. 8-1{a). The thyratron's
plate-to-cathode resistance is very low whenthe tube
is in the conducting state. The grid of the thyratron
controls the point at which the tube fires or the gas
in the tube icnizes. Once ionization takes place, the
grid loses control and cannot stop plate current flow,

OPEN-LOOP MOTOR

The tube can only be extinguished by lowering the
plate voltage below the ionization level (usually
15 V). The thyratron is either full on or full off, just
like a switch. The device is operationally comparable
1o the solid-state silicon controlled rectifier (SCR)..
Motor performance is contrélled by shifting the firing
point of the canirol device, whether it is a thyratron
or an SCR. This is known as phase control and is
illustrated in Fig. 8-1(b). When the dc bias and ac
bias add together to equal the crtical grid voltage,
the thyratron fires. The other thyratron fires on the
next half cycle. The conduction period can be length-
ened for increased motor outputl or shortened for
decreased motor output. 3 !

A phase-sensitive contro! circuit capable of sup-
plying reversible half-wave power for a permanent
magnet or_shunt dc motor is shown in Fig. 8-2. The
ciretil is called a Balanced-bridge reversing drive

. circrit, It consists of two half-wave circuits back to

back (SCR,, D, and SCR,, D,) triggered by the uni-

_ junction transister (,. on either the positive or neg-

ative half cycle of the applied line voltage. Which
half-wave circuit fires will depend upon the direction
of the imbalance of the reference bridge from the
value of R, (the sensing element), which can be a
thermistor, photodiode, potentiometer, or the output
from a control-ty pe amplifier. In some cases, an opto-
isolation amplifier may be employed to avoid the
direct connection between the sensor and the bridge
circuit, ] ;

Resistor Rs is set so the dc bias on the emitter of
the UJT, @,, is just below the peak point which
would trigger @;. Zener D, sets the dc voltage across
Rs and C; (the RC time constant for 0;). With R,
and R, equal, the bridge circuit (R;, Ry, and R;, R:)
will be balanced, and the UJT (Q,) will not trigger;
therefore no output will appear across the load (ar-
mature). If R, increases in resistance it will unbal-
ance the bridge circuit. Capacitor Cy will be charged

177
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Fig. 8-1 Thyratron cir=uit and phase control signals. (a) Motor
control circuit. (b) Voltage relationships with one thyratron.

to a greater potential on one line alternation, raising
the emitter voltage of the UJT and causing it 10
trigger for one half cycle of the ac line voltage. When
O, triggers, one of the SCRs is forward-biased so it
will turn on for the remaining half of the cycle. If R,
were to decrease #n resistance a similar action would

—asmarme Aan tha Aas
o wne Op

occur, but with ibse other SCR triggering ©
posite half of the cycle. This reverses the polanty
across the load, so now the motor will reverse its
direction from the previous imbalance condition. Re-
sistor R, is used to match the quiescent resistance

of sensor R, at its null (balanced) position: No feed-

back is employed, so this is an open loop control.
Any changes in the load (torque, speed, ete.) will not
automatically be corregted.  * o=

If a series motor-is used, a circuit similar<io that

of Fig. 8-3 may be employed. This circuit uses a triac

in Tiew oL SCRs: In this circuit, the triac is triggered
on either the positive or negative half cycle. The
bridge rectifier (Dy—Dg) provides a dc voltage for
the armature circuit. Thus, the armature current is
always in the same direction. However, the field cur-
rent is reversed, depending on the triac’s trigeering
polarity. This circuit employs controls for gain, bal-
ance, and dead band (that range of input voltage to
which 2 control dees not respond). The circuit also
provides for an analog input control signal, from a
sensor, transducer, or process controller.

Figure 8-4(a) illustrates the internal block diagram
for a silicon integraied circuit designed for phase
control from ac mafs with resistive or inductive
loads. The IC has a volizee regulator and a voltage
monitor circuit to reset timing functions and inhibit
triac firing pulses when 2 power-up occurs. A ramp
generator is provided to control motor acceleration
and can be controlied by the speed program input,
pin 5. Charging currents for the ramp generator are

_set by an external resistor for a slow.ramp and. in-

ternally for 2 fast ramp. A frequency-to-voltage con-
verter js included-to enable a rate generator (la-

- chometer) to be used for motor speed sensing. |

The control amplifier in Fig. 8-3(a) hasdifferential
inputs -that compare the-ramp voltage against the

~ actual speed voltage (if used in a closed loop system).

Synchronization of the triac pulse is achieved by
delaying the pulse with reference to the zero voltage
points of the line voliage. Inductive loads such as
motors produce a phase lag of the load current. Un-
der high-speed or heavy-load conditions, the triac
must be fired after the load current from the previous
cycle has ceased. The current synchronization input
(pin 1) performs this task by ensuring that there isa
voltage across the triac before a trigger pulse is per-
mitted (when the triac is conducting only a small
voltage drop appears across it). The gating pulse
width is dependent upon an external capacitor con-
nected to pin 14, which also delays the pulse from
the zero voltage point.

Figure 8-4(b) shows a permanent magnet motor
whose armature is driven from an ac supply by
means of a bridge rectifier. When driving highly in-
ductive loads of this type with a phase control circuit.
the triac cannot be gated until a quarter cycle after
the line zero crossing because of the electromotive
force (emf) generated by the armature, Resistor Ry
senses the motor current, and the developed voltage
signal ic applied to pin 3 of the 1T The motar can
be rated up to 220 V, and currents up to 30 A are
possible. Resistor VR, is used to adjust the speed of
the motor, which could range up to 10,000 rpm. The
circuit provides unidirectional “motor operation
which is adequate for many industrial applications.
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Fig. 8-3 Phase control circuit for series dc motor.
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Fig. 8- Integrated circuit for phase control.
REVIEW QUESTIONS : i 3. Phase control of a load is accomplished by
shifting the —____ point of the thyratron or SCR.
1. The thyratron is a linear control device. (true 4, InFig. 82, is used to balance the
or false) - sensor (R)) resistance at null.
2. The thyratron tube is analogous to the solid- 5. In Fig. 8-2, which solid-state device produces

state st the gating pulses for the SCRs?



6. The range of input at which a control circuit
produces no output is known as its

8-2
DC-DC CHOPPER CONTROL

The de counterpart to ac phase control is the de-de
chopper (converter). Choppers control the average
load voltage by switching a fixed dc source. The
switching may be accomplished by bipolar transis-
tors, thyristors, or MOSFETs. The basic circuits for
these devices zre shown in Fig. 8-5(a). Figure 8-5(b)
shows a typical chopper waveform. The average load
voltage can be controlled by several methods. There

o s

N L T V.ﬂwa‘;e

o .
T T .
[&)

Fig. 8-5 The dc-dc basic chopper circuits and waveform.
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are three technigues commonly used to vary the ratio
of the switch oN time to the switch OFF time (duty
cycle) of the “‘chopped™ output waveform. The duty
cycle can be adjusted by:

1. Varying the o~ time (pulse width modulation).
2. Varying the ofF time (pulse rale modulation).

3. Varying both times, which is a combination of
pulse width and pulse rate modulation.

Figure 8-6 shows chdpper action for pulse width
modulation, pulse rate modulation, and a combina-
tion of both. Note that the duty cycie controls the
average voltage, Choppers can be used in variable-
speed de drives to supply the armature voliage for
speed control of separately excited dc motors. They
can also be used to provide a variable-supply voltage
lor series dc motor-speed control. The chopper offers
the advantage of higher efficiency than that of tra-
ditional electromechanical devices. The improved ef-
ficiency is due to the climination of the wasted energy
when using starting and control resistances for these
motors.

The thyristor makes an ideal switch for chopper

" applications; however, a method of turning off the
thyristor must be incorporated. The turn-off methods
(commutation) are discussed in section 8-3. Figure
8-7 shows a diagram of chopper control of a'vehicle
motor. Contacts S», 83, Ss, and S; are field-reversing
relay contects. With §; and S5 closed, the vehicular
direction 1s forward. With 55 and 5, closed, the di-
rection is reversed. This type of chopper arrange-
ment has a typical duty cycle from 20 to B0 per-
cent. At the stopped condition, all four relay contacts
(52.5:.5..55) are open. With 5; and S closed and the
chopper at low speed (rate), the motor voliage av-
erages about 20 percent of the battery voltage. This
voltags nay be increased to 80 percent of the battery
valtage to provide greater motor output by increasing
the duty cycle of the chopper. When the 80 percent
point is reached. contact S, is closed to apply full

—-I 1-—0F F time 's constant

QAR A

(a)

JO-\I &
: N time
QFF time 1 — AT

Low average valtage

Fig. 8-6 Chopper pulse width modula-
tion waveforms. fa) Pulse width mod-
ulation. (&) Pulse mte modulation: (¢) *
Combination rate znd width modula-

tion,
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*Note: SCA commutation ciftuit not shown

Fig. 8-7 Basic vehicle control circuit.

battery voltage to the motor, and maximum torque
will be obtained. Diode D is the freewheeling diode.

Its purpose is 10 pmte::t the motor from high vollage_

trans:ents that can be produced when the thyristor

_is turned off. The.chopper may use a variable-fre-
- quency constant-pulse width (rate modulation) sys- .-
tem or a pulse width modulation control if so desired. -

Choppers are an energy-efficient. method for con-

trolling a series dc moter that normally operatesfrom
a dc power source supplied by a third rail (as with-
electric trains) or an overhead conductor (trolley) or .

a battery bank, as with electric fork lifts. One basic
problem encountered jn chopper control is the max-

imum armature current that can be commutated by,

‘the thynstor As the motor size (horsepower rating)
increases, so will the locked rotor armature requln:—

ments.

tation, without which.the control would be lost
Commutation is more or less automatic in ac power
systems since the thyristors will turn off at the line

zero crossings. Commutation in dc systems requues

exfra circuitry. —r.,~<: Ci-orrfsa 0L !
One circuit that ichieves dc commutation is shown
in Fig. 8-8. .The Jones circuit controls ifié mean load
\oftage by varying the ratio of the o~ time to the
OFF time {p:.f[se width madularwn) To undersjand

are shown in Fig. 8-9. These phascs represent time
intervals from 1; through'ts. Single-pole, single-throw
(SPST) switches replace SCRs to indicate their state
so as to simplify the analysis{The cycle starts in Fig.
8-9(a) by triggering SCR, at Io. The lower plate of
capacitor C will start to charge positively. By time
f;, the lower plate of the capacitor has resonantly
cha:ged via L, to its peak positive voltage as shown
in Fig. 8-9(b). This peak positive vollage is equal but

INDUSTRIAL ELECTRONICS AND ROBOTICS

Anot_h?r__pr_ob]e_m encountered when using
thyristorsin a chopper circuit is to achieve commu-

To main gate control 12 commutation .

[ame warsl

SCR,

Fig. 8-8 Basic Jones chopper circuit.

opposlte to the peak negative voliage found on the

capacitor just- before _S._C_I_{_ls trlg.,:red Turning on
SCR, has the effect of reversing the voltage across

the ccmmutaung ‘capacitor. This veltage is held on’
the capacitor by the charging diode D, Energy is.

now. available -to commutate SCR,.. which is con-

"t dm:tm;g load (miotor) current through L as shown'i in °

Fig. 8-9(b). Inductors L, and L, are closely coupled

_znd form an autotransformer. When SCR, is on. the

load current flows ‘through L, and induces a positive- -
gding voltage at the top of L, that charges the com-
mutating capacuor.

Al time 13 in Flg 8-9(c), SCR. is triggered on, and
the capacitor is now effectively connected across
SCR,;. This reverse-biases the thyristor, and SCR, is
commutated (turned off). The load current is now
being supplied by Vp and the capacitor. Figure
8-9(d) shows that the capacitor is now charged to an
opposite polarity as the load current continues to
flow. As the capacitor voltage reaches the supply
voltage, the charging current decreases and eventu-
ally goes below the holding current for SCR;. Thyr-
istor SCR, turns off at time 14 ‘Now, both thytistors
are off, and the motor current is decreasing. Diode
D, is forward-biased by the emf generated by the
collapsing motor field. This allows the energy stored
in the motor to be dlsstalad /At 15, all currents have
ceased, and the circuit is ready for a gate pulse to
SCR,; to begin another cycle. .

The Jones circuit provides an efficient control of
motor speed by varying the duty cycle. To increass

- motor speed, the time betweeri SCR,’s gating pulse

and SCR;'s gating pulse will be increased. This al-
lows motor current to flow for a greater period of
time and raises the average motor voltage. The dis-

cussion has been limited o basic circuit cpemtio;/



183

! |
o W
P i
z |
Q i
(]
R lno
o o 1 |
= | PO i
o Cud b
= " .
e ]
o }
O e |
- iy o A
z > _
i |
B |
) (|
oo — i
o £ _
i
[ i ) |
pr. o . _
ta -~
=T
o &
R o i
| m = t M |
< L ¥ “
|
@ . . |
14 |
o 1
=
g
a
o
b
b0
=
: 8
A =3
: g
\ T s _ 2
\ 2 L2,
\ ke c
=
2
@
o
e0 |
= |

TR

B ) T 2 ] P AT b M .I.........s..:r._t...t-:rh-. A PR




184 INDUSTRIAL ELECTRONICS AND ROBOTICS

- To gate circuits

52 Dirzetion
I REV

Fiz. 8-19 Jones circuit modifted for forward and reverse.

oe
motor

§

Some applications may include acceleration control,
braking. current limiting, and other features. The
circuit can also be modified for forward and reverse
operation, as shown in Fig. 8-10.

Modern power MOSFETs may be rated for con-
tinuous current as high as 40 A and may be connected
in parallel for higher currents. They are attractive
candidates for controlling electric motors at currents
up to several hundreds of amperes. Figure 8-11
shows the basic circuit for a de-to-de chopper that
provides continuous speed control id the motoring
mode of operation (with the motor receiving power
from the dc source). It also allows the motor to return
regenerative energy to the dc source. This is known
as a two-guadrant chopper circuil. Waveforms that
describe the operation are shown in Fig. 8-12(a), and
Fig. 8-12(b) defines the two operating quadrants of
the circuit. When in the motoring mode, MOSFET |

Fig. 8-11 Two-quadrani chopper using MOSFETs.

" is switched on and off. at an appropriate repetition

,ms.ser:l -

— Voltage A-8 ' M e
—-— Motoreml 3 -
Motoring - ; Regenersting
Vit iy
Matoring - 3 -’_ -
turrent |
T TR 2 Motor
=7 Ragererating - current
current ——
- Transigtar
i I l Surent y MOSFET1
= SR Rectifer Caal =t Currant
current
W i _| mosFeT2
_Curremt
(=)
“Voiage .
wama e S T PR 8 e s e RCe .
Bus / Y-
///’*f\\\ =
—140A o 200 A
Regenarating Moioring

ta)

Fig. 8-12 Chopper waveforms 2nd quadrant of operation.

rate, providing control of the average voltage applied
to the motor. At this time MOSFET 2 is off, and its
diode acts as a conventional freewheeling diode to
conduct the freewheeling motor current when MOS-
FET'1 is off. When the motor acts as a generator
and returns energy to the dc source, MOSFET 2 is
chopped on and off to control the current fed back
from the motor to the source. In this mode, MOS-
FET 1 is off, but its internal diode is used to carry
the motor current to the dc source during the inter-
vals when MOSFET 2 is off. In order for a motor to
regenerate, it is necessary for it to have either a shunt
or separately excited field. A series-connected field
is not feasible because of the reversing of connec-
tions required and is not practical.,

Figure 8-13 shows a partial schematic for a 48-V,
200-A two-quadrant chopper based on power MOS-
FETs. This unit employs ten MOSFETs connected
in parallel for the motoring switch and five MOS-
FETs- connected in parallel for the regenerating
switch. Continued improvements in power MOS-
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Gate
W
1|y

Source

*
Motoring 1582
= 14w
MOSFETs Total of
ten similar
units
- 0.22 pF,
egenerating 0oV
: Totwal of
MOSFETs five s'milar
20 units
150 150 i
14w T4W
Gate o
18V 4
1w 2
Source

Fig. 8-13 Power circuit schematic.

FETs are expected to make motor control circuits of
this type economically and technically superior to
chopper systems employing transistors or thyristors.

REVIEW QUESTIONS

7. Three common solid-state choppers are the
transistor, the MOSFET, and the

8. Chopper circuits control the average load
voltage by one of three ________ methods.

9. The freewheeling diode in the Jones circuit
of Fig. 8-8is

10. In Fig. 8-7 §, is used for dynamic braking of
the motor. (true or false)

11.. A basic problem when using a thyristor in a
chopper is being ableto _____ the device.

12. In Fig. 8-8 L,and L, forman |

. 8-3
COMMUTATION CIRCUITS

The gate has no more control over a thyristor once
the device is triggered on for any current exceading

the latching current. External means must be applied
to stop the flow of current through the device. The
two basic methods used for turning thyristors off are;

1. Current commutation
2. Forced commutation

Current commutation may be achieved by opening
or closing a switch. Figure 8-14(a) shows a series
switch; Fig. 8-14(b) shows a shunt switch. Commu-
tation is achieved by opening the series switch or by
closing the shunt switch. Each case of switch oper-
ation would produce a high value of the rate of
change of voltage across the SCR. Mechanical
switches are seldom used for current commutation.
There are some static switching circuits, but this
mode of cemmutation is generally not employed in
industrial circuits. )

Forced commutation employs a momentary re-
verse bias to turn off a thyristor. The reverse bias
must be applied for a period longer than the device's
turn-off time. Also, the rate of rise of the reapplied
voltage must not exceed the critical valie. With in-
ductive loads, the stored energy of the collapsing
field must be diverted from the thyristor by a free-
wheeling dicde or some other method. The six
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Series
switch

Gawe

Shunt cirit

switch L

Gat2 circuits

Fig. 8-14 Curren: commutation

classes of forced commutation are given various o
names by different manufacturers in their literature.
Once the circuits are compared, the exact method of
commutation may be determined. Understanding of
the commutation method used is the important point,
not its name or class. (2) 16}

The simplest form of forced commutation is self-
commutation and employs a series capacitor for res-

Fig. 8-16 Paralicl capacitu-rinduciar!hto.-gan commutation

onating the load, as shown in Fig. 8-15. When the i

SCR is turned on, the capacitor is charged to the

source voltage through the thyristor. The current will

decay below the holding current as the capacitor circuit shown in Fig. 8-16(a). The previously dis-
voltage approaches the supply voltage V,. With an cussed series-capacitor (resonant load) circuil has
underdamped resonating inductive load, the voltage limited control range, and load variations affect its

on the capacitor will reverse and exceed the applied operation. Placing the underdamped LC circuil in
voltage V 10 assist in the thyrister turn-off. The load parallel with the SCR, as shown in Fig. 8-16(a), elim-

forms part of the tunzd circt’t. This method of com- inates this problem. When the power is turned on,
mutation is sometimes employed in inverter circuits. the capacitor will charge up to source voltage Vi
In circuits with unidirectional load current, there through inductor L and the load. When the SCR is
must be a method to discharge the capacitor. Figure wrned on, current will flow through the load and the
g-15(b) shows the use of a parallel resistor; Fig. capacitor, and inductor L, will begin an oscillatory
8-15(c) shows the preferred method, using a second action: After one-half cycle, the stored energy Will
SCR in parallel with the capacitor. reverse-bias the SCR and reduce its current 10 2
Another method of forced commutation is the yalue less than the holding current, and the SCR wil!
LC self-commutated or paralle] capacitor-inductor then turn off. The capacitor will start to recharge 10
SCRQD Gaze SCR
Gil!' gircuit
circuit
C T SCR,
i 4 + L
Y% L]

\
Bl
L)
(=]
' r~
e AP NS
i
g
I

Fig. B-15 Skries capacitor commulation. (a) Basic cirzuil.
ik and o) Improved circuits. - - e —— T A A s
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its original polarity through the inductor and the load.
The circuit has several. restrictions. The mode of

- operalion can only be pulse rate modulation. The
.. SCR can only be fired after the ‘capacitor has fully

recharged, or the circuit will fail to commutate. The
ON time foy is limited to VL C, and Igpis load-
dependent. These restrictions of fox and foge limit
the range of load voliage control. L
An improved version of this circuit is shown in
Fig. 8-16(b). The circuit, known as the Morgan cir-
cuir, utilizes the properties of 2 saturable reactor.
When the reactor is unsaturated, its inductance will
be high. When the reactor is saturated, its inductance
will be low. This point s covered in Chapter 7. Be-
fore the SCR is turned on, the capacitor is charged
to V (supply) as shown. With no current flow through
the tapped saturable reactor, the core is unsaturated,
and the reactor is in the high-inductance state. When
the SCR is triggefed, the capacitor current (/¢) and
the load current ([;) flow in opposing directions
_ through the reactor. The reactor tends 10 keep the
rate of rise equal for both currents, and this rate of
rise is determined mainly by the load inductance. As
soon as full load current is flowing, capacitor current
() will decrease, and load current will remain con-

_ stant. The voltage induced across L; will initially be

-very small and reversed in polarity. This voltage will
" build in value as the charging current decreases. The

~ period of oscillation is long, since the reactor core Tl
* unsaturatéd (high L). As the capacitor-charging cur- .

rent I/ goes 1o zero, the reactor current approaches
I;, and the reactor core satwrates. Now the L, in-

' ductance will be very small. The period of oscillation
is thus short. and the stored emcrgy’in L, reverse-
biases the SCR and turns it off. The remaining charge
on the capacitor is then dissipated in the load and is
ready to recharge to the supply voltage Vs. As I
approaches zero, the reaclor core unsaturates, and
the cycle can begin again when the SCR is turned
on.

A parallel-capacitor commutation circuit is shown
in Fig. 8-17. When SCR, is turned on, the capacitor
is charged to the supply V through R, with the right-
hand plate positive as shown. Commutation is initi-

R
AD Load %R., :
+4 - < /
v t W
_ #od
| |
c 2 I
SCR, . ‘GDSCR,
o :
L Gategwouits

Fig. 8-17 Paralislcapacitor commataticn circuit.

* samuration. If @, comes out of saturation before
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ated when SCR,; is turned onsapplying the-capacitor
across SCR,. The discharge ciirrent of the capacilor
opposes the load current in SCR,, 2nd the SCR com-
_mutates. - 5 :
An alternative parallel-capacitor coafiguration, in
which the capacitor-charging current flows through
the load, is shown in Fig. 8-18. The capacitor 1s
charged with the polarity indicated to the supply
potential by turning on SCRa. When the capacitor is
fully charged SCR, will automatically commutate off.
When SCR,; is gated on, Vs supplies load current I7.
Now SCR, provides a discharge path for the capac-
itor through D, and L,. The capacitor voliage will
reverse as L, maintains current fiow after the first
resonant period. Now [ prevents the charge from
being drained off the capacitor. Commutation is ini-
tizted by turning SCR» on. This reverse-biases SCR;
and reduces the current below the holding valua.
When SCR; is commutated, the capacitor recharzes
{o its original condition through SCR, 2ad the lozd.
Another class of commutation depends on the
_commutation energy being supplied from an external
source. There are several common configurations
that may be used; two of them are shovwn in Fig.
8-19. In Fig. 819(a) SCR, is commutated off by
_meaxns of an auxiliary transistorswitch Q). The thy-
Histor is-assumed to be initially-on when turn-off is
desired. A signal applied to-the hase-of O, turns it
- on and réverse-biases the SCR. The SCR is' mow
commutated off. The drive signal to the: basc of 0.

.must be of sufficient durdtion to ensure thyrisior

turn-off and of sufficient-amplitude to place 0, in

thyristor turn-off is camplete, commutation fai
results, Therefore, O, and its drive circuitry are se-
lected to satisfy worst-case conditions for SCR turn-
off under the heaviest load conditions. Figure 8-19(5)
utilizes a pulse transformer with a square-leop B-H
core to achieve thyristor turn-off. When the SCR s

. conducting, the core of the pulse transformer is sat-

urated (low impedance) by the load current. When
the time comes to turn off the SCR, the first step is
to unsaturate the pulse transformer. The application

s §
E
&

_‘.!d
)
I
o

T eircuit $ 7Y

circuit

o
[

Al

itor commotation through the load. ;

Fiz. $.18
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- IR,
Gate
circud

+ &
Vs
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L
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Fig. 8-19 External commutation techniques.

of a drive pulse to the primary reverses the flux in
the transformer for several microsecands, A voltage
pulse is developed across the pulse transformer sec-
ondary, which reverse-biases the SCR and turns it
off. If an inductive load is present, a freewheeling
diode is connected across the load to prevent damege
to the SCR from voliage spikes developed by the
inductive load discharging. External pulse commu-
tation circuits allow both pulse width and pulse rate
modulation techniques to be used. Note that the
commutation is independent of the load current and
the supply veoltage source,

If the supply is an aliernating voltage, as shown in
Fig. 8-2, load current will flow only during the posi-
tive half cycle. During the negative half cycle the
SCR will turn off because of the negative polarity
across it. The only constraint is that the half cycle
must be longer than the turn-off time of the SCR.

REVIEW QUESTIONS

13, Two methods eof thyristor commutation are
and forced commutation.

14, Forced commutation requires that the
bias be applied for a longer time than the thyris-
tor’s turn-cff time.

15. Resonating commutaticn uses an over-
damped LC circuit. (true or false)

16. In most circuits that use a capacitor for com-
mutation. it will be necessary to charge the capaci-
torto __ polarity.

17. The Moergan commutation circuit is identified
by its uss ofa —___ reactor.

18. In tke external transistor commutation cii-

"k
4 —V
Qr
-
4 .
\
e Vs
| trensformer
|
Ty
Load Il
Ao b Losd
'S
J
12) (]
cuit, the transistor must be driveninto 1o

wurn off the thyristor.

8-4
STATIC FREQUENCY CONVERTERS
FOR AC MOTOR CONTROL

The ac motor, especially the squirrel cage induction
lype, possesses many virtues in comparison to dc
motors. These include significantly lower cost,
weight. and inertia; higher efficiency: and fewer
maintenance requirements. They are also capable of
operating in dirty and explosive environments be-
cause they do not havera commutator and brushes.

In spite of the many virtues of the ac motor. the
cost of converters and circuit complexity were main
factors preventing the widespread application of ac
drives. However, as the ratings of solid-state devices
continuously improve and as their cost decreases,
variable-speed ac drives are increasing in popularity.
Integrated circuit technology is also assisting in this
changeover as complex circuits are reduced to the
chip level.

The speed of an induction motor is determined by
the synchronous speed and by the slip of the rotor.
The synchronous speed is dictated by the supply
frequency and the number of poles. Slip can be con-
trolled by regulating the voltage or current supplied
to the motor. There are several methods for control-
ling the spedd of induction motors:

1. Variable-voltage constant-frequency or

3 stator
voltage control
2, "Variable-voltage vanable-frequency coiitrol
S T o e,
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3, Vanablc‘-currcnt vaqg_lgl/e_::[[equ}ehnt‘:g_ control
4. Regulation of the amount of slip

The term inverter .riormaily refers to equipment

- ysed for transforming direct to alternating current. A

cycloconverter is used for transforming a higher-fre-
quénicy alternating current o a lower-frequency
without any intermediate dc link. e 2
The most commonly used ac drive system is the
variable-frequency dc-link inverter. Polyphase induc-
tion motors or synchronous motors are employed
because their operating characteristics are retained
over the range of the inverter, which is typically from
10 to 200 Hz. Variable-frequency drives are found in
machine tools and textile, paper, and steel mill equip-
ment. In most variable-frequency drives, a constant
voltage per hertz is maintained up to the rated fre-
quency of the motor, and then the stator voltage is
maintained at its rated value as the frequency is in-
creased. Failure to maintain a constant volis/hertz
ratio affects the torque ouiput and can caus¢ an in-

- crease 1in stator’current and may overheat the motor.

- Figure 8-20 shows a simple two-transistor inverter.
The circuit uses a square wave fed through trans-
former 7 to drive the bases of 0, and (. Each
transistor is alternately. switched into..saturation.

- -When 0, is on, Oy is off, and the current flows
through the top Ralf of the primary of T;. Later, 0,

is turhed off and O, is turned on. The current now

-+ flows in the bottom half of the T,'s secondary. This
‘induces-a square wave in the secondary of T;. This-~
_, Square wave output is filtered (L,, Cy) to make it

more sinusoidal before it is applied to the load.

