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Objectives
You will be able to:

Show how feedback can procuce
instability in op-amp circuits.
Sketch and explain typical gain/
frequency and phase/frequency
response graphs for uncompensated
and compensated operational
amplifiers.

Define: loop gain, loop phase shift,
phase margin.

Discuss compensation methods for
stabilizing op-amp circuits, and
caleulate component values for
compensating circuits.

Explain how the bandwidth of an
op-amp circuits is affected by closed-
loop gain.

Define: Gain-bandwidth procuct,
slew rate, full-power bandwidth.

Determine the bandwidths of
varioils op-amp circuits using;
Jfrequency response graphs, gain-
bandwidth product, and slew rate.
Explain how stray and load
capacitance can affect op-amp circuit
stability, sketch appropriate
compensating circuits,and calculate
suitable component values.

List precautions that should be
observed to ensure op-amp circult
stability.
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Introduction

Signals applied to operational amplifiers experience phase shifts as
they pass from input to output. These phase shifts are greatestat
high frequencies, and at some particular frequency the total loop
phase shift (from the inverting input terminal to the output and
back to the input via the feedback network) can add up to 360°.
When this occurs, the amplifier circuit can go into a state of
unwanted oscillation. The conditions that produce oscillation are
that the loop voltage gain be greater than or equal to unity when
the loop phase shift approaches 360°. Measures taken to combat
instability include the use of capacitors and resistors 10 reduce the
total phase shift. Most operational amplifiers have compensating
components included in the circuitry to ensure stability.

15-1 Operational Amplifier Circuit Stability

Loop Gain and Loop Phase Shift

Consider the inverting amplifier circuit and waveforms in Figd. 15-
1(a). The signal voltage voltage (v,) is amplified by a factor Ry/R),
and phase shifted through -180°. The circuitis redrawn in Fig. 15-
1(b) to illustrate the fact that the output voltage (v) is divided by
the feedback network to produce the feedback voltage (v).

For an ac voltage (1 at the op-amp inverting input terminal [in
Fig. 15-1(b)], the amplified output is v, = A, as shown. The
output is divided by the feedback factor [B= R/(R, + R,)). and fed
back to the input. An additional -180° of phase shift can occur
within the op-amp at high frequencies, and this causes v to be in-
phase with v, as illustrated. Thus, the feed back voltage can be
exactly equal to and in phase with the voltage (1) at the invert™g
input. In this case, the circuit is supplying its own ac input
voltage, and a state of continuous oscillation exists.

Because of the feedback network, high-frequency oscillations can
occur in many operational amplifier circuits, and when this
happens the circuit is termed unstable. Measures taken to combat
circuit instability are referred to as frequency compensation.

Two conditions normally have to be fulfilled for a circuit to
oscillate; the loop gain must be equal to or greater than 1.and the
loop phase shift should equal 360°. The loop gain is the voltage
gain around the loop from the inverting input terminal to the
amplifier output, and back to the irnut via the feedback network.
The loop phase shift is the total phase shift around the loop from
the inverting input terminal to the amplifier output, and back to
the input via the feedback network.

The gain from the inverting input terminal to the output is the
op-amp open-loop gain (A). For the feedback network. the gain
from the amplifier output back to the input is actually an
attenuation. So,

loop gain = (amplifier gain) x (feedback network attenuation)
=A,B
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Assuming that the feedback network is purely resistive, it adds
nothing to the loop phase shift. The loop phase shift is essentially
the amplifier phase shift. The phase shift from the inverting input
terminal to the output is normally -180°. (The output goes
negative when the input goes positive, and vice versa.) At high
frequencies there is additional phase shift caused by circuit
capacitances, and the total can approach -360°. When this
occurs, the circuit is virtually certain to oscillate. Most currently-
available operational amplifiers have internal compensating
components to prevent oscillations. In some cases, compensating
components must be connected externally to stabilize a circuit.
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(b) Inverting ampiifier oscillating

Uncompensated Gain and Phase Response

A straight-line approximation of the gain/frequency response
graph for a typical operational amplifier without any compensating
components is shown in Fig. 15-2. Note that the overall open-loop
voltage gain (A) initially falls off (from its 100 dB level) at 6
dB/octave (-20 dB/decade) from ‘f:,,, (pole frequency #1). From f .
the rate of decline is 12 dB/octave (-40 dB/decade), and from fﬂ
the fall-off rate of A, is 18 dB/octave (-60 dB/decade).

The phase/frequency response graph in Fig. 15-2 shows that the
phase shift (@) is approximately -45° at f,, -135° at f 5, and -225°
at f .. This open-loop phase shift isin a(fclition to the -180° phase
shift that normally occurs from the op-amp inverting input
terminal to the output. Thus, the total loop phase shift (s)) at f, is
(-45° -180°) = -225°; at f,.6, = (-135° -180°) = -315°; and at fz.0, =
(-225° -180°) = -405°.

Figure 15-1
Because an inverting amplifier
consists of an  operational
amplifier and a feedback network,
the circuit can supply its own ac
input (v derived from vy), and a
state of continuous oscillations
Can occur.
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As already discussed, oscillations occur when the loop gain is
equals or exceeds 1 and the loop phase shift is 360° In fact, the
phase shift does not have to be exactly 360° for oscillation to
occur. A phase shift of 330° at A B= 1 makes the circuit unstable.
To avoid oscillations, the total loop phase shift must not be
greater than 315° when A, B= 1. The difference between 360° and
the actual loop phase shift at A, B = 1 is referred to as the phase
margin (). Thus, for circuit stability, the phase margin should be
a minimum of,

0, =360° - 315° = 45°

, voltage gain
-

frequency

Compensated Op-amp Gain and Phase Response

The open-loop gain/frequency and phase/frequency responses for
two internally compensated operational amplifiers are shown in
Figs. 15-3 and 15-4. The 741 frequency response graphsin Fig. 15-
3 shows that the gain starts at 100 dB and falls by 20 dB/decade
over most of its frequency range. The phase shift remains -90° or
less for most of the frequency range. The open-loop gain falls off to
1 (0 dB) at a frequency of approximately 800 kHz. The 741 is
known as a general purpose operational amplifier for use in
relatively low frequency applications.

The AD843 frequency response in Fig. 15-4 shows an open-loop
gain of 90 dB at low frequencies, falling off at 20 dB per decade to
34 MHz at A =1. Instead of the open-loop phase shift, the phase
margin is plotted versus frequency. The phase margin is close to
90° over much of the frequency range, starts to become smaller
around 3.4 MHz, and falls to approximately 40° at f= 34 MHz,

Figure ]5-2

Trhe three <tages of an op-amp
finternall circuit each has its own
gain frequency response with a &
dB.octave fall-off, and its own
phases <hift’ frequency response
with a maxsimum phase shift of
90° These responses combine to
giethe overall op-amp A, /f and
Af responses.
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Amplifier Stability and Gain
From Eq. 13-3, the overall voltage gain of an

amplifier with
negative feedback is,
i 1
ol
AU
and the loop gain is, A,B=
Act

So, the loop gain (A,B) equals 1 when

A'CL = Au
This is one of the conditions required for circuit oscillation. To
determine if oscillation will occur in a given circuit, it 1s necessary

to first find the frequency at which A = A, then determine the
op-amp phase margin at that frequency.
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Example 15-1

The inverting amplifier in Fig. 15-3is to be investigated for stability. Determine
the frequency at whichthe loop gain equals 1 and estimate the phase margin
if the operational amplifier is: (a) one with the gain/frequency characteristics in
Fig. 15-2, (b) a 747, (c) an AD843.

Solution
(a) Refer to the A /f and 61 graphs reproduced in Fig. 15-6 (from Fig. 15-21,
R 5600
fa TR T e
=31
or, Ag =201log 311

= 30 (B

Draw a horizontal line on the frequency response graph at A, = 4. = 50 dB,
(Fig. 15-6). Draw a vertical line where the horizontal line intersects the 3 1

graph. The frequency at this point is identified as f.
1, = 150 hHz ‘logarithmic scale)

From the 6/ graph, the op-amp phase shiftat f. is,
g =-165
The loop phase shift is,
o, = 0-180° = -165°- 180°
= -345°
360° - 0, = 3607 - 345°

=15

and, o,

Because the phase margin is less than 45°, the circuit is likely to be unstable.
I B Y

(b) For a 741
A horizontal line at 50 dB on the frequency response in Fig. 15-3 gives,

f, =1.5kHz and 8 = -90°
@, =-90°-180°
= -270°
and, g, = 360°-270°

= 90° (stable circuit)
(c) For an AD843

A horizontal line at 50 dB on the frequency response in Fig. 15-4 gives,
f, =90 kHz

and, a, = 90° (stable circuit)

Ra 560k

15-5
Inverting amplifier circuit or
Frample 75-1.

Figure
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A circuit with the frequency response in Fig. 15-6 and with A, =
50 dBwas shown to be unstable. If the amplifier had A, = 70 dB.
reconsideration shows that it is stable. That is, an amplifier with a
high closed-loop gain is more likely to be stable than one with the
lower gain. Low gain amplifiers are more difficult to stabilize than
high gain circuits. The voltage follower (with a closed-loop gain of
1) can be one of the most difficult circuits to stabilize.

Some internally compensated op-amps are specified as being
stable to closed-loop gains as low as 5. In this case, external
compensating components must be used with lower gain circuits.

Practise : Problems

15-1.1 Investigate the stability of an inverting amplifier with a closed-loop
gain of 60 dB if the operational amplifier is; (a) one with the
gain/frequency characteristics in Fig. 15-2, (b) a 747, (c) a AD843.

15-2 Frequency Compensation Methods

Phase-Lag and Phase-Lead Compensation

Lag compensation and lead compensation are two methods often
employed to stabilize op-amp circuits. The phase-lag network in
Fig. 15-7(a) introduces additional phase lagat some low frequency
where the op-amp phase shift is still so small that additional
phase lag has no effect. It can be shown that at frequencies where
X., >> R, the voltage v, lags v; by as much as 90°. At higher
frequencies where X, << R, no significant phase lag occurs, and
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the lag network merely introduces some attenuation. The effect of
this attenuation is that the A /f graph is moved to the left, as
illustrated in Fig. 15-7(b). Thus, the frequency (f,)) at which A B =
1 [for a given closed-loop gain (Ag)] is moved to a lower frequency
(f..). as shown. Because f, is less than f;. the phase shift at f,1s

X
less than that at f,,. and the circuit is likely to be stable.

- £

fiy

thi Effect of lag compensation (d) Effect of lead compensation

The network in Fig 15-7(c) introduces a phase lead. In this
network. when X, >> R,, the voltage v, leads v,. This phase lead
cancels some of the unwanted phase lag in the operational
amplifier 6/f graph. [see Fig. 15-7(d)], thus rendering the circuit
more stable. Phase-lag and phase-lead networks are both used
internally to compensate op-amp circuits. Both types of eircuit can
also be used externally.

Manufacturer’s Recommended Compensation

Most currently-available operational amplifiers contain internal
compensating components, and do not require additional external
components. Some have internal compensating resistors, and
need only a capacitor connected externally to complete a
compensating network. For those that require compensation, IC
manufacturers list recommended component values and
connection methods on the op-amp data sheet. An example of this
is lllustrated in Fig, 15-8 for the LM108.

When selecting standard value compensating capacitors the next
larger values should be used. This is termed over-compensation and
it results in better amplifier stability, but it also produces a smaller
circuit bandwidth.