Drive

transformer
1k N
'3
B 14 OFF
Z ———f
10k 12 Pl
- 535 WA
il iy nn g
— Dutput
=T 2 1
T~ 104F

Square wave generator \/_/

-—— Fig.'8-20 Simple single-phase inverter.
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A MOSFET three-phase full-wave inverter is illus-
trated in Fig. 8-21. This type of inverter is suitable
to érive a thrce-phase induction motor and is capable
of a variable-frequency output. This type of inverter
is often referred to as a Iwo-on imverter since two
MOSFETs are always on. Figure 8-22 shows simpli-
fied schematics and the firing sequence required for
three-phase outputs. The output waveforms are
shown in Fig. 8-23. Figure 8-22(a) shows the state of
the MOSFETs for 0° to 60°. Transistor ; connects
the positive end of supply V to motor terminal A
while 0; tonnects the negative end of ¥ to the B
terminal. Therefore. from 0° to 60° the voltage across
terminals A and B (V,5) is + V. The voltage from
terminals A to C (V,c) and from C to B (Vg is
+ 17V since the two windings are in series across
V.2 The waveforms show Ve, and Vac, the inverse
of Vicand Ves. Hence, Vea and Ve are equal
— 172V for the 07 to 60° timing sequence.

Figure 822(5) shows 0, and Qs on, which makes
Vicequal to =V (or Veq equal to — V). Both Vs
and Vgcare =12V for 607 10°120° as shown in Fiz.
823 (page 192). By further analysis of Fg.
8-22(c,d.e.f). the three-phase composite waveforms
shown in Fig. 8-23 are produced. 7

- A similar type of inverter can be obtained by using
# thyristors in the three-phase configuration shown ia

Fig. 8 24{a) on-page 193. THe commutation and firinz
. circuits have been omitied to simplify the explana-
- tiom The thyristors are fired in a sequance 10 produce

positive-phase ‘sequence puiput voltages Vs Ve
and ¥4 at the output terminals A, B, and C..
From Figure 8-24(p) il can be seen that SCR; con-
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Fig. 8-21 MOSFET three-phase inverter for an induction motor,

ducts from 0 to 180 and SCR. conducts from 180
to 360°. This condition relies on SCR, being com-
mutated prior to SCR, firing; if there is any time
delay in the turn-off SCR,. a short circuit or ““shoot
through™ can exist between the positive and negative
supply rals through SCR, and SCR;. The associated
waveforms along with the gating pulses are shown in
Fig. 8-23(5).

Fizure 8-25(a) on page 194 shows a wye-connecied
load for the six-step threze-phase inverter shown in
Fig. 8-241a). Figure B-2%:b) shows the load connec-
ticns for the 0 10 607 time interval, with SCRs 1. 5.
and 6 conducting. Two windings of the wye load are
always in parallel. 2nd one is in series with the par-
allel pair. Thus, as a voliage divider, the parallel pair
drops 1/3V while 2 3V is dropped by the single wind-
ing. This assumes that the wye load is balanced. The
output voltages for the load Vu.., Vgy, and Ve are
similar 1o those of Fig. 8-23. One important differ-
ence, since the load is wye-connected, is that the
peak voliage (across any winding) to the neutral is
23V insiead of the full V output as realized by a
delta load.

The trigger circuit for the inverters is often ob-
tained from a ring counter. A thrae-state ring counter
is shown in Fig. 3-26 {page 193). The cutput fre-
quency is determined by the applied input square
wave. This input waveform is generated by a sepa-

may be :sed to trigger a six-step inverter. When the
power 1s applied through S, czpacitors C; to Gy
charge to V through 7|, 75, or T: and the associated
resistors. The input square wave is differentiated by
Cc and R« to produce the spikes shown in Fig. 8-26.
The spixes would trigger all three SCRs through
diodes £ 1o Dy, but the positive charge on C, o Cy
reverse-biases the diodes and kezps them off. When
the start switch (S)) is closed, C: is discharged by R,
and the other resistors in the discharge circuit. This
dischargz allows a positive spixe to be coupled
through D to C, to fire SCR, and produce a trigger
pulse at the secondary of T,. This in turn discharges
C; through SCR, and Ry Capacitor € is also dis-
charged through R, and the 1-k{! resistor. With C,
discharg=d, D, is no longer reverse-biased. Now the
next positive spike from the differentiator will fire
SCR;. The finng of SCR; through R, and the subse-
quent discharge of Cs through R, produce a positive
voltage pulse at the cathede of SCR,. This pulse
momentzrily reverse-biases. SCR.. which commu-
tates. The circuit operation contaues as the SCRs
fire in a sequence of 1-2-3-1-2, z1d so on.

The ~ oltage waveforms for two-ring counters are
shown in Fig. 8-27 (page 195). The (a) group was just
discussed; the (h) waveforms are for a second three-
state ring counter whose input is delayed by one-half
period to produce the remaining input triggers for the
inverter switches.

The cutput of these types of inverters has a high
harmoniz content, especially when they operate over
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Fig. B-23 Three-phase inverter cutput waveforms.

a wide frequency ranec such as 10 10 200 Hz. Output
filtering is not pracuical because of the wide range of
frequencies. There are several other methods that
may be used to minimize the output harmonic con-
tent, One way is to use pulse width modulation tech-
niques within the inverter. Another method is to
combine a number of square-wave inverters with
each one phase-shilted and fired at the desired output
frequency. This method is known 25 harmonic neu-
tralization. Figure 8-28 (page 196} chows how a three-
phase inverter can be constructed by using three
single-phase bridge inverters. This arrangement elim-
inates the third harmonics from the inverter's output.

The single-phase cycloconverier is covered in
Chapter 3. To review, the cycloconverter can pro-
duce a variable-frequency output by "using phase-
controlled converters. They normally operate at a
frequency of one-third the supply frequency or less.
The major advantages for using the cycloconverter
are (1) elimination of the intermediate dec link,
thereby improving the overall efficiency; (2) voltage
control accomplished within the converter: (3)
achievement of line commutation, eliminating any
forced external commutation circuitry.

The output of the single-phase, two-pulse midpoint
converter tcovered in Chapter 3) has a hizh ripple
content. Increasing the number of pulses will reduce
the ripple content in the load waveform. The pulse
number can be increased by using converters as
shown in Fiz. 8-29 (page 196), arranged to form three
dual converters. As shown in Fig. 829h), this con-
figuration uses I8 thyristors and permits only unidi-
rectional cperation. Another increase in the pulse
number can be obtained by using six six-pulse mid-
point converters with interphase reactors zs shown
in Fig. 8-30 (page 197). This unit requires 36 thyris-
tors and also provides unidirectional operation only.
Circulating currents are reduced by the in:erphase
reactor, which presents its full reactance to the pas-
sage of circulating currents but only a quarter of its
reactance to the load current.

The cycloconverters discussed up to this point are
for continuous variable-frequency zpplica:ions. In
some applications the output frequency is a fixed
percentage (less than 100) of the supply frequency.
In these cases an envelope cycloconverter, a less
complex circuit, may be employed. Figure 8-31 (page
197) shows a block diagram with logic coniral of the
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Fig. 8-29 Three two-pulse converters combined iu1 Block diagram. (b Schematic diagram.

.a good approximation of a sine wave. as shown in

thyristor gates to obtain 6:1 reductions of the suppi
Fig. 8-32, The waveform shows the 20-Hz envelope

frequency. Using a three-phase configuration gre

reduces the harmonic content. The output of the six- obtained from the 60-Hz supply. A basic disadvan-
pulse contiguration is fed into a wye-double-wye tage of the envelope cycloconverter is it operates
transformer with four different owtput voliages, This only at a fixed number of frequencizss when con-

arrangement produces a composite waveform that is trolled by a counter with a variable number of states.
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REVIEW QUESTIONS
19. The speed of induction motors is related to
the line
20. The is used to changze direct current
to #lternating current.

31. A cvcloconverter converts a fow supply [re-
quency to a higher frequency. (lrue or faise)

21, The cvcloconverter changes frequency with-
out 2ny intermediate link as required with
an inverter circuitry.

23, loverters typically opeate from Hz
to 200 Hz.

24. In Fig. 8-24, shoot-through occurs if there is
a delay in the of the thyristor.

8-5
TROUBLESHOOTING AND
MAINTENANCE

The devices used in the static converters covered in
this chapter are also discussed in other chapters. One
exception is the thyratron tube, whose appearance
in modern industrial .equipment is very unlikely.
However. not all equipment is modern. and the tech-
nician must be aware that the tubes are gas-filled and
exkibit a stzady bluish glow when operating. In most
cases, the tubes are balzncad and share the load
2qually. If one tube is much brighter than another. a
pair should be reversed to see whether the symptom
follows the tube reversal. If s, the replacement of
croups of tubes is recommended in this circum-
stance. If the problem does not follow the tube re-
versal, a circuit problem is indicated. so voliage and
resistance checks are in order. Use the manufactur-
er's maintenance manual for reference. The tubes
also have filaments which may be separately con-
trolled or powered. The lossof filament power (usu-
ally less than 12 V) will prevent tube conduction.

If possible. gather information from the operators
of the equipment. This information may be useful in
deciding whether a thermal problem. noise. regula-
tion. or worn controls may exist. As with solid-state
devices. heat dissipation is very important. Dirty or
restricted fans and heat sinks should be checked first
whenever any thermal problems exist.

Since phase-control circuits are line-synchronized,
an oscilloscope triggered at the dine frequency can
be used for localizing any trouble. Silicon controlled
rectifiers must hold off the line voliages and in most

cases are in bridge-type configurations. This type of

arrangement gives one a comparison device to use
for checking the operation of all other devices. In
the case of small motors, a power resistor or a lamp
bank can be substituted for the motor to prevent
overheating or damage due w latched-up conditions.
If contrel is lost in one direction,of a bidirectional
control. the thyristor is usually suspect. An open

device will prohibit movement in one direction, al-
though a leaky or short-circuited device will keep the
unit locked in that direction.

Most chopper circuits rely on self-commutation.
In many circuits such as the Jones chopper, the ca-
pacitor is part of a resonant circuit needed for com-
mutation, so its stability and leakage are important
factors. If the capacitor is leaky, the SCR can latch
up, and all control is lost. Any significant change in
its value can shift the period of the resonant ringing
and may not producs a voltage of sufficient amplitude
to commutate the SCR. A leaky or short-circuited
diode will disrupt all commutation. In the case of a
freewheeling diode, a short-circuited device will stop
the motor and severely overload the line and the
control devices. A blown fuse or a tripped breaker
can be expected in these cases. Parallel MOSFETSs
are employed in many applications and must be sep-
arated, at least at the drain or source lead, to check
for short circuits. Remember that many devices have
an integral (internal) diode that can influence the
testing. In some cases, the devices can be first tested
as a group. If the group test failed, the units would
have to be separated to locate the one that was short-
circuited. No commutation is needed for MOSFETSs,
so if latch-up occurs it usually indicates a shori-
circuited device.

Single-phase inverters must operate at their spec-
ified frequency, and any large deviation ean cause a
loss in efficiency. Overheating in the load can result
from excess harmenic content if the inverter's filter
fails to function properly. The ac current capability
of any inductor er capacitor in a filter must be ob-
served when replacements are in order. A set of
manufacturer’s spares is recommended in all cases.
Inverters can usually be isolated into individual
blocks for troubleshooting purposes. Isolation at the
component level involves voltage or resistance
checks. Various dc power suppiies are employed for
biasing and power conversion. Venfication of all sup-
ply voltages must occur early in the fault analysis
procedure, -

Ring counters rely on the symmetry of parts (re-
sistors, solid-state devices. capacitors, etc). Any
large change in value or leakage will stop the counter
or prohibit its starting. If it is stopped, one can detect
the stuck stage and check the associated compo-
nents. An oscilloscope can be used to trace trigger
waveforms up to the gates of the thyristors or MOS-
FETs. If any SCR has failed, its shunt diode should

‘also be checked. An open dJiode is often the cause

of an SCR failure when inductive loads are involved.

In the case of large cycloconverters, the thyristors
may be individually fused, and the fuses should be
checked first. If a fuse is blown, the SCR should be
verificd before returning the unit to service. The logic
used in developing the pulses can be tested to ensure
that the timing and amplitude of the trigger.pulses
are within the manufacturer’s specifications. Some
units may have a test position and test points avail-



able for these purposes. In all cases, the ma"lufac—
- turer’s maintenance manual should be consulted be-
fore any servicing is attempled

REVIEW QUESTIGNS e
25 Th}muans exhibit a __glow when ion-
ized.

-26. Before servicinz open loop controls, a tech- -
nician should obtain information from the equipment -

CHAPTER§ OPEN-LOOP MOTOR CONTROL' 199_:

-

27. Latch-up in an SCR can be MtoToss of
cummu:a.uon {:ruc or false) e

rehes on energy stored in a
-29. lndwldual MGSFETS can bclcstcd 'whilc

-connected in paralle] in a circuit. (trve or false) =%

30. If a capacitor opens in an imverter’s ﬁ.'ller, the :
load may -

CHAPTER REVIEW QUESTIONS

8-1. In Fig. 8-3, reversing the control voltage
will reverse the motor's direction. (true or false)

8.2, In Fig. 8-4(b). which componemt senses
motor current to provide overload protection?

-3, Varying the of F timé of the waveform i3
called pulse modulation.

8-1. Which solid-state switches are used in the
Jones circuit?

8-5. The capacitor in lh:. Jones circuit is usually
an electrolytic type. (true or. false) = -

8:6. Tw ‘o-gquadrant” choppers aré well suited for
series-connected motors. (true or false)

“8-2. When used with an ahternating supply voit-- -

age. commutation-is’ frequencv.-mdrpenden. (e -
“or false) :
8-8. To keep the output quue cr.-ns'm‘ &1 in-
verier mast keep the ratio constan
8-9. Failure to keep the previous ratio constant
may cause the motor Lo
8-10. The two-on inverter refers 1o two phases
being on at any time. (true or false)
8-11. The wye load voltage referenced 1o the
neutral 1s: of the delta voltage for the two-
on six-step inverter.

"

8-12. A method lo gate inverters sequentially is
touse a counter.
8-13. The SCRs in 2 ring counier are commu-
tated by positive pulses at their cathodes: {truee or ——
false =
8—1-1 Cycloconveriers usually produce an oulput
of the supply freqnmcyor Jeas s ——— ===
8-15. Circulating currents are reduced in multiple
cycloconverters by using a reactor. :
8-16. The cvcloconverter mmbmes the

at

-output of mulnple secondaries to produce the sme

ua\e

8-17. Thmswrn in vhe t:)l:lotmvtrlcr may be in-
dividually - — - for overcurrent protection: .

8-18. The maintenance manuals should
first b checked before attempting 2nv serviciaz.

8.19. In-most cases. the osciiloscope can be trig- -
gered from the lin input of a cyclocon-
VEerier.

8-20. Verification of all voliages is an
important early step in servicing any inverter.

ANSWERS TO REVIEW QUESTIONS

1. false 2. SCR 3. firing 4. R: 5.0 the UIT
11. commutate 12, autotransformer
18. saturation 19, frequency 20. inverter
. 27.true 28, capacitor 29.false 30, overheat

6. deadband 7. thyristor 8. modulation %. D,
13. current 14, reverse

1. false 22.dc 23.10 24, commulation

10, false
16. reverse'opposite 17, saturable
23, blash - 26. operator

15, false




INPULT TRANSDUCERS

Control is based on information. Industrial
automation systems must extract information
from the physical process that is being con-
trolled, Input transducers convert physical pa-
ramefers into electrical signals that corre-
spond to what is happening. In the broadest
sense, a transducer is any device that receives
energy from one system and retransmits if,
usually in another form, to anather system.
Thus, an electric motor can be viewed as a
transducer. The word sensor is more restric-
tive. It refers to that part of a transducer that
responds to the quantity being measured. This
chapterwill use the terms transducer and
sensor to describe components and devices
used to measure physical conditions.

9-1
POSITION AND DISPLACEMENT

Displucement is the diferance Letween the position
of some object and « reierence point. Displacement
can be {inear (straight-line) or rorary (angular). Po-
tentiometric transducers can be used 10 measure bath
linear and angular displacement. Potentiometers are
very common transducers in the industrial environ-
ment. Fizure 9-1 shows a linear displacement poten-
tiometer. A resistance element is shown zt the top
1zgram. This element can be formed by wind-
nce wire on a form or by depositing resis-
tance mzterial. The wiper contact moves along the
resistance element in response to motion applied to
the input shaft, If a veltage is applied across termi-
nals A and B. then some portion of that voltage will

/ Aesistance el=ment

Ao AAANAA— a3
e

Co L Wiper cantact
Moti==
——

/ 77—

_— Slide bar

/

st thaft

Fig. 9-1 Lisar displacement potentiometer.

200

appear across A and C. Most potentiometric trans-
ducers are nominally linear. If the input shaft is at
its mechanical center position, half the applied volt-
age will appear at C. If it is at its far left position.
the output voltage will be zero. If it is one-quarter
from its far left position, the output voltage will be
one-fourth the applied voltage. In other words, there
is a linear relationship between the shaft position and
the output signal.

The actual performance of a displacement poten-
tiometer will deviate from nominal linearity. Manu-
facturers rate them according to worst-case devia-
tion. A 1 percent linearity rating or better is 1ypical
for transducer service. Thus, a 100-0) transducer may
have an error of plus or minus 1 0 at its worst-case
position. Potentiometer resolution is another source
of error, Suppose a 100-Q resistance element is made

up of 200 turns of wire. This means that each turn

represents 0.5 ) of resistance. As the wiper moves.,
the resistance across the wiper contact and either
end contact changes in half-ohm steps. This is the
smallest change that the transducer can resolve. It is
also expressed in percentage form; the resolution
would be 0.5 percent (0.3 (/100 0 % 100) in this
example. For best accuracy, the percentages of lin-
earity and resclution should be as small as possible.

An angular displacement potentiometer is shown
in Fig. 9-2. The input shaft turns, and the wiper
contact moves with it. As before, if a voltage is
placed across the resistance element. the vohage at
the wiper contact will be a function of shaft position
or shaft displacement. The preceding discussion of
linearity and resolution also applies. The angular po-
tentiometer is usually limited to about 320° of rota-
tion. However, gearing can be used to make a
transducer with greater mechanical range. Other
arrangements 10 provide greater mechanical range
include worm drives for the wiping coatact and as-
semblies with more than one wiper,

Resistance

‘\' element
/

T
Input shaft

Fig. 8-2 Angulzr displacément potentiometer.
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Potentiometric transducers are relatively inexpen-
sive and easy to apply. However, they have some
limitations. For example, attempts to make the res-

= plution very high usualjy result in poorer linearity.
" They are temperature-sensitive, a characteristic that
. also affects their accuracy. Polentiomelers are con-

sidered to be low- to medium-accuracy. transducers.

- The wipér contact is another limiting factor, being

subject 10 wear aqd dirt and potennaﬂy producing

-electrical noise.

The " linear variable differeniial --rmn.!former
(LVDT) is more costly but outperforms the potenti-
ometric transducer. Its consiruction is shown in Fig.
9.3, It consists of 2 primary, two secondaries, and a

Vorage out +
|
1
1
i
ok A a5 i
\ o B
1
|
I Core pesition
i
Volags out,
cpposie phase —

Cors displacement

. CormatA Coreat 0 Coreat B
{aull pesition)
Fig. 9-4 Linear varable differential msfonnzr_{l_.‘-"'DT) output
phase and voltage versus core position.
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Fig. 9-3 Caremng LVDT output to de.

movable core. The pnmar) is excited by an ac
source. When the core is in its exact center location,
the amplifude of the voltage induced into secondary
1 will be the same as the voltage induced into sec-
ondary 2. The secondaries are connected to phase
cancel, and the output voliage will be 0 at that poin!.
Figure 94 illustrates what happens to the output
voltage as the core is moved to the left (Fiz. 9-4[a])
and fo the right (Fiz. 9-4[5)). Note that the magnitude
of the output voltage is a linear function of core
position 2ad that the phase is determined by the side
of the pull position on which the core is located.
Figure 9-5 shows a simple circuit for converting
the ac output of an LVDT to dc. With the core
centered, both §; and §; produce equal amplitudes.

‘ Both halfwave rectifiers produce equal dc voltage

drops across the two. resistors. The polarities are
opposing, so the output voltage from Ato Bis equ_i

1o zero. If the core is moved up, §; produces more -

voltage-than S,. The drop across the top resistor is .

now grezater, and A becomes positive with respecito

B.-If the core is moved down, B becomsgs positive’
with respect to A. Although this simple arrangenrent
works. hizher performance is available with 2 more
elaborate detector circuit. The last seujm of this
chapter deals with transducer signal conditioning in
more detail.

A rotary varigble differential transforner is shown
in Fig. 9-6. This transducer allows the measurement
of angular displacement up to about 90°. This range
may be extended with gearing.

Linear variable differential transformer accuracies
are very good. Typical linearities are between 0.23
and 0.05 percent of full range. In general, even betier
linearity can be obtained by operating the LVDT
over something less than its maximum range. The
typical industrial LVDT has a total range of approx-
imately plus and minus 2%> cm. Resolution is excel
lent, with typical specifications near 0.000001 cm.

Core Input
shaft

Fig. 8§ Rotary variable differential transformer.
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> exciation frequency for an LVDT varies, de-
its design and the zpplication. For ex-
12 transducer must accurately track rap-
idly ¢ 12 displacement, the higher {requencies
are ad 1z2ous. Typical values range from 50 Hz
te 30 kHz. The voltage applied to the primary is
usually around W0 V. Reliability of the LVDT is su-
perb, with ratings of millions of hours mean time
bafore failure (MTBF).
Some displacement measurements involve very
small movements. Strain gage transducers lend them-
zlves 10 these applications. They also are noted for
low cost and ease of use and. in some cases, can
simply be epoxied to the physical member under
measurement. Strain gages are based on the principle
that the resistance of a conductor is directly propor-
tioral to its resistivity and length and inversely pro-
portional to its cross-sectional area. If a conductor
is stretched, its length will increase, thus increasing
ils resistance. Al the same time, ils cross-sectional
area decreases, also increasing its resistance.
Figure 9-7(a) shows a bonded wire strain gage. It
consists of several luops of fine wire bonded 1o a
paper or plastic backing. Note that the sensitivity
axis is parallel to the long portions of the wire runs.
If the gage is slightly elongated along this axis, max-
imum resistance increase will result because the
greatest total length of wire is involved. In Fig.
9-7(h) the foil-type gage is depicted. These gages are
made with a printed-circuit-type process using con-
ductive allovs rolled to a thin foil. A grid configura-
tion is used for the strain-sensitive element to allow
higher values of gage resistance while maintaining
short gage lengths. Gage resistance varies from 30 to

T
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3000 O with 120- and 330-0 values being rather com-
mon, Gage lengths vary from 0.02 to 10 cm (0,008 to
4 in.). The sensitivity axis for the foil-type gage is
parallel to the long runs of foil, and the alignment
marks are used to accurately install the gage along
the proper axis.

The typical industrial strain gage has a gage factor
of 2. Gage factor is the resistance change ratio di-
vided by the lenzth change ratio:

ARIR
ALL

Suppose a 4-cm strain gage has a nominal resistance
of 350 { and a gage factor of 2. How much will the
resistance increase if the gage is clongated by
0.02 cm. First, find the ratio of length change by
dividing 0.02 by 4. This yields 0.005. Then, multiply
this ratio by the GF and the nominal resistance 1o
find the change in resistance: 0.005 x 2 x 350 O} =
3.3 Q1. Thus, the gage will increase from 330 to 353.5
(1 when elongated by 0.02 cm.

It is obvious that the resistance change is small in
strain gages, How can such a small change be con-
verted into a useful signal? The Wheatsione bridge
circuit is well known for its accuracy and sensitivity
in measurement applications. Figure 9-8 shows a
bridge with a strain gage serving asone of the bridze
elements. If all four bridge elements equal 330 (1, the
bridge is balanced and the output voltage is zero.
What happens to the output if the resistznce of the
gage increases to 353.5 ©27? By using the equation and
input voltage shown in Fig. 9-8, you should calculate
an output voltage of approximately 0.03 V. The
bridge output will normally be applied to the input
of an instrumentation amplifier with a gain of 100 (or
more). The final output would be nearly 3 V for our
example. -

Another feature of the bridge circuit is that it can
be accurately balanced to produce zero output for
zero strain. This process is called mulfine the bridge.
In Fig. 9-8 R, could be replaced by a fixed resistor
in series with an adjustable resistor. The adjustable
resistor would allow a change of a few percentage
points in that leg of the bridge. This would facilitate
accurate nulling of the bridge. Finally, the bridge
circuit makes temperature compensation easy. Strain

GF (gage factor) =

e e _i'__ A 3
Ten T Re ARy v Ay TR TR

Fig. 9-8 Wheatstoos hridge cirquit.



gages react to temperature as well as to strain. Refer
again to Fig. 9-7(¢). The two-elemept strain gage is
often used where temperature compensation is re-
quired. With proper alignment, only ene of the pages
will rezct to strain. However, both will react to iem-
perature and presumably by the same amount. If the
iwo-element gage is applied to a bridge circuit such
as the one shown in Fig. 9-8, one will act as a strain
sensor, and the other will provide temperature com-
pensation. For example, the gage sensitive to strain
would serve as R, and the compensation gage would
serve as R,. The bridge equation shows that any
resistance change that affects R and Ry by an equal
amount will produce no change in V.
Temperature compensation with a two-element
gage does create some error. All gages have some
sensitivity to strain perpendicular to their longitudi-
nal axis. This is galled transverse seasitiviry, It is

minimized by the gage manufacturer by placing extra .

material in the end loops of the conductors and by
keeping the grid lines close together. The manufac-
turer will specify the transverse sensitivity fuctor,
which is the ratio of transverse GF to longitudinal
GF. The gain of the instrumentation amplificr can be
adjusted to compensate for the characteristic that
the temperature compensation gage also increases
slightly in resistance when the assembly is elongated.
Certain semiconductor materials exhibit a charac-
teristic known as piezoresistance, which is o change
in resistance with strain. Semiconductor strain gages
capitalize on this effect to provide very sensitive
strain transducers. They have gage factors higher
than those of the bonded wire or foil types. The
semiconductor gage factors range from 45 to 175,
This high sensitivity permits them to be used without
amplifiers in some applications. Their resistance
change is less linear over large ranges, however,
Figure 9-9 shows another type of displacement
transducer. Capacitance is direcily related to plate
area and inversely related to the plate spacing. As
the metal tube moves to the right. the distance be-

tween plates decreases, increasing the capacitance. .

The capacitive transducer can be placed into an ac
bridge to provide an ac output voltage that is a func-
tion of linear displacement. Or the capacitor can be
part of a tuned circuit for an oscillator. This arrange-
ment will produce a frequency change with any
change in position. Figure 9-10 shows an angular
displacement capacitor. Capacitance will increase as
the moving plate covers more of the fixed plate.
None of the transducers shown in this section lend

Fixed metal tube Digtectric
MO liﬂ“ 9=t bt eerar e 4 tr e ee e
e

Fig. 99 Linear displacement capacitor.
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Fig. 9-10 Angular displacement capacitor,

Friction drive wheel
Hall effect sensor

Fig. 9-11 A method of sensing large displacements.

themselves to the measurement of very large dis-
placements’ There are various ways to accomplish
this, and Fig. 9-11 shows one example. As the ma-
terial moves beneath the friction wheel. it causes it
to turn. The wheel is shaft-coupled to a toothed
wheel made of ferrous material. As the toothed wheel
turns, it alternately provides a high and then a low
reluctance path for the Hall-effect sensor. The output

-of the sensor is in the form of pulses. These pulscs

can be accumulated by counting circuits (o measure
extremely large displacements.

REVIEW QUESTIONS

1. Refer to Fig. 9-1. Assume that 12V is across
terminals A and B and that the slide bar is posi-
tioned at three-fourths of its right-most displace-
ment. What voltage drop should appear from A to
c?