Figu.,e 13-7

Y\ phase-lag network reduces an
pliier apen-loop gan, so hat

ase chift where A B = 1 s

Il for instability, A phase-

lead networkcancels phase lag
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Ci> R;x 30 pF cy
- Ri+R:

{a) Phase lag compensation

Figure [5-8

Manufacturer's  recommended
compensation methods and
gain/frecuency response for the
LM108 op-amp. (reproduced
with permission of National Semi-
conductor Corp.)

s} ‘.
1 10 100 1k 10k WOkK1IM

e — frequency (Hz) —»=
5
l 100 pF

(¢) Approximate gain/frequency response

(b) Alternate phase lag compensation

Example 15-2
The inverting amplifier in Fig. 15-9is required to amplify a 200 mV: input by a
factor of 4.5. Determine suitable component values.

Solution
Because the LM108 has a very low input bias current (see Appendix 1-14), it

should be treated as a BIFET op-amp.

Select R, =1 MQ
R, 1 MQ
RI e
Aq 45

222 kO (use 220 k) standard vaiue}

Il

Ry = RilIR, = 220 kQ|n MQ
180 k(2 (standard value)
R,x30pF 220 kQ x 30 pF Figure 15-9
= Op-amp circuit for Ex. 15 -2,
R, + R, 220 kQ + 1 MO

Il

From Fig. 15-8, G =

I

5.4 pF (use 10 pF standard value
for over-compensation)

Connect C; between terminals 1 and 8, as shown in Fig. 15-9.
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Miller-Effect Compensation

Miller effect (discussed in Section 8-3) involves connecting a
capacitor between the output and input terminals of an inverting
amplifier. Miller-effect compensation of an op-amp circuit is very
simple, and it is often the only external method available for
stabilizing a circuit where the op-amp is internally compensated. A
capacitor (Cy) is connected across the feedback resistor, as shown
in Fig. 15-10(a) and (b). The capacitor value is calculated to have
an impedance equal the feedback resistor value at the desired
signal cutoff frequency (f,).

X = Reat f,

This reduces the closed-loop by 3 dB at the selected frequency. So
long as the op-amp is stable at this frequency, the circuit will not
oscillate. The op-amp used should have an upper cutoff frequency
much higher than f,.

(15-1)

Example [5-3
Calculate a suitable Miller-effect capacitor to stabilize the circuit in Fig. 15-
10(a) at f, = 35 kHaz.

Solution

1 i

From Eq. 15-1, k. ———
' P 2 2% 35 kHz x 68 kD

e

il

67 pF use 68 pF standard value

Practise Problems
15-2.1 The components of the lag and lead compensation network in Fig.
15-7are: R, = 6.8kQ, R, = 390Q, and C; = 500 pF. Calculate the
approximately phase lag and phase lead at a frequency of 50 kHz.

15-2.2 Calculate a suitable Miller-effect capacitor to stabilize the circuit in
Fig. 15-10(b) at fo = 50 kHz.

15-3 Op-amp Circuit Bandwidth and Slew Rate

Low Cutoff Frequency

Operational amplifiers are direct-coupled internally. so where they
are employed in direct-coupled applications, the circuit lower
cutoff frequency (f)) is zero. In capacitor-coupled circuits, the lower
cutoff frequency is determined by the selection of coupling
capacitors. The circuit high cutoff frequency (f) is. of course,
dependent on the frequency response of the operational amplifier.

High Cutoff Frequency
In Section 13-7 it is shown that for a negative feedback amplifier,

Cr)

Ri 68 k0

(a) Inverting amplifier with Miller-
effect compensation

(b) Nomnverting amplifier with
Miller-effect compensation

Figure 15-10
Miller-effect frequency compen-
sation for amplifier circuis
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the high cutoff frequency occurs when the amplifier open-loop
gain approximately equals the circuit closed-loop gain:

Eq. 13-26, A=Ay

So, the circuit high cutoff frequency (fJ) can be found simply by
drawing a horizontal line at A, = Ay on the op-amp open-loop
gain/ frequency response graph. Because the op-amp low cutoff
frequency is zero (as explained above), The circuit bandwidth is.

BW = f,- f,
=1;

Consequently, the op-amp high cutolff frequency is often referred to
as the circuit bandwidth.

The frequency response graphs published en manufacturer’s
data sheets are typical for each particular type of operational
amplifier, Like all typical device characteristics, the precise
frequency response differs from one op-amp to another. All
frequencies derived from the response graphs should be taken as
typical quantities. The process of determining circuit cutoff
frequency from the op-amp frequency response graph is
demonstrated in Example 15-4.

Example 15-4
Determine the typical upper cutoff frequency for the invertingamplifierin Fig.
15-11 when the compensating capacitor (C) value is; (a) 30 pF, (b) 3 pF. The
A Jf graph for the LM108 is shown in Fig. 15-12.

Figure [15-11
Amplifier circuit fo- Example 3-4.

120 7 —
Solution ;
R, 100kQ -
Pgsg=
R, 1k
80 1
=100 = 40dB i
f, occurs at A, = A, = 40dB mltaige 60 1
% o 1
{a} For C; = 30 pF: e | ]40 !
Draw a horizontal line on the A /f graph at A, = 40 dB. !
Where the line cuts the A_/f characteristic for C; = 30 pF )
Y 20 ;
read, 34
f, = 8 kHz :
“ ¥ 3 o6 ik ji% ki
10k 200k 1M
(b) For C; = 3 pF: _ f?a;ew =P ¥
" B kHz B0 kiz

Where the A, = 40 dB line cuts the A/l characteristic
for C, = 3 pF read,

f, = 80 kHz

Figure 15-12
Straight fine approximation of
LM108 gain/frequency response.



516 Electronic Devices and Circuits, 4th ed.

Gain-Bandwidth Product
The gain-bandwidth produce (GBW), or unity-gain bandwidth, of an
operational amplifier is the open-loop gain at a given frequency
multiplied by the frequency. Referring to the A, /fresponse for the
741 reproduced in Fig. 15-13. it is seen that at A, , = 10% the
frequency is f,, = 80 Hz. Thus,

via)

GBW = A, xfy= 10*x 80 Hz
=8x 105

Similarly, at A, = 10, Jy, = 80 kHz, again giving GBW = 8 x 10°,
Also, at A, = 1, fi, = 800 kHz, once more giving GBW = 8 x 10°.
This last determination explains the term unity-gain bandwidth,
because the GBW is simply equal to the frequency at which A, = 1.

Because the high cutoff frequency for an op-amp circuit occurs
when the closed-loop gain equals the open-loop gain, the circuit
upper cutoff frequency can be calculated by dividing the gain-
bandwidth product by the closed-loop gain:

GBW

= -2
Sz A (15-2)

[t is frnportant to note that Eq. 15-2 applies only to operational
amplifiers that have a gain/frequency response that falls off to the
unitv-gain frequency at 20 dB/decade. Where the A /f response
falls off at some other rate, Eq. 15-2 cannot be used.

(am |
|
105+ 1
Avrg) —= 1037
A
1034
woltage
@in sl
A =10 1
A\rft} -~ 14 = “_ﬁ
1x 10k ‘100 kl1 M
£ £y Ere

Example 15-5

Using the gain-bandwidth product, determine the cutoff frequencies for the
circuit in Ex. 15-4 (reproduced in Fig. 15-14), when the compensating
capacitor is (a) C; = 30 pF, (b) G; = 3 pF.

Figure 15-13
The gain-bandwidth product
(CBWi for an operational amplifier
can be used to determine the
cutoff frequency for any given
closed-loap gain.



Chaprer 15 —— Operational Amplifier Frequency Response and Compensation

-

Solution
(a) For C; = 30 pF:
Referring to the LM708 A Jf graph tor C; = 30 pF in Fig. 15-12,

GBW =fat A =1
= 800 kHz
_ i CBW 800 kHz
Eq. 15-2, f, = R
- Agy 100
= 8 kHz

(b} For C; = 3 pF:
Referring to the LM108 AJf giaph for C, = 3 pF in Fig. 15-12,

atA, =20dB = 10, f = 800 kHz

CBW =fxA = 800kHzx 10

= 8 MHz
. GBW  BMHz
Eq. 15-2, i, = e
T 100
= 80 kHz
Full-Power BW and Slew Rate

The A,/f response graphs. upper cutolf frequencies. and GBW
specified on op-amp data sheets normally refer to the operational
amplifier performance as a small-signal amplifier. In this case, the
measurements are usually made for output amplitudes not exceeding
100 mV peak-to-peak. Where an amplifier circuit has to produce a
large output voltage, the op-amp full-power bandwidth (f) must be
used. The AD843 operational amplifier, for example, is specified as
having a typical unity gain bandwidth of 3¢ MHz for an output
amplitude of 90 mV p-to-p, and a typical full power bandwidth of
3.9 MHz when the output amplitude is 20 V p-to-p.

The op-amp slew rate (SR (see Section 14-9) can be used to
calculate the full-power bandwidth for a given output amplitude.
For a sinusoidal voltage waveform, the fastest rate-of-change of
voltage occurs at the point where the waveform crosses from its
negative half-cycle to its positive half-cycle, and vice versa. This is
illustrated in Fig. 15-15(a). It can be shown that the voltage rate-
of-change at this point is,

AV/At=2xa f Vp (volts/second)

The maximum rate-of-change of the waveform is limited by the
maximum slew rate of the op-amp used. Where the waveform
amplitude or frequency is higher than the limits imposed by the
slew rate, distortion will occur as illustrated in Fig. 15-15(b).

Ra 10040
A

+Vee

P

Vi

Figure 15-14
Amplifier circutt for Example 15-3

TAMIMET Tale

of -change

(a) Sine wave maximurm
rate-of-change

(b) Sine wave distortion
caused by the slew rate

Figure 15-15

The op-amp slew-rate limits the
upper cutoff frequency of an op-
amp circuit, and fimits the output
amplitude at a given frequency.
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The SR can be equated to the sine wave rate-of-change,
SR=21f,V, (15-3)

where f, is the slew-rate limited frequency. or full-power
bandwidth, and V. is the peak level of the circuit output voltage.
Equation 15-3 can be used to determine the full-power bandwidth
of an op-amp circuit for a given output voltage amplitude.
Sometimes Eq. 15-3 gives an f, value greater than that determined
from the A /fgraph or the GBW product. In these cases. the circuit
bandwidth is still dictated by the A, /fgraph or the GBW product.

Example 15-6

(a) Calculate the full-power bandwidth for an AD843 op-amp circuit (Fig. 15-
16), given a 1V peak input and op-amp slew rate of 250 Vips.

(bl Determine the maximum peak output voltage obtainable from a 741 op-
amp circuit with a 100 kHz signal frequency. (SR = 0.5 V/us for a 741.)

Solution
(a) For the ADB43:
R, + R, 3I9kO + 4.7 k0O
D): - '\'~..=7-——--—X'EV
R, 4.7
=983V
) SR 250 Vius
From Eq. 15-3, f, = =
i 21’!\".*‘ 21x93V
= 4.2 MHz
(b) Fora 741:
SR 0.5 Vius
From Eq. 15-3, V. = =
Poo2mf, 2mx100kHz Figure 15-1
=0.79 I\r Ampilifier circuit for Example 15-6.

Practise Problems

15-3.1 Determine the typical upper cutoff frequency for an inverting
amplifier with a closed-loop gain of 15 using a 741 op-amp. The A /f
graph for the 741 is shown in Fig. 15-13.

15-32 Using the gain-bandwidth product, calculate the cutoff frequencies
for an invertingamplifier witha closed-loop gain of 30 when the op-
amp used is (a) 747, (b) an AD843.

15-3.3 Calculate the full-power bandwidth for an LF353 op-amp circuit, with

a 14 V peak-to-peak output voltage.