2. Assume that the transducer in question | has
a linearity of 1 percent. What range of output volt-
ages would be considered normal for the data
given?

3. A potentiometric transducer has a total resis-
tance of 500 02, and the smallest resistance change
it can produce is 1 (1. What is its percentage of
resolution?

4. Refer to Fig. 9-5. Assume that the corc is
1 ¢m above its null position and that the drop
across the top resistor is 6 V and the drop across
the bottom resistor 4 V. What is the output volt-
age? Is A positive or negative with respect to B?

5. Assuming perfect linearity, what would hap-
pen in question 4 if the core were moved 10 a posi-
tion 1 cm below the null position?

"

e

¥
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6. Refer to Fig. 9-8. All bridge elemems are
equal at 350 2. How much output will be produced
if R, and R both increase by 1 07 )
3 Refer to Fig. 9~'r'(d) How mapy sensitive axes
are there?

9-2-
VELOCITY AND ACCE LERATION

Speed is the rate of change in displacement. Tt may
be measured in meters per sccond, kilometers per
hour, or centimeters per minute. Velociry is a mea-
sure of speed and direction. It is a vector quantity.

Industrial measurements most often deal with fixed
directions. A ram on a machine, for example, can
only travel back and forth along a fixed path. Since
the direction is establishad, the term velocity rather
than speed is used to describe the rate of ram travel.
On= ram direction would yield a positive velocity
and the opposite direction a negative velocity. Ro-
tating machine parts also usually travel in a fixed
path. Again, one direction would be measured in
terms of positive velocity and the other in negative
velocity. Angular velociry is the rate of change in
angular displacement. The most common unit of an-
gular displacement is the revolution (360°) and an-
gular velosity is usually measured in revolutions per

minute (rpm). It may alsobe measured in radians per
--second (rad’s): There are 6.28 2 X %)’ radians i in 1

revolution. Linear velocity is often converted to an-
gilar velocity by an arrangement such as that shown
in Fig. 9-11. Velocity information can be extracted
from this arrangement by timing the sensor pulses.

High velocities are ordinarily measured by timing
the period required for an object to travel from one
fixed point to another. Optical detectors and liming
circuits are used to make the measurement. For ex-
ample, an object passes on2 point, where it interrupts
a light beam and the timing circuit starts. Later, a
second point is passed, where a second light beam
is interrupted and the timing circuit stops. Very high
accuracy can be achieved with such an arrangement
if the distance between the two points is accurately
measured and if the timing circuit is precise. Modern
counting circuits can easily resolve millionths of a
second. Angular velocity can also be measured by
optical techniques. Figure 9-12 shows an optical
tachometer that can be used to measure shaft, gear,
or pulley velocity. A contrasting stripe of paint or
tape is applied to the fotating part. The tachometer
has a light source and lens assembly. The light re-
flected back into the photo detector is alternately
brighter and darker because of the contrasting stripe.
The detector produces one pulse for every shaft rev-
olution. Counting and timing tircuits convert the
pulses to angular velocity.

Direct current tachometers are also popular for
measuring angular velocity. They are usually
equipped with a permanent magnet field, a rotating
armature circuit, and a commutator and brush assem-

Light source

Fig. 9-12 Optical tzchometer. o

bly. Ignoring ldadingéffects. the nutpﬁl.of a dc tach-
ometer is proportional to the flux density of the field,

~ the length of the armature circuit,and the angular

velocity of the shaft. Since flux and the armature
circuit are fixed for any given tachometer, the man-
ufacturers rate them with an output constant of volts
- per rpm. Typical dc tachometers produce outputs
' from_0.01 to 0.02 V/irpm.- They:produce .a polanty

reversal wl:en. rotated backward. This is a necessary -

feature when thé lachometer must also provide di-
rection information to the system-- -

Direct current tachometers, because they have:-
brushes, suffer from noise and maintenance prob-
lems. Alternating current tachometers have been de-
veloped to eliminate these problems. They employ a
permanent magnel rotor and a polyphase stator. The
output is ac, with both frequency and voltage pro-
pomonal to the angular velocity of the |npu: shaft.

A frequency-to-voltage converier circuit is some-
times used to convert the output to a dc signal. Or
the stator output can be rectified to produce a dc
signal. Neither technique will produce a polanty
change if the input shaft changes direction, however.

The drag-cup tachometer works on an induction
principle. It is also called an ac induction tachome-
ter. Figure 9-13 shows its construction. One set of
stator coils is connected to an external excitation
source. The other stator coils are positioned %0° from
the excited coils and form the output circuit. The
drag cup is made of copper or aluminum and is con-
nected to the input shaft. The side view shows that
there is also a laminated inner core. The drag cup
has a clearance gap between this core and the stator
poles. The theory ol operation is shown in Fig. 9-14.
With no rotation, the output is zero. An eddy current
flux is set up in the drag cup, but it is at 90° to the
output coils. If the shaft is tumned, a second flux
appears in the drag cup. It is caused by an armature
reaction current flowing in the drag cup and is at
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Fig. 9-13 Drag-cup 1achometer,

Ko oulput
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No rotation

Fig. 9-14 Drag-cup tachometer operation.

right angles o the eaciter coils. The resultant flux
produces an ocutput. The faster the shaft turns. the

greater the reaction flux and the better the angle of

the resultant for output. Therefore. the output is pro-
portional to shaft velocity. If the shaft is reversed,
the reaction flux reverses. the resultant angle shifts.
and the phase of the output changes. With the ap-
propriate phase-detector circuitry, ke drag-cup ta-
chometer can provide shaft direction information.

A linear tachometer produces an output (hat varies
smoothly and continuously with amgular velocity.
For example. if the output is 10 V-at 1000 rpm.
it will ideally be 10.5 V at 1050 rpm and 11 V at
1100 rpm. Digital tachometers produce a fixed num-
ber of output pulses for every shaft revolution, The
optical tachometer presented earlier produced one
pulse per revolution. In Fig. 9-15 three pulses are
produced for every revolution because there are

three slots in the rotating disk. It is pessible to sense,

direction with this type of tachometer by using two
sets of staggered. overlapping slots and a dual LED!
phototransistor assembly. The overlap provides a
point where toth beams will be on. Then one beam
will be interrupted first,” depending on the direction
of rotation. Magnetic digital tachometers are also
popular. These operate on the Halleffect principle
or the variable-reluctance principle.

Acceleration is the rate of change in velocity. An
object that is accelerating is increasing its velocity
with time. In r"rr'em'ro" or ne ga"xe acceleration.
the object is losing velocity with time. It is measured
in units of displacement per lime per time. For ex-
ample, gravity will cause a falling object to accelerate

CCW rotation
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at 981 cnvs/s. This is often written as Y81 cm/s” and
is known as the grz.itational constant 2. A signal
proportional to acceleration (or deceleration) can be
obtained by differcniiating the output of a velocity
transducer. Likewise. the output of an accelerometer
can be integrated to provide velocity information.
Differentiators and integrators were <overed in
Chapter 6. Or acceleiation can be measured by an-
other indirect means. Newton's law gives us F =
ma (force equals mass umes acceleration). If the
mass is known, it is possible to measure a displace-
ment produced by the force and derive the acceler-
ation. Fig. 9-16 shows the basic accelerometer, in

LED anc
Photo trensistor
assemi:ty

irput shaft

S:2ggered slots for
sergng direction

Queriag =7

Fig. 9-15 Ogtical tachomerer.
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Fig. 9-16 Basic accelerometer. -

Aceeteration

Fiz. 9-17 Lingar \.";ma“lc differential tr.msfomrrr (LVDT) accel-

eromeler.

which a linear d;splacemenl transducer is mechani-
cally coupled to a spring-loaded mass. Acceleration
along the axis shown will produce a reaction force
on the mass. Spring tension will allow more or less
displacement of the mass, depending on the amount’
of force created by the acceleration. The output sig-
nal from the displacement transducer will be propor-
tional to acceleration.

An LVDT accelerometer is shown in Fig. 9-17.
The LVDT core and spring assembly form the miass.
The cantilever springs resist core motion. Core dis-
placement will be proportional to acceleration. De-
celeration will cause an opposite core displacement
and can therefore also be measured. If an acceler-
ometer such as the one in Fig. 9-17 is set into motion
and then suddenly stopped, it will oscillate at its
natural resonant frequency. In fact, any transient
mechanical input will cause oscillations in a spring-
mass system. The oscillations are typically around
60 Hz for an LVDT-type accelerometer.

Figure 9-18 shows the damped sine wave produced
by a spring-mass system. The natural resonant fre-
quency is the reciprocal of one period of oscillation.
The systemn continues to oscillate, but friction even-
tually brings it te a rest. This friction is called the

damping coefficient. The greater the damping coef-
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" connected.

T
{1 period of
oscillation}

Fig. %18 Damped sine wave.

ficient, the more quickly the system will recover from
transients. Some accelerometers use a viscous ma-
terial such as oil to increase the damping coefficient.
However, too much damping will make the response
sluggish, and the transducer will nat accurately track
rapid changes in acceleration. Resonant frequency
and the d&mpmg coefficient are very imporiant spec-

ifications in an accelerometer. It has been found that -
when acceleration is changing with time (which is
normally the case) an accurate response cannot be
obtained from an accelerometer uvnless its resonant
frequency is at least several times the frequency of
the acceleration change. It is also importaat that the
mass.- of ‘the accelerometer not appreciably change
the mecha.mca.l ;esponse of lh: - system to-which it is

“Figure 9—19 shows a ptezoelccmc ac.:e!eremeter

that lends itself to-the very rapid accelerations in-. . -
~volved in measuring shocks and vibrations. These

Qurput conmecior

Transcuger
housing

Seismzc
mEm

Cuartz
dises

Fig. 9-19 Piezoelectric accelerometer.



transducers have natural resonant frequencies up to
40 kHz or so. The surfaces of piezoelectric materials,
such as quirlz, become charged when the materials
are mecharically stressed. The seismic mass is sup-
ported by the transducer housing through the quartz
disks. Preloading allows the accelerometer to re-
spond to both negative and positive acceleration. The
mass can be made high for large-transducer sensitiv-
ity or low for high-resonant frequency. A typical
high-sensitivity unit will have a range of plus or mi-
nus 100g (g is the earth's gravitational constant given
earlier) and a resonant frequency of 2 kHz. A low-
sensitivity unit has a typical range of —20,000g to
+50,000g with a resonant frequency of 40 kHz.

Angular acceleration is measured in revolutions
per time per time (rev/r’) or radians per time per time
(rad/t?). Angular acceleration is measured indirectly
with an angular displacement transducer. The trans-
ducer output goes to a computer, where timing and
position information can be combined to calculate
acceleration and deceleration. Sophisticated machine
tools and robots achieve very precise control of mo-
tion and position by using these techniques.

REVIEW QUESTIONS

8. What happens to the output of a dc tachome-
ter when its shaft is turned in the opposite direc-
tion?

9. Why might it be said that ac tachometers are
angular speed indicators rather than angular veloc-
ity indicators?

10. What is the advantage of the drag-cup ta-
chometer over the ac tachometer?

11. ' When the output of a velocity transducer is
differentiated, a signal proportional to s
the resuit. ‘

12. The basic accelecrometer in Fig. 9-16 mea-
sures directly. The calibrated spring allows
this to be interpreted as a measurement,
and the calibrated mass allows the ottput to be ex-
pressed in unitsof .

13. Refer to Fig. 9-18. The period of one oscilla-
tion cycle is 1.5 ms. What is the resonant fre-
quency?

14. What would a larger damping coefficient
achieve in Fig. 9-18?

9-3
FORCE AND FLOW

Force is measured in newtons (N); 1 N is equal to
0.225 Ib. Small forces may be measured in dynes
(dyn); 1 N is equal 10 100,000 dyn. Force transducers
are often based on displacement principles. For ex-
ample, refer o Fig. 9-20, which shows a force-mea-
suring device based on 2 compression spring and an
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Fig. 9-20 Measuring force.

LVDT. When a force is applied to the table, the
spring compresses in proportion to the amount of
force. The body of the LVDT moves down with the
table. The core of the LVDT is fixed to the platform,
The greater the force, the more the relative displace-
ment of the LVDT core. Devices such as the one
shown in Fig. 9-20 are often called load cells.
Figure 9-21 shows how force can be converted to
strain and a corresponding resistance change for
measurement purposes. The cantilever beam as-
sumes a semicircular shape because of the applied
force. The top surface of the beam elongates, and
the hottom surfice compresses. The equation shows
that the stress at a given point is directly proportional
to the force magnitude and force distance and is
indirectly proportional to the beam width and the
square of the beam thickness. With all distance mea-
surements in meters and the force in newtons, the
stress will be found in units of newtons per meter. It
is'also necessary to know the modulus of elasticity
for the heam material in newtons/square meter. This
allows the strain in meters per meter lo be calculated.
Once this is accomplished, the resulling increase in
the resistance of the strain gage ¢an be calculated.

Bondeq stramn gage

Force = F inewtons)

R |

I-T_ T | NMeters)

W (Mezers)

(Meters}

Cantilever
Ceam

s 82
. wri

5 = Stress in newtons ‘meter
Siress

Strain = Ti5dulie of elancity

Fig. 9-21 Converting fusle 1o strain
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" EXAMPLE ‘ 3
"A beam is 2 cm wide and 025 cm thick. With a
force of 100 N, calculate the stress on the beam ~
at a point 10 cm from the poifit where the farce
is _appljed. ) v Lot

SOLUTION

¢ &6 FD
S=wr

where - § = siress
F = force
D = distance between strain gage and

point of application of force

W = width -
T = thickness

6(100)(0.10)
(0.02(0.00251*
=48 %X 105N/m

If the beam is made of steel with a modulus of
elasticitv of 2 X 10" N‘/m?, the strain can be found
by

S5
modulus of elasticity
train e 48 X 10° N/m
3 | 2 'X_lﬂ’l' NS = -

= =24 x 1072 m/m =

Strain =

Now; if we assume that a 120-Q strain gage with a 5

gage factor of 2 is mounted at the strain point, the
increase in resistanee due to the 100-N force may be_
found by R ST

T AR

GF X strain X resistance
2 % 24 X% 1073 X 120
0576 )

L |

A tension load cell is illustrated in Fig. 9-22. It can
be used to measure the force required to pick up
heavy loads in industry. The metal proving ring will
elongate along the tension axis. Four strain gages are
placed around the proving ring to sense the changes.
The four gages are electrically arranged in the bridge
configuration. Tension will slightly distort the prov-
ing ring and elongate gages R, and Ry, while R, and

Fig. 9-22 Tension load cell.

" Ry-will be “slightly. .ﬁoqlprtsscd.

!
Proving ring U
Tensi

tak

Output connecians

(81

Fig. 9-23 Piezoelectric force transducers. () Load washer.

- {b) Three-component dynamometer. . -

e s pressed. The bridge is ar-
ranged to produce the maximum change in ‘autput..
voltage for these changes. Temperature effects are

minimized by the bridge arrangement since all four  °

gagés tend 1o track thermally.

Two examples of piezoelectric force transducers
are shown in Fig. 9-23. The load washer type shown
in Fig. 9-23(a) is designed to measure axial forces. It
is preloaded when manufactured and can measure
both tensile and compressive forces. Load washer
force transducers. are available with ratings from
7 kN to 1 MN. The three-component dynamometer
type shown in Fig. 9-23(b) measures three orthogonal
(right-angle) components of force. It has a natural
resonant frequency of about 4 kHz and measures &

|+

Strain gages
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Fig. 9-24 Solid flow measurement.

maximum force of plus or minus 5 kN along any of
the three axes. Typically, the work piece is mounted
on the dynamometer to provide signals proportional
to the forces involved in grinding and milling opera-
tions. Or the tool can be mounted on the dynamom-
eter to measure the cutting forces produced in turn-
ing operations. Piezoelectric transducers do not have
a dc frequency response and are not useful for mon-
itoring steady-state conditions.

Force transducers can be applied in the measure-
ment of solid flow. The units may be in kilograms/
minute or in some other form; Fig. 3-24 shows one
arrangement. A load cell is placed under a conveyor
table to measure the force exerted by the flowing
material. Another transducer, not shown, provides a
signal proportional to conveyor velocity. A circuit or
a computer is used to multiply the two transducer
signals because the flow is directly proportional to
the product of the weight and the velocity. Another
technique that is used is to measure the sag of the
conveyer with a displacement transducer such as an
LVDT. The sag will be directly related to the weight
of the material being carried. Again, » hen these data
are combined with the velocity, flow i+ the result.

_ Fluid (liquid and gas) flow is measured in other
ways. One popular way is 10 use some type of a flow
restriction to create a differential pressure. Bernoul-
li's principle states that as the velocity of a fluid
increases, its pressure decreases. Likewise, as the
velocity of a fluid decreases, its pressure increases.
When a fluid flows through a restriction, its velocity
must increase and its pressure must drop. This is the
principle behind many flowmeters. Figure 9-25 shows
a venturi differential pressure flowmeter. The venruri
is that part of the pipe where the passage necks
down. This reduced area forces the fluid to increase

in velocity through the venturi. Note that two pres-
sure tubes connect bellows to two points: Py and P,.
Point P, is at a point before the venturi, and P, is in
the venturi. When fiuid is flowing, £, will be greater
than P,, and the pressure difference is proportional
to the flow. The bellows extend in proportion to
pressure. When P, is greater than P, the core in the
LVDT will move to the right in Fig. 9-25. If the flow
is increased, the core will move farther to the right.
If the flow stops, there will be no Bernoulli effect
and the core will be centered.

Some alternatives to the venturi tube are illus-
trated in Fig. 9-26. The orifice plate provides the
necessary restriction to flow. This construction is
less expensive than the venturi type. However, it
sets up flow turbulence in the pipe and is less accu-
rate. The nozzle type is a compromise between the
venturi-tube and orifice-plate flowmeters. It pro-
duces less turbulence and subsequent pressure loss
than the orifice type but is not quite so efficient as
the venturi tube. The Dall tube has the least turbu-
lence and insertion loss. However, it cannot be used

____JP\LlTu__lJPh |
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Fig. 9-26 Other differential pressure lowmeters.
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Fig. 9-27 Turbine flow measurement

with slurries, as the venturi tube can. A slurry is a
suspension of solid particles in a liquid carrier such
as water.
The turbine flowmeter shown in Fig. 9-27 is a very
linear and accurat2 flow transducer. The fluid turns
- the turbine as it moves past the blades. The faster
the flow, the greater the speed of turbine rotation.
The blades of the turbine are magnetized, and pulses
are induced in the magnetic pick-up coil located in
the wall of the tube. These transduccrsrare cxpcnsn €
and cannot be used with slurries.” -
Pos:twc dlsplaccmenl fiowmeters divide the ﬂuw
- into measured units and are noted for gum:l accuracy.

" The nutating disk flowmezer.is shown in Fig.-9-28. -.

* Fluid enters the left side of the housing. It then works

- is way into the left chamber of the inner housing.
where it applies pressure to the disk. The disk wob-
bles (nutates) and releases measured amounts of flow
into the right chamber and on to the exit pipe. As
the disk nutates, it turns the top shaft and drives a
pulse generator located in the top housing. The pulse
rate is proportional to flow.

All of the flowmeters presented to this point offer
some restriction to flow. Only one of them, the ven-
turi type, lends itself to measuring slurry flow. Figure
9.29 shows a magnetic flowmeter that can be used
with electrically conducting fluids and slurries and
offers no restriction to flow. It is based on the prin-
ciple of voltage induction in & conductor that is mov-

Pulse
generator

Flow s

Fig. 9-28 Nutating disk flowmeter.
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Fig. 9-29 Magnetic flowmeter.

ing through a magnetic field. The faster the flow, the
greater the induced voltage at the electrodes. The
saddle coils provide an ac field. Direct current ficld
flowrizters are also used but tend to cause peleri-
zation at the electrodes when used with fluids with
low conductivity. Alternating current excitation also
has limitations caused by dielectric losses and direct
pick-up at the electrodes. In either case, the output
signals are usually in the microvolt range and require

. quite a bit-of amphﬁcauon. Magnetic flowmeters are

typu:alby the most expensive to apply.
- Other flowmeters use -maving vanes or metering

3 ﬁoals to respond-to flow. They may only provide a '
‘visual indication or may be coup]ed to a potentiom-
““eter or an LVDT. Phototransistors-have also besn

used to provide an electrical interface. Finally, tem-
perature-sensing devices have also been used to mea-
sure flow. If the fluid is colder than a sensor, then
the flow will remove heat from the sensor. The sec-
tion on temperature transducers includes a.simple
circuit that detects air flow in this manner.

REVIEW QUESTIONS
15. Refer to Fig. 9-21. For what purpose might a

~ second, identical page be mounted next to the first

gage, but with its axis of sensitivity arranged per-
pendicular to the first gage?

16. Refer to Fig. 9-21. Suppose the beam is3cm
wide and 0.15 cm thick, and that a force of 5 N is
applied 8 cm from lhe gage. What is the stress at
the gage?

17. Refer to question 16. Assume that the beam
is made from alu,rninum with a modulus of elasticity
of 6 x 10'° N/m’. What is the strain at the gage?

18. Refer to questions 16 and 17, The gage factor
is 2. and the gage resistance is 120 Q. Calculate the
increase in resistance due to the 5-N force.

19. Refer to Fig. 9-22. Assume a null bridge with
zero tension. What will the polar:l’y of A with refer-
ence 1o B be when the proving ring is loaded? -

20. What other type of transducer or information
is required in Fig. 2-24 to calculate flow?



21, Refer to Fig. 9-25. The direction of ﬂuw is as
shown. Which pressure is greater?

9-4
PRESSURE AND LEVEL

Pressure is defined as force per unit area. Unfortu-
nately, there are many ways t0 measure pressure,
and many units have evolved. The international sys-
tem of units has come to the rescue and established
the pascal {Pa} as the standard unit of pressure; |1 Pa
of pressure is deﬁned as a force of 1 N applied over
an area of 1 m’. However, standards are sometimes
adopted slowly in industry, and the technician who
works with pressure transducers will find several
measurement units with which to cope. Industrial
pressures are often measured in pounds per square
inch (psi). Pascals can be obtained by multiplying psi
by 6.8948 x 10%

There are three different reference conditions for
pressure measurements. Gage pressure is referenced
to almospheric pressure, which is 14.70 psi (101 kPa)
at sea level. Gage pressure will change with altitude.
Absolute pressure is referenced to a perfect vacuum
and does not change with altitude. Gage pressure can
be obtaincd by subtracting the ambient atmospheric
value from the absolute value. Likewise, absolute
pressure can be found by adding the ambient pres-
sure 1o the gage pressure. Differential pressure is
referenced to an wrbitrary value. A g, a, or 4 may
be suffixed to a pressure measurement to clearly
denote gage pressure, absolute pressure, or differ-
ential pressure,

The most common way to measure pressure s to
use a force-summing device to convert the pressure
into a displacement. Any of the displacement trans-
ducers already discussed can then provide the output
signal. At very hich pressures. the force-summing
device may be eliminated and the pressure directly
applied to a sensor based on the piezorcsistive or
piezoelectric effects. Figure 9-20 shows some ex-
amples of Bourdon tubes that are used to convert
pressure into a preportional change in displacement.
In Fig. 9-30(a) the cross section of a Bourdon tube
is shown. Bourdon tubes are made of metal, such as
steel, phosphor bronze, or brass. Figure 9-30(b) and
9-30(c) shows the circular and spiral shapes often
used for these tubes. When pressure is applied, the
tube tends to straighten, and a displacement results.
The helical Bourdon tube shown in Fig. 9-30(d) pro-
ducesarotary motion when pressureis applied. Figure
9-31 shows a circular Bourdon tube coupled to an
LVDT. When pressure is applicd, some of the spring
tension is overcome, and the core moves up.

Other force-summing devices used in pressure
transducers Enctud-: the bellows type and the dia-
phragm type. The bellows rvpe, shown in Fig.
9-32(a), is 2 ;rew'n, cylinder with a thin cerrugated
metal wall. The bellows expand with pressure, pro-
ducing a disglacement to the right. Bellows can be
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{c] Spiral Bowrdon tube

Motion

mjﬂﬂm —g——Pressure

{ed} Helical Bowrdon tube

Fig. 9-30 Bourdon tubes,

made more sensitive than Bourdon tubes and are
used at lower pressures. Anauxiliary spring can be
added to allow the bellows to be used at higher pres-
sures. A pair of bellows makes a good arrangement
for differential pressure measurements. (This is illus-
trated in Fig. 9-25.) A diaphragm force-summing de-
vice is shown in Fig. 9-32(b). The diaphragm iz a
flexible plate and can be made from rubber, neo
prene, metal, or corrugated metal. A pair of dia-

Bourdon
tube

AN

AN

BN
Pressura %;'\\
e

Fig. 9-31 Linear varia
suie lransducer,
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Fixed block
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Pressure ——p—

(2) Bellows l'fpl.

Pressure ————ju—

(&) Daphvagm type
Fig. $-32 Bellows and diaphragm pressure transducers.

phragms can be employed for differential pressure
measurements. LW S
__ Figure 9-33 shows a strain gage pressure trans-
ducer. The gage is bonded to a diaphragm. Pressure

flexes the diaphragm, stretching the gage, and its:

resistance increases. The reference side of the dia-

phragm may be a perfect.vacuum. If it is, the mea--. -
sured pressure will be.absolute. Or a second pressure -
" port may enter the reference side. If this is done, the

output will Be referenced to the second pressure and
will be called-arbitrary or a differential pressure.
Finally, the reference side of the diaphragm can be
vented to the atmosphere. Pressures measured this
way are known as gage pressures.

Figure 9-34 shows the schematic diagram for a
National Semiconductor LX04XXA monolithic pres-
sure transducer. These units are actually piezoresis-
tive integrated circuits. They provide an output volt-
age proportional to applied pressure. They also
supply a separate temperature-dependent output that
" can be used to temperature compensate the trans-
ducer. Model LX0420A is rated to 100 pounds per
square inch absolute (psia) and provides an output
sensitivity of 0.2 to 0.8 mV/psi. It has a natural res-

onant frequency of 100 kHz. Other models are rated

to 1000 psia and 3000 psia.
A piezoelectric pressure transducer uses a dia-

IR
—

Pressure
Flg. 9-33 Strain gage pressure iransducer.

- Excitation

“Fig. 9-35 Level measurement by static pressure.

Ve

“woltege

Positive ¢
terminal

Fig. 9-M Schematic diagram of LX04XXA monolithic pressure
transducer (National Semiconductor).

phragm to transmit pressure to a quariz element. An
output voltage proportional to pressure is the resuit.

_Piezoelectric . transducers are noted for high-fre-

quency performance and can be used to monitor rap-
idly changing pressures. They are not dc sensors and
cannot be used for static pressure measurements.
Sudden pressure spikes can be damaging to some
transducers. These transients are causad by pumps

~and valves and by resonance effects; Snubbers are

sometimes used with pressure transducers to prevent

 transicnt damage. A sriubber amousits 0 a restriction
_in & pressure port that prevents sharp increascs or
“decreases in the pressure applied to_the transducer.

Snubbers are effective in preventing transducer dam-
age, but they do limit the high“frequency. perfor-
mance of the measuring system.

Liquid level measurements can be accomplished
indirectly with -pressure transducers. Figure 9-35
shows such an application. The pressure at the trans-
ducer is proportional to the liquid density, the level
above the transducer, and gravity. Note that the top
of the tank is open (vented to the atmosphere). Sup-
pose a tank contains water which has a density of

P ry ene s
P = Presurs [N/m?]
d'= Liquid density [kg/m?)
# = Gravitstional constart (9.81 mys?
# = Liquid height {m}] :
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Fig. 9-36 Leve] measurement by differential pressure.

1000 kg/m’ and that the lavel is 10 m above the
pressure sensor. The pressure P at the sensor is
found by

P = dgh
= 1000 x 9.81 x 10
= 98,100 N/m*
P = 98.1 kPa (14.22 psi) .

You might wonder why the pressure is indicated in
units of newtons per square meter. Recall that 1 N
is defined as the force required to accelerate a 1-kg
mass 1 m's?,

If the vessel holding the liquid is closed, a different
technique is used to measure level. The height of the
liquid above the pressure transducer is proportional
to the difference between the pressure at the top of
the tank and the static pressure at the transducer. A
differential pressure transducer applied to a closed
vessel is illustrated in Fig. 9-36.

Figure 9-37 shows a tank supported by load cells.
The force on the load cells is proportional to the
level in the tank. A summing amplifier may be used
to add the signals from the individual load cells.
Figure 9-38 illustrates a capacitive probe inserted
into the tank. The liquid is an insulator with a di-
electric constant that is different from the constant
for the air or gas above the liquid. This produces a
capacitance change in the probe as the level changes.
The capacitive reactance of the probe also changes;

Output

Lead Cells

Fig. 9-37 Using load cells to measure level.
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Fig. 9-38 Capacitive level measurement,

the ac bridge produces an oulput signal that is pro-
portional to level. In addition to load cells and ca-
pacitive probes, there are various techniques used to
convert level to displacement. Floats, levers, cables,
and pulley systems are employed, and the resulting
displacement can be changed into an electrical signal
with potentiometric transducers or LVDTs.

REVIEW QUESTIONS

22. A force of 1 N applicd to an area of 1 m? is
defined as a pressurc of | _

23. The three ways 1o reference pressure are ab-
solute, gage, and _______.

24. List three force-summing devices used in
pressure-measuring transducers.

25, Refer to Fig. 9-33. The strain gage envircon-
ment is a perfect vacuum. What type of pressure
does the transducer measure?

26. Refer to Fig. 9-35. The tank contains water.
The transducer registers a static pressure of 4 psi.
How far above the transducer is the top of the
water?

27. The top of a tank is sealed. What type of
pressure measurement will be appropriate for eval-
uating the liquid level in the tank?

9-5
TEMPERATURE

There are three temperature scales widely used in
industry: Fahrenheit, Celsius, and Kelvin. The Fahr-
enheit scale is the oldest and dates back 1o the early
1700s. It originally used the freezing point of water
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and the temperature of human blood as its two ref-
erence points. About 40 years later, Celsius proposed

“INDUSTRIAL ELECTRONICS AND ROBOTICS

that the melting point of ice and the boiling point of _

water be used as reference points. His system be-
came known as the centigrade scale, and in 1948 the
pame was officially changed to the Celsius scale.
Lord Kelvin first proposed the concept of absolute
zero in the early 1800s. His scale uses 0° to represent
absolute zero. The conversions for the three scales

are as follows:

C = 5/9(F — 32)
F =095C + 32
K=C+21.15

where C, F, and X are the.Celsius, Fahrenheit, and
Kelvin temperatures, respectively. The Rankine
scale also finds some application in industry. It is the
Fahrenheit equivalent of the Kelvin scale. Degrees
Rankine may be found by adding 439.67 to the Fahr-
enheit value,

Temperature can be sensed in many ways. - A metal
tube can be filled with liquid and connected to a
Bourdon tube. The liquid will expand as heat is ap-
plied, and the Bourdon tube will provide a displace-
‘ment proportional to temperature. Bimetallic strips
can also be used to provide a displacement that is
: _proportional 1o 1empera1ure A displacement Irans-
ducer can be added to the Bourdon tube or bimetallic

“strip to pmwde an electrical output. However, it is

usyally easier to use a sensor-that directly converts
témperature into an electrical signal. Figure 9-39
shows the four common femperature sensors. The
thermocouple produces an output voltage directly

related 1o temperature. The resistance temperature
detecror (RTD) shows an increase in resistance with
temperature. The thermistor has an oppcls:te re-
sponse, in that its resistance decreases with a tem-
perature increase. Finally, the integrated circuit sen-
sor produces a voltage or a current signal that-
increases-with temperature increases. This section
" will deal with these four devices.

Some industrial -lhcnno\.ouplesara shown in Fig.
9.40. They are based on the junction of two dissimilar
metals. When the junction is heated, a voltage is
generated; this is known as the Seebeck effect. The
Seebeck voltage is linearly proportiofal for small
changes in temperature. Various combinations of
metals are used in thermocouples. Thermocouples
are somelimes connected in series o provide higher
output and better sensitivity. The series arrangement
is known as a thermopile. Type E thermocouple units
use chromel alloy as the positive electrode and con-
stantan zlloy as the negative electrode. Type S ther-
mocouples produce the least output voltage but can
be used over the greatest temperarure-rangze.

- Figure 9-41 shows a type T thesmocouple, which
uses copper and constantan. Copper is an element
and constantan is an alloy of nickel and copper. The
coppet side is positive with respect to the constantan
..side. Assuming-that copper wires will be. used to
_ connect the thermocouple to the next circuit, a sec-
~.ond copper-constantan ;uncuomsunavmdable as the
illustration shows. This second junction is called the
refererice junction. It generatesa Seebeck voltage
that opposes the voliage generated by the sensing
junction. If both junctions are at the same tempera-

Thermocouple RTD Tharmistor 1€ Sensor
‘ — - v =
v R Vorl
1 i
B z E
g . 3 $s
s 5 3 52
= = =3 >8
i ¥ . T ]
Temparature Termperaturs Temperature Temperature
[ Seif-powersd O Most stable DI High output O Most linear
E 0O Simple 1 Most accurats O Fast O Highest owtput
=5 | O Rugged O More linear than O Two-wire chms G lnexpensive
£ | O tnexpensive thermocouple measurement
z{' 1 Widle variety
O Wide temperature
range
el i 2 | an-['m { O Expensive O Non-linear D T < 200°¢C
ilo o ¥ O Power sipply O Limited tempersture | O Power supply required
£ O Reference required required range O Siow
S | OLeast mable O small AR O Fragile 0 Self-heating
Fig. 9-39 Four common lem- = | 8 | O Leost sermitive .~ - O Low shlute o re::: EZ“PP“I' O Limited configurations
i a i resislance 2 ==t
perature sensors [Omzsa En- = O Self-hesting O Self-heating z
gineering). = =
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Fig. 9-40 Indusinzl thermoacouples,

ture, V,,, will be zero. If the sensing junction is at a
higher temperature, V,,, will be proportional to the
differences hetween the two junction temperatures.
The problem is that the temperature cannot be de-
rived directly from the output voltage alone. It is
subject to an error caused by the voltage produced
by the reference junction.
One solution to'the problem is shown in Fig. 9-42.
. The reference junction is placed in an ice bath to
keep it at a known temperature. This process is
known as cold junction compensation. The reference
junction is maintained at 0°C, and the reference volt-
age is now predictable from the calibration curve of
the type T thermocouple. The reference voltage is
subtracted from V,.. a&nd the temperature of the

Sensing Connector biock
junctian Cu r _‘I Cu
]
]
I
| Vo = ¥ = i
I
C I+ gy
.
il =)

Cu = Copper
C = Constsntan

Fig. 9-41 Thermocouple structure.
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Fig. 9-42 Cold-junction compensation,
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lee bath

Fig. 9-43 Four-junction circuit.

sensing juaction is found from the calibration curve.
When copper is not one of the thermocouple metals,
the four-junction circuit of Fig. 9-43 results. The type
J thermocouple uses iron and constantan. When it is
connected to copper wires, two iron-copper junc-
tions result. These junctions present no additional
compensation problems, however, because of the
isothermal block. This block is made of a material
that is a poor conductor of electricity but a good
conductor of heat. Both iron-copper junctions will
therefore be at the same temperature and generate
the same Seebeck voltage. Note that these two volt-
ages will cancel. Also notice that cold-junction com-
pensation is used at the reference junction.

It is obvious that ice baths are not the most con-
venient way to compensate the reference junction.
This technique is used in the calibration laboratory.
The industrial environment demands a different ap-
proach; Fig. 9-44 shows one possibility. The iso-
thermal block contains two reference junctions and
a thermistor. The resistance of the thermistor is a
function of temperature. A circuit is used to sense

Isothermal block and
reference junctions

* Fe ~ Cu
Sansing h=d s v
jurction & P Cu i
- S i3
—— -
————
Fig. 9-44 Sensing the reference junctions.
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this resistance and lo compensate for the voliage
introduced by the two reference junctions. This ar-
rangement is sometimes called elecironic ice point’
reference. If the sensor is interfaced to a computer,
the reference.temperature will be converted to a ref-
erence voltage and then subtracted from Vo, This
process is known as software compensation. The
question now is why bother with any of these pro-
cesses since the thermistor appears 1o be capable of
sensing absolute temperature with no compensation
problems? Thermocouples are useful over a much
wider temperature range than the other three sen-
sors. They can be optimized for various atmospheres
and are rugged and inexpensive. They lend them-
selves 10 monitoring a large number of locations. An
isothermal block with one temperature sensor can
provide compensation for several units. The term
zone Block is often used in this application. A scanner
circuit using reed relays selects one junction from
the zone block at a time. If sofiware compensation
is used, the individual thermocouples do not have to
be of the same type. Different correction voltages
for the various metals will be stored in computer
memory. The outstanding advantages of thermocou-
ples outweigh their disadvantages for many industrial

_applications. i e M.
_ Metals exhibit a positive temperature coefficient; -
their resistance increases with temperature. This ef--
fect is-exploited in-resistance temperature detectors
(RTDs). They are usually made from platinum, which
can maintain its stability'at high temperatures. Figure
9-45- shows several styles of platinum RTDs. The
glass-encapsulated type is bifilar-wound with plati-:
num wire on a glass or ceramic bobbin. This tvpe of

Glass encapsulated typa

- .

Fitm type

" Miniature thin-film type

Fig. 9-45 Resistance temperature detectors (RTDs). . .. - . -

Fig. 946 Three-wire bridge circuit.

winding reduces magnatic pick-up, and a sensor less
susceptible to electrical noise results. The assembly
is then sealed with molien glass. The film types are
manufactured with a platinum film on an- alumina
substrate. If the film is screen-deposited, it is a thick-
film type. Ii it is vapor-deposited, a thin-film type-
results. The film types are less costly, yet are as
accurate as the wire-wound types. They can be made
very small, making their response time faster as a
result of the low thermal mass.

Platinum RTDs are available from 10 Q to several .

- thousand ohms. The most popular value is 100 fat

©°C. Platinus’s temperature coefficient is +0.00385.
Thus, the typical RTD'will increase its resistance b}

* 0.385 0°C: This small change in resistance demands

* the accuracy and seasitivity of a bridge circuit: The:
sensor is usually mounted away from the bridge so -
that the bridge resistors &re not subjected to a tem-
perature: that would cause.them to drift or to-be
damaged. The extension wires are a source of error
because of their resistance. They also exhibit a pos-
itive temperature coeflicient. The effects of the ex-
tension wires can be minimized with the three-wire
bridge circuit of Fig. 9-46. The resistance of the ex-
tension wires is represented by Ry, and Rp,. If the
wires are matched in length and material, their ef-
fects are canceled because each is in an opposite leg
of the bridge. Lead Ry; is a sensor lead and carries
little or no current. Therefore, its resistance is not a
source of error. Unfortunately, the three-wire bridge
circuit creates a nonlinear relationship between re-
sistance change of the RTD and output voltage. For
this reason, the four-lead circuit of Fig. 9-47 is pre-

ot . I 2
L O
PLaTs s
AL ]
“ _ Fig. 947 Resistance temperature detector four-lead tircuit with
current source. . 3 al :
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Fig. 948 Integrated circuit LM335 temperature sensor (National Semiconductor).

ferred for those applications requiring greatest ac-
curacy. A constant current source supplies the RTD.
The resistances of R;, and R, are no longer a factor
since the current will be held constant. Leads R;;
and R, are the sense leads. Their resistance is also
not a factor, assuming that Vy is applied to a very
high input impedance circuit such as an instrumen-
tation amplifier.

A thermistor is a negauve-coefﬁcmm sensor made
from semiconducting material. Oxides of titanium,
iron, and nickel are among the materials used. They
are very sensitive, with temperature coefficients that

range from —2 to =6 percent"C. As such, thermis-
tors are capable of detecting minute changes in tem-
perature. Their resistance at' 25°C ranges from 100 02

to 100 k€2, with 5000 (1 being a very common value.
Their linearity is the poorest of those of all temper-
ature sensors, and they are susceptible to permanent
decalibration if exposed to high temperatures. The
normal limit is 200°C, but they are also subject to
decalibration if operated below, but near, their upper
limit for extended periods of time. They can be built
as small as 0.1 mm (about 0.003 in.), and their small
thermal mass provides a very fast response time.
They are available in a wide variety of shapes and
sizes. Thermistors are much more delicate than ther-
mocouples and RTDs.

The higher resistance of thermistors makes them
less error-prone than RTDs. Lead resictaace is not
nearly so significant, and a simple two-wire extended
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Fig. 9-49 Air flow detector.

bridee connection is usually adequate. ‘However,
they are subject to self-heating error. The bridge volt-

age is usually reduced to a low value lo minimize

this effect, or a pulsed supply may be used.

Integrated-circuit (1C) temperalure sensors elimi- s

" nate the linearity errors associated with thermistors.

However, as semiconduclor devices, they exhibitthe
‘other limitations. They are-avaifzble in both voltage-
and current-output configurations. Figure 9-48 shows
the National -Semiconductor LM333.IC tempera-
ture sensor, M provides a proportional output of
10 mV/K. It operates as a two-terminal zener. s
dynamic impedance is less than 1 Q1, and it operates
over a current range of 400 pA 105 mA with virtually

no change in performance. When calibrated at 25°C, ;

it typically shows less than 1°C error over a 100°
range. Its usable range is —10 to +100°C, and an
LM135 is also available with a range of —55 to
+150°C. 3 : ;
Figure 9-48 (p. 217) shows how to apply and cali-
brate the IC temperature sensor. The minimum tem-
perature-sensing circuit is feasible because of the low
dynamic impedance of the sensors. The coolest sen-
sor will set the output voltage. The average circuit
simply adds the individual output voltages. A simple
potentiometer circuit provides one-point calibration.
Single-point calibration works because the output of
the sensor is proportional to absolute temperature
with an extrapolated output of 0 V at 0 K. Errors in
output voltage versus temperature are only slope er-
rors; Thus, a slope calibration at one temperature
corrects all temperatures. . . B =
Self-heating errors can be reduced by operating
the IC at the minimum current suitable for the ap-
plication. Sufficient currenl must be available to
drive the sensor and the calibration pot at the max-
imum operating temperature. Self-heating can be ex-
ploited in some applications. Figure 9-49 shows a

detector in which an airiflow s directed onto an

LM335 sensor. If the flow stops, the seasor temper-

wi

ature increases és_a result of self-heating, and its
output will go in a positive direction. This voltage is

_ applied to the inverting input of the comparator. The

LM301A comparator output will go negative® when

the threshold set by the voltage divider at its nonin-

verting input is crossed. The second LM335 sensor
provides trip point adjustment 2nd adjusts the posi--
tive threshold for changes in ambient temperature.
It also must be exposed to the air flow. Hysteresis is
provided by the 1-Mf} feedback resistor. This circuit
does not provide a linear measure of air flow but
provides a negative-going output if the air flow stops
or falls below the trip point value.” !

REVIEW QUESTIONS

28. Refer 1o Fig. 9-43. Ideally, how much error
is introduced by the two iron-copper junctions?

- Why?

_ 29, Refer to Fig. 9-41. The cutput of the ther-
mistor goes lo a compuler, which uses stored infor-
mation to correct for the reference temperature.
This technigue is known as compensation.
30. Examine Fig. 9-46. Why is R, not signifi-
eamtIsE i i :
- 31.:Refer to Figs. 9-46-and 9-47. Which circuit is

-more accurate? - _ : :
_ .32, Refer 1o the calibrated sensor circuit shown’
- inFig. 9-48. What is its output at 100°C?. -

33. Refer to Fig. 9-49. The ambient air tempera-
ture increases. What happens to the threshold volt-
age al'the positive input of the comparator? What
is the net effect of this?

34. Refer to Fig. 9-49. What circuit feature re-
duces the possibility of multiple output pulses from
the comparator as the air flow approaches the trip

point?

9-6
MISCELLANEOUS MEAS‘UHE MENTS

-Humidity is the moisture content of air. Relative hu-
midity is the ratio of water vapor pressure in the
atmosphere to that of the sat urated water vapor pres-
sure of the atmosphere at the same temperature. It
is usually expressed in percentage form: 0 percent
means there is no water vapor at all in the air, and
100 percent indicates that the air is holding all the
water vapor that it can at that temperature. When
{he relative humidity is 100 percent, any drop in air
temperature will initiate condensation of some of the
water vapor. The temperature af which this occurs
is known as the dew point. Relative humidity may
also be used to express moisture content in artificial
environments, as well as in gas or gaseous mixtures.
Relative humidity affects electromagnetic propaga-
tion, ballistics, aercdynamics, -and many industrial
‘processes. o RSB R Tt



Fig. 9-80 Psychrometer.

Relative humidity may.be measured with a psy-
chrometer, as shown in Fig. 9-50. Air, or gas, is
drawn into a chamber containing two temperature
sensors. Thermistors or IC sensors are suitable for
this application. One sensor is dry and measures the
air temperature. The other sensor is encased in wet
fiber. A wick and a reservoir maintain the wet con-
dition. Water will evaporate from the wet fiber and
cool the sensor. With low relative humidity, the water
will evaporate quickly, and the wet sensor will
achieve a temperature substantially lower than that
of the dry sensor. High ambient air temperature also
speeds the evaporation and increases the tempera-
ture difference. High relative humidity slows the
-evaporation, produeing a lower temperature differ-
ence. Table 91 shows the relationship between tem-
perature diffefence, air temperature, and relative hu-
“midity.: More * detailed data will be .required for
‘accurate meastrements than are shown in this table.
The data can be stored in a computer, and, with the
proper sensor interface, an automatic measuring sys-
tem can be realized.

The psychrometer is not a particularly convenient
instrument. Hygrometers provide a more simple al-
ternative for measuring relative humidity. Hygro-
scopic materials that readily absorb moisture from
the air are available. For example, human hair is
hygroscopic and can be used as a relative humidity
sensor. A hair increases in length by about 3 percent
when the relative humidity changes from 0 to 100
percent. The hair can be placed under tension, and
an LVDT can be used to translate its length into an

TABLE 9-1 RELATIVE HUMIDITY LOOK-UP TABLE

Dry Bulb-Wet Bulb Difference, °C

b 5

056 278 556 B33 1.1 139

64 W 60 — i) i —
100 93 68 a3 12 = s
S156 o 73 49 2 6 ==
B2 ¢ 95 77 55 37 20 3
267 - 9 79 6! 44 29 16
R 32 o §i-, pu(8S 50 36 24
3718 % 83 63 54 42 31

Relative Humidity. %

- 20 percent relative humidity. ———
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Fig. 9-51 Resistive humidity sensor.

_electrical signal. Resistance hygrometers also use hy-

groscopic materials to sense relative humidity. Fig-
ure 9-51 shows an example. The plastic substrate
holds interlaced foil electrodes and is coated with
lithium chloride. As the lithium chloride absorbs
moisture from the air, the resistance between the
electrodes drops. The performance of a resistance
hyeromeier is ilustrated by Fig. 9-52. The resistance
ranges from $0 k{ at 100 percent to over 300 MQ) at

Robotics has increased the interest in proximiry
sensors. Such sensors can help a robot find an object
and are also useful for detecling obstructions and
human personnel that have entered the work enve-

“lope. Figure 9-33 shows a simplified block diagram

for an ultrasonic proximity sensor. A burst generator
produces seven cycles at a 30-kHz frequency. Fhis
frequency is above the human range of heaning and-
is therefore Considered ultrasonic. The barst rate is
2 Hz. The bursts are amplified and-applied to an
ouipun transducer, where they become @lirasound.

The sound waves travel at approximately 340 ms.

The refiected waves arrive at an input transducer and
are changed back into an electrical signal. The time
(1) between the transmit burst and the receive burst
can be used to calculate distance. For example, if
the time is 30 ms the total distance traveled is 340 x

0.03 = 10.2 m. The object that caused the refiection
is half that distance away: 5.1 m (16.7 ft). Sound
velocity changes with the temperature of the atmo-
sphere. It travels at 331 m/s at 0°C and at 386 m/s at
100°C. A temperature sensor can be used to correct
for this effect. .

1001
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Fig. 9-53 Ultrasonic proximuly sensor. |

Some of the waveforms in an ultrasonic proximity
sansor are shown in Fig. 9-33. A receiver blanking
pulse turns the receiver off during the time the burst
is applied to the output transducer. This pulse pro-
-scts the receiver circuits from overload. Tt is pos-
<hle 10 use a single transducer for both transmit and
~aceive, A single piezoelectric element can. be
«witched between the receiver input and the power
=mplifier cutput. It will be switched to the output
only during the time of the transmit burst. The gain
of the amplifier may be controlled by a ramp wave-
‘orm not shown in the illustration. The strength of
the received signal falls off as the inverse syuare ol
-he total distance traveled. Therefore, for measuring
distant chiects, high receiver gain is needed. How-
aver, wilh high receiver gain. extraneous reflections
snd other sounds may give a false indication. The
olution is to ramp the gain up as lime increases.
The receiver gain is set low for the ume immediately
following the transmit burst. As time increases, the
-eceiver gain is also increased to compensate for the
path loss.

Pulsed infrared systems are also finding increased
zpplication. They use light-emitting diode transmit-
sers that operate below the frequency rznge of the
visible spectrum. Phototransistors with high infrared

sensitivity are used to receive the reflected signals.
These devices are described in the discussion of op-
toelectronics. Infrared systems make excellent mo-
tion detectors and are used in industrial robatic, se-
curity. and safety installations.

The scnsing of near ferrous objects can be baced
on magnetic principles. Figure 9-54 shows a reluci-
ance proximity sensor. The assembly uses a perma-
nent magnet and a core with a coil wound on it. The
magnet produces a flux that surrounds the turns of
the coil. There is no coil output since the flux is
static. When a ferrous object enters the field of the
maenet, flux distortion is produced and a cutting
action results. The graph shows the coil voltage with
an object approaching the sensor field and then leav-
ing the sensor field.

Sensing of ferrous or nonferrous objects can be
accomplished with the eddy current killed oscillaior
(ECKO) sensor shown in Fig. 9-35. An oscillator
provides an ac signal for a coil which in turn gener-
ates an electromagnelic field. When a target is inter-
cepied by this field. eddy currents are induced in the
metal. These currents represent a circuit loss, and
the amplitude of the oscillations decreases. In fact,
if the coupling between the coil and the target is tight
and if the target is made from a metal with large eddy

Fermanent
magret

Coil =~

Fig: 9-54 Hcioctance pick-up proximity seoscor
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Fig. 9-55 Eddy curreat killed oscillator pmxirnil;r un;r

current losses, the oscillator will stop working. This
effect established the name killed oscillator. 1Lis not
necessary to kill the oscillator to uisgc‘r the output,
however. The integrator output can trip thedrigger
before oscillations cease altogether—-——g‘—
Figure 9-56 shows a tilt transducer. Tdt is any

; dcpar(ure from the horizontal and is; usmll]'.,mca

~_sured.in degrees or radfans.-The tilt c&ll contains an
eleclrot} te that conducts clectnc:[y ’!hum “also

' electrodes A- an B have the same cxpdsm lo th=

electrolvte. Any tilt will cause the bubble to move
left or right. Suppose the seating p]aﬂe tilis clock-
wise. This tili causes the bubble to move te the left.
decreasing the electrolyte contact on electrode A and
increasing the contact area on electrode B. The re-
sistance from the main electrode increases to A and
decreases to B. The bridge circuit takes advantage
of this dual effect, and an output vollagepmpoﬂmﬂdi
to tilt results. pes
Atomic radiation must be sensed in some mdt!stn al
environments for the protection of human personnel.
Radiation may also be used in some measuring ap-
plications such as thickness gaging. in which a ma-
terial placed between a radioactive source and a sen-
sor absorbs an amount of energy proportional 10 its

Elecrreds A

Main electrode

Electrolyte

Fig. 9-56 Tilt transducer,

Trigger I—N 'm'aﬂutpu:
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density and thickness. If the density is';k‘nown con-:" 2y

stant, the thickness of a material can be gaged by
the owtput of 2 radioactive sensor. :

fonkzation iransduters are used lo measure atomic
radiation. They are often tubes filled with inert or -
organic gas. Atomic particles enter the tube and col-
lide with the gas molecules, creating free electrons
and positive jons. The tube also contains electrodes.
A volase across the electrodes produces current
pulses due to the free elzctrons and ions. Sensitivity
may be improved by operating some tube types at a
higher voliage. This higher voltage will accelerate
any dislodged electrons to creale more collisions,
and an avalanche will result. Therefore, the current
pulse will be larger. Geiger-Muller tubes are operated
at very high potentials. They avalanche over the en-
tire elecirode area, and a single event becomes self-
perpemating. They require some means lo stop the
action after each event. Organic materials are usad
inside the tube to provide a e}f-qnench?nz action
after eazh discharge.

Solid-state radiation detectors are based on a re-
verse-biased junction. Normally, little or no current
flows. Atomic particles entering the depletion region
raise the energy level of electrons from the valence
band fo the conduction band. In addition to free
electroas, holes are created at these sites. The holes

‘and electrons serve as carriers o support lhc ﬁmx of

curreal. and output pulses result.
‘Sotke substances absorb atomic energj and reemit

-the en=rgy as photons. The flashes of lisht that result

can be coupled by fiber-optic cable to a photemulii-
plier tube. The high gain of the photomultiplier tube
produces a very sensitive radiation detector. These
dEnLClO{S are kﬂﬂ“ n as Sf‘f)“'ffifﬂﬁé‘ﬂ coiniers.

Not all thickness-gaging systems use radiation.
Other technigues include variable reluctance. vari-
able mductance, and vanable capacitance. The in-
ductaace and reluctance types work with matallic
materiaks, and the- capacitance sensor is suited to

gaging ponmetallic materials.

REVIEW QUESTIONS

35. What is the name of the instrument that uses
wel aad dry sensors to measure relative humidity?

36. What types of humidity sensors use hygro-
scopic materials?

37. Refer to Fig. 9-53. 1t =
away is the target?

38 Refer to Fig. 9-53. The burst rate is 2 Hz.
Wha is the greatest distance that can be mea-
sured? y

39. Reluctance proximity sensors are useful for

20 ms, how far

detesting ______ objects.
40, The ECKO proximity sensor can detect
and objects.

41. Refer+o Fig. 9-56. The bridge output is zero
whea the seating plane is horizontal. What is the
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polarity of terminal 1 with respact to terminal 2 ifa
counierclockwise tilt is introduced? A clockwise
tilt?

9-7
SIGNAL CONDITIONING

Signal conditioning provides eay required gain, iso-
lation, noise rejection, offsetting, or linearization of
<he output of a transducer. Gain is required i those
cases in which the output is'too small to be directly
useful in a measurement or control system. The re-
quired gain is usually supplied by operational ampli-
fiers or instrumentation amplifiers. These circuits are
discussed in Chapter 6. The required gain may also
be supplied by special signal-conditioning devices,
several of which are covered in this section. Isolation
is required in those applications in which ground
loops must be eliminated. Noise rejection includes
common mode nulling and low-pass filtering.

Offsetting is required when the level of a signal
must be shifted by some predictable amount. For
example, an application may require the measure-
ment of small changes about some large initial value.
Offsetting may also be required to remove an rror.
as in.thermocouple cold-junction compensation. An- -
other example is the conversion of one measurement
scale to another. such as gage pressure {o absolute
pressure or degrees Celsius w degrees Kelvin. Fi-
nally, offsetting also includes the conversion of a
voltage signal to a current signal for transmission
purposes. This topic will be covered later in this
section.

Linearization may be accomplished by digital or
analog methods. The digital ~pproach lends itself 1o
applications in which the transducer output is applied
10 the input of a computer. The computer may lin-
earize the readings by performing mathematical op-
erations on them. Another computer approach is to
convert each digitized value to a corresponding cor-
rected value by using readings stored in computer
memory. The linearized values are stored in a lock-
up table, such as Table 9-1, Analog linearization uses
amplifiers and other circuits that have a nonlingar
response that is complementary to the characteristic
curve of the transducer. For example. an amplifier
with a logarithmic response can be used to lineanize
a sensor with an exponential output.