15-4 Stray Capacitance Effects

Stray capacitance (Cy) at the input terminals of an operational
amplifier effectively introduces an additional phase-lag netwerk in
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the feedback loop, (see Fig. 15-17), thus making the op-amp circuit
unstable. Stray capacitance problems can be avoided by good
circuit construction techniques that keep the stray to a minimum.
The effects of stray capacitance also depend upon the resistor
values used in the feedback network. High resistance values make
it easier for small stray capacitances to produce phase lag. With
low-resistances. small stray capacitances normally have little effect
on the circuit stability.

Figure [5-1°
Stray ©apacHaToe Can  cause
tstahelity =amp clrcuit by

o—'\N\,—l—c it eeaciue e »iinal phase-lag

i the teeuh 3 s “=laors

(a) Stray capacnance () at amphifier mput it C. and s series resistance

Analysis of an RC phase lag circuit shows that the capacitor
voltage lags the input voltage by 43° when the capacitor
impedance (Y] equal the series resistance (R). Also, when X = 10
R. the phase lag is approximately 10°. and it is this 10° of
additional phase lag that might make the circuit oscillate il its
phase margin is already close to the minimum for stability. If the
phase margin is known to be large at the frequency where A, B =
A, (the frequency at which the circuitis likely to oscillate), the
stray capacitance might be unimportant. Where the phase margin
is small. for circuit stability the op-amp input stray capacitance
should normally be much less than,

1

C,= ————— (15-4)
27f(10 R

where R is the equivalent resistance in series with the stray
capacitance. In Fig. 15-17, R= Ry + (R, + rJIR>

From Eq. 15-4 it is seen that (as already mentioned) the larger
resistor values the smaller the stray capacitance that can produce c
circuit instability. If the signal source is disconnected from the LA
circuit, R becomes equal to (R, + Ry, which is much larger than [R; t+—\WN-—1
+ (r, + R))IR,). In this situation, extremely small stray capacitance
values can make the circuit unstable. R

Miller-effect compensation can be used to compensate for stray ,T_W—L_'
capacitance al an op-amp input, as shown in Fig. 15-18. To QL €7
eliminate the phase shift introduced by the stray capacitance the
division of the output voltage produced by Cg and C, in series
should be equal to the division produced by R; and R,. Therefore,

l
Ll

Figure 15-18
Xes _ Ry Use of Miller-efect compensation

X R for stray capacitance at the input
c2 2 terminals of an op-amp.
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This gives, C,R, = C4R, (15-5)

Note that Eq. 15-5 does not allow for r, or R, in Fig. 15-17. Where
r, is not very much smaller than R, it must be added to R;. Also,
resistor R, could be bypassed with another capacitor to reduce the

total series resistance.

Example 15-7
Calculate the op-amp input terminal stray capacitance that might cause

instability in the circuit of Fig. 15-19if the amplifier cutoff frequency is 800
kHz. Also, determine a suitable Miller-effect compensating capacitor value.

Solution R:
Stray capacitance: AMN
1 1052
Eq. 154, &= — R: Ve
271 x 100, + RIR: '
1 v, (qd: 1A . e
= 3 7> 800 hHz x 10 [1600 Q +1 KQJ10 kO L i
r = E
=144 pf 600 €2
Compensation: =
e wxis e Clr. +R) 144 pFx (600 0+ 1k Figure 13-19
g. 13-5 S e ; Op-amp amplifier circuit for
K. 10 kQ Example 13-7,

2.3 pf

Practise FProblems

15-4.1 Determine the op-amp input stray capacitance that might cause
instability in an inverting amplifier with R, = 1.8 kQ, R, = 560 kQ,
and f, = 600 kHz; (a) when the signal source is open-circuited, (b)
whenr, = 600 Q, and R, and R, are reduced by a factor of 10.

15-42 Determine a suitable Miller-effect compensating capacitor value for

the circuit in part (b) of Problem 15-4.1.

15-5 Lead Capacitance Effects

Capacitance connected at the output of an operational amplifier is
termed load capacitance (C;). Figure 15-20 shows that C, is in
series with the op-amp output resistance (r), so C, and r,
constitute a phase-lag circuit in the feedback network. As in the
case of stray capacitance, another 10° of phase lag introduced by
€, and r, could cause circuit Instability where the phase margin is
already small. The equation for calculating the load capacitance
that might cause instability is similar to that for stray capacitance;

i}

CL=2 nf[lﬂr;] (85



Chaprer 15 — Operational Amplifier Frequency Response and Compensation 52 3

In Eq. 15-6 fis the frequencyat which A B = Aq. If 1, is reduced.
Eq 15-6 gives a larger C; value. Thus. an op-amp with a low output
resistance can tolerate more load capacitance than one with a higher
output resistance.

Figure 15-20

D_IVW_ " Load capacitance al an op-amp
} output can cause tnstability bHy

introducing additional phase lag

in the feedhack netivork,

One method often used to counter instability caused by load
capacitance is shown in Fig. 15-21(a). A resistor (R). usually
ranging from 12 Q to 400 Q. is connected in series with the load
caracitance. The presence of R, (with R, connected at the op-amp
or.tput) can severely reduce the phase lag produced by r, and C,.
However, R, also has the undesirable effect of increasing the
circuit output impedance to approximately the resistance of R,.

—
R .
AWV

R

fare
i

"
by, l

{a) Use of Ry to reduce phase lag () Miller-effect compensation for

Figure 15-21
+Vee Compensation methads for load
capacitance.

(c) Inverting amplifier with combination (d) Noninverting amplifier with R, C2
of Ry and €2 for €1 compensation combination for C;, compensation
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A Miller-effect capacitor (C,) connected across feedback resistor
R, may be used to compensate for the load capacitance, [see Fig.
15-21(b)]. In this case. C, introduces some phase-lead in the
feedback network to counter the phase-lag. The equation for
calculating a suitable capacitance for C, is, once again, similar to

that for stray capacitance;
C,R,= Cr, (15-7)

A modified form of Miller-effect compensation for load
capacitance is shown in Fig. 15-21(c). An additional resistor (R)) is
included in series with C, to reduce the phase lag, as discussed.
But now, R, is connected at the junction of R, and C,, s0 that
(because of feedback) R, has no significant effect on the circuit
output impedance, Also, C, is connected from the op-amp output
terminal to the inverting input. With this arrangement, Eq. 15-7 is

modified to,
CoR,= Cylr, + R) (15-8)

It should be noted from Equations 15-7 and 15-8 that. as for
stray capacitance, smaller resistance values for R, give larger, more
convenient, compensating capacitor values.

Example 15-8

Calculate the load capacitance that might cause instability in the circuit of Fig.
15-22(alif the amplifier cutoff frequency is 2 MHz and its output resistance is
25 Q. Also, determine a suitable compensating capacitor value for the circuit
as modified in Fig. 15-22(b) with a 0.1 uF load capacitance.

Solution
Load capacitance:

1 1
Eq. 15-6, C,=——=
* Y 2nf(i0r) 2mx2MHzx10x250

= 318 pF
Compensation:
C (r, + 0.1 uFx(25Q+25Q
Eq. 15-8, C, = L@. = il }
' R, 10 kG2
= 500 pf (standard value)

Practise Problems

15-5.1 Calculate the load capacitance that might cause instability in the
circuit in Ex. 15-7 if the op-amp output resistance is 20 Q.
Determine a suitable Miller-effect compensating capacitor value,

15-5.2 The circuit is Problem 15-5.1is modified as in Fig. 15-21(c)withR =
5R, and C; = 0.5 uF. Calculate the required C, value.

(&) Noninverting amplifier with
load capacitance (C7 )

+ Vl: C

(b) Amplifier compensated with
Ry and C;

Figure 15-22
Circuits for Example 15-8.



Chapter 15 — Operational Amplifier Frequency Response and Compensation

523

15-6 Circuit Stability Precautions

Power Supply Decoupling

Feedback along supply lines is another source of op-amp circuit
instability, This can be minimized by connecting 0.01 pF high-
frequency capacitors from each supply terminal to ground (see Fig.
15-23). The capacitors must be connected as close as possible to
the IC terminals. Sometimes larger-value capacitors are required.

B “"I_L

M

ﬂu I =
r

gnal
~OUree
connes

-l
IR

Stability Precautions
The following precautions should be observed for circuit stability:

:

Where low-frequency performance is required. use an internally
compensated op-amp. Alternatively. use  Miller-effect
compensation to give the lowest acceptable cutuif frequency.
Use small-value resistors in the feedback network, if possible,
instead of using the largest possible resistor values.

With an op-amp that must be compensated, use the methods
and components recommended by the IC manufacturer.

Keep all component leads as short as possible. and iake care
with component placement. A resistors connecied to an op-
amp input terminal should have the resistor body placed close
to the input terminal.

Use 0.01 pF capacitors (or 0.1 pF capacitors if necessary) to
bypass the supply terminals of op-amp (or groups of op-amps)
to ground. Connect these capacitors close to the ICs.

Always have a signal source connected to a circuit being tested.
Alternatively, ground the circuit input. With an open-circuited
input. very small stray capacitances can cause instability.

Do not connect oscilloscopes or other instrument at the op-
amp input terminals. Instrument input capacitance can cause
instability.

If a circuit is unstable after all of the above precautions have
been observed, reduce the value of all circuit resistors (except
compensating resistors). Also, reduce the signal source
resistance if possible.

Figure 15-23

For op-amp circuit s2z2oilty, keep

resistor valuesto 3 m i, Use
the recommences © ~~pensating
components, bypas e supply

terminalsto grourd, 37d keepthe
sgnal<ourceconreted
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Chapter-15 Review Questions

Section
15-1

15-2

15-3
15-4

15-6

Section
15-7

15-8

Section
15-10

15-11

Section
15-12

15-13

Section
15-14

15-1
Show how feedback in an op-amp inverting amplifier can
produce instability. Explain the conditions necessary for

oscillations to occur in an op-amp circuit.

Show how feedback in an op-amp noninverting amplifier
circuit can produce instability.

Define: loop gain, loop phase shift, phase margin.

Sketch typical gain/frequency response and phase/
frequency response graphs for an uncompensated
operational amplifier. Identify the pole frequencies and
rates of fall of voltage gain, and show the typical phase
shift at each pole frequency.

Sketch typical gain/frequency response and phase/
frequency response graphs for a compensated operational

amplifier. Briefly explain.

Derive an equation for the open-loop gain of an
operational amplifier when the loop gain equals 1.

15-2
Sketch a lag compensation circuit. Explain its operation
and show how it affects the frequency and phase

response graphs of an operational amplifier.

Sketch a lead compensation circuit. Explain its operation
and show how it affects the frequency and phase
response graphs of an operational amplifier.

Show how Miller-effect compensation can be applied to
an op-amp circuit, Briefly explain.

15-3
Define bandwidth, gain-bandwidth product, and full-
power bandwidth for an operational amplifier. Explain
the circuit conditions that apply in each case.

Define slew-rate, and explain its effect on the output
waveform from an operational amplifier.

15-4
Discuss the effects of stray capacitance at the input
terminals of an operational amplifier. Explain the
precautions that should be ohserver to deal with input
stray capacitance problems.

Show how Miller-effect compensation can be used to
counter the effects of op-amp input stray capacitance.

15-5
Discuss the effects of op-anip load capacitance.
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15-15

Section
15-16

Show how op-amp instability due to load capacitance
can be countered by means of: an additional resistor,
Miller-effect compensation. a combination of both.

13-6
List precautions that should be observed for operational
amplifier circuit stability. Briefly explain in each case.

Chapter-15 Problems

Section
15-1

Section
15-4

15-7

15-8

Section
15-9

15-10

15-1
Investigate the stabilitv of the rircuit in Fig. 15-11, if the
LMI108 is replaced with an op-amp that has the gain/
frequency and phase/frequency responses in Fig. 15-2.

Investigate the stability of the inverting amplifier circuit in
Fig. 15-10(a) if the op-amp used is (a) a 741, (b) an AD843.
Use the response graphs in Fig. 15-3 and 15-4.