In addition to transducer nonlinearity, circuit non-
linearities can also introduce significant errors in
some cases. Let's review the basic instrumenta-
tion bridge circuit shown in Fig. 9-57. When
R\/R; =R4/R; the bridge is at null and Vo = 0. If
the ratio R./R; is fixed 21 &, then a null condition
guarantees that R; = KR.. If R is unknown, it can
he measured by nulling the bridge by adjusting Ri.
If R, is calibrated, the unknown is found by multi-
clying by K. Null-type measurements are typically
used in feedbact systems.

Figure 9-° _-ows a different set of cquations be-
cause ' .asducer measurenients involve the devia-

» X (when X <<Z 1)

Fig. 9-57 Typical instrumentation bridge circuit.

tion of one or more of the bridge elements. The
equations show that the output voltage is not a linear
function of the resistance change in R;. Assume that
all of the bridge elements are nominally equal and
that R, is variable with a fractional deviation of X.
Note that the final equation shows that the output
voltage will be approximately equal to Vigd « X for
very small velues of X. As X gets larger. the noalin-
earity becomes more evident. As a demonstration,
the following values of Vg were calculated for
Vi = 10 V:

X = 0.05 o= 0.12195 V  (2.44% erron)
X =010 V, = 0.22810 V (4.76% error)
X =020 Vp = 0.45455 V  (9.09% error)
X =030 o = 0.65217 V  (13.0% error)

Notice that the nonlinearity becomes more signifi-
cant with large values of X. For this reason, the
simple bridge circuit is most accurate when the sen-
sor shows only small changes in resistance.

Figure 9-8 shows a linear bridge circuit. This ar-

Rl — X} A1 +X]

Fig. 9-38 Linear bridge.
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Fig. 9-59 Active bridge
rangement might represent two identical, two-cle-

j'-'sustanr:: Tatios of the top elements 6 lhe botmm
. bridge elements large. This process, however, de-
creases the bridge sensitivity. Figure 9-59 shows an -

—with changes in X end -twice the magnitude of the -]
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active bridge with good linearity and sensitivity. An
operational amplifier enforces a null condition | €ven -
for large values of X. It adds a vanable voltage in
series with the sensor to maintain the null. This volr- |
age is also the output voltage and is inherently linear

basic circuit of Fig. 9-57.

The bridge excitation voltage (or cum:nt) IS an-
other source of error. It must be well regulated for
high accuracy. Figure 9-60 shows the application of
a 2B31 transducer signal conditioning module man-

~ ufactured by Analog Devices. It solves many of the

problems associated with accurate measurements. -
This module also provides gain and stable bridge -
excitation for measurements using resistive sensors =¥

ment strain gages mounted on opposite sides of 2 such as RTDs or sirain gage sensors. It featuresa

cantilever beam. As the beam stretches on one side,

it compresses on the other side. This would increase

e resistance of two bridge elements and decrease
the resistance of the other iﬁb_r':ii_gé_élemems The
output of this bridge is linear and is four times the
magnitude of a bridge where only one element
.chaugcs resistance.
Unfortunately, the circuit of Fig. 9-58 does not _
lend itself 1o all measurement applications. Another

= -te:l:mqnc lhat :mpmvcs lmcamy is to make the re-

=15V +15 ¥

s dctermmed by wh:th:r the nonlmeamhs concave AT

'If no offsetting is required, pin 29 is grounded. The

high CMRR (140 dB} and active low-pass filtering for
a low-noise output. Pin 29 is available for offsetting
the output over a plus and minus 10 V range.

gain can be set from 0 to 66 dB by varying the resistor :

-across pins 10 and 11. < Ssil

Linearization is provided by feeding back a smali
percentage of the amplifier output to. modulate the
bndgc excitation voliage. The sense of the feedback

15V

500 §1 " resistor

*Determines megnit.
Fig. 9-60 283| Lincarizing circuit (Analog Devices).

#W +Y, in Ref
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&V

LvOT 4

)

6V

Fig. 961 Linezr vanable differential transformer (LVDT) position
servo (Signetics).

upward or downward. Figure 9-60 shows the appro-
prizte jumper connection for each case, The magni-
tude of the correction is set by R.... and the linearity
pot is used for final trimming. The circuit can be
adjusted by using a precision resistance decade in
place of the sensor. The offset is adjusted a1 the low
end of the measurement range. The fine span is ad-
justed at one-third range. and the linearity is adjusted
at the top end of the range. There is some interacticn,
and two or three trials are required for best perfor-
mance.

An LVDT signal conditioner manufactured by Sig-
nztics includes an amplitude-stabilized oscillator to
drive the primary of the transducer. The oscillator
has a range of 1 kHz 10 20 kHz. The IC also contzins
a synchronous demodulator to convert the amplitude
and the phase of the LVDT secondary signal to a d¢
voltage proportional to position. The synchronous
demodulator compares the phase of the secondary
signal with that of the primary signal. The IC also
has an auxiliary amplifier to provide gain and filter-
ing. It will operate from a single or a dual supply.
The internal oscillator generates a triangle wave,
which is converted to a sine wave and applied to two
driver amplifiers in the IC. Their output appears at
two different pins in phase opposition. One pin pro-
vides the reference signal for the synchronous de-
modulater. An LVDT secondary signal is applied to
a second demodulator input. The demedulator output
is in the form of a bipolar full-wave rectified signal.
The active low-pass filter formed-with the external
resistors wnd capacitors and the internal auxiliary

amplifier removes the carrier component iripple) and
provides gain. The dc output signal is equal 10 half
the reference voltage whenthe LNDT core is at null.
Core motion results in a de shift that is proportional
to displacement.

Figure 9-61 shows the Signetics LVDT conditioner
used in a position servo circuit. The output of the
NESS520 conditioner drives the noninverting input of
the NES40, which in turn drives a complementary
pair of transistors. The permanent magnet de motor
will change direction as the output signzl reverses
polarity with respect to ground. The motor mechan-

=IN =AM FALM  v-  CouMP VO F3
Wl (3] [7] [W 6 [s) [5)
Overload
n detect
AD5S84,AD595 §
A
-— - A o
G + G ) 'CE
+ + AAN—  Soint
! + Tamp.
-Tc]—
| =TC

2 LL
LG O I G

+IN +C +T cas —F v

Fig. 9-62 Thermocouple amplifier {Analog Devices!
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V+

LED

Fig. 9-63 Single supply circuit with open ther-

mocouple indicator (Anzlog Devicas).

discrepancy between the setting of the position con-

© . trol and the actual position sensed by the LVDT will

result in a differential signal at the NES40. The moior
will run in a direction to reduce the discrepancy.
Servos are covered in detail in Chapter 10.

The Analog Devices AD394/AD595 monolithic
thermocouple amplifier is shown in Fig. 9-62. The
594 is precalibrated by laser wafer trimming to match

the characteristics of type J sensors, and the 593

matches type K thermocouples. The chip contains a
complete instrumentation amplifier and a cold-junc-
tion compensator. It also includes a thermocouple
failure alarm circuit that activates if one or both
thermocouple leads open. Figure 9-63 shows the de-

vice interfaced to a thermocouple. The thermocouple

leads are soldered directly to pins 1 and 14, produc-
ing copper-constantan (or copper-alumel) and cop-
per-iron (or copper-chromel) reference junctions.
These junctions are isothermal with the IC itself, and
the ice point compensator offsets their Seebeek volt-
ages. Special solders are recommended for these
connections. They should be composed of noncor-
rosive rosin flux and an alloy of 95 percent tin with
5 percent antimony, 95 percent tin with 5 percent
silver, or 90 percent tin with 10 percent lead. Ordi-
nary electronic solder is usually 60 percent tin and
40 percent lead.

Many transducer signals in industry are converted

to current signals for transmission to a distant con- ~

troller or computer. The standards are 4 to 20 mA

~ —ically drives z lead screw, and the drive block-isf-and 10 to 30 mA, with the 4 to 20 range being the =
* .mechanically coupled to the core of the LVDT po- °
- :sition sensor. The -inverting - input of the NE30 is_ - ad\'an:azc; The signal is not affected by noise. drops
* established by V,; and the position control. Any

“most common. Current transmission offers several

“in the line. stray lhermocouples contact resistance.

~—-or contact em?. Only two wires-are needed. and 2n
- open circuit fzul: is easily detected by a-0-mA signel

condition. The National Semiconductor LHMH 552
two-wire transmitter. It is a linear IC that convens
the voltage signal from a sensor or a bridge to c=-
rent. A single twisted pair of wires is all that is
required for koth signal output and supply circuits.
The device contains an internal reference to power

— —the bridge, an input amplifier, and an output curreat -

source. The output is adjustable to meet either m-
dustry current standard. It interfaces easily with
thermocouples, strain gages, RTDs, and thermistors.

'REVIEW QUESTIONS

42, Refer to Fig. 9-57. The bridge is at null wken
Vo=

43. Refer ta FI" 9-37. Calculate the actual value
of Vpwhen X = 0.03 for Vin = 3 V. Calculate the
nominzl value by using the approximation. Calct-
late the percentage of error.

44, Refer to Fig. 9-57. What happens to the nea-
lineanty as X increases?

45. Refer to Fig. 9-58. Calculate Vofor v, =
SVYandX = 0.1. For X = 0.2. Is Vpa linear
function of X7

46. Refer to Fig. 9-59. Calculate Vofor V, =
5Vard X = 0.07. Is Vpa linear function of X7
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CHAPTER REVIEW QUESTIONS

6.1, Siretching a conductor will its re-
sislance,
9.2, An industrial sirain gage has 2 GF of 2and

a resistance of 353G 0. i normal i(.'il}_ﬂ‘l.-l is 2 cni,
what will its resistance be if it is streiched Lo
2,02 em?

9-3. What output volzage would be produced by

the data in question 9-2 if the gage were in a
Wheatstone bridge circuit with three fixed 330-02
resistors?

8-4. Assume that a two-element strain gage is
used for temperature compensation. What would
have to be done to the gain of the instrumentation
amplifier i0 compensate for the transverse sensiliv-
ity factor?

9-5. Why might dual-staggered <lots be used in
an optical tachometer?

9-6. When the output of an accelerometer is in-
tegrated. a signal proportional to results.
9-7. The LVDT accelerometers do not lend
themselves to vibration analysis because of their
rather resonant frequency.
9-8. The principle that relates fluid flow rate
and pressare s attributed to
9-9. léentity a transducer that divides flow into
measured units,
9-10. Which temperature sensor converts heat o
a voltage?
9-1i. "Which temperature sensor has the greatest
te iperature range?

~9-12. The signal generated by a thermocouple is
due to the effect.

9-13. Which temperature sensor requires com-
pensation?

8-14. & series arrangement of thermocouples is
AROWH as d ;

9-15. Low thermal mass 1s desired in a sensor
requiring a response time.

9-16. Why do wire-type RTDs use bifilar wind-
ings?

9-17. A platinum RTD is rated at 100 2 at 0°C.
Assuming a positive temperature coefficient of
0.00383. what is its resistance at 50°C?

9-18. Low-resistance sensors, such as RTDs, re-
quire three or four wire connections to eliminate
the error due to resistance.

9-19. Radiation delectors that use a gas-filled
tube are based on the principle.

9-20. Atomic radiation entering a semiconductor
depletion region can cause the junction resistance
to ;

9-21. What type of radiation detector utilizes
light?

9-22. Linearization based on look-up tables is
aln) ______ technique. -

9-23. Refer to Fig. 9-63. Why must the thermo-
couple leads be soldered at the IC pins and not to
copper extension wires?

9-24. Why do the current transmission standards
use 4 or 10 mA to represent zero rather than 0 mA?

ANSWERS TO REVIEW QUESTIONS

11. acceleration

46, —0.175 V; ves

13. 667 H:z

L9V 2LE88109.12V 3,02 percent 4.2V, positive 5. A would be 2 V negative with respect to B 6. none
7. 3 8 the polarity reverses . 9. they cannot indicate shaft direction
12, displacement; force; acceleration
decay) 15, for temperzture compensation 16, 3.56 x 10" N'm  17. 593 x 10™*m'm 18. 0.142 0  19. negative
20. velocity 201, P 22, pascal 23, differential 24, Bourdon tube: bellows; diaphragm 25, absolute  26. 2.8l m
i i 39, software

10. it provides direction information
4. fewer cycles of oscillation (more rapid

30. it is a sense lead (littde or a0 current) 31, Fig. 9-47

. 33. it increases; IC, will have to become warmer to trip the comparator M. hysteresis 35, psychrom-
_ eter 36, hygrometers 37. 3.4 m  38. 85 m (in practice it is much less) 39. ferrous  40. ferrous; nonferrous
41. positive; negative 42, zero 43, 0.03695 V; 0.03730 V; 1.47 percent 44, it increases  45. 0.5 V: 1.0 V! yes




SERVOMECHANISMS

This chapter discusses servomechanisms and
the components that make up servosystems.
Some components are electrical, some elec-
tronic, and some mechanical. Servomecha-
nisms are systems that position an object b
comparing pusr'n'an-fq'cdback signals with
-command signals. Systems that use feedback
are closed-loop systems; those that do not use
_ feedback are open-loop systems. Feedback
. can be cantinuous or discontinuous. This

chapter will only deal with continuous tvpes of

—control systems. - =

Ak _."TPD’I:E:_\TIU.\'[ETERS AND E.\:CODE“S

Precision poientiomerers-are simple rotary devices
for obtaining shaft position information. The most
straightforward application is the conversion of me-
chanical position to a voltage. Basically, a precision
potentiometer consists of a resistive element with a
movable arm, or slider, in contact with the element.
As the arm (slider) rotates, the resistance varies be-
tween the end of the resistive element and the slider,
indicating shaft position. The resistive element can
be made of wire, conductive film, or a cermet ele-
ment. -

Potentiometers used for servomechanisms are gen-
erally about % to 3%s in. (22.2 to 84.125 mm) in
diameter. The early models were mostly of the wire-
wound type. Current technology provides other
choices such as conductive plastic, which offers a
better temperature stability, longer life, and lower
sensitivity to the environment. Potentiometers can
be excited with alternating or direct current. Single-
turn polentiometers have a rotation that is usually
limited to 350°. Some models have continuous rota-
tion with no internal stops. Potentiometers may be
ganged so that a single shaft will rotate several slid-
ers. Multiturn potentiometers are limited to 3, 5, 10,
15, 25, or 40 revolutions before hitting int2rnal siops.
Figure 10-1 shows the internal construction of a ten-
turn potentiometer. The winding (resistance element)
is in the form of a helix, and the contact assembly is

such that the shder travels a helical path while mak-
ing contact with the resistance element.
A linear potentiometer produces a resistance
«change that is linearly related to its shaft position. A
position of one-half rotation will produce 30 percent
of maximum resistance, and a position of three-
fourths rotation will produce 75 percent of maximum
resistance, and so on. Lineariry is specified as the
deviation (in percentage of the total resistance) of
the actual resistance at any point from the expected
resistance. This is called normal, er independent,
linearity. A standard value of linearity is 0.1 percent
with 0.01 percent types available. If a load resistance
is placed between the slider and one end of a linear

* potentiometer; as shown in Fig. 10-2, the-potentiom-

eter wiii nolonger be linear. The magnitude of load-

ing error 5 a funcrion of the ratio of the slider load
to the total resistance of the potentiometer. Thic er-
ror varies inversely with the lead ratio. That is; &
small lead ratio will producea large error.

Thers are several other important charactenistics
of potentiometers, such as resolution. noise. and me-
chanical tolerances. Resolution in a potentiometer is
the minimum change of resistance output expressed

Shicer block with
duzl guictes

Resistance dlerment:
wirewourd or hybed coil

1o shatt

stops

Dual slicer contser
potiticn suldes

Both fdsglas
fir'ed ny'ca Scainlem seel
Solderzhie sheh
terminaly

Fig. 10-1 Multiturn potentiometer.
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Fig. 10-2 Potentixneter loading,

as a percentaze of its total resistance. It is dependent
on the number of turns of wire per inch on the wind-
ing and the zrc diameter of the slider.

A nonwire potentiometer is stepless and has es-
sentially infinite resolution. The typical resolution of
a wire-wound potentiometer is 0.05 percent. Many
high-gain servomechanisms have a tendency to
“hunt™ between the turns of wire on the potentiom-
eter, seeking a voltage that does not exist in the
surface, Plastic conductive and cermet units have all
but eliminated this problem. A multiturn wire-wound
potentiometer may also be employed because of its
better resolution.

Noise in a potentiometer appears as spurious un-
wanted voltages. If a wire-wound potentiometer is
excited with direct current, for example, the finite
resolution of the potentiometer will cause a ripple
voltage to appear at the slider as the shaft is rotated.
In some systems this noise can cause problems, es-

pecially if the potentiometer’s slider is worn and the .

noise becomes excessive. There will also be an in-
crease in the hunting of the system. This noise is all
but eliminated with the ponwirc polentiometer, Me-
chanical tolerances of potentiometers are important
in servomechanism applications. They are manufac-
tred with accurate external surfaces to allow inter-
changeable units and to permit low backlash (see
Chapter 10) and matching coupling surfaces.

Why use wire-wwound potentiometers? Two rea-
sons are apparent. First. the wire-wound potentiom-
eter can be made with very low values, such as
10 2. Values less than 1000 2 are hard to obtain with
non-wire-wound types, The second reason is that
nonlinear functions are needed in many servome-
chanism systems, and it is all but impossible to du-
plicate the specifications obtainable from wire-
wound units. Nonlinear potentiometers can be made
by winding the element on a mandrel which has the
slope of the function. Examples of mathematical
functions that are available include the tangent, se-
cant, cosecant, square root, and inverse functions.
The use of t2ps on a lincar winding is another method
used to obtain nonlinear functions. Sections of the
resistance between taps can be loaded with external
resistors to warp the resistance 1o obtain a given
function, From 4 1o 10 taps are ncrmally used, as
shown in Fig. 10-3 -

tentiemeter that selves numer-
plications is the rectilinear po-

=
[
|

)
s

External
—shunting

Ay resistors

o az0®

Slider output

Fig. 10-3 Tapped potentiometer.

tentiometer. This unit has strokes (travels) from ¥:
to 6 in. (12.7 to-152 mm), with an independent line-
arity of 0.1 percent.

Optical encoders may also be used to provide po-
sition feedback. The primary parts of an optical en-
coder are shown in Fig. 10-4. Two types of rotary
optical encoders available are incremental (outputs
a fixed number of N pulses per revolution) and ab-
selite (the output is a unique code for each angular
position), Incremental optical encoders penerally
provide two signals which are in quadrature (907
phase difference). The phase difference provides di-
rectional information. The output waveforms may be
square wave or sine wave, as illustrated in Fig. 10-
5. The marker pulse is used to provide index infor-
mation and is typically 180 electrical degrees. Not
all optical encoders provide a marker pulse.

Figure 10-6 shows a 28-mun two-channel incremen-
tal optical encoder. The emitter end plate contains
two light-emitting diode (LED) light sources (with
molded lenses) to form a parallel beam for each chan-
nel. The cede wheel is a metal disk which, in this
case, has 500 equally spaced slits around its circum-
ference. An aperture with a matching pattern is po-
sitioned on the stationary phase plate: The light beam

Rarating Stationary mask
code disk {phase plate)
[~

Sigral
processing | para
elecironics

Incrementzl
or

’
-
D - absolute
~ i ot
\ ¥ E

photodiods
trassistors, €he;

Fig. 104 Pricary elements of an optical encods .
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is transmitted only when the slits in the code wheel
and the aperture line up; therefore, during a complete
shaft revolution, there will be 500 alternating light
and dark periods. A molded lens beneath the phase
plate aperture collects the modulated light into the
photodiode detector. Each channel consists of an
integrated circuit with two photodiodes and ampli-
fiers, a comparator, and output circuitry as shown in
Fig. 10-7. The two quadrature output signals are in-
dicated at their respective channels. The direction of
rotation is determined by observing which of the
channels is the leading waveform.

Figure 10-8(a) shows a circuit approach to inter-
face to a microprocessor. The logic gates and micro-
processors are discussed in the next iwo chapters.
An encoder used to provide position information for
a shearing process is shown in Fig. 10-8(b). The ma-
terial moves the measuring wheel, and the encoder
provides pulses to the computer. When the desired
count is reached, the shear solenoid is activated.

The absolute optical encoder makes absolute po-
sition information available in the form of binary,
gray, or binary-coded decimal (BCD) formats, de-
pending on the coding pattern of the optical encod-
er's disk. These codes are covered in Chapter 11.
The advantage of the absolute encoder is that it can
maintain position information even during @ power
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Code wheel Prase  Encoder
amembly plate body

Emitter
end pate

Fig. 10-6 Optical encoder kit.

failure, whereas the incremental type of encoeder
must be rotated to the index marker for initialization
once power is restored. In the absolute encoder,
there are signal output lines (one for each bit posi-
tion) going to the digital processor. An optical en-
coder disk isillustrated in Fig. 10-9(a). The parallel
digital data (four lines in this case) require condition-
ing and eventually are interfaced to a compuler.
Many industrial processes and computer controls
also require linear motion inputs. They may be from
X-Y1ables, plotters, quality control (QC) equipment,
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machine tools, ete. These udits have a similar type
of cptoclecironics and also produce quadrature sig-
nals with an eptional reference just as the incremen-
2l encoders do. High-resotution units using special
signal eleciromnics provide resolutions as fine as

(b} Feedback control.

0.5 pm (2000 pulses/mm) at 300 kHz. A wide variety
of linear encoder lenzths are also available. Velocity
information can also be derived from the incremental
signals. )

Pasition sensing varies from application to appli-



CHAPTER 10 SERYQMECHANISMS 231

4BIIO-15k | o

Rast
w¥ Fuier -
EI ¥’ Bll T
| Fiker
5
| I I
- i | I ¥
3 i b 2 | ]
B P By . Befts - ] 1
4 "~ Fimer T ) 4
5 X g LT i == g =
~cemmon [} 2 LY - t1 o s cosf' | .
= i : et . Strshe : : :
: ] Satpting o ' =i
e s e ST
. ] Cémpuzer iy -
. 1o8us

Fig. 10-9 Absolutz emcoder. (=) Simple encoder disk. (b) Typical en

cation. Potentiometers are used for systems that
have low resolution requirements. In some cases. 2
potentiometer is used as a coarse position sensor,
and an optical encoder is used for the high-resolution
positioning. Areas with heavy contamination (such
as oil and dust) are a problem for oplical encoders.
The problem can be solved with special enclosures.

REVIEW QUESTIONS
1. List threz common types of potentiometars.
2. The movable contact on a potentiometer is
called the wiper or :
3. Suppose a 10 k(2 linear potentiometer has a to-
tal travel of 350.° What is its nominal resistance
from the wiper contact to the far-end contact when
it is rotated 270°7 .

- 4. The deviation of a potentiometer from its
nominal straight-line resistance is rated as a per-
centage and is known as ils — specification.

5. A noisy or dirty wiper on a potentiometer can
cause a feedback systemto —— .

coder interface.

6. Taps may be used to linearize 2 potentiome-
ter. (true or false)

7. The two outputs from an incremental encoder
are degrees aparl.

10-2

SYNCHROS AND RESOLVERS

The term synchro is a generic name for a family of
inductive devices which can be connected in various
ways to form shaft angle measurements. All of these
devices work on essentially the same principle.
which is that of a rotating transformer. A synchro
{ooks like an ac motor and consists of a rotor and a
stator. Synchros vary in diameter from 0.5t0 3.7 in.
(12.7 to 94 mm).

Internally, most synchros are similar in construc-
tion. They have a rotor with one or three windings
(depending on the synchro type) capable of revolving
inside a fixed stator. There are two common types
of rotors: the salient pole and the wound rotor. Dur-"
ing one complete cycle, the magnetic polarity of the
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TABLE 10-1 SYNCHRO TYPES
Functional Military
Classificatinn Abhreviutions Input Output
Torque I~ Rotor positioned mechanically or man- Electric outpui from stator identifying
trznsmitter vally by information to be transmitted rot - pesition supplied 1o torgue re-
ceit .. torque differential transmitter.
or torque differential receiver
Control CcX Seme as TX Electric output same as TX but sup-
transmitter plied only 1o control ransformer or
control difterential transmitter
Torque 1DX TX output applied to stator: rotor posi- Electric output from rotor (representing
differential tioned according to amount; data angle equal to algebraic sum or differ-
transmitter from TX must be modified ence or rotor position angle and an-
+ pular data from TX) supplied to
lorgue receivers, another TDX, or a
torgue differential receiver
Control CDX Szme as TDX but data usually supplied  Same as TDX but supplied only to con-
differential b CX trol transformer or another CDX
transmitter
Torque TR Electrical anzular position data from Rotor ussumes position determined by
receiver TX or TDX supplied to stator electric input supplied
Torque TDR Electrical data supplied from two Rotor assumes position equal to alge-
differential TDXs, two TXs, or one TX and one braic sum or difference of two angu-
receiver TDX (one connected to rotor, one to lar inputs
1aton
Contral T . Elecirical data from CX or CDX ap- Electric output from rotor (proportional
transformer plicd to or; rotor pesitioned me- to sine of the difference betweenro-

chanically er manually

tor angular position and electric input
angle)




= rotor changes from zero to maximum in one djrec- transfon'nsr. The rotor is cncrglzed by anac voltage

- tion, back to zero, then to maximum in the opposﬂe and the couphng Between the rotor and the stator .

: + du'ect}un, and then back to zero. The wound rotor is windings varies as a lrigonometnc or linear function

-~-* " used in most synchro control transformers”Tt often _ of the rotor position. Figure 10-10 shows 2 synchro-
consists of three coils arranged so that their axes are schematic diagram. Synchro systems consist of two -

displaced from each other by 120°. One end of each or more interconnected synchros. Units are grouped

- coil terminates at one of the three slip rings on the together according 10 their intended function. The

_ shaft, and the other ends are connected together. - seven common types are listed in Table 10-1. :
The stator of a svnchro is a cylindrical structure The conventional synchro tramsmitter (LX) uses a
of slotted laminations with three Y connected coils salient pole rotor with skewed slots. When an ac
wound with their axes 120° apart. The stator wind- excitation voltage is applied to the rotor, the resuliant
ings are mot connected directly to the ac power current produces a magnetic field and by transformer
source. Their excitation is supplied by the ac mag- action induces voltages in the stator coils. The effec-
netic field of the rotor. tive voltage induced in any stator coil depends upon
~The synchro may be viewed as a vaniable coupling the angular position of the coil’s axis with respect to ——
the rotor axXis. When the maximum coeil voltage is
) known, the induced voliage at any angular displace-

e e ment can be determined. Figure 10-11 shows the — —
voltages induced in one stator coil as the rotor is i
turnad to different positions. :

- The turns ratio between the rotor and stator is such =
that when single-phase 115-V excitation is applied to < i
the rotor, the highest value of effective voltage in-
duced in any one¢ coil will be 52 V. Because the ~

- common connection between the stator coils is not. -
accessible! it is anly possible to mreasure the stator - |

 coil-to-coil effective voltage. Figure 10-12 shows kow =

- these voltages vary 2s the rotor is turned. Values are

. shown above the line When the terminal-to-terminal -~

A voltage is in phase-with the R, to Ry voltage and-~, >

LB " pelow the line when the voliagé is 130° out of phase -~ -

i with the R .and R:voliage. Therefore, negative val-

O ues indicate & " phase reverszh. As zn example. when

the shaft (Fig. 10-12) is tzrned 30° from the reference

(zero degree) position. the §; to S voltage will be

°—-—=P about 45 V and in phase with the R to R, voltage.
P

The §, to §. voltage will bz about 30 V and is 180"
out of phase with the R, 1o R voltage. Although the
curves of Fig. 10-12 resembi= time graphs of ac voli- - —

Youg Yorogs s
+80 gl

F
;0 :
3
52 45V
L&
9
-50
CCW arg= of sraft rotation
~ - COW angle , .
T ™ e Fig. 10-12 Waveform of synchro stator output volizzes versus

Fig. 10:11 Curve of stator voltage versus rotor position. shaft rotation.
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ages, they show only the variations in the effective
voltage amplitude and phase as a functicn of the
mechanical rotor position.