Investigate the stability of an amplifier circuit with A, =
70 dB if the op-amp has the gain/frequency and phase/
frequency responses in Fig. 15-2.

15-2
The phase-lag network in Fig. 15-7(a) has: R; = 8.2 k1. R,
= 470 Q. and C,; = 3300 pF. Calculate the approximate
phase lag at 7.5 kHz and at 750 kHz.

The phase-lead network in Fig. 15-7(c) has: R, = 560 (1, R,
= 27 kQ. and C, = 1000 pF. Calculate the approximate
phase lead at 6 kHz and 300 kHz.

If the circuit in Fig. 15-22(a) uses an LM108 op-amp,
determine suitable compensation capacitor values. Refer
to the LM108 information in Fig. 15-8,

Calculate a suitable Miller-effect compensating capacitor
to stabilize the circuit in Fig. 15-19 at an 80 kHz cutoff
frequency.

The circuit in Fig. 15-10(b) is to be stabilized at f; =50
kHz. Determine the value of a suitable Miller-effect
compensating capacitor. :

15-3

Determine the bandwidth of the circuit in Fig. 15-10(a) if
the op-amp has the gain/frequency response graph in
Fig. 15-2. Also, determine the bandwidth of the circuit in
Fig 15-10(b) if the op-amp is a 741.

Find the upper cutoff frequency for the circuit in Fig. 15-
19 If the op-amp Is (a) a 741, (b) an AD843. Use the
response graphs in Fig. 15-3 and 15-4.
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15-11

15-12

15-13

15-14

15-15

15-16

15-17

15-18

Section
15-19

15-20

15-21

15-22

15-23

Using the gain-bandwidth product, determine the upper
cutoff frequencies for the circuits in Problem 15-10.

Use the gain-bandwidth product to determine the upper
cutoff frequencies for the circuits in Figs. 15-10(a) and (b)
if they both have LM 108 op-amps with C;= 30 pF.

The circuits in Examples 14-5 and 14-8 use 741 op-amps.
Use the gain-bandwidth product to determine the upper
cutoff frequency for each circuit.

If the circuit in Fig. 15-11 has the LM108 replaced with
an LF353, use the gain-bandwidth product to determine
the upper cutolf frequency.

Calculate the full-power bandwidth for an amplifier using
741 op-amp if the output voltage is to be (a) 5 V peak-to-
peak, (b) 1 V peak-to-peak.

Recalculate the full power bandwidth in each case in
Problem 15-15 if the 741 is replaced with an LF353.

Calculate the full-power bandwidth for the circuit in
Example 14-5 if the peak output is to be 2 V. Also,
determine the maximum peak output voltage that can be
produced by the circuit at the cutoff frequency calculated
in Problem 15-13.

Calculate the slew-rate limited cutoff frequency for the
circuit in Example 14-8if the peak input is 20 mV. Also,
determine the maximum peak output voltage at the
circuit cutoff frequency calculated in Problem 15-13.

15-4
A circuit as in Fig. 15-10(a) with C;removed has a cutoff
frequency of 600 kHz, Determine the op-amp input stray
capacitance that might cause instability; (a) when the
signal source is open-circuited, (b) when a 300 Q) signal
source is connected,

Determine the input stray capacitance that might make
the circuit in Fig. 15-10(b) become unstable when a 300 Q
signal source is connected. Assume that the circuit cutoff
frequency is 30 kHz and that C,is removed.

Calculate the Miller-effect capacitor value required to
compensate for 250 pF of input stray capacitance in the
circuitry of Problem 15-19(b).

Calculate the Miller-effect capacitor value required to
compensate for 90 pF of stray capacitance in the clrcuit of
Problem 15-20.

An inverting amplifier (as in Fig. 15-19) uses a LF353 op-
amp, and has; r, =600 Q, R, = 220 kQ), R, = 2.2MQ, [, =
18 kHz. Calculate the input stray capacitance that might
make the circult unstable; (a) when the signal source is
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15-24

Section
15-25

15-26

15-27

15-28

15-29

15-30

connected, (b) when the signal source is open-circuited.

Repeat Problem 15-23 when R, and R, are each reduced
by a factor of 10.

15-5
Determine the load capacitance that might cause
instability in the circuit in Fig. 15-10(a) with C,removed,
if the circuit cutoff frequency is 600 kHz, and r, = 100 Q.

An inverting amplifier (as in Fig. 15-19) uses an op-amp
with a 300 Q output resistance, and has; R; = 220 k. R,
= 2.2 MQ. Calculate the load capacitance that might
make the circuit unstable.

Calculate the Miller-effect capacitor value required to
compensate for a 0.1 pF load capacitance in the circuit of
Fig. 15-10(a) if f, = 600 kHz.

Calculate the Miller-effect capacitor value required to
compensate for the load capacitance in Problem 15-26.

Determine the load capacitance that might cause
instability in the circuit in Fig. 15-22(a), if the cutoff
frequency is 400 kHz, and the op-amp has r, = 150 Q.

The circuit in Problem 15-29 is rearranged as in Fig. 15-
22(b) with R, = 10 r,. Calculate the required C, value to
compensate for a 5000 pF load capacitance.

Practise Problem Answers

15-1.1
15-2.1
15-2.2
15-3.1
15-3.2
15-3.3
15-4.1
15-4.2
15-5.1
15-5.2

307, 90°, 90°

-48.5°%, 41.5°

82 pF

50 kHz

27 kHz, 1.13 MHz
296 kHz

0.05 pF, 34.5 pF
0.5 pF

995 pF, 2 pF

6000 pF
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Introduction
A sinusoidal oscillator usually consists of an amplifier and a

phase-shifting network. The amplifier receives the output from the
network. amplifies it, phase shifts it by 180°, and applies it to the
network input. The network phase shifts the amplifier output by a
further 180°, and attenuates it before feeding it back to the
amplifier input. When the amplifier gain equals the inverse of the
network attenuation, and the amplifier phase shift equals the
network phase shift, the circuit is amplifving an input to produce
an output which is attenuated to become the input. The circuit is
generating its own input signal, and a state of oscillation exists.
Some signal generators produce square or triangular waveforms.
These normally use nonlinear circuits and resistor/capacitor

charging circuits,

16-1 Phase Shift Oscillators

Op-Amp Phase Shift Oscillator
Figure 16-1 shows the circuit of a phase shift oscillator, which

consists of an inverting amplifier and an RC phase-shifting
network. The amplifier phase-shifts its input by -180°, and the RC
phas=-lead network phase-shifts the amplifier output by a +180°,
giving a total loop phase shift of zero. The attenuated feedback
signal (at the amplifier input) is amplified to renroduce the output.
In this condition the circuit is generating its own input signal,
consequently, it is oscillating. The output and feedback voltage
waveforms in Fig. 16-1 illustrate the circuit operation.

For a stote of oscillation to be sustained in any sinuscidal
oscillator circuit, certain co .ditions, known «s the Barkhausen

criteric, must be fulfilled:
The loop gain must be equal to [or greater than) one.
The loop phase shift must be zero.

The RC phase-lead network in Fig. 16-1 concints of three equal-
value resistors and three equal-value capacitors. Resistor R,
functions as the last resistor in the RC network and as the

amplifier input resistor. A phase-lag network would give a total

loop phase shift of -360°, and so it would work just as well as the

phase lead network.
The frequency of the oscillator output depends upon the

component values in the RC network. The circuit can be analyzed
to show that the phase shift is 180° when

X.=/6R
This gives an oscillation frequency,

1
. oI 16-1
S 2aRC6 ( )

As well as phase shifting the amplifier output, the RC network

L

i

SREED L B

Yy
b o

i

i1
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attenuates the output. It can be shown that, when the required
180° phase shift is produced, the feedback factor (B) is always
1/29. This means that the amplifier must have a closed-loop
voltage gain (A.,) of at least 29 10 give a loop gain (B Ag) of one:
otherwise the circuit will not oscillate. For example, if the amplifier
output voltage is 10 V, the feedback voltage is,

vy =By, = 10V/29
To reproduce the 10 V output. tymust be amplified by 29,

v, = Ag Uy =292 (10 V/29)
10V

If the amplifier voltage gain is much greater than 29. the output
waveform will be distorted. When the gain is slightly greater than
29, a reasonably pure sine wave output can be expected. The gain
is usually designed to be just over 29 to ensure that the circuit
oscillates. The output voltage amplitude normally peaks at (Ve -
1 V). unless a rail-to-rail op-amp is used (see Section 14-9).

invert mg R

amplifier M

ourpul

woltage

Circuit Design

Design of a phase shift oscillator begins with design of the
amplifier to have a closed-loop gain just greater than 29. The
resistor values for the RC network are then selected equal to the
amplifier input resistor (R}, and the capacitor values are
caleulated from Eq. 16-1. In some cases, this procedure might
produce capacitor values not much larger than stray capacitance.
So, alternatively, the design might start with selection of
convenient capacitor values. Equation 16-1 is then used to
calculate the resistance of R (and R)). Finally, R, is selected to give
the required amplifier gain.

Figure [6-1

A phase shift oscillator consists of
an inverting amplifier and an KC
prase shifiing feedback network.
Tke RC network attenuates the
nutput and phase shifts it by
180°. The amplifier amplifies the
network output and phase shifts
it through a further 180°,
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Example 16-1
Using a 741 op-amp witha =10 V supply, design the phase shift oscillator in

Fig. 16-2 to produce a 1 kHz output frequency.

Solution
Select I, =100 x Iy, = 100x 500 nA
= 50 A
y, = =WV TV) = £(10V-1V)
=+9V
y, =9V
T
c 001 4F = 0.01 pF 001 pF
= +031V . S~
C {5 C
v 031V R R
{6 S 5640 5.6k
I, 50uA
= 6.2 kQ (use 5.6 kQ standard value) =
< = e 6k Figure 16-2
R, =AqR,=29%556 kQ2 Phase shift oscillator circuit for
=~ 162 kQ (use 180 kQ to give A, > 29) Example 16-1.
R, = R, = 180 kQ (the dc path through R,
is interrupted by C )
R=R,=5.6k0
F Eq. 16-1 C ] 1
rom Eq. 16-1, = =
4 2mRIVe 2mx5.6kQx1kHzxV6

= (.01 uF (standard value)

Although the 741 op-amp used in Ex. 16-1 is likely to be quite
suitable for the particular circuit, some care should always be
taken when selecting an operational amplifier. It should be
recalled (from Ch. 15) that when a large output voltage swing is
required, the op-amp full-power bandwidth is involved. This must
be considered when selecting an operational amplifier for an
osclllator circuit.

BJT Phase Shift Oscillator
A phase shift oscillator using a single BJT amplifier is shown in
Fig. 16-3. Once again, the amplifier and phase shift network each
produce 180° of phase shift, the BJT amplifies the network output,
and the network attenuates the amplifier output.

First thoughts about this circuit (In comparison to the op-amp
phase shift oscillator) would suggest that a BJT amplifier with a
voltage gain of 29 Is required. An attempt to design such a circuit
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reveals that in many cases the amplifier output is overloaded by
the phase shift network, or else the network output is overloaded
by the amplifier input. The problem can be solved by including an
emitter follower in the circuit. However, the circuit can function
satisfactorily without any additional components if the transistor
is treated as a current amplifier, rather than as a voltage amplifier.