1t should be noted that the synchro is not & three-

hase maching or gencrator. In a ihrce-phase ma-
ae, there are three vollages equa! in magnitude,
dieplaced from each other by 120 electrical degrees.
With the synchro, which is a single-phase device, the
three stator voltages vary in magnitude, and one sta-
<07 coil is in phase or 180° out of phase with another
coil, as illustrated in Fig. 10-12.

In general, if the rotor of 2 synchro is excited by
50-Hz or 400-Hz ac (called the reference voltage),
the voltage induced in any stator winding will be
proportional to the cosine of the angle between the
rotor coil axis and th stator axis, as was indicated
in Fig. 10-11. The voltages induced across any pair
of stator terminals (S to Sy, 5 1o S1, §3 to §3) will
tie the sum or difference, depending on the phase, of
the voliages across the coils measured.

For example, if a reference voltage V' sin (wr) ex-
cites the rotor of a synchro (R, to R:), the stalor
serminals will have a voltage of the following form:

V(5,10 59 = Vsin (wi) sin 8
VS, toS) = Vsin (wt) sin (8 + 120)
V(S5:1t0 50 = Vsin(w)sin (8 = 240)

~here 8 = synchro shaft angle.

i_-l

Note: The expression V sin (wr) predicts the in-
srantaneous voltage of a sine wave at time (1) where
V" represents the maximum voltage and w = 2af.
The rms stator voltages are given by:

Voo (Si10 50 = 0.707 Vsin @

Ve (S1 10 §3) = 0707 V sin 6 = 120)

Vies (5210 $3) = 0.707 V sin (B + 240)
These voltages are known as the svaclro format

valtages and will be referred to as such from now
on. Synchros are divided into two basic ty pes. torque

synchros and control synchros. Torque synchros are
required if it is necessary to transmit angular dis-
placement information from a shafl of ene synchro
to the shaft of another synchro without using any
additional amplifiers or gearing. The two most com
mon torgue synchros connecled in a repeater system
are the torgre transmitter (TX) and the roigue re-
ceiver (TR). Figure 10-13 shows a TX and TR con-
nected as a repeater system. In the repeater system,
the rotor of the transmitter (TX) is excited with a
reference voltage to produce the synchro format voit-
ages on output terminals S;, §,, and §;. The stator
voliages induced in the receiver (TR) stator coils as
a result of its rotor excitation’ will be equal to the
voltages induced by the transmilter stator current.
In this balanced condition, shown in Fig. 10-13, there
is no current flow in the stator coils or in the slalor
interconnections. The total current drawn is that
used by the excitation of the two rotors. Therefore,
the transmitter will supply current only when the
receiver rotor is out of alignment with the transmitter
rotor. These repeater systems are accurate to = I
and are used in systems in which a rotating device’s
output is required 10 position a remote pointer. To-
day, most of these units have been replaced by
synchro-to-digital converter driving an LED display
of the digital readout of angular position. There also
exists a digital-to-synchro transmitter to comvart dig-
ital data to synchro format voltages to drive a remole
electromechanical pointer. A mix of these devices s
not uncommon. Digital synchro converters will be
covered shortly.

Two other members of the torque synchro family
are worth mentioning. The first device is the differ-
ential svnehro transmitter (TDX). The stator is quite
similar to that of the transmitter and receiver just
discussed. Tt has three sets of coils wound around
the stator frame to produce poles 1207 apart. The
rotor is quite different from those of conventional
synchro units. Electrically, it has three sets of cails
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Fig. 10-14 Schematic diagram of differential synchro.

wound in slots equally spaced on the rotor and con-
nected to produce poles 120° apart. The schematic
of the differential transmitter is shown in Fig. 10-14.

The TDX usually obtains its input from a torque
transmitter (TX) and produces electrical synchro for-
mat signals. The power comes from the synchro sta-
tor outputs (there is no reference applied o the
TDX). The TDX may be connected to add or subtract
two inputs. Figure 10-15(q) shows a connection for
subtraction. If a mechanical input of 75° is applied
to the TX and its output signals go to the TDX stator.
the TDX subtracts its own mechanical input (307)
and transmits the results to the TR, which indicates
the system's mechanical output by position of s

Fig. 10-15 A
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rotor (45%), as indicated in Fig. 10-15{a). In some
cases, lhe system is set up for addition. This is done
by reversing the §; and S leads from the TX to the
TDX stator, and from the TDX rotor to the TR sta-
tars. This will result in the behavior shown in Fig.
10-15(h). With the same mechanical inputs of 75° and
10, the receiver will provide an output equal to the
sum of signals by urning to 105°. A wiring scheinatic
for the subtraction system is shown in Fig. 10-16.
The torgue syachro system is suitable only for very
light loads and is never really accurate. In addition
the torque system places a drag on the associated
equipment it is measuring.

When larger amounts of power and more accuracy
are required, torque synchros give way to the con trol
synchros. These devices are used for providing and
handling -control signals to a servo power amplifier
when more power and accurate angular displacement
of a large load are required. The control synchros
are not designed to handle any mechanical load. The
two most common control synchros are the control
transmitter (CX) and the control ransformer (CT).
The CT develops an ac rotor output voltage that is
proportional to the relative shaft angles between the
synchro transmitter and the' control transformer. The
devices are normally connected as shown in Fig.
10-17. The output of the CX (transmitter) is fed to
the stators of the CT (transformer). The CT is a high-
impedance version of the lorque receiver with its

Input 30° Output = 45°
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Fig. 10-17 Synchro control system (chain).

rotor aligned at 90° from that of a TR. In a control Rot: cle
system (chain), when the shaft angle of the CX equals wvoltage (rms)
that of the CT shaft angle, a null (minimum) voltage
will appear on the rotor terminals, R; and R,, of the
CT. Any variation from this null will produce a signal
in the CT rotor whose phase will depend on in which
direction it is moved off null. Figure 10-18 shows the ] .
output of a CT rotor as it travels near alignment (null)
with the transmitter rotor. Typically, fora 115-V CT
the null voltage would be about 30 mV rms.

A simple closed loop servo system using a CX and
CT control system is shown in Fig. 10-19. When the
shaft of the CX is turned 1o some angie, the §;, 5;, ~
and S, outputs provide the synchro format voltages =
previously mentioned. These voltages are transmit-
ted 1o the CT stators §,, §», and §;. If the CT is not
at theinput angle 0, a voltage will be preduced at ; .
the output of the CT rotor winding. This signal (error) Fig. 10-18 CT rotor null voltage pear alignment.

CW rotation - CCW rotation
-.——— —_——
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Fig. 10-20 Digital-to-ssnchro converter.

is amplified, phase-detected and fed to a servo am-
plifier to cause & servomotor to position a load and
the CT shaft 1o a position where the CT rotor output
is minimum (null). The direction in which the motor
turns toward angle 0 is determined by the phase of
the CT rotor signal with respect to the reference
voltage. :

In some later applications, a digital-to-synchro
converter (a solid-state CX) can be used, with the
input angle in digital form as shown in Fig. 10-20.
There also exists a control differential transmitter
(CDX), which is the control equivalent of the TDX
previously discussed and is used to add or subtract
an additional shaft angle.

The resolver is basically a trigonometric function
generator that resolves for an angle 8, the hypoten-
use. or sides of aright triangle. Although it resembles
a synchro device outwardly, internally the rasolver
is quite different. There are a wide variety of winding
and ratio configurations available. The most common
has two isolated primary (rotor) windings at right
angles to each other. The two windings of the stator
are isolated and are also placed 90° apart. A resolver
is illustrated in Fig. 10-21. It solves the unknowns of
a right triangle. If 8 is the shaft input angle, one can
determine B and A directly from a resolver by ap-
plving voltage € as an input to the stator, positioning

the rotor to angle 6, and reading A and B as outputs
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- 8=CCost
output

0 Ry

R.T
V Cos 8 = distance

Fy

Height
7 &
& input
Fig. 10-21 Schematic diagramof a resodver. Either rotor or stator
can be the primary. .
from the rotor windings. To be more mathematically
~correct, if the stator is ‘excited with V sin o, lh:_ ]
“resolver format \onages ) A e T
z L "Vj g = Vsinotsin® “ 35 ¥
l:’m._m = V sittef cos 0 ' : -
FO:‘ example, _ : _- - B 1 Fig. 10-22 Example oféomﬁuqn‘g resolver for determiing height-
Vey-ps = 1000 0.500°= 50V .. e Lo g
Ves_ge = 100 x 0.866 = 86.6 V
whe: The unused stator rotor is usually shori-circuited.
resolver shaft angle = 307 These voltages represent the rectangular or cartesian
Vsinwr = 100V coordinates of the point.
sin 8 = sin 30° = 0.500 Figure 10-22 is an example of polar-tn-»ar:esnan
_cos & = cos 30° = 0.866 conversion used to determine the precise height of
5, B=CCosé 5,
i :
A=CSing
input Csing
Error signal
Error .7 Power
amplifier amplifier O

Fig. 10-23 Computation using a resolver.
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an object by using an adjustable laser. The output
voltage VR, — VR, is proportional to the height, and
output VR; = VR, is proportional to the ground dis-
tance when a voltage V (equal to the laser range) is
applied to §,_5;, and the resolver is rotated to an
angle 8. A servo system to perform this function is
shown in Fig. 10-23. The servomechanism 1s satisfied
only when the resolver angle is equal to 8, which
occurs when the input to the error amphfier is at a
null. One output is B = cos 8, which is the voliage
proportional to the height of the Fig. 10-22, when a
voltage C (equivalent to the laser range) is applied
to the stator as shown.

By using all four windings of the resolver, a two-
dimensional space problem can be solved. If the sta-
tors are excited with a voltage representing X and ¥,
respectively, when the shaft is positioned to an angle
U, the voltages produced at the rotor terminals will
be

Vey-gy = XcosW¥ + Ysin ¥
Vis-gz = Ycos ¥ — X sin ¥

The applications of these mathematical functions are
commonly used in guidance and robot control sys-
tems.

It is possible to convert synchro input signals into
resolver format signals and to convert resolver for-
mat signals into synchro format signals. These con-
versions are generally done by using Scott connecte
or Scott T transformers. In many cases this is or was
done to upgrade a system to use synchro-re-digital
(3DC) or digital-to-synchro converters (DSC), which

v Sin we Sin(@ + 240%)
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use signals in the resolver format. Figure 10-24 shows
two common Scott transformer connections. In Fig.
10-24(a) the synchro-to-resolver connection and the
resolver output format voltages obtained are shown.
In Fig. 10-24(h) the resolver-to-synchro Scott con-
nected transformers, which are stmply the inverse of
the synchio-to-resolver case, are illustrated.

REVIEW QUESTIONS
8. The stator windings §;, 5=, and 5; of a syn-
chro are connected to a three-phase power source.
(true or false)
9. Referring to Fig. 10-11, the voliage at the
180° point should be ____.
10. In Fig. 10-12, the voltage of §,, 5, at 270° is
out of phase with R,—R; voltage. (true or false)
11. Referring to Fig. 10-13, if TX is moved
clockwise, TR will move _ ;
12. If the differential synchro system of Fig.
10-15(6) has an input of 130°, the receiver will be
at

13. A transformer is used to input angu-
lar signals into a servo power system.

14. The control transformer error signal is com-

posed of a voltage and signals.
10-3

SERVOMOTORS AND RATE
GENERATORS

. The requirements for most small servomechanisms

are met by ac two-phase induction motors. Their
mechanical output power varies from 0.5 to 100 W.
Above 10 W, most two-phase servomotors are cooled
by a separate motor-driven blower included in the
same housing with the servomotor. A 10-W frame
will deliver about 25 W output with the added blower
cooling. Direct current servomotors vary insize from
1/20 hp to many horsepower and are generally used
in large power servomechanisms.

A typical connection for a two-phase motor is
shown in Fig. 10-25. A voltage V,,is applied to the
main (fixed or reference) winding. Voltage Vis sup-
plied from the controller, which is usually an ampli-
fier. The magnitude of V¢ is a function of the degree
of action required of the motor. The windings are"
usually identical and equally ratad. The voltages V'
and Vemust be in synchronism and are derived from
the same ac source. They must also be in time quad-
rature, which may be produced by introducing a 90°
phase shift in the amplifier or by connecting a suit-
able capacitor in series with the main (reference)
phase Vy. When V-has a \mllatc value leading V u
by approximately $0°, rotation in one direction is
obtained; when V¢ lags Vy, rotation in the other
direction will cccur. Since torque is a function of
both ¥y and V., changing the magnitude of Ve
changes the developed torque of the motor. Some
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servomotors are designed with a center-tapped wind-
ing to be fed from a push-pull output amplifier as
shown in Fig. 10-26.

The speed-torque characteristic curves for a typi-
cal ac servomotor are shown in Fig. 10-27. They are
typical of servomotor characteristics. The torque is >

large at zero speed to aid in sérvo static sensitivity, _

‘to give internal damping for the ‘servomechanism,
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|

]

.and to prevent single phasing (the tendency of the - -

. rotor to Tontinue ‘to rotate when .one ‘winding is:

opened and the other winding remains excited) of the -

servomotor. Two-phase servomotors are inherently
high-speed . low-torque devices and are geared down
to drive the load.
Although two-phase servomotors are available in

a wide variety of configurations, the most popular
type has a squirrel cage rotor with a low ratio of
rotor-to-fame diameter and high rotor resistance.
This type gives the best overall performance and is
efficient for converting input watts to shaft torque.
There are other motor configurations that are used
in specific applications. These include drag-cup mo-
tors and solid iron rotors.
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Fig. 10-26 Center-tap (push-pull) I'A-'D-p!:zsc servomotor.
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Fig. 10-27 Terque-speed characteristics of 2 typical servomotor.

The drag-cup motor shown in Fig. 10-28 is con-
structed with its rotor made of copper, aluminum, or
an alloy. For a given size and weight as compared to
the squirrel cage motor, it generally haslower torque.
The heavy iron laminations are stationary, only the
lightweight cup rotates, and the inertiais very small, -
The solid iron rotor core is used to carry both. flux
and induced rotor.currénts. This motor was designed
for operation from the output of vacuum tube ampli-
fiers and is rarely encountered-today. The two-phase
induction motor consists of two input windings (coils,
in slots of a laminated-iron structure) spaced 90 elec-
trical degrees apart. Under a balanced condition, the
windings are excited with equal voltages, 90° apart
in time phase. The motor currents therefore generate
magnetic fields in the air gap which are also in space
and time quadrature. As with the induction motors,
the rotating speed Nyis

120f

P

where f = frequency of line
p = number of poles

Ns=

MNonmagretc-conducting drag cup

§%%
87

Output
shaft
B
Beatings
-
N ‘Control
o[ input
T

Control sestor winding
Flg. 10-28 Dragcup two-phase servomotor.
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Fig. 10-29 Waveforms and charactenistic
curves for two-phase servomotor.

A 4-pole, 60-Hz winding causes the resultant field to
rotate at-1800 rpm, and a 4-pole 400-I1z winding
rotates at 12,000 rpm. Figure 10-29(a) shows the two-
phase stator currents which develop the rotating ficld
in a 2-pole machine. This rotating flux ficld induces
a voltage in the rotor conductors with 2 magnitude
proportional to the relative speed. The rotor voltages
in turn cause currents; as a result a torque is devel-
oped by interaction of the current-carrying conduc-
tors and the rotating field. This drags the rotor along
after the synchronous field of the stator. Since the
rotor must overcome friction, it cannot reach svn-
chronous speed. The difference between actual and
synchronous speed is known as slip:

Slip = synchronous — actual speed
)= synchronous speed

In servomotors, the no-load speed is approximately
five-sixths synchronous speed, corresponding to a
slip of one-sixth, or 16.7 percent.

Figure 10-29(h) presents the characteristics of a
typical servometor from no load to the stalled con-
dition. Curve A shows the variation of torque for
rated phase voltage and varying load. As previously
shown in Fig. 10-27, it is nearly linear. Curve B
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P Ll
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o
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shows the power outpui and lias a parabolic shape
which peaks near one-half of the no-load speed.
Curves C and D show the power input and the power
factor, respectively. Curve E shows that the effi-
ciency peaks near one-half of the no-load speed.
Curve F plots the vasiations of stall torgue as a func-
tion of control voltage with the fixed-phase voltage
constant. This curve is linear and is a measure of
the moter’s stiffness. A servomotor should develop
torque with a minimum amount of input wattage.

In ac servomotors, as mentioned earlizr, there has
to be a phase shift of the voltage on the main (ref-
erence) winding with respect to the control winding.
There is no simple method of maintaining this phase
<hift for all motor speeds. Some designs use the two-
capacitor method shown in Fig. 10-30, which gives
good results on small servomotors.

A dc motor can be controlled by varying either the
field current or the armature current. The types of
dc servomotors are the series motor, the shunt mo-
tor, and the permanent magnet iPM) motor. These
motors offer higher efficiency than an ac motor of
the same size, but radio frequency interference (RFI)
is a problem in some applicalions.

Most of the dc¢ servomotors used is -power
applications are of the PM type. Tl2 zase of con-
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Fig. 10-30 Two-capacitor method of phase shifting main excita-
tion. .

trollable speed, along with the linear torque-speed
control curve, makes the PM motor ideal for servo-
mechanism applications. The characteristic curves
are shown in Fig.-10-31. The speed-lorque curve is
quite similar to that of the ac servomotor presented
earlier in this section. These motors are available in
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] j_' torque. Larger units with up to 4.5 kW of output

power are available.

_The dc servomotor in some modern servomecha-
nisms may be one of the brushless types (covered
previously) which lend themselves to easy computer
control. Along the same lines, the stepping motor
has become a valuable type to be used as a servo-.
type motor. This type of application will be covered
in a later section.

In the past, large dc servo systems employed con-
stant armature current, with the control signal ap-
plied to the field winding. These systems operated
with vacuum tubes, thyratrons, or amplidynes pro-
viding the field drive. The power required for ficld
control is only a fraction of the power required for
armature control. Power amplification of the order
of 20,000:1 can easily be obtained.

A rate generator (tachometer) is an electrome-
chanical device resembling a small motor, which pro-
duces an output voltage that is proportional 1o its
shaft speed that can be read out or used for closed
loop speed control or stabilization. The dc rate gen-
erator is usually separately excited (shunt-wound) or
is a permanent magnet generator. Though any dc
generator can be used with a calibrated meter to
“indicate speed, more precise units are required for

- control-system applications. Special consideration is

_ 6, 12-, aaAd 24-V models, making them applicable to x ST >
- solid-state circuitry. By comparison, the:dc motor given to certain electrical and u}:]chamcal character-
- has some advantages over thé ac motor. The de mo-2 _istics. The electrical output signal should be a noise-
_tor inertia is greater than that of the ac motor (inertia = ‘_f::ﬂei,v_ol;:ge I:hath\*_‘all_ dle smﬂ%m?dspee:o ‘_ﬁ?eha:gl—l -
is covered in the next section).~This-greater mertia &~ Ivauye LUK SHOLC L E ey Tt ¥, WILL

is due to the wound armature and commutator, which
produce a heavier rotor. The dc motor does not re-
quire any standby- power; however, the ac servo-
motor continuously draws power for its main (ref-
erence) winding. ’

Figure 10-32 shows a modern dc servomotor that
is only one-third as thick as a conventional motor.
Such motors are popular in compact systems, such
as numérical control and robotics systems, and in
automatic control machines. At 24 V and 3.8 A, it
develops 1.5 kilogram-centimeters (kg-cm) of

low drag and low.inertia-The relationship between

voliage and speed can be expressed mathematically

as
V = KN
where N = rale generator's speed

K = constant of proportionality between the
voltage and speed

- Most dc rate generators have an output sensitivity
of about ¥ V/100 rpm. Other important factors that
differ from those of a standard dc machine are func-
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Fig. 10-31 Chzracteristic curves for a dc serve-
motor,
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Fig. 10-32 Space saver dc servomotor.

tions of the mechanical and electrical quality. Cog-.

ging is prevented by skewing the armature slots, and
friction is reduced by limiting brush pressure and by
using precision high-quality bearings.

. Some of the advantages of the dc rate generator
are the following:

1. Freedom from waveform and phase-shift prob-
lems

2. Absence of any residual zero-speed voltage (pres-
ent in ac units)

3. High output gradients: up to 20 V/1000 rpm

4. Easier temperature compensation than in an ac
rate generator

Sofne of the disadvantages of using dc rate gen-
erators are the following:

1. Brush problems: contact, vibration, arcing, and
breaking contact. The position of the brushes
must be exactly at neutral for reversible units.

2. Noise generation: filtering of high-frequency
brush commutation noise is necessary.

3. Output ripple is undesirable and must be ailen-
uated in some systems.

4. Brush friction and hysteresis effects require a
higher driving torque.

The selection of a separately excited or a perma-
nent magnet rate generator is based on factors such
as line-voltage variations, ambient temperature var-
iations, and the possiblity of demagnetization of the
PM type. The output cf the separately excited rate
generator can be line-voltage-compensated, as indi-
cated in Fig. 10-33, whereas the output of a PM type
can only be attenuated.

Since a majority of rate generators (tachometers)
are closely connected to the servomotor, many de-
vices combine the motor and the tachometer on the
same shaft. An exampla is shown in Fig. 10-34.

The ac rate generator must produce a sinusoidal
signal output of constant frequency whose amplitude
is proportional to its speed. The amplitude of the
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voltage from an ac generator is proportional to its
speed, but the frequency of the ac siznal dlso varies
with the speed. An ac rate generatcr used for ser-
vomechanisms is shown in Fig. 10-35. The unit has
two stator windings: an excitation (reference) wind-
ing and an output winding. These windings are placed
in the stator so that they are 90 electrical degrees
apart. Because these coils are at right angles to each
other, no output voltage is induced when the rotor is
stationary. When the rotor turns, the flux produced
by the eddy currents in the rotor is along the sec-
ondary axis and produces a voltage at the reference
frequency in' the output winding. The magnitude of
the output voltage is proportional to the rotational
speed. The directicn of shaft rotation is indicated by
the phase of the output voltage (compared to the
reference voltage). If the output vol:age is in phase
with the referance, the direction is said to be pesitive.




.

If the output is 180° out of phase, the direction is

said to be negative. The sensitivity of ac rate gen- -

erators ranges from 1/10 to 1 V/100 rpm, with output
impedances of 100 to 1000 ). The output voltage is
mathematically expressed as it is for the dc rate gen-
erator.

There are threetypes of errors-associated with the
induction-type ac rate generator: residual voltage at
zero speed, nonlinearity, and voltage and phase er-
rors at low speed. The zero speed output has a det-
rimental effect on a servo system'’s performance. The
fixed and variable residual components as a function
of rotor position are shown in Fig. 10-36(a). These
residual voltages are minimized by the manufacturer
by using precision machining techniques. The resid-
ual output voltage must be considered when replace-
menfs are required. Figure 10-36(b) shows a simple
compensation network that may be employed lo can-
cel the fixed component of the residual voliage.

If an ac rate generator is directly coupled to the
servomotor shaft it adds directly to the inertia. For
this reason, the drag-cup rate generator finds wide
application. The drag-cup rate generator consists of
the same type of stator (two-winding) as the two-
Phase induction rate generator just discussed. Its ro-
tor consists of a thin nonmagnetic conductling mate-
rial of -aluminum or copper.. Drag-cup rotors yield
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by stator dummmetry
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Flg. 10-36 Fixed and variable components of residual voltage and
canceling circuit.
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. rpms i

maximum uniformity, This is accomp!mhed b} var-
ious - manufacturing  techniques and _by . having
matched tempcrature coefficients for a.ll malmg
parts.=="% s -
No output vo]tage is mduccd “'l'ten Lhe drag{:up is

stationary. Upon rotation, the eddy currents induced
‘in the rotor cup distort the path of the flux so that a

voltage proportional to shaft speed appears at the
output winding. A notch or some other dissymmetry
may be added to the rotor to cancel the inherent
output dissymmetry.

A wide variety of incremental encoders are avail-
able and are being integrated into servomechanisms
as rate generators. These devices are discussed in
Chapters 3, 13, and 14. In many cases their usage is
dictated by the environment of the application.

REVIEW QUESTIONS

15. The p]é?sc relationship between the reference
voltage and the control voltage in a two-phase ser-
vomotor is degrees.

16. The reference voltage is usuaJJy shifted by
use of a

“17. Single phasing of a servomotoris a mcthod

* of braking. (true nrfa]se} s Ty s

-18. The rotor of a Two- phase sen'ommx is ei-
ther a sqmm:l cage or a o
19. A Z-pcele 4{]0-Hz 'mmor w:]l rmatc at

20. If the mewr in qLIF.‘sT.ID"I 19 rotates at 20, Oﬂﬂ
rpm, the slip is percent,

21. The resistor in Fig. 10-36(J) is used for
phase-shifting purposes. (true or false)

10-4
MECHANICAL COMPONENTS

A servomechanism will usually contain mechanical
components such as gears, couplings, bearings, limit
stops, and clutches. Thase parts are manufactured
to tight tolerances for ease of assembly and for con-
formance with performance specifications.

Couplings are used to connect the ends of two
shafts together so they always rotate at the same
speed with the same angular position. Most couplings
fall into one of the four following categories:

1. Rigid (sleeve) coupling

2. Flexible three-piece (Oldham)

3. Flexible-bellows, spring, one piece

4, Flexible-sleeve, one piece

5. Universal joints

_ The rigid (sleeve) coupling, as the name implies,
is 2 onespiece coupling that rigidly couples two shafts

together. Each end has a set screw to secure the
sleeve to each shaft. One type requires lhat both



|
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shafts be of exactly the same diameter; no misalign-
ment is allowed.. Another type of adapter coupiing
allows mating of two different diameter shafts. In
specifying couplings, the letters OD stand for butside
diameter, and the letter B indicates the bore (inside
diameter). Dimensions are specified in inches and
millimeters by most manufacturers. Mixing of sizes,
that is, inches with millimeters, though it may seem
tolerable, is not good practice. The set screws usu-
ally require use of an allen wrench for any adjust-
ment. These will also be in inch or metric sizes and
will require the appropriate tool. Some very-high-
speed high-torque applications will use a recessed
inner set screw with a second set screw on top.

A flexible three-piece coupling is also known as an
Oldham-rype coupling. This coupling allows for a
slight angular or lateral misalignment of the shafts
being coupled. It consists of two end hubs with ma-
chined surfaces to receive the center interlocking
floating member. The floating (center) member,
called the torque disk, is usually not metallic, but a
plastic material such as delrin. The machined parts
must be handled with care, and distortion will cause
backlash in the coupling. Backlash is the play or lost
motion that occurs between two loosely fitting parts.

The bellows or spring coupling consists of two
hubs connected by a flexible metal bellows or a
spring. It &lso allows for shaft misalignment. How-
evef, flexing of the bellows can cause metal fatigue.
so these couplings are found enly in low-torque ap-
plications. The spring coupling is preferred for high-
speed applications and acts as a shock absorber.

A flexible one-piece coupling consists of a flexible
element that may be polyurethane, rubber, or neo-
prene. This coupling can accommodate shafts that
are out of alignment by as much as 1 in. (25.4 mm).
They are quiet-running and absorb end play.

Universal joints can be either single or double
types, as indicated in Fig. 10-37. The single joint will
operate at angles up to 30°, and the dowble joint can
couple shaft angles approaching 90°. Figure 10-37(c)
shows a typical position for each type of universal
joint.

The clutch can be thought of as a special type of
coupling device. The most commonly used clutch in
servomechanisms is the slip clutch. The clutch slips
when the shafts reach a torgue limit. Without the
clutch, the serve may stall, potentially resulting in
damage to the gearing or motor if the rotation energy
is not dissipated in the clutch. Some models can be
adjusted at the installalion; others are fixed and are
not field-adjustable. Occasionally, an electrically op-
erated magnetic clutch is employed. For example, it
could be used to disconnect a hand crank so it does
not turn during normal system operation.

Bearings are an important part of any servomech-
anism. Sleeve bearings are uwsually oil-impregnated
and are not commonly found in precision servo-
mechanisms. For the most part, bull bearings are
used beczuse of their low-friction and low-wearing
characterisiics. Two common typss of ball bearing
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Fig. 10-37 Universzl joints. (2) Single. (b) Double. (c) Typical
applications.

mounts are the plain and flanged iypes. The flange
type is popular because of the case of snapping it in
and out of place in its housing.