In this case, circuit analysis gives,

1
= 16-2
S TRC/A6 +4RUR K-
29R 4R,
and, Rpeming = 23 + R "R (16-3)

feedback
voltage

The circuit oscillates only if the BJT current gain is equal to (or
larger than) the minimum value determined from Eq. 16-3. With R
= R., a minimum hy, of 56 is required to sustain circuit oscillation.
With R = 10 Rg hgpyy must be greater than 300. The output
waveform is likely to be distorted if hy, is substantially greater than
the calculated hg,,. Because hy, varies widely from one transistor
to another, R, should be partially adjustable to minimize
distortion. Note that in Fig. 16-3, the amplifier input resistance (Z)
constitutes part of the last resistor in the phase shift network.

Circuit Design

BJT phase shift oscillator design should be approached by first
selecting R equal to or greater than the estimated amplifier Z,
Then, R.1s selected equal to R, C is calculated from Eq. 16-2, and
the rest of the component values are determined for the circuit de
conditions. The impedance of C;, should be much lower than h, /(1

+ hy) at the oscillating frequency.

Figure 16-3

Phase shrt oscillator wsing an
inverting BJT amplifierand an RC
feedback netv ork,
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Practise Problems
16-1.1 Using a BIFET op-amp with rail-to-rail operation, design a phase
shift oscillator to produce a 6.5 kHz, £12 V output.

16-1.2 Design a BJT phase shift oscillator, as in Fig. 16-3, to produce a 900
Hz waveform witha 10 V peak-to-peak amplitude. Assume that the
BIT has hy,..,, = 60 and h, = 1.5 kQ.

16-2  Colpitts Oscillators

Op-Amp Colpitts Oscillator

The Celpitts oscillator circuit show in Fig. 16-4 is similar to the op-
amp phase shift oscillator, except that an LC network is used to
produce the necessarv phase shift in the feedback voltage. In this
case, the LC network acts as a filter that passes the oscillating
frequency and blocks all other frequencies. The filter circuit
resonates at the required oscillating frequency. For resonance,

X, 5 %y

where X, is the total capacitance in paraliel with the inductor.
This gives the resonance frequency (and oscillating frequency) as,

1

= — 16-4
f 2 xv(L; C;) ( )

Capacitors C; and C, are connected in series across L ; so,
¢ G

Cr =—— 16-5
TS e, ( )

Consideration ol the LC network shows that its altenuation
(from the amplifier output to input) is due to the voltage divider
effect of L and C,. This gives,

Xe

B = =
Xy~ Xgy

It can be shown that the required 180° phase shift occurs when

Xeo = Xpy- Xey
and this gives,
B = _._.__X("f = E?
X2 G

As In the case of all oscillator circuits, the loop gain must be a
minimum of one to ensure oscillation. Therefore,

Acppmn B=1
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(]

or, Acrpiiin) = -5‘- (16-6)
2

When deriving the above equations, it was assumed that the
inductor coil resistance is very much smaller than the inductor
impedance; that is, that the coil Q factor (0 L/R) is large. This must
be taken into considered when selecting an inductor. It was also
assumed that the amplifier input resistance is much greater than
the impedance of C, at the oscillating frequency. Because of the
inductor resistance and the amplifier input resistance, and
because of stray capacitance effects when the oscillator operates at
a high-frequency, the amplifier voltage gain usually has to be
substantially larger than C,/C,.

{nverting R,
anpiifier

Circuit Design
Colpitts oscillator design can commence with selection of the

smallest capacitor (C)) much larger than stray capacitance, or with
selection of a convenient value of L. To keep the amplifier input
voltage to a fairlylow level, the feedback network is often designed
to attenuate the output voltage by a factor of 10. This requires
that C,/C, = 10. (It should be recalled that large A, values require
larger op-amp bandwidths.) Also, X, should be much larger than
the amplifier output impedance. Using the desired oscillating
frequency, L can be calculated from Eq. 16-4. Amplifier input
resistor R, must be large enough to avoid overloading the feedback
network, (R, >> X.). Resistor R, s determined from Ag and R;.

Example 16-2
Design the Colpitts oscillator in Fig. 16-5 to produce a 40 kHz output
frequency. Use a 100 mH inductor and an op-amp with a =70V supply.

Figure 16-4

A Caipitts oscillator consists of an
inverting amplifier and an LC
phaseshitting feedback network.
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Solution

From Eq. 16-4,

Foric; =70 C.”

From Eq. 16-3,

Select

from Eq. 16-6,

| 1
4 2L 47 % (40 kH2)? x 100 mH
153.8 pF

~10C, = 10x153.8 pF
1538 pF (use 1500 pF standard value)

i

1 1

(1/C) - (1/C,)  (1/158.3 pF) - (1/1500 pF)
= 177 pF (use 180 pF standard value)

1 1

2nfC,  27x-40kHz x 180 pf
22kQ

, >> Z, of the amplifier

I 1

T 2mfC,  2mx 40 kHz x 1500 pF
= 2,65 kQ

HF¥ xf.T
= 10X, =10x265kQ
= 26.5 kQQ (use 27 kQ standard value)

1500 pF
180 pF

&
c

1
7

d.33

, = Ay Ry = 8332740

= 225 k(2 (use 270 kQ standard value)

= R|IR, = 27 kQ||270 kQ
= 24.5 kO (use 27 kQ standard value)

Rz
270 k2
+Vee
R +10V
I7k0 2
RJ -V“
Tk -lov

Ly
- '
. J_ 100 mH J_
- 0

1500 oF | 180 oF I

Figure [6-5
Colpitts  oscillator circuit for
Example 16-2.

The op-amp full-power bandwidth (f ) must be a minimum of 40 kHz when v,
~=9Vand A, = 8.33.

from Eq. 15-2,

from Eq. 15-3,

£

SR

= A xf, = 833 x 40 kHz
333 kHz

=2nfpop7?_rr\r.40kHzx8V
= 2 Vius
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BJT Colpitts Oscillator

A Colpitts oscillator using a single BJT amplifier is shown in Fig.
16-6(a). This is the basic circuit, and its similarity to the op-amp
Colpitts oscillator is fairly obvious. A more complex version of the
circuit is shown in Fig. 16-6(b). Components Q,. R;, R,, R, and C;
in (b) are unchanged from (a). but collector resistor R is replaced
with inductor L,. A radio frequency choke (RFC) is included in
series with V. and L,. This allows dc collector current (I) to pass,
but offers a very high impedance at the oscillating frequency, so
that the top of L, is ac isolated from V. and ground. The output
of the LC network (L, C,. C) is coupled to via C, to the amplifier
input. The circuit output voltage (v,) is derived from a secondary
winding (L,) coupled to L,. As in the case of the BJT phase shift
oscillator, the transistor current gain is important. Circuit analysis
gives Eq. 16-4 for frequency, and for current gain,

C_l
Rreminm = G (16-7)
2
5 imverting O Vrr
jemplifier

Cc

L]
1
I
T
I
i {b) Practical circuit

(a) Basic circuit

\Practise Problems
1621 Design a Colpitts oscillator circuit to produce a 12 kHz, =10V
output. Use a 747 op-amp.

16-22 Design the oscillator in Fig. 16-6(2) to preduce a 20kHz, 6V p-to—p
output. Use a 10 mH inductor and assume that the BJT has h,, =

26 Q and h, = 1.5 k).

Figure 16-6

Colpitts oscillator using an
inverting BIT amplifier and an LC
feedback network.
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16-3 Hartley Oscillators

Op-Amp Hartley Oscillator

The Hartley oscillator circuit is similar to the Colpitts oscillator,
except that the feedback network consists of two inductors and a
capacitor instead of two capacitors and an inductor. Figure 16-7(a)
shows the Hartley oscillator circuit, and Fig. 16-7(b) illustrates the
fact that L, and L; may be wound on a single core so that there is
mutual inductance (M) between the two windings. In this case, the
total inductance is.

Ly=L +L,+2M (16-8)

L,

Figure [T6-7

Hartley oscillator circo t Using an
op-amp inverting amp! fer and an
LC feedback network

(byL; and Ly wound

on a single core

{a) Oscillator cireuit

Oscillation occurs at the feedback network resonance frequency ;
f= 1—
2 n/(C, L)
The attenuation of the feedback network is.
X

B =_ U
X1~ Xoi

(16-9)

It can be shown that the required 180° phase shift occurs when
Xz = Xp- X
The loop gain must be a minimum of one, giving;

L,

Actming =7 116-10)
1

Design procedure for a Hartley oscillator circult is similar to that

for a Colpitts oscillator.
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Example 16-3

Design the Hartley oscillator in Fig. 16-8 to produce a 100 kHz output
frequency with an amplitude of approximately 8 V. For simplicity, assume
that there is no mutual inductance between L, and L,.

R;
Solution i
Ve=u,+1V=2BV+1V) FVee
=9V
X.>>1, of the amplifier
select X.=1kQ
i - X, 1kQ
° 2nf  2mx100kHz
=1.59 mH (use 1.5 mH standard value)
L, 1.5mH
select L, =—= =
10 10

=150 uH (standard value)

Figure 16-8
. Hartley oscillator ~ circuit  f
L, =L, +L,=15mH + 150 uH (assuming M = 0) E;;m;};e 125? Rhe IR
=1.65 mH
1 1

From Eq. 16-9, L, = =
4 T aAm L,  4mx (100 kHz2)? x 1.65 mH

=1535 pF  (use 1500 pF with additional paralle!
capacitance, if necessary)

C, >> stray capacitance

X, = 2mfl,=2mx100kHzx 150 uH
= 94.2Q
R, >> X,
Select R, =1 kQ (standard value)
From Eq. 16-10,
v X [, 1.5mH
Cumin) = 7"~ J50uH
=10

R, =Aq R =10xTkQ
= 10 kQ) (standard value)

R, = RJIR, = 1 kQI[10 kQ
=909 ) (use 1 kQ standard value)
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The op-amp full-powerbandwidth (f)) must be a minimum of 100kHz when
v, = x8Vand A, = 10.

from Eq. 15-2, f, =Aqxf=10x100 kHz

1 1\1HZ

from Eq. 15-3, SR=2nr’lﬂl~a=2nx100ka8V
=5Vus

BJT Hartley Oscillator

Figure 16-9 shows the circuit of a Hartley oscillator using a BJT
amplifier. The basic circuit in Fig. 16-9(a) is similar to the op-amp
Hartley oscillator, and its operation is explained in the same way
as for the op-amp circuit, Note that coupling capacitors C, and C;
are required to avold de grounding the transistor base and
collector terminals through L, and L,

[n the practical BJT Hartley oscillator circuit shown in Fig. 16-
9(b) L,, L, and C, constitute the phase shift network. In this case,
the inductors are directly connecred in place of the transistor
collector resistor (Rg). The circuit output is derived from the
additional inductor winding (L.). The radio frequency choke (RFC)
passes the direct collector current, but ac isolates the upper
terminal of L, from the power supply. Capacitor C, couples rhe
output of the feedback network back to the amplifier input,
Capacitor C, at the BJT collector in Fig. 16-9(a) is not required in
Fig. 16-9(b), because L, is directly connected to the collector
terminal. The junction of L, and L, must now be capacitor coupled
to ground (via C,) instead of being direct coupled.

".m'err.m;
|amplifier

(b) Practical circuit

(a) Basic circuit

Figure 16-9

Hanley oscillator consisting of a
BT inverting amplifier and an (C
feedback network.
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Practise Problems
16:3.1 A Hartley oscillator circuit using a 741 op-amp is to produce a 7
kHz, +10 V output. Determine suitable component values.

1632 Analyze the BJT Hartley oscillator in Fig. 16-9(b) to determine the

oscillating frequency. Some of the componentvalues are: L, = L, =

4.7 mH; C, = 600 pf, C, = C; = 0.03 uF. The mutual inductance
“between L, and L, is100' uH. '}

16-4 Wein bridge Oscillator

The Wein bridge is an ac bridge that balances only at a particular
supply frequency. In the Wein bridge oscillator (Fig. 16-10), a Wein
bridge circuit is used as a feedback network between the amplifier
output and input. The bridge is made up of all of the resistors and
capacitors. The operational amplifier together with resistors R, and
R, constitute a noninverting amplifier. The feedback network from
the amplifier output to its noninverting input terminal is made up
of components C,, R;, C;and R,.

| Feedback | | Koanvering amphfier
lmmmk iy
I C:l Il
I ' I
| 3 1 + VCC Gupul
| R % i | [ vollage
|| — [ | i s
1| Il s =
Ty ) ¢} |
1 5 | 1
R;

! \ r i ? : i fredback
| J_ 11 - voltage
| = wl I | q_
I G 71 = oF
[ I Ry =2
| L |
| 1) I

Il e

At the balance frequency of the Wein bridge, the feedback voltage
is in phase with the amplifier output. This (in-phase) voltage is
amplified to reproduce the output. At all other frequencies, the
bridge is off balance; that is, the feedback and output voltages do
not have the correct phase relationship to sustain oscillations.
The Barkhausen requirement for zero loop phase shift is fulfilled in
this circuit by the amplifier and feedback network both having zero
phase shift at the oscillation frequency.

Analysis of the bridge circuit shows that balance is obtained
when two equations are fulfilled:

I R (16-11)

—_ e ——

Ry, R G

Figure 16-10

The Wein bridge oscillator circuiz
uses an operational amplifier and
& Wein briclgewhich halances at 2
particular frequency.
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1
and, T . — (16-12)
1R, C,R, C))

IfR,C, = R,C,. Eq.16-12 yields,

1
. 16-13
S R, C, : )

For simplicity. the components are often selected as. R, = R, and
C, = C,. causing Eq. 16-11 to give,

R, = 2R, (16-14)

In this case. the amplifier closed-loop gain is. A, = 3.

Sometimes it is preferable to have an amplifier voltage gain
substantiallv greater than 3, then the relationship beitween the
component values is determined by Equadons 16-11 and 16-12.

Design of a Wein bridge oscillator can be commenced by selecting
a current level for each arm of the bridge. This should be much
larger than the op-amp input bias current. Resistors Ry and R, can
then be calculated using the estimated output voltage and the
closed-loop gain. After that, the other component vahies can be
determined from the above equaiions.

An alternative design approach is to start by selecting a
convenient value for the smallest capacitor in the circuit. The
other component values are then calculated from the equations.

Example 16-4
Design the \Wein bridge oscillator in Fig. 16-11 to produce a 100 kHz, <9V
output. Design the amplifier to have a closed-lnop gain of 3.

Solution

V=2V, +1V) =29V =1V

= =10V
c: L
for A, =3, R, =R,and C, = C, v
: R:

also, R, =12R, 1.3k
select, €, = 1000 pF (standard value

C, = C, = 1000 pF

1 1 &

From Eq. 16-13, R, =

1000

2nfC,  2mx 100 kHz x 1000 pF
1.59 kQ {use 1.5 kQ standard value)

R, =R, =15kQ ’
£ Figure 16-11
Wein bridge oscillator circuit for
solect, R, = R, = 1.5 kQ (standard value) Example .'g 4
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R, =2R,=2x1.5 ki
= 3 kO (use 3.3 kQ standard value)

The op-amp must have a minimum full-power bandwidth (f;) of 100 kHz
when v, = x9Vand Ag = 3.
f, =Aqx=3x100kHz

= 300 kHz

from Eq. 15-2,

SR=2mf,y =21x100 kHzx 9V

= 5.7 Vius

from Eq. 15-3,

Practise Problems
164.1 Resistors R; and R, in Fig. 16-11 are switched to (a) 15k and (b)
5.6 kQ. Calculate the new oscillating frequency in each case.

16-42 A Wein bridge oscillator using an op-amp is to produce a 15 kHz,

+14 V output. Design the circuit with the amplifier having A, = 11.

16-5 Oscillator Amplitude Stabilization

Output Amplitude

For all of the oscillator circuits discussed, the output voltage
amplitude is determined by the amplifier maximum output swing.
The output waveform may also be distorted by the amplifier output
saturation limitations. To minimize distortion and reduce the
output voltage to an acceptable level, amplitude stabilization
circuitry must be employed. Amplitude stabilization operates by
ensuring that oscillation is not sustained if the output exceeds a
predetermined level.

Diode Stabilization Circuit for a Phase Shijt
Oscillator

The phase shift oscillator discussed in Section 16-1 must have a
minimum amplifier gain of 29 for the circuit to oscillate. Consider
the oscillator circuit in Fig. 16-12(a) that has part of resistor R,
bypassed by series-parall=l connected diodes. When the output
amplitude is low, the diodes do not become forward biased, and so
they have no effect on the circuit. At this time, the amplifier
voltage gain is. Ay, = R,/R,. As always for a phase shilt oscillator,
A, is designed to exceed the critical value of 29. When the output

Ry

(a) Phase shift oscillator with
amplitude stabilization

D; Di

(b) Use of adjustable resistor
for distortion control

Figure 16-12

amplitude becomes large enough to forward bias either D; and D,,
or D, and D,, resistor R, is short-circuited, and the amplifier gain
becomes, A, = R;/R,. This is designed to be too small to sustain
oscillations. So, this circuit cannot oscillate with a high-
amplitude output, however it can (and does) oscillate with a low-

amplitude output.

The output amplitude of a phase
shift oscillator can be fimited by
using diodes to modify the
amplifier gain.
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In designing the amplitude stabilization circuir, the inverting
amplifier is designed in the usual manner with one important
difference. The current (1)) used in calculating the resistor values
must be selected large enough to forward bias the diodes into the
near-linear region of their characteristics, This usually requires a
minimum current around 1 mA. Resistor R, is calculated using,

v /29
L= of (16-15)
II
and R, is determined as,
R,= 29 R, (16-16)

The diodes should become forward biased just when the output
voltage is at the desired maximum level. At this time, I, produces a
voltage drop of 2 V. across R,

2V,

S0, R,= (16-17)
1,

and, R.= Ry- R,

The resultant component values should give (R, + RJ/R, slightly
greater than 29, and R./R, less than 29.

Some distortion of the waveform can occur if (R, = RJ/R, is
much larger than 29, however, attempts to make the gain close to
29 can cause the circuit to stop oscillating. Making a portion of R
adjustable, as illustrated in Fig. 16-12(b). provides for gain
adjustment to give the best possible output waveform. Typically, R,
should be approximately 40% of the calculated value of R, and R,
should be 80% of R.. This gives a 20% adjustment of R..

The diodes selected should be low-current switching devices, The
diode reverse breakdown voltage should exceed the circuit supply
voltage, and the maximum reverse recovery time (t,,,,,.) should be
around one-tenth of the tinie period of the oscillation frequency.

T
t = = 16-18
rrimax) 10 '[ )

Example 16-5

Design the phase shift oscillator in Fig. 16-13 to produce a 5 kHz, =5 V
output waveform.

Solution

Select L =1 mAwhen v, =5V
V

Eq. 16-15, R, = L _SMRY

5 1 mA
=170 Q (use 150 Q)



Chapter 16 — Signal Generators 545

Eq. 16-16, R, =29R,=29x150Q
=44 kQ
) 2V 2x07V
Eq. 16-17, = o
'3 1 mA

= 1.4 kQ (use 1.5 kQ standard value)

R. =R,-R,=4.4KkQ-1.5kQ
=2.9kQ

R, =0.4R,=04x29kQ
= 1.16 Q (use 1 kQ adjustable)

R- =0.8R, = 0.8x2.9kQ
= 2.32 kQ (use 2.7 kO standard value)

R; =R, = 4.4 kO (use 4.7 kQ standard value)

R =R, =1500

1 - i
T 2nRfV6 2mx130Qx5 kHzx Ve
= 0.087 F (use 0.082 LF standard value)

From Eq. 16-1, €

Diode Stabilization Circuit for a Wein Bridge Oscillator
Figures 16-14, and 16-15 show two output amplitude stabilization
methods that can be used with a Wein bridge oscillator. These can
also be applied to other oscillator circuits. because they all operate
by limiting the amplifier voltage gain.

The circuit in Fig. 16-14 uses diodes and operates in the same
way as the amplitude control for the phase-shift oscillator.
Resistor R, becomes shorted by the diodes when the output
amplitude exceeds the design level, thus rendering the amplifier
gain too low to sustain oscillations.

FET Stabilization Circuit for a Wein Bridge Oscillator
The circuit in Fig. 16-15 is slightly more complex than the diode
circuit, however, like other circuits, it stabilizes the oscillator
output amplitude by controlling the amplifier gain. The channel
resistance (ry) of the pchannel FET (@) is in parallel with resistor
R,. Capacitor C;ensures that @, has no effect on the amplifier de
conditions. The amplifier voltage gain is,

= ﬁ:ﬂ_“ntﬂﬁ (16-19)

RylIrps

The FET gate-source bias voltage is derived from the amplifier ac
output. The output voltage is divided across resistors R; and R,

Figure 16-13
Amplitude-controlled phase shift
oscillator circut for Ex. 16-5.

Al

Figure 1l6-14

Wein bridge oscillator with its
output amplitude stabilized by a
diode circuit that modifies the
amplifier gain.
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and rectified by diede D,. Capacitor C, smoothes the rectified
waveform to give the FET dc bias voltage (Vg . The polarity shown
on the circuit diagram reverse biases the gate-source of the p-
channel device. When the output amplitude is low, Vg is low and
this keeps the FET drain-source resistance (ry) low. When the
output gets larger, Vi is increased causing ryg to increase. The
increase in r reduces Ay, thus preventing the circuit from
oscillating with a high output voltage level. [t is seen that the FET
is behaving as a voltage variable resistance (VVR).

(.JJ“

]
it I<1 D. ki Figure 16-15

Wein bridee oscillator with the

% cutput ampltude stabilized by a

. FET woltage controffed resistance
=R Vi X et

1|}——

Design of a FET Stabilization Circuit

To design the FET amplitude stabilization circuit. knowledge of a
possibly suitable FET is required: in particular, the channel
resistance at various gate-source voltages must be known.

Suppose the circuit is to oscillate when rp =6 k@2 at Vg = 1V,
and that the peak output is to be V., =6 V. Resistors R; and R,
should be selected to give Vo =1 Vwhen V= 6V, allowing for
V,-across the diode. Capacitor C, smoothes the half-wave rectified
waveform, and discharges via R, during the time interval between
peaks of the output waveform. The capacitance of C, is calculated
to allow perhaps a 10% discharge during the time period of the
oscillating frequency. The voltage divider current (/) shbuld be a
minimum of around 100 pA for satisfactory diode operation.

C, is a coupling capacitor: its impedance at the oscillating
frequency should be much smaller than the r of the FET.
Resistors R; and R, are calculated using Eq. 16-19 to give the
required amplifier voltage gain when r = 6 kQ.

Example 16-6

Design the FET output amplitude stabilization circuit in Fig. 16-16 to limitthe
output amplitude of the Wein bridge oscillator in Example 16-4 to =6 V.
Assume that the ry, = 500 Q at Vo = 1V, and 800 Q at Ve = 3 V.
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Solution
Select R,
R-'r“rf_?n
for Ag = 3, R,
Select, I
R
R.