Some servomechanisms employ limit stops as a
mechanical safety feature to prevent a shaft from
rotating past a particular point. They are often used
in conjunction with clutches to avoid damage. Some
limit stops allow many revolutions before stopping
by using a traveling nu! cn a screw thread. The
threaded shaft is stopped when the traveling nut con-
tacts either stop plate. In some cases, rubber or
springs arc used to absorb the shock when the stop
is reached.

Gearing is required in a servomechanism to con-
vert the high-speed low-torque power from the ser-
vomotor to a lower-speed higher-torque power to the
controlled shaft. Many 1ypes of gears are available,
including spur, helical, worm, bevel, internal pinion,
and gear racks. Of all the gears mentioned, the spur
gear is the most commonly employed. A worm is a
gear with teeth in the form of screwthreads. Figure
10-38(a) shows a worm gear and a spur gear that can
be mated to cobtain a right-angle drive. Because of
their high friction, right-angle drives are rarely found
in servomechanisms. Bevei gears are conical in form
and operate at intersecting axes, usually at right an-
gles (Fig. 10-38[&]). Internal gears are usually limited
to planetary drives and must mesh with an external
gear. Figure 10-38(c) is an illustration of an external
gear. A helieal gearis cylindrical and has cither right-
hand or left-hand teeth, us shown in Fig. 10-38(d).
They may be operated on parallel or crossad axes.
Crossed helical gears are sometimes called
gears. When two gears run together, the one v
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: e ~ subtract the angu]a.r posmon.ol' hvo sl:aﬁs Differ-

entials arc usually made from bevel gears, as indi--
cated in Fig. 10-39. Differentials are av:i}ablc with

‘Some dynamic characteristics of geanng are im- -

pinion of diameter d, is dnvmg gear dy. An external =
torque T, is applied 1o the pinion shaft, causing-a
_rotation with an angular velocity e;. The torgue on
the shaft is equal to the force developed at a point.
on the circumference of the gear times halt' the gear

diameter:
d
Tg =F i‘
Therefore, 505 - S
27,
F=
d;
Srmlar‘{) with the sccond gear: 2
Tz =, F“;—I
i T B s L;'},::,::;" fﬂ:’_‘,‘ﬂ"“;:‘“ For meshed gears, the forces are equzﬂ and sub-
; stituting for F gives
T_ o T] :1 i

each.gear is proportional 1o ihe pitch diameter, The

l-':g 10-38 Typical sarvo pears. ta} \\Un'n gears. (h} Beve! (m:ter] !

gears. (c) External gear. (d) Helical gears. P, --This Jeads "o S -
the larger number of teeth may be called the gear, dy—=:N; : —~
and the one with the smaller number of teeth may — = : E

be called the pinion. A rack is a gear with teeth Combining with the lorque ” Lot

spaced along a straight line. : Tz dy- N,
Uniform clearance of gears is critical in determin- = e e edhaaN o
ing backlash between two gears. Backlash is propor-
tional 1o the difference between the tooth space and These equa:;ons!;how thm;h[; rz:]tto of the torque
~ the mating gear's tooth thickness. Increasing clear- is proportion ma] e&atm A ';'mﬂea which
ance will increase the difference and the backlash. I;a;so proportional to the gearratio. It can shuwn
Wear also increases the backlash, and so does loss i .
of lubrication. o w6 N
Differential gearing is used to mechanically add or a @ 8 N
Clearance _1' AOTSETRETE R
circie : —E" e v
_1:1_15?2 +0.000
-0.002

Removable clamp ring

End gears
1o assernble and gears -

2sembled
Fig. 10-39 Differental.

z _portant in servomechanism apphcahnns ~Assume x“"""-'

- speed ratios from 1:1 to 3000:1 .=~ = o -

- For proper gear mcshmg to take pIace “all lcelh o
must be the same size, and the-number of teeth on

BE gear ratio is the ratio of the nnmhgr of teeth on the _."
second gear 1o 1hq numbcr of Eeeth on thc ﬁrst gear

Bs & 503
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where @, and ey = angular acceleration of gears 1
and 2, respectively
9; and 8; = angular position of gear | and
gear 2
w, and w; = angular velocities of gear 1 and
gear 2
Hence, the ratio of accelerations, positions, of an-
gular velocities is inversely proportionat 10 the ratio
of the number of gear teeth, If the moment of inertia
of the load is defined as

i ik
J = EM'IJ
where J = inertia, kilogram-meter® (kg - m’)

M = mass, kg
r = radius of gear, m

|

The angular acceleration of a gear is equal to
torque divided by inertia: *

I,
n|=}T
and
T
ﬂ:=}"

"

Substituting. we obtain
o T NoJy Ny

o Ts Nz Ns

which results in

= (R

Therefore. using a step-down gear box reduces the
apparent inertia affecting the servomoter by a factor
equal to the square of the gear ratio.

For example. if a rotating load has an inertia of
250 kg + m?, through a 40:1 gear ratio. what'is the
resulting inertia on the motor?

g = JE(%)‘
I, = L‘”ﬁg—m = 0.156 kg - m*

inertia of motor
inertia of load

where Jiis
J

o

The gearing also provides an improvement in load
torgue as compared to motor torque. The torque and
inertia advantages are the main reason for the use of
gear boxes in a servomechanism. However, do not
forget that these advantages are obtained at the sac-
rifice of speed.

REVIEW QUESTIONS
22. The B diameter on a coupling signifies the
diameter.

23. The bellows coupling is only usad in high-
torque applications. (true or false)

=
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24. Large angular or lateral alignment correc-
ticas are obtained by using .

25. The mechanism that allows slip to occur
when torque limits are reached iscalleda .
36, Torque multiplication is obtained at the ex-

pense of .

10-5
AMPLIFIERS AND FEEDBACK

A syslem can be represented by a combination of
blocks. Each block may have a single line input and
a single line output. Each block may represent a
single function. For example, the black shown in Fig.
{0-40{a) represents an amplifier with a voitage gain
of 250 times. With a 1-mV signal in, the amplifier
will produce a 250-mV signal at its output. Figure
10-40(b) is a more general form with the input volt-
age, output voltage, and amplifier gain given as Vi,
V., and Gy, respectively. It can be said that G, op-
erates on the input V; to give V,. If V, is divided by
V1, this result will be equal to the gain (G,). provided
that the amplifier stays within its linear range. This
function can be expressed as

l.—: = (G, = a constant

vy §

Figure 10-41(a) .shows a second amplifier con-
nected in cascade with the first amplifier. The entire
system can also be represented in reduced form. as
shown in Fig. 10-41(b). It is important to note that
G, is multiplied by G,, which operates on V, to ob-
tain V.

1mv = 50 Y

— A 250 —
) 2]

v, " Y

it G, ’___..
)

Fig. 10-40 Block representations of an amplifier.

Fiz. 1041 C

f=d blocks.
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EXAMPLE Pha
IV, = 1 mV,G, = 50,and G, = 50, find Vs.
SOLETON SRl LIRS e L S
Vi=Vy X G X G;
= 1 mV x 50 x 50

2500mV =25V

If G, were a potentiometer (voltage divider), its -

gain would be less than 1 (unity). At 50 percent
rotation its gain (G») would be %4. The preceding total
gain would now be 25 for the G; X G product. Since
the gain of G, is Vix of the first example, the output
will now be 25 mV.

The summing junction is used where signals are
added or subtracted. In a block diagram, a circle is
used as a summing junction as shown in Fig. 10-42.
The Greek letter 3 may be used inside the circle to
signify that a summing operation is to be performed.

Summing junctions may perform addition or subtrac-’

tion of two or more variables as shown-in Fig.
10-42(a to c).

Figure 10-43(a) shows a gain block cascaded with

a summing junction. The overall function can be

found by
= V,= V,+ V. TS
¥ie Vo= Vi x Gy ;
i =G V.=V, + V)
Sk
Gy =20 o
Vo =1V
J}'= _2\
V, = +2V
fo= =l = (=) +2=(-14+2+2)V
=(3)V
Ve =G XV,
=20 x3
=60V

An alternate representation is shown in Fig.
10-43(b). It illustrates that a junction can be viewed
as several junctions. This may lead to simplified anal-
ysis in some cases. o

Summing junctions are often based on operational
amplifiers (op amps). Sum and difference amplifiers
were covered in Chapter 6. Operational amplifiers
may be used as noninverting or inverting amplifiers,
depending on whether the signal is applied to the
plus input or to the minus input. Figure 10-44 shows
a summer (adder) circuit and a subtractor (difference)
circuit. Other variations that are commonly used in
feedback systems are shown in Fig. 10-45. Note that
the summer (adder) is now of the noninverting type
and that the difference amplifier -output is now
V, =V, as compared to V, - ¥, for the circuit of Fig.
10-44. These circuits are but a few examples of those
available to fit the numerous mathematical needs of
servomechanisms.

Servo amplifiers can be divided into two types.
Most of the gain is contained in an early amplifier

=

Ve

Ve +/\ V=W~V 2l
h 3
e i

+

e}

Fig. 1042 Summing junctions.

> ‘5' mﬂ'.'l_ Y23z

vz

15}
Fig. 10-43 Block dizgram alternate forms.

often called the preamplifier. The power gain is pro-
duced in the final amplifier. The power amplifier must
supply the required load voltage and current, which
can be substantial, as in the case of a large servo-
motor.

Power amplifiers usually provide a frequency re-
sponse from dc to 1000 Hz. A total servo amplifier
(package) may appear as a solid-state unit. Figure
10-46 shows what is contained within such units. The
amplifier gain can be adjusted as needed by resistor
selection. The frequency response is adjusted during
installation by selecting and conrecting frequency-

~compensation components. In some low-power 2p-
plications, the power amplifier stage may be a com-
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B, B A
=— (V= Ve +V. =
Ve ' TR ThE

fa}

"y
) U’E =Y‘ + Vz
"
Ay

(b)

Fig. 10-45 Different:al amplifier circuits. (a) Subtractor. (b) Sum-
mer (adder).

plementary pair of transistors connected directly to
the output of thz preamplifer, as discussed in Chap-
ter 6.

Servo amplifiers are available with output power
ratings up to 5 kW. In those cases in which main-
taining low-voltage offsets with time and temperature
is essential or when external set adjustments are not
practical, a chopper-stabilized amplifier is used to
achieve drifts zs low as 0.1 pV/C. The chopper
amplifier is a high-gain fesdback amplifier, containing
a MOSFET chopping transistor. The chopper con-
verts the difference between the dc or low-frequency
input voltaze and the feedback voltaze to a high-

frequency square wave and amplifies it with no dnift.
The high-frequency square wave is then rectified and
filtered to produce an output waveform that is an
amplified version of the input.

Figure 10-47 presents a detailed block diagram of
a chopper-statilized amplifier. In a system diagram,
it may be simplied and represented by a single OP-
AMP svmbol. The chopper-stabilized amplifier is
best understood by looking at the waveforms in Fig.
10-47. The input signal, V., is split into two com-
ponents by high-pass network C, — R;and by the low-
pass network R.C;. The low-frequency signals are
applied to the chopper, along with a square wave
that gates the chopper transistor off and on at a high
frequency rate. The ac amplifier can be designed for
high gain and drift will not be a problem since its
frequency response dues not extend down to de (it
will utilize coupling capacitors between stages). The
amplified output is then peak-detected to recover the
low-frequency and dec components. Capaciter C; fil-
ters the detected signal to remove any component of *
the chopper signal. The output signal V,, is formed
by summing the detected and filtered signal with the
high-frequency signal.

In cases in which overloads are unavoidable or
may create very long recovery time, an overload
circuit may be incorporated into the amplifier. Such
a circuit is illustrated in Fig. 10-48. This overioad
recovery circuit will prevent the amplifier circuitry
from saturating. The input circuit is protected from
large signals by a diode clipper. The feedback circuit
will drop in impedance with a large swing in V,,, due
to the zener's becoming forward-biased. This will
lower the amplifier gain and allow the amplifier to
recover in 1 ps. Without this overload protection, it
may take up to 10 s to recover.

A closed-locp system is one in which the cutput
of a process affects the inpui. Adjustments are made
by the control system until the difference between
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Fig. 10-46 Servo amplifier block diagram.
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- i path
VJ!
-—
DC anc
low frequency
path

Fig. 1047 Chopper-stabilized
amplifier block diagram.

the desired and actual output is as small as practical.
In other words, the controlled parameter (output),
whether position, angle, or speed, is sampled and fed
back to the input, where it can be compared with the
desired condition. Look at Fig. 1049, in which a
human operator is trying to maintain a speed of a
trolley at S0 mph (80 kph). The operator observes
the speedometer and decides (compares) whether to
increase or decrease the speed control, depending
upon whether the indicator is above or below the
desired 50 mph (80 kph). Note the two signal paths:

(1) a forward path from the operator handle control-

%R:
AC
Chopper amplifier - :::cln( —L
ik
LML | chopper | TN
driver

Detected and
filtered low
frequency signal

ling the speed (speed is the output), (2) a backward
(feedback) path via the speedometer lo the operator,
serving as the comparator to the speed controller.
The input to the speed-control handle is the differ-
ence between that indicated by the speedometer and
the desired speed computed by the operator. It would
be almost impossible to maintain a constant speed
without feedback. If we had no way of knowing the
speed we would have to guess.

Block diagram representation is 2 technique com-
monly used in control system analysis. Consider the
illustration in Fig: 10-50(a), which shows a simple
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form of feedback control system. The block diagram
can be reduced by block diagram algebra into a form
that is commenly used and should be remembered.
From Fig. 10-50(a)

eG=C
also,
R-CH=c¢

Substituting for e yields

(R-CHG=C
or,

RG - CGH=C
Combining

: RG = C + CGH

_then:

_ RG = C(1 + GH)
The control ratio is defined as the output € over
the command signal R and is equal to

& . -a
- R T+ oGH

- 15k
3 —A\NA—— 15 Y
| Ry ) ; |
. ' Dede _ Dede | Zener 5
| _id [P »l | ]
5 : .n 4 "
| s, s |
Dicde | Diode —Zner
Bl !
| el |
| | = foe
2 L AAA——T— +15V F
1 6 1@ 15k |
L“—‘f"ﬂ—“*—J i
AN
N .
R, - 1k02 i
Yo o AAA——AAN— - 1 }
e} : A e o
Input S o
= il Protaciion « B 1
5 if neeced ﬁ\*
oy S T+— - |
; : e nmuwar/ wly
Fig. 10-48 Overload recovery circuit. W
3 Feedback .- -+ =
—— e — Spesdomeater X R m B - P L
g —= 5 - el S T 2 b
i kHamﬂ lMTUR_i S 3 v S]/ 3,
Sgeed - Eiecrric ] | Trofley I e . ' A g
“eonwdl - [T mator | mechanism B A H =
Fig. 10-49 Simple closed Jopp feedback system. ~*° )
A G c
1+GH

5)

Fig. 10-30 Servo system block reduction. (a) Simple svstem. (b)
Block reduction

Figure 10-50(a) can now be reduced to the single
block shown in Fig. 10-50(b) having the same input
and output as the original.

The unity feedback system shown in Fig. 10-51(a)
can also be reduced to one block and the control
ratio C/R derived. The feedback loop can be consid-
ered to have a value of H = 1. All the output C is
fed back to the summing junction. The reduction will
therefore be the same as previously shown in Fig.
10-50(8):

(oA
R 1+Gx1
C .o 8
RT1+6G

The reduction is shown in block form in Fig.
10-51(b).
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c

H=1

il

" c

G
1+G

16}

Fig. 10-51 Unity feedback system block reduction. (a) System.
b} Block reduction.

There are five important characteristics for a
closed loop system:

—

. Accuracy
. Sensitivity
. Resolution
. Linearnity

1J

UI..‘L"JJ

. Frequency response

Together. all five characteristics provide a complete
description of the system.

The accuracy is an indication of how closely a
system meets the desired control parameter. If the
normal speed of a system is 77 kph and the actual
varies between 70 and 84 kph, the system is said 10
be accurate to =7 kph. Accuracy may also be de-
fined as a percentage of deviation. Instead of =7 kph
we could specify =9 percent deviation. The per-
centage of error may be based on a maximum value.
For example, if the maximum value were 210 kph,
the maximum error of =7 kph would become

7 % 100
210

which is less than a third of the nominal percentage
error.

The sensitivity of a control system specifies the
level of input required to obtain a desired output.
A speed-control system may have 2 sensitivity of
1000 rpm/V; a temperature-control system may have
a 100°/V sensitivity. Therefore, sensitivity has var-
ious interpretations, depending on the specific sys-
tem used as reference. i

Resolution is defined as the smallest guantity rec-
ognizable by the system, Resolution can be specified
in percentage of maximum or in absolute units. If a
thermometer has 1° markings, 1° is the smallest rec-
ognizable quantily.

Linearity is defined as the amount by which a re-
lationship between two guantities deviates from a
straight line. Linearity is usually expressed as a per-
centage of a value or as a percentage of maximum.
Operation within a linear working range is obtained
only if the system signals are restricted in magnitude
to avoid nenlinear regions of the components. For

max error, % = = 3.133%

example, if an amplifier is driven into saturation by
a large input signal, linearity is last,

Amplifier frequency response was covered in
Chapter 6. The same definition applies to a control
system, The output of the system may be plotted on
a frequency-response curve and the —3-dB poinls
obtained, The response rime of a system is usually
used, rather than the frequency response, in control
systems. This is the time a system takes to respond
{0 an input signal. By definition it is the time necded
for the output to change from 10 to 90 percent of its
final value when a step signal is applied to the input
as shown in Fig. 10-52(a).

Thiis is referred to as rise rime and it is also the
response time of a servomechanism. In Fig. 10-52(b),
curve (a) shows an underdamped response. The oul-
put overshoots the value dictated by the systems
input, then undershoots this value, and finally setties
to a value close to the input value. This type of
response has an oscillating or ringing effect. In the

overdamped response (&) the output does not over-

shoot the desired value but takes a very long time to
reach its final value. The third response (c) is that of
a critically damped system, in which the output
reaches its final value in the minimum possible time
without overshooting the desired final value.

Both the mechanical and electrical components of
a control system have response-lime characteristics,
and both determine the overall system performance.
After a transient period, a final steady-state value is

Amplitude
/ Cutput .
Sraady state value
1.0
i — (] (-t
P ——— L ¢ 12 0]
Time
-
(rise time)
L)
Amplinude | Input step
Unaerdamped
ikl Steady state
grr
Cvershoot w
1
i Qverdamped
% respanse (2}
3 ;
Critically
damped response (&)
0 Time

{2}

Fig. 10-52 Transicnt response curves. (a) Rise time {response
time). (b) Response curves.

IR e S S



obtained. The difference between the final sleady- =

state output reached and the value called for by the
input is called the steady-siate error. The steady-

state error is shown in Flg 10-52(b). The gain of the -
system can be increased to reduce the sleady—slatc :

_error. However, with increased gain, a situation in
- which the oscillations obtain a fixed amplitudé and
the system never settles or reaches steady state may
arise. This is an escillatory system, and it is said to
be unstable. Open-loop systems are never unstable,
but when feedback is introduced, the control system
can become unstable. Any feedback system may be-
come unstable if the feedback is in phase with the
input. Amplifiers and feedback networks exhibit
phase errors that are especially pronounced at the
frequency limits. It is possible for negative feedback
to become positive feedback at some frequency ex-

treme. For this reason servomechanisms tend to be-

come unstable whén the gain is increased in an effort
~to reduce the steady-state error. In order for oscil-
lations to occur, the magnitude of G must be greater

" "than 1 when the phase error is = 180°. Various tech-

niques, such as Bede and Nyqguist plots are used to
ensure stability when the system is designed. It is
important to understand.that system stability can be
lost if gain or phase-shift networks are altered.
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There are thrce types of serv omechanismis:

i 1 T}pc 0: A conslant input signal (x) will resul! in

d constant position at the controlled output o).

.2. Type 1: A ¢oastant input sigmal (x) results in a

constant velocity at the output (§).
3. Type 2:- A constant input signal (x) results in a
constant acceleration at the output (). -

The control system type is determined mathemat- ~
-ically by examining the G and H factors of the loop

which determine its transfer function. A mathemati-
cal analysis of a control system’s transfer function
yields two key factors. The first is the steady-state
response of the system to three types of inputs. The
second is the steady-state error, which is either zero,
finite and constant, or infinite.

Figure 10-33{a) shows a nype 0 servomechanism
(often called a position or follow-up system). The
output shaft (either driven directly or through a gear
box) is to follow the zngular setting of the imput
potentiometer. If a step input is applied to the type
0 system, the steady-state error, E,,, for a step (also
called a position or setpoint) with a value of P 1s

i
g

Units
Stwep
A
B R Farancla
A Rampslope=A
Change of slope = A
(.) L U H
R=V,=A=5upinput © A=At = Ramp input R = A-1? = parabols Input

Fig. 10-53 Type U‘l}'!-llm and test inputs. (a) Type 0 system. (B) Test inpuls.
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Ar Amplitudda
'
c
leput l'l'r”h 14+ K C<
P
——_1 Outpul
Trangiang = Steady state Time Transient Stzady state Time
e e RS
{a) (F1]
Amplitude
AQ
R===
Ar

Fig. 10-54 Steady-state error for differ-
ant system Lypes. (a) Type 0 system.
(b) Type | system. (c) Type 2 svstem.

The larger the value of K (gain) the smaller the
error, but as mentioned earlier. large values of gain
can make a system unstable. This response foratype
0 system is shown in Fig. 10-54ta), If a ramp or
acceleration (parabolic) input is applied to a type 0
system, the output cannot follow it, and the steady-
state error increases with time and ap=roaches a
value of infinity. These inputs ar« :hevq'in Fig. 10-
53(b).

The type I control system, which is known as a
rate (velocity) serve, is shown in Fig. 10-33. As de-
fined earlier. the output shaft will run at a constant
velocity (speed) for a constant input. The steady-
state error of the type | systein to the step input is

V. mmand signal [0}
Bid rectional
arrplifier

Speed Qutput

vo'tage W
k\Armature
current f.
_G) oc (P
mator
Tachometer
[sate geng:2tor] v

Fig. 1035 Type 1 (rate’velocity) system

Transient Steady state Time
B e

fc)

zero, which is the desired circumstance. The steady-
state error of a type 1 system due to a ramp input Q
is shown in Fig. 10-54(b). If the system gain is K,
the steady-state error is

E, = %

As with the type 0 system, increasing K will de-
crease the steady-sate error. A type | system cannot
follow an acceleration (paraboiic). input, and the
steady-state error for this type of input diverges (in-
creases) as time increases,

A type 2 system has a steady-state error of zero
for both position and velocity inputs. If the input is
an acceleration of value R, then the steady-state er-
ror Eg is as shown in Fig. 10-54(c) and is equal to

Ey = ‘%

The type 2 control system is seldom used indus-
trially and is more commonly used in missile and
guidance systems. The steady-state errors for the
three types of systems are summarized in Table
10-2.

If a control system is found to be marginally or
inherently unstable, a compensating network may be
added to improve the system's gain and phase mar-
gin. These networks may be based on integrators or
differentiators, and their applications in servo damp-
ing are shown in Fig. 10-56. These stabilizing net-
works are usually found either preceding or incor-
porated within the amplifier (gain stage) of the
system. They are critical for proper svstem response



TABLE 10-2 STEADY-STATE ERRORS FOR VARIOUS

INPUTS TO THREE TYPES OF SERVOMECHANISMS

Y . System Type.
 Input Type 0 3 e Ty
Position, P 2D I 0 0
" :
- Velocity, Q Infirity ¢ 0
Acceleration, R Infinity Infinity AB

and should not be modified; if they are modified,

oscillations may occur.
Steady-state error can be reduced by increasing

—Joop gain,-but stability can be lost if the gain is too

high. Compensating networks improve the phase
margin and allow greater gain for improved perfor-

__mance. Integral damping is a related technique to

reduce steady-state error. Integrators are presented
in Chapter 6. The output of an integrator will ramp

_in response 1o a steady signal applied to its input. In

the case of a type 0 servo, asin Fig. 10-56(a), suppose
a step command signal is applied to position the

_output_to a new location. An immediate and rela:

nvely Iarge error signal Tesuls, driving t the input of
~the summing amplifier. The summing ampllﬁer output

3 dnves lhc commller ina d:recuan Ih at el:mmates the -

Command
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error. When the step signal is first apphcd the inte-

grator output is zero, and the system responds as if
the integrator were not in the circuit. As time passes,

" the error signal decreases, but the integrator output

increases. Without the integrator, a small residual
error signal would be present when the coatroller
finally stopped. However, with the integrator the er-
ror signal wiil eventually be removed- becasse the
integrator output continues to ramp as long as any
residuzl error voltage remains at its input.

Integral damping may also be added to a type 1
servo. Suppose there is a sudden change in the com-
mand set point. The immediate reponse will be a
relatively large error signal that will be amplified and
will act on the output device, thus reducing the error
to a small value as the output speed comes close to
matching the command signal. However, because of
friction and loading torque on the output, there will
be some steady-state error and some residua error
voltage. If this error voltage is integrated and spplied

_to the input of the amplifier, it will eventuslly be

removed as the integrator outpul continues lo ramp
in response to the steady-state error signal.

The underdamped response that was shownin Fig.
10-52 is undesirable. Because of inertia (both me-
chanical and -elecirical) the controlled parmeter
overshoots the sét point value -then undershoots it,
and so on. Gain can be teduced to control overshioot
but at the expénse of response time -2nd-aceuracy..
Derivative damping is a technique baséd on a second

a_—rr L
imphifoes

Conzroller }»——-o- Cutput

signal @

Raze of charge
fvalcoioy)

Commard
signal

Fig." 10-56 Compensation’damping
techniques. (a) Integral damping.

Contrclisr

Differentiator

Velszi Paostien
sigral sigral
Feeghback

(b) Berivative damping. (¢) Second-

= derivative damping.
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f2adback loop that contains a differentiator, (Differ-
entiators are covered in Chapter 6.) The output of a
differentiator is proportional to the rate of change at
its input. When derivative damping is added to a
servomechanism, overshoot and undershoot can be
reduced without sacrificing loop gain. Suppose 2
change in command signal is applied to the damped
system chown in Fig. 10-36(b). Because of system
inertia, the immediate response is slow; the output
of the differentiator is also small, so it has little im-
pact on the input to the amplifier. As the system
continues to respond, the error signal begins to de-
crease, and the rate of change is now increasing, so
the output of the differentiator is increasing. Even-
tually, the error signal and the rate signal (velocity)
will be equal, resulting in no input to the amplifier.
However, the system continues to respond because
of its inertia. Now, the differentiator output is greater
than the error signal which reverses the polarity of
the amplifier output. The controller responds by re-
versing, and the overshoot is reduced (damped).

Everything in electronic systems has an analog in
mechanical systems, and the reverse is also true. For
example, mechanical damping (the analog of the clec-
tronic damping just discussed) is also possible. Fric-
tion forces that oppose oscillatory motion can be
developed. Simple brakes are usually not used be-
cause they degrade response time and accuracy. Rate
hrakes that respond to the rate of change are used.
These are usually called viscous damping systems
and include devices such as fluid turbines, magnetic
particle brakes, and eddy current types.

Derivalive damping can cause an error in type 0
servomechanisms if there is any output from the dif-
ferentiator under steady-state conditions. The first
derivative of motion is velocity, and the second de-
rivative of motion is acceleration [Fig. 10-56(c)].
Therefore, a second-derivative damping system pro-
vides damping correction only when the output is
accelerating or decelerating.

Servomechanism characteristics can also be con-
trolled by digital techniques. With the advent of the
microprocessor, there is an increased tendency to
calculate the correct input to the servomotor at any
given time to provide the desired response. Digital
techniques and microprocessors are covered in the
next two chapters.

REVIEW PROBLEMS
27. Ifin Fig. 10-42(c) V,is +3, V,is +3,and V,
is —4, then V., is ;

28. If V. of question 27 is fed into a block with
G, of 0.25 VIV the output is ¥

29, In Fig,1044(6), Vyis +4, Vi is —2, and Re
equals R, equals R; equals Ry, Vi equals
V.