C, discharge voltage,
AV

C, discharge time, T

Xes

= fpeat V=1V g [
= 600 Q (use 560 Q) 1600pE +Viee
o R;
= 560 QI|600 £2 15k
= 2900 1
>
R
= 2R lIr) = 2x290Q 68082 Rs
e : Cy 72 k0
= 640 Q (use 680 Q) "_'“_I |15
0.03 pF D: g
= 200 pAwhen V., =6V C. 0, >
peak d R . ]
Vo 1V g T 2. eal
- - oozuf| R
L. 200pA | 47k
= 5 k0D (use 4.7 kQ) —.l-_:
Ve~ s + V) 6V-11V +0.TY)
= - Figure 16-16

I
21.5 kQ (use 22 kQ)

I

200 pA x 10 s
Ve oV
.02 uF (standard value)

1 1

1Ve=01x1V= LN

200 pA

at the oscillating frequency

Wein bridge oscillator circuit for
Example 16-6,

s e
37 2mfry/10 2 mx 100 kHz x 500 Q/10

= (.032 uF (use 0.03 uF)

D, should be a low current switching diode withat, <<T,

16-5.2 Modify

output amplitu

Practise Problems
1651 An op-amp phase shift oscillator is to produce a 3.3 kHz, £7 V
output. Design the circuit to use diode amplituce stabilization.

the Wein bridge oscillator circuitin Ex. 16-4 to stabilize the
de to 5 V. Use the diode circuit in Fig. 16-14.




548 Electronic Devices and Circuits, 4th ed.

16-6 Square Wave Generatcr

A square wave generator can be constructed by adding a resistor
and capacitor to an inverting Schmitt trigger circuit (see Section
14-10). Figure 16-17 shows the circuit, which is also known as an
astable multivibrator. The operational amplifier together with
resistors R; and R; constitute the inverting Schmitt trigger circuit.
Capacitor C,; controls the voltage at the Schmitt input. and
resistor R, charges and discharges C, from the Schmitt output.

The circuit waveforms in Fig. 16-17 illustrate the square wave
generator operation. When the output is high (a1 the op-amp
output saturation level), current flows through R, charging C,
positively until 1-; equals the Schmitt UTP. The Schmitt output
then switches to the op-amp negative saturation level. Current
now commences to flow out of the capacitorvia R,. causing i, to
decrease until it arrives at the LTP of the Schmitt circuit, A' this
point, the Schmitt output switches to its positive level once again,
and the cycle recommences.

Design of this very simple square wave generator involves design
of the Schmitt trigger circuit, and determination of suitable R, and
C, values for the trigger voltage levels and the required charge and
discharge times. Selecting the UTP and LTP very much smaller
than the op-amp output levels keeps the voltage drop across R,
approximately constant. This means that the capacitor charging
current is also maintained fairly constant, and so the simple
constant-current equation can be used for the capacitor;

I xt
AV

2

(16-20)

In Eq. 16-20, I, is the average charging current to the capacitor
(through R)), tis the charging time (see Fig. 16-17), and AV is the
capacitor voltage change between the UTPand LTP, as illustrated.
Charging current I, should be selected much larger than the op-
amp input bias current; then R, and C, are calculated.
Alternatively, a convenient value of C, can first be selected. The
level of I, is then determined from Eq. 16-20.

Figure 16-1"

Q;Ir:mm Wave peneritor
of an inverting ScFmue
.'I'\.(_ e

ctrcut and a serws

nnsiting

trigger
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If a Schmitt trigger circuit with a large difierence between the UTP
and LTP is used. the capacitor changing equation! is,

e.=2E-(E-E)s"RC (16-21)

Example 16-7

Design the square wave generator in Fig. 16-18 to produce a 1 kHz square
wave with an amplitude of approximately +14 V. Use a 747 op-amp.

Solution
Vir
Vs
Select Vs
Select I
R.T
R,
t
AV
Select (o

From Eq. 16-20, [,

/]
v Rifave)

R;

t

=V, +1V) =214V +1 \i
e B 00"

i

UTP = -LTP << Vg
=05V

=100/

may) = 100 x 300 nA
50 A

E " 05V
L, SOpA
10 kQ (standard value:
Vo-Vea _14V-03V
i 50 A

270 kQ (standard value!

T 1 1 Figure 16-18
=S Sejirare wave generator circuit for
Example 16-7

=UTP-LTP=05V-{-05V)
=1V
= 0.1 uF (convenient value)

G AV 0apFx1V

t 0.5 ms
= 200 A
= 14V
B Vi B 14V
1, 200 pA

= 70 kQ ( use 68 kQ) standard value)

1 Pavid A. Bell, Salid State Pulse Circuits 4th ed., (1987) p. 33.
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Practise Problems
1661 The square wave generator designed in Example 16-7 is to be

modified to make the output frequency adjustable. Determine the
maximum and minimum values for R, to produce a frequency range

of 500 Hz to 5 kHz.

1662 A Schmitt trigger circuit with 0.8 V trigger points and a 9 V
supply is to be used in a 9 kHz square wave generator (as in Fig.
16-17). Determine suitable R, and C, values.

16-7 Triangular Wave Generator

Integrator
The circuit in Fig. 16-19is an integrator: its output amplitude can

be shown 10 be directly proportional to the area of the input pulse
(amplitude x time). The circuit is simiar to an op-amp inverting
amplifier, except that capacitor C, replaces the resistor usually
connected between the output and inverting input terminals. As
in the case of the inverting amplifier, the op-amp inverting input
terminal remains at ground level (a virtual ground) because the
noninverting input is grounded. The output voltage depends upon
the capacitor charge:

V= Vi

If the capcitor chargeis Vi, = 0. then the outputis V, = 0.If Vi, =
-1 V (negative on the right, as {llustrated), V, = -1 V.If Vg =+1V
(positive on the right), V, = +1 V.

The circuit input current is,

With V, constant, I, is a constant current flowing into C,. The
capacitor constant current charging equation can be used to

calculate the capacitor voltage:
_ Lt

V.=
cl CI

It
or, ¥V, = —
cl

(16-22)

In Eq. 16-22, tis the time duration of I, or the input pulse width,
as illustrated in Fig. 16-19,

When the input voltage is positive (+V), I, is a positive quantity
flowing through R, and into C, in the direction shown on the
circuit diagram. This causes C, to charge, positive on the left,
negative on the right, as lllustrated. With the input voltage
constant, I, is a constant current, and V,, Increases constantly in
a negative direction, as shown. When the polarity of the input
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vl
N
p—t

voltage is reversed (to -V). the direction of I, is reversed. and the
charging direction of C, is also reversed. Thus, V, commences to
grow in a positive direction. So. a square wave input to the
integrating circuit produces a triangular wave output, as
illustrated.

+Vy e g R

—AW— Ve |

L

Integrator Combined with Schmitt Trigger

Figure 16-20 shows an intedrator combined with a noninverting
Schmitt trigger circuit, (see Section 14-10). As will be explained.
this combination constitutes a triangular waveform generator. The
Schmitt trigger output is applied to the integrator input, and the
integrator output functions as the Schmitt circuit input. The
waveferms illustrate the operation of the circuit.

inregrator — -

+Veq

During the time from instant ¢, to instant t,. the Schmitt output
is positive (at +V, ), and the integrater output is changing at a
constant rate in a negative-going direction. The output change is
AV; from +V, to -V,. The Schmitt circuit is designed to have upper
and lower trigger points (UTP and LTP) equal to the desired levels of
+V, and -V,. Thus, when the integrator output arrives at the LTP,

Figure 16-19

An integrator circuit prode. e i
Ir:'angular waveform output ~o~
a square wave input.

Figure 16-20
Triangular waveform genesats
consisting of a nonine

Schmitt trigger circuit ard an
integrator. The Schmitt output &
the integrator input. ard the
integrator output 15 apphed 23 the

Schmitt input.
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the Schmitt output (the integrator input) switches from +V,.,, 10 -
Vsaye The integrator input is now a constant negative voltage, so
that the integrator output direction is reversed. From t, to t; the
integrator output increases linearly from -V, to +V,, that is from
the Schmitt LTP to its UTP. At the UTP the Schmitt output reverses
again, causing the integrator output to reverse direction once
more. The cycle repeats again and again producing a triangular
waveform at the integrator output terminal.

The frequency of the triangular output wave can be varied by
altering the charging rate of capacitor C;. This is done by making
R, adjustable, so that I, can be increased or decreased. Reducing
the resistance of R, increases the level of I, and causes C, to be
charged faster. This reduces the time (t) between +V_ and -V, and
thus increases the output frequency. An increase in the resistance
of R, reduces I, increases t. and results in a lower output
frequency. The output amplitude of the triangular wave can be
varied by altering the Schmitt UTP and LTP. This can be done by
making one of the Schmitt resistors (R, or Ry partially adjustable.

Circuit Design

A waveform generator is normally designed to produce a specified
output amplitude and frequency. This means that the Schmitt
Circuit trigger points must be equal to the required positive and
negative output peaks of the triangular wave, (see Section 14-10).
Also, the integrator has to accept the Schmitt output as its input,
and its capacitor charging time should equal half the time period
of the specified output frequency. Resistor R, might be made
partially variable to precisely set the output to the required
frequency.

Example 16-8
Design a triangular waveform generator to produce a =3V, 500 Hz output.
Use 747 op-amps with a =9 V supply.
Solution
Integrator design:

Vi = 2V -1V = 2(9V-1V)
8V

I

AV = 4V - (V,) = 3V-(3V)

=6V
Iy 2> Iy, for the op-amp
select, I =1mA
Vv, 8V
R; =/ = —
7, 1TmA

8 kQ (use 8.2 k2
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It TmAx 1 ms
AV 6V
= 0.16 pF (use 0.15 standard valuel

fromEq. 16-22. G, =

Schmit design-

select, I,=1mA

uTeP jv

Ry S e

& 13 1 mA

= 3 k(2 tuse 3.3 k(D)

Vv 8V

Rj = . =—
/ 1T mA

= 8 kQ (wse 8.2 kb

Practise Problems
1671 A triangular waveform generator circuit (as in Fig. 16-21) has the
following component values: R, = 4.7 kQ, R, = 3.9 kQ, R, =22
kQ, C, = 0.05uF. If the supply is Ve = =12V determine the |
amplitude and frequency of the output.

16-7.2 Design a triangular wave generator to have V, = =2.5V, and an
output frequency adjustable from 200 Hz to 400 Hz. Use 741 op-
amps with Ve = £15 V.

16-8 Oscillator Frequency Stabilization

Frequency Stability

The output frequency of oscillator circuits is normally not as
stable as required for a great many applicatons. The component
values all have tolerances, so that the actual oscillating frequency
may easily be 10% higher or lower than the desired frequency.
However, by making a capacitor or resistor partally adjustable, the
frequency of most oscillator circuits can be set fairly precisely.
Such adjustments may not be convenient in production circuits.

A further problem is that component values vary with the
changes in temperature, and this causes changes in oscillating
frequency. The component temperature changes might be due to
variations in the ambient temperature, or the resultof component
power dissipation. A well-designed circuit {of any tyme) normally
uses as little power as possible to avoid component heaung and Lo
reduce the power supply load. Oscillator frequency stability can be
dramatically improved by the use of piezoelectric crystals.

Figure
TriznBular w2

desigried ir

16-21

eform  generator
"6-8.
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Piezo Electric Crystals

If a mechanical stress is applied to a wafer of quartz crystal, a
voltage proportional to the pressure appearsat the surfaces of the
crystal, [see Fig. 16-22(a)]. Also, the crystal vibrates, or resonates,
when an alternating voltage with the natural resonance frequency
of the crystal is applied to its surfaces, [Fig. 16-22(b)]. All materials
with this property are termed piezoelectric. Because the crystal
resonance frequency is extremely stable, piezoelectric crystals are
used to stabilize the frequency of oscillators.

vibeation I sibranon |
¥ ¥ :

M+ G‘ 4+ 4 : J
(2) Crystal with mechanical stress (b) Crystal with alternating voltage

Quartz crystals for electronics applications are cut from the
natural material in several different shapes. The crystals are
ground to precise dimensions, and silver or gold electrodes are
plated on opposite sides for electrical connections. The crystal is
usually mounted inside a vacuum-sealed glass envelope or in a
hermetically-sealed metal can. Figure 16-23 shows a typical crystal
contained in a metal can enclosure. Crystals are also available in
surface-mount and other tvpes of enclosures.

Crystals  Equivalent Circuit

The electrical equivalent circuit for a crystal is shown in Fig. 16-
24(a). The crystal behaves as a series RLC circuit (R, L, CJ) in
parallel with the capacitance of the connecting terminals (C,). The
series RLC components are referred to as the motional resistance
(R,). the motional inductance (L), and the motional capacitance (C),
because they represent the piezoelectric performance of the crystal.

C. is sometimes referred to as a parasitic capacitance. Because of
the presence of Cp. the crystal has a parallel resonance frequency
U;,l when Cp resonates with the series circuit reactance, as well as
a series resonance frequency (f), when L, and Cg resonate. At series
resonance the device impedance is reduced to R,, and at parallel
resonance the impedance is very high.

Figure 16-24(b) shows that, like all RLC circuits, the impedance
of the crystal equivalent circuit is capacitive below the series
resonance frequency and inductive above f. At frequencies greater
than f,. the series RLC circuit becomes inductive until it resonates
with the parallel capacitance at f. The impedance of the complete
cireuit then becomes capacitive (with increasing frequency) as the
reactance of C_ is reduced. The two resonance frequencies (f; and
_};) are very close logether.

A measure of the quality of a resonance circuit is the ratio of
reactance to resistance, termed the § factor. Because the resistive
component of the crystal equivalent circuit is relatively small,

Figure 16-22

A piezoelectric crystal under
stress produces a surface voltage.
It also vibrates when an ac voltage
is applied to its surfaces.

10¢ kHz

Figure 16-23
Electronic crystal contained in a
metal can.
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crystals have very large Q factors. Crystal Q factors range
approximately from 2000 to 100 000, compared to a maximum of
about 400 for an actual LC circuit. Resonance [requencies of
available crystals are typicallv 10 kHz to 200 MHz.

(P
| .
i
. i
mﬂ_tini: al R; inductive
resistance
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matioasl e = o5 impedasnce () ey = -
inductance ls —"'w:mm frequency
CapacHiance
motenal i
: c’ capaiiting
l ‘ /
o] !

{a) Crystal equivalent circuit (b Crastal impedance frequency graph

When a series LRC eircuit is operating at its resonance lrequency
the inductive and capacitive reactances cancel each other, and the
power supplied is dissipated in the resistance. If the power
dissipation increases the temperature of a erystal, the resonance
frequency can drift by a small amount. Most crystals maintain
their frequency to within a few cveles of the resonance frequency
at 25°C. For greater frequency stability. crystals are someumes
enclosed in an insulated. thermostatically controlled. crystal oven.

Crystals Control of Oscillators

The frequency of an oscillator may be stabilized by using a crystal
operating at either its series or parallel resonance frequency. The
circuit is then usually referred to as a crystal oscillator.

In many circuits the crystal is connected in series with the
feedback network. The crystal offers a low impedance at its series
resonance and a high impedance at all other frequencies, so that
oscillation occur only at the crystal series resonance [requency.
The Pierce oscillator in Fig. 16-25 would appear to be such a
circuit, however, it actually operates as a Colpitts oscillator.
Capacitors C, and C, are present at the input and output of the
inverting amplifier [compare to Fig. 16-6(a)]l. A Colpitts oscillator
also has an inductor connected between the amplifier input and
output. In Fig. 16-25 the crystal behaves as an inductance hy
operating at a frequency slightly above f,. (see Fig. 16-24).

The circuit in Fig. 16-25is often used as a square wave generator
or clock oscillator for digital circuit applications. In this situation,
(he amplifier gain is made as large as possible, so that @, is driven
between saturation and cutofl to produce a square wave output.

Figure 16-26 shows one method of modifying a Wein Bridge
oscillator for frequency stabilization. The crystal is connected in

Figure 16-24

The equivalent circait for
prezoelectric crystal s a senes RLC
with a parallel capacitance. Th
circtit has  hwo  resonante
frequencies: () apd ).

- I ]
> c
Ry ==, =
Figure 16-25

Pierce oscillator circuit using a
crystal that operates at its senes
resnnance frequency.
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series with C, and R, and in this situation it offers a low
resistance at its series resonance frequency (f)). and a relatively
high impedance at all other frequencies. Feedback voltage from the
output via C, and R, is severely attenuated at all frequencies
except f.. so the circuit can oscillate only at f,.

A crystal-controlled Wein bridge oscillator circuit is first designed
without the crystal. A crystal is selected with f; equal to the
desired frequency. Then, the circuit is modified by subtracting the
crystal series resonance resistance (R,) from the calculated value of
the series resistor, (R, in Fig. 16-26). Alternatively, circuit design
could start by selection of a crystal. R, is then made larger than R,
and R, = (R, + R). C, and C, are caleulated from f, and R,

The crystal power dissipation must be kept below the specified
maximum. Too much power can overheat the crystal and cause
drift in the resonance frequency. Also, like other devices, too much
power dissipation can destroy a crystal. Typical maximum crystal
drive powers are 1 mW to 10 mW, but manufacturers usually
recommend operating at 1/10 of the specified maximum.

The de insulation resistance of crystals ranges from 100 MQ to
500 M. This allows them to be directly connected into a circuit
without the need for coupling capacitors. Care must be taken in
any crystal oscillator circuit to ensure that the crystal does not
interrupt the flow of a necessary direct current.

The typical frequency stability of oscillators that do not use
crystals is around 1 in 10% This means, for example, that the
frequency of a 1 MHz oscillator might be 100 Hz higher or lower
than 1 MHz. Using a crystal, the frequency stability can be
improved to better than 1 in 105 which gives a 1 Hz variation in
the output of a 1 MHz oscillator.

Example 16-9
Redesign the Wein bridge oscillator in Example 16-4 to use a 100 kHz crystal

with Ry = 1.5 k0.

Solution
select R, =2R =2x15kQ
= 3 kQ (use 2.7 kQ standard value)

R, =R, +R=27kQ+15kD

= 4.2 k02 (use 3.9 kQ standard value)
1 B 1

T2nfR, 2mx100kHzx3.9kQ

= 408 pF (use 390 pF standard value)

From Eq. 16-13, C,

R, = R, = 3.9 kQ (standard value)

R, =2R,=2x39kD
= 7.8 kQ (use 8.2 kQ standard value)

f

Y
R

T
qu
]

Figure 16-26

Use of a series-connected crystal
to stabilize the frequency of a
Wein bridge oscillator circuit.

R;

Ry

il

-
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Example 16-10

The Pierce oscillatorin Fig. 16-27 has a crystal withf, = 1 AMHz and R, =700
Q. Calculate the inductance offered by the crystal at the ~ircuit oscillating
frequency. Also, estimate the power dissipated in the cnstal.

Solution
LGy 1000 pF x 100 pF
eq. 16-5, e — = —
C,+C, 1000 pF + 100 pF
= 90.9 pF
at resonance, X, =Xg
) 1
211l =—
2nfc;
1 1
ar, L = S :
2rH?C, (2mx1MHz x90.9 pF
= 279 uH
™ 5V
P TR +R+R ITMR+10kQ - 000
=3 UA

P, =10707 i )* R = (0.707 x 5 LAI x T00 02
=9 nW

Practise Problems

16-8.1

16-8.2

16-8.3

A 40 kHz crystal with R, = 3 kQ is to be used with the Colpitts
oscillator in Fig. 16-5. Determine the necessary circuit modificat’ns
and estimate the peak power dissipation in the crystal.

A Pierce oscillator (as in Fig. 16-27) has a crystal withl = 500 uH at
f, = 1 MHz. Select suitable capacitor values and calculate the
minimum amplifier voltage gain.

Design a 50 kHz, crystal controlled, Wein bridge oscillator to use a
crystal with R = 2 kQ. The available supply voltage is Vi = =12V.
Specify the op-amp bandwidth.

Chapter-16 Review Questions
Section 16-1

16-1

16-2

State the Barkhausen criteria for a sinewave oscillator, and
explain why they must be fulfilled to sustain oscillations.

Draw the circuit diagram of an op-amp phase shift
oscillator. Sketch the circuit waveforms, and briefly explain
the oscillator operation.

Figure [16-27
Crystal oscillator frc-t 7oF
Example 16-10).
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16-3 Write the oscillating frequency equation for a phase shift
oscillator. Discuss the phase shift network attenuation

and the amplifier gain requirements.

16-4 Sketch the circuit diagram for a phase shift oscillator that
uses a single-stage BJT amplifier. Briefly explain the circuit
operation.

Section 16-2
165 Draw the circuit diagram of an op-amp Colpitts oscillator.
Sketch the oscillator waveforms, and briefly explain the

circuit operation.

i6-6 Write the frequency equation for a Colpitts oscillator.
Discuss the phase shift network attenuation and the
amplifier gain requirements.

16-7 Sketch circuit diagrams for a Colnitts oscillator using a
single-stage BJT amplifier. Briefly explain the circuit
operation.

Section 16-3
16-8 Draw the circuit diagram of an op-amp Hartley oscillator.
Sketch the oscillator waveforms, and explain the circuit

operation.

16-9 Write the frequency equation for a Hartley oscillator,
Discuss the phase shift network attenuation and the
amplifier gain requirements.

16-10 Sketch ecircuit diagrams for a Hartley oscillator using a
single-stage BJT amplifier. Briefly explain the circuit
operation.

Section 16-4
16-11 Draw the circuit diagram of an op-amp Wein bridge

oscillator. Sketch the oscillator waveforms, and explain the
circuit operation.

16-12 Write the frequency equation for a Wein bridge oscillator.
Discuss the phase shift network attenuation and the
amplifier gain requirements.

Section 16-5
16-13 Show how the output amplitude of a phase shift oscillator

can be stabilized by means of a diode circuit. Explain the
circuit operation.

16-14 Sketch a diode amplitude stabilization circuit for a Wein
bridge oscillator, and explain its operation.

16-15 Draw a FET circuit diagram for stabilizing the output
amplitude of a Wein Bridge oscillator. Explain the circuit
operation.
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Section 16-6

16-16 Draw the circuit diagram of a square wave generator that
uses an inverting Schmitt trigger circuit. Sketch the circuit
waveforms, and explain its operation.

Section 16-7
16-17 Sketch an op-amp integrating circuit together with the
circuit waveforms. Explain the circuit operation.

16-18 Draw the circuit diagram of a triangular waveform
generator that uses an integrator circuit and a
noninverting Schmitt trigger. Sketch the waveforms and
explain the circuit operation.

16-19 Discuss how the output amplitude and frequency can be
made adjustable in a triangular wave generator.

Section 16-8

16-20 Describe a piezoelectric crystal as used with electronic
circuits. Sketch the crystal equivalent circuit and
impedance/frequency graph. Explain the behaviour of
electrenic crystals.

16-21 Show how piezoelectric crystals are employed for oscillator
stabilization. Explain.

Chapter-16 Problems

Section 16-1
16-1 Design a phase shift oscillator to have a 3 kHz output
frequency. Use a 741 op-amp with V. =£12 V.

16-2 A phase shift oscillator is to use three 0.05 pF capacitors
and an op-amp with V. =49 V. Design the circuit to have f
= 7 kHz. Select a suitable operation amplifier.

16-3 Redesign the circuit in Problem 16-1 to use a single-stage
BJT amplifier. Use a 2N3904 transistor with V.= 15V,

16-4 The phase shift oscillator circuit in Fig. 16-1 has the
following component values: R, = 3.9kQ, Ry= 120 k(}, Ry =
120 k2, R = 3.9 kQ, C = 