30, Theam" .:al drives g servomotor is a

32. To prevent lock-up, an amplifier may incor-
porale an . circuit, _

33, A type | svstem will have an error equal to
for a ramp input as shown in Fig. 10-54.

10-6
ROTATING AMPLIFIERS

When the control of a large power load is required,
the choice is usually limited to hydraulic systems or
electrical systems involving motors, mostly dec. If 2
dc motor is chosen for the output, a rolating power
amplifier may be used to excite it. Rotating amplifiers
are being replaced with solid-state devices as the
power capabilities of these devices continues to im-
prove. Most new systems employ solid-state ampli-
fiers. But rotating amplifiers are still in use at many
industrial sites, and familiarity with their character-
istics is still important. i

Rotating amplifiers fall into one of three basic cat-
egories. They are the Ward Leonard system, the
Regulex or Rototrol generator; and the Amplidyne
gencrator. Each system has a generator driven by an
ac induction motor at a constant speed, 3600 rpm for
small to medium systems and 1800 rpm for large
systems. They can be considered as amplifiers be-
cause a small change in field current will produce a

large change in armature current.

The Ward Leonard system employs a simple mo-
tor-generator set. The circuit shown in Fig. 10-57 is
a Ward-Leonard system in its simplest form. The d¢
motor in the circuit is fed directly from a de gener-
ator. which is operated at a constant speed. The
generator may be viewed as a power amplifier since
the power required to excite the field is much lower
than the power output from the armature. The dc
field to the generator (F,). is adjustable in magnitude
and polarity by means of the field rheostat and the
reversing switch. The motor armature is supplied by
the generator, which provides a smoothly varying
voltage from zero to some full-load value. The dc
motor field (F,,) is fed from a constant source derived
from the ac line. The generator is driven by an ac
induction motor of constant speed. This motor may
be either single- or three-phase, depending vpon the
size of the application. The Ward Leonard system
allows a small variation in field current to provide a
smooth, reversible, flexible, and stable control of a
large dc motor. Such systems are employed in hoists
and elevators and in large machining centers.

The system shown in Fig. 10-57 is open loop and
only applicable where an operator must have com-
plete control at ail times. This system can be modi-
fied for closed loop operation by providing a feed-
back signal to be compared to the control input. The
feedback can be proportional to rate (type 1) or to
position (type 0). Figure 10-38(a) shows how the sys-
tem can be connected with tachometer feedhack to
provide motor-speed regulation. The motor speed is
measured by the output from the dc tachometer (rate
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Fig. 10-57 Simplc Ward-Leonard system.
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- Fig. 10-38 Ward-Leonard rate (velocity) feedback system.

generator) coupled to the motor shaft. The tachom-
eter voltage V,is compared with the reference volt-
age V,. The difference is voltage-amplified by the
preamplifier and then power-amplified by the booster
to drive the field of the generator.

The Ward Leonard system can also be used to
control the angular position of an output shaft at a
high power level by following an input signal at a
lower power level. This type of system is shown in
Fig. 10-39. The output angle 0, is converted into an
electrical signal, which is compared with the com-
mand signal. Any error is amplified and applied to
the field circuit of the dc generator. The slider/wiper
of the position-sensing potentiometer is driven by
the output shaft through a gear box. Some systems

use synchros and control transformers in place of -

- potentiometers for input and feedback devices.
[ " The Regulex generator and the Rototrol generator
are trade names of Allis-Chalmers and Westing-

house, respectively. They are employed in systems

rated at 5 kW and above. Both are basically dc gen- - ——
erators which employ self-excitation as a method of
increasing amplification. The Rototrol generator
commonly uses a series field for self-excitation. The
Regulex generator, in most applications, uses a shunt
field. The typical magnetization curve of the dc shunt
generztor shown in Fig. 10-60(b) is shown in Fig. 15
10-60(a). The simple shunt generator is driven at a
constant speed with the field switch(5) open. A small
residual magnetism is assumed to generate some

value of emf at zero excitation. The straight line (8,)

is called the field-resistance line and is a plot of

V_{ = R s - f;
The slope of the field-resistance line is determined
by the field rheostat. This slope (0,) is less than the
air-gap hine (a straight-line projection of the magnet- ———
ization curve through the origin). Point (a) is the :
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intersection of the field-resistance line with the gen-
erator’'s magnetization curve. If the switch (5) is
closed, the residual cutput will start a build-up of the
shunt-field current. If the connections are such that
positive feedback results, the generator voltage
builds up until limited by magnetic saturation at point
(a). The generated voltage will just satisfy the field
current required to sustain itself.

If the field resistance is large, the resulting field-
resistance line will be small (8," in Fig. 10-60[a]).
and very little output voltage build-up will occur. The
value of Rycorresponding to the slope of the air-gap
line is called the critical field resistance. An adjust-
ment to this value is referred to as runing. Suppose
the resistance of the self-excited field is increased
until it has the slope shown in Fig. 10-60(c), and the
necessary additional field current required is supplied
by an auxiliary control field. Up to the saturation of
the iren, the output will be proportional to the ap-
plied control current, which is only a small percent-
age of the total field required,

The self-excited generators have a number of field
windings. Up to eight separate windings can be put
on amachine. For a given power output, these added
windings will increase the physical size of the gen-
erator compared to that of a conventional model.
Figure 10-61 shows two basic self-exciting genera-
tors. Both have critical values of resistance, and both
can be tuned. The main differences show up in the
magnitudes of field currents involved. The shunt gen-
erator will have a small field current flowing in a
high-impedance winding of many turns. The series
generator shows a large current flowing in a low-
impedance winding of few turns. Whether shunt or
series, the field is tuned to the air-gap line, and op-
eration is on the linear part of the magnetization
curve.

When a change in the output voltage is necessi-
tated by a changz in the load requirements, the con-
trol fields are used to establish the new operating
point. The power required by the control winding is
very small ecause it only has to initiate change or
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stabilize steady operating conditions. Figure 10-62
shows a voltage control system with an exciter (E),
control winding (€), 2nd 2 wned shunt-field winding

_ (5. The control field vohage V. is obtained by feed-
.. back comparison of the generator voltzge V' withthe
- reference voltage (V). The exciter is driven at a _
* constant'speed. At steady-state conditions, the shunt
field provides zll the regiiired. excitation. and error =
- voltage V, is zero. Any tendency to drft_from this -
_point results in a comaction voltage V_-across the -

control field. Suppose a load change docreases the
output voltage. This ermor voltage V. = V, = V} is
applied to the control ficld, and the exciter output
builds up. This output will continue to change as
long as the error exists. The final operating point will
shift to the point at which the self-energizing shunt

field again alone supplies all the excitation required

by the new load requirements. At this new operating
point, the steady-state error V. is again zero. The
series-excited generator will act in essentially the
same way as the shunt generator just discussed.
The amplidyne motor generator consists of a con-
stant-speed ac drive molor and a two-stage electro-
mechanical power amplifier contained in a single
housing. As the symbol in Fig. 10-63 shows, the

AN
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Fig. 10-63 Schemanic diagamoelan amplidyne.
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Fig. 10-63 Magnetic Feld: and currents in 2 converdoes! d oon-
%
Eraldr.

amplidvne gznerator has two sets of quadrature
brushes with onz2 set shorted. The drive motor, usu-
ally a squirrel cage 1ype, has its rotor shaft coupled
to the armature of the geaerator section. Since this
motor drive is similar to previously disesssed sys- -
tems, it need not be covered again, The amplidvne * -

is radically @ifferent from the convenliondl generator. -
emploved 1 obiain

because of the unusual meih
high-power amplification.

- Figure 10-84 shows 2 dc generator with a 60-A
load on the armaiure. To meet this demend. the ar-
mature must have induced in it sufficient voltags 10
force the required current to the load. Therefore, the
armature conduciors must cut a magnatic field of 2
certain flux density to provide the requised output.

" A field current of 3 A may be necessary @ this case.

The generator can now be considered as a current
amplifier with a gain of 20.’

Figure 10-65 is the same as Fig. 10-64, except that
the load has been removed and the armmture leads
shori-circuited. Since the load resistanceis gong, the
only significant opposition to current flow is the re-
sistance of the armature windings. Ths condition
would produce abnormally high armaturecurrent and

—a
!

I'_
—
s
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quickly tead 1o a burned-out armeture. However, one
way to reduce the enormous current is to reduce the
excitation flux to a much lower level. It is possible
1o reduce the short-circuit current in the arm . ture to
60 A by reducing the flux. Since the “rmiure han-
dled a 60-A load before, a short circu, 90 e same
corrent will not cause any damage. A reduction in
th= field excitation current will weaken the flux to
the proper levei, in this case, perhaps 0.03 A
130 mA). It can be zeen that 0.02 A now controls a
short-circuited currenl of 60 A. beiore, 3 A with a
load applied was required. The geneiator 22in has
increased to 2000. The problem as o how this in-
creased power gain can be pul to use now arises.
Obviously, the load cannot be put in series with the
short circuit, since this would just be a return to the
original circuit. The short circuit must remain. 1t can
se seen in Fig. 10-65(b) that two flux circuits exist:
&,, a weak excitation flux, and &,. a strong armature
fux due to the 60 A. The cross section of Fig.
10-65(a) shows that the armature conductors are
cvenly spaced around the core. They will cut across
the heavy armature flux, &,, at the same rate that
they will cut the excitation flux .. The maximum
voltage induced in the conductors as they cut the
ermature flux will b= at right angles to the voltage
induced by the -- =ion flux. To take advantage of
this secar’ - -. = second set of brushes. shown

is added 1o the commutater at right

Lozd

Fig. 10-66 Short-circuited generater supplied with additional
brushes.

angles to the short-circuited brushes and connected
to the load. The voltage developed across the second
set of brushes is sufficient to supply a 60-A current
to the load.

Another- problem arises, as can be seen in Fig.
10-66. As the armature current in the short-circuited
section creates a flux at 90° to the excitation flux, so
will the load current set up a flux at 90° to the ar-
mature flux. This new reaction flux, &, is 180° from
the original excitation flux, &,. The reaction flux is
much stronger than the excitation flux, and because
it opposes it, the excitation flux no longer has control
of the output. To overcome this condition, a com-
pensating winding is placed on the pole pieces and
is connected in series with the load. The number of
turns is adjusted so that the compensating flux &,
will exactly cancel the load armature reaction flux
for all values of load current within the operating
range. The equivalent circuit is shown in Fig. 10-67.

Since any residual magnetism along the axis of the
control field would considerably affect the Ampli-
dyne output, it is necessary to demagnetize the core
material. A small ac generator is used to eliminate
any residual magnetism. This generator has a per-
manent magnet attached to the end of the armature.

/i?n'Z‘E’ES“""“\
/ ? ;

003 A 60 A
- +
Field
excitation Short
hi circuit

60 A

Fig. 10-67 Amplidype zeneralor ecuivaent circnit, showing mag-
netic fields.
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Fig. 10-68 Hydrid position control system,

~ The magnet revolves within a separate field “indi;ng
- the two sets of opposed windings on the field pole
| * _ pieces. They are sometimes called killer windings..
i he gencrated alternating current neutralizes any re-
~sidual magnetism when the control field is zero,

< ... - are 5000 for a 500-W unit and 25.000 for an 8-kW

-~ unit. Figure 10-68 shows a-type 0 position control’
system ulilizing an Amplidyne with synchros as the
feedback control elements.

- - REVIEW QUESTIONS

loop system. (true or fzlse)

35. The Ward Leonard system in Fig. 10-59 is
—-directional.

36. The Regulex generator typically uses a
field for self-excitation.

37. The adjustment of the field resistance in a
Regulex generator is called

38. In Fig. 10-62, voltage V.is also called the
voltage.

10-7
TROUBLESHOOTING AND
MAINTENANCE

Servomechanisms are much like other electronic sys-
tems in that the fundamantal measurements of volt-
age, current, and resistance are of primary impor-
tance. The fechnician must test and analyze the
system to ensure that it is performing pmpcrl} and

and generates a small ac voltage, which is applied to~ —

. The power gain oblainable from an Amplidyne v ai.r-' z
“jes from 700 to 100,000 For cmmple. typical gains -

34. The Ward Leonard system is a]ways an open

within specified toleranices. The best way to maintain

a system is to be aware of its performance, so that

“if there 15 a teadency toward error it can be discov- —

ered and corrected before it becomes.detrimental. - — -
During their useful life, potentiometers will un-—

_~dergo certain’ changes in their characteristics. The
two most common charactenistics that change ‘are
.- linearity and moise. meanty is checked with a suit-
able mastef potentiometer whose accuracy is known
{0 be at least ten times that of the unil to be tested. =
" The method of- testing is shown in Fiz. 10-6%a),”

~where 1he master and the potentiometer under’ fest—
are connected in parallel across a dc power supply.
The wipers (sliders) of the two potentiometers are
connected to the vertical (dc) input of an Dscil!o-’
scope. The shafts of the two units are mechanically -
coupled so they gptate simultaneously. The oscille-"
scope deflection may be calibrated by means of-a—
DVM for allowable linearity error. As the shafis are=
slowly rotated throughout the specified angular
travel, any deviation can be observed in the oscille-
scope. The horizontal sweep can be off during this
test. In some test units, a third potentiometer is
driven along with the other potentiometers. Its out-
put can be usad to deflect the oscilloscope beam
horizontzlly, and the horizontal position of the beam
will correspond to the shaft angle.

Noise is a common characteristic of potentiome-
ters and tends to increase with the life of the unit.
When & circuit is affected by noise, the potentiometer
should be checked. Some commercial instruments 10
perform this measurement are available, If such a
unit is not available, the set-up of Fig. 10-69(b) gives
satisfactory results. The dc voltage is applied across .
the short-circuited ends of the polennomeler and the
wiper 2rm through a 300 kQ resistor. With the shaft
slowly rotated throughout its range, the ac oscillo-
scope is monitored for any vertical deflection. The
ac poise generated may be calibrated in equnm’en:
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noise resistance TENR) by alternately bridging. the
resistor in series with the wiper to obtain a given
deflection in terms of the added resistance.

Most shaft encoders do not require periodic ad-
justments. A commen failure is the internal light
source. which may be sohd-state or incandescent,
with the latter morc susceplible te fallure. If the
output of the encoder i1s missing o all channels, the
light source should first be verified. Many units have
modular construction for the electronics. Spare units
should alwayvs be kept on site. As with any device
that is connected ¢ a shaft, loose connections are
not uncommon and should not be discounted as a
source of problems, espzcially when operation is er-
ratic or intermittent.

Since the different units of a synchro system may
be located at some distunce from each other, they
are connected by cables. Whenever a synchro sys-
tem operates improperly, it is advisable to check the
wiring of the unit (especially for loose or dirty con-
nections) before looking for trouble in the synchros
themselves. This is particularly important when
working with systems which.may have been under
repair or overhaul. Should the symptoms indicate
wiring trouble, it is suggested that all wiring be dis-
connected and checked for continuity.

Troubles involving open and short-circuited wir-
ing, with the associated symptoms are listed for easy
reference in Table 10-3. Should the symptoms indi-
cate that the trouble might be in keth the rotor and
stator ci;cuils, the rotor circuit should be checked
oid electrical shock, all safety precantions
observed at all times: 3

should be

WD ROBOTICS

The nominal output of a resolver is known explic-
itly when the siznal input is normal und the angle of
tlie rotor is known. However, accurate measurement
of the rotor angle in the field is often extremely dif-
ficult. A method of resolver testing, which does not
require measurement of the rotor angle, is frequently
used. Assume that the resolver to be tested is of the
type having both sine and cosine outputs, If the input
is 10V, it is apparent that for normal operation the
output voltages are 10 - cos 6 and 10 - sin 0. The ro-
tor must be locked (clamped) so it does not turn. If
the two voltmeter readings are first squared and
added, the result should equal the square of the input
voliage, since

(10 cos 0)*> = 100 cos* @
(10 sin 8)) = 100sin® 8
and
(100 cos? & + 100 sin® 8) = 100 (sin® 0 + cos® 6)
. = 100

This result is based on the trigonometric identity
sin® 8 + cos? f.= 1

If the input voltage is 10 V and the rotor angle is
30°. then

(10 sin 30)° = (5)° = 25
(10 cos 30)* = (R.67) = 75

The sum of these squares is seen 1o be equal to
100 V, which is equal to the input voltage squared.
Thus. voltlmeter readings of 5V and 8.67V indicate a
properly functioning resolver in this example.

The typical ac motor used in servomechanisms is
a two-phase induction motor. The important aspects
of the motor are that the two stator windings (control
and reference) are operated 90 degrees electrically
from each other. The voltages fed to the stator wind-
ings must be 90° out of phase. Since a two-phase
supply is rarely available, it is common to operate
the two-phase motor with the phase-splitting ¢apac-
itor. If the motor runs slow or is sluggish, the capac-
itor is suspect and should be tested. Improper phase
shiflt between the windings is a common clue. An
fincrease in bearing friction can have a detrimental
effect on a motor. especially at low speeds. and
should not be overlooked. Any suspected leakage or
short circuit in the stator windings should be tested
as specified in earlier chapters.

Tachometers that are used in accurate velocity
servomechanisms must meet specific accuracies. The
signal-to-noise ratio of a tachometer is usually spec-
ified by the manufacturer, and the unit must always
mcet these requirements. In de types, high output
noise is often an indication of bad brushes or a dirty
commutator.

With ac tachometers. variation in amplitude of the
residual voltage mayv have a modulation effect on a
servomechanism. This measurement can be made by
using the potentiometer method with an oscilloscops
as a null detector. The outpy* phase of the ac
tachometer should remain constant. It is specified by
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TABLE 10-3 SYNCHRO SYMPTOMS AND REMEDIES

Symploms

Possible Cause of Trouble

Remedy . -

Réceiver rotor either in correspon-
dence with transmitter of 180° dis-
placed, but follows in proper di-
rection. Stator voltazes vary from
0 to 90 V. Both rotor volages are
niv.

Same as above except that one rotor °

voltage is 113 V and the other is
90 V.

Voltage between one pair of stator
wires is zero for all ransmitter po-
sitions. Other stator-lead voltages
read from 0 1o 90 V. Both rotor
voltages are 115 V.

Both transmitier and recziver units
hum and heat excessively. Ra-
ceiver either does not follow or

- - may Spin.

Sudden change in transmitter rotor
position causes oscillation at re-
ceiver or a spinning effect.

- Intermittent operal'ion =

Rotor winding open, connection i_o

slip'ring open, or biush not mak-

ing contact.

Supply line is open to the rotor read-

ing 90 V, the 90 V appears across
the rotor by virtue of transformer
action.

The pair of stator leads which read
0 V is short-circuited.

All three stator wires are short-cir-
cuited together.

Inertia damper jammed tight on re-
ceiver rotor shaft. Absence of
damper indicates thal transmitter
unit is being used.

__Corroded rings, defective brushes.

loose connections.

Ii ascertained trouble is not in ring.

connection or brush, unit must be ~

replaced. -
Locate open in supply line; repair.

Remove short circuit from wiring or
interconnecting switches. If it is
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o

internal, unit may require replace- £

ment.

Loczte defective wiring or switches:
r2pair. /

i

“Free damper if it is pmmcé If

- ransmitter has been usad, replace
with a receiver unit. *

Respectively, clean rings, install new -

- Torque normal. Receiver lags or :

leads the transmitter or may win
in proper direction or reverss di-

-rection. -
- Torgue normal. Receiver follows -

transmitter, but is displaced 1307
from it.
Receiver shows large error and lags
- transmitter. Connections normal,
but excessive current flows, pro-
ducing overload indication.

Stator wining incorrect.. < ¢

Rolor connections reversad.

Bearings frozen or partially frozer
because of improper lubricatioa.

brushes.-tighten leose 1erminals, ~
D e e =
~Ceryect stator wirng. .-

3 Cerz=cl Wiring at proper unil..

Replace unit, since bearing trouble
usually damages other parts of the
unit.

-

the manufacturer, and its value should be checked
to ensure that the unit is within the limits specified.
It is often easy to couple a rate generator to a vari-
able-speed drill. Use a calibrated strobe to ascertain
its output magnitude and direction. Be sure to check
both directions of rotation.

Most servomotors operate most efficiently at
higher speeds than are actually necessary te drive
the load. Gearing is quite common to convert the
low-torque high-speed motor output to a high-torque
low-speed output for the load. The main problems
encountered in gearing are backlash and friction.
Backlash intreduced by the gedr train on the order
of only a fraction of 2 degree can have a s¢rious
effect on the stability of a servomechanism. Backlash
introduces a time delay between the servomotor and

the input command signal. As the amount of backlash -

increases, so will the oscillations of the servomech-
anism. Even small oscillations caused by backlash
will eventually cause excessive equipment wear.

Static friction, due to the tightness of the gearing,
is probably the best deterrent to backlash oscilla-
tions. But friction problems will occur if the meshing
of gears is not concentric with their supporting
shafts. When gears are rotated, eccentricities com-
bine in the gear box to produce excessive friction at
one point of the revolution and backlash at another
point.

Clutches, by their nature, are susceptible to wear
more than any other mechanical part of a system. If
the cluteh is adjustable, the adjustment mechanism
can work loose, especially if the system was or is
oscillatory. The clutch surface must be clean and free
of any contaminants, especially oil or grease. If light
sanding with 2 recommended abrasive does not rec-
tify the problem, 2 new clutch should be considered.

The typical servo amplifier is @ summer (adder) or
difference (subtractor) amplifier. In many cases, the
reference or feedback signals may come from remote
locations; noise pickup can be a problem, especially
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if & shield connection is loose or broken. Dirt or
grease can cause electrical leakage and cause a
eround loop which makes the system noisy Or un-
<tzhle. - An oscilloscope is recommended for close
inspection of the signals for the presence of noise,
Th= low-voltage power supplies should zlwavs be
verified as being within tolerances.

The components used in control systems have high
precision in most cases and will be adversely affected
if overheated by improper ventilation. Loss of feed-
tack will cause the amplifier to lock up to a power
supply rail, unless an overload circuit is incorpo-
rated. In some instances, the feedback resistance can
be shunted with a value to make the gain approxi-
mately unity. The decreased gain will allow the sys-
rem to be analyzed under more reasonable condi-
doms.

Loss of feedback can also cause a servomechanism
to go to the extreme end (limit) if it is a position
type, or turn at its maximum rate (velocity) if itis a
rate type. In either case, a potentiometer or an ad-
justable power supply may be substituted to simulate
the closing of the loop. Most systems have either
static or dynamic tests that can be performed to aid
in localizing any problems. Refer to the manufactur-
er’s service manuals for the necessary details. Re-
member that any significant gain or feedback change
-an cause a svstem to become unstable. This can be
dangerous in some instances. You must know and
thoroughly understand all tests before performing
them.

Block-level understanding is necessary to localize
2 problem to a particular block. If the system is dead
to any input command, signal tracing through the
blocks should lead to the malfunctioning block. Final
fault isolation is done with conventional voltage or
resistance lests. . .

Loose or slipping follow-up potentiometers or rate
generators are not uncommon. Most of these units
have specific alignments and if not properly set can
cause position or rate feedback errors and imbal-
ances in the system. If a servomechanism is at its
limit and no clutch is us =d. shut it down immediately
to prevent damage to the mechanical components
(gears, couplings, etc.). A good stock of replacement

modules is a must to minimize down time. When a
replacement is made, be sure the malfunctioning unit
is repaircd or returned o the manufacturer for
prompt return to the spares stock or returned to the
manufacturer.

Rotating amplifiers, as do other components with
brushes and commutators, require carcful mainte-
nance procedures. Precautions with lubrication, ac-
cording to the manufacturer's recommendations, are
essential. The Amplidyne has multiple sets of
brushes, and proper allention is a must. In mosl
cases, the output from a large servomotor, either
position-tvpe or rate-type, is fed back to close the
systems loop. This factor must be taken into account
when energizing the field of a rotating amplifier with
an auxiliary source. Remember that these units can
have current gains in the thousands. A few milliam-
peres of Amplidyne field current can produce am-
peres of output current for a servomotor or load.

The loss of the killer winding will leave a residual
field in the Amplidyne, thereby causing an imbalance
in the system. Leakage resistance to the frame is
unacceptable, as with any type of generator, and
should not be overlooked if overheating occuts. Rou-
tine preventive maintenance is éssential for all rotat-
ing devices and will enhance the operation of the
units and extend the operating life while minimizing
down time.

REVIEW QUESTIONS

3%9. The — source is a cause of frequent
failures in a shaft encoder.

40. If a synchro receiver follows the transmitter
but with 180° of error, this is an indication of roter
compection — .

41. The voltmeter reading of a resolver winding
is the square of the applied voltage. (true or false)
42. The phase difference between the reference
and control windings of the ac servomotor is
- degrees.

43, Lossof —___ can cause a type 0 servo to
travel to one of its limits.

CHAPTER REVIEW QUESTIONS

10-1. What type of encoder retains position in-
formation during a power outage?

10-2. Incremental enceders can provide position
and ___ information.

10-3. A lincar motion optical encoder is a type
of absolute encoder. (true or false)

10-4. The resolver solves the unknowns of a

triangle.

10-5. If V sin wt is 100 V and 8 is 45°, VR, to
VRS 7
10-6. The output voltages from a resolver repre-

sent cartesian or rectangular coordinates. (true or
false) ; i {

10-7. What happens to the output of an zc ser-

vomotor when the control voliage is shifted by
180°72



- ally frc-ma

* 10-8. Adcrate generatoris free ofany zero speed
voltage.= - -
10-9. Alternating current rate generators pro-

_duce an output l'requency proportloml to lhclr

speed. (true or false)

©10-10. The mutual coupling of the stator wmd-
ings in an ac servomotor is due to the induced
currents in the rotor.

10-11. Direct current servomotors require -
standby power. (true or false)

10-12. Most servomechanisms use
gears. .

10-13. Mechanical addition and subtraction with
gearing is accomplishad by the use of a

10-14. A motor with an inertia of 0.2 kg - m’ that
is coupled through a gear box of 20:1 can handle a
load inertia of kg - m%

type

_10:15. Ina s:mplc feedback system, the Hblock :
represents the feedback. (true or false)

damped

10-16.-A servosystem is usually
for best perform:mce

10-17. A type 0 servosystem is a rate {v:loc:ty}
system. (true or false)

10-18. A type 0 servosystem is 2 position {f_ol- N

_low-up) system. (true or false)

10-19. Fetdhack ina type 1 senosysttm is usu-

will produce a velocity signal for da:gmg

L et 2 Sz AL
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10-20. Stability of a closed loop sysem may be
improved by addition of an integratorora____

10-21. Double differentiating a posion sa.gnal

poses. (trueorfalsc}"‘" = S

- 10-22. The windings conw'l-’o:the ef 3

. fect of load flux on the coatrel excitaion in an Am
- plidyne.

10-23. The brushes of the Amplldﬂ: are _

degrees apart.

10-24. An Amplidyne needs a residsal flux to es-
tablish its excitation fiux. (true or fal=z)

10-25. The Amplidyne is a type of
plifier.

40-26. The typical servo amplifier Busuallya
summer or 2 amplifier.

_10-27. The Amplidvne requires pemodic checkmg
of its two sets of .

10-28. The Amplidyne’s control fidd is ahlgh
current, low-voltage winding. (lrue orfalse) :

10-29. The maximum torque of a two-phase ser— 3

vomotor occurs at rpm. % n

10-30. The output phase of the ac achometer ity

am-

_should change as the shaft angle cha.qcs spced s

(true or false) .
10-31. Lost nmuoa, or “play, ina: mcbam.sm
known as e

ANSWERS TO REVIEW QUESTIONS

1. cermet, wite-wound, and conductive’plastic 2. slider 3. 7.7t k1 4. linearity 5. hum 6. false .90 8. falsd, |
9,52V 10.false 11. clockwise 12 160F° 13.control 14. phase 15.90 16.czpacitor 17. falss 18. dng—cupg_\
19. 24,000 20. 167 2I. false 22 bore (inside) 23, false 24, universal joints 25. cluch 26, geed 27, —4
28. —1V_29.6 30, power 31.chopper 32.overload recovery 33. QK M.false 35 uni 36, shunt
37. tuning 38. error 39.light 40. reversal 41. false 42.90 43, feedback

35 b
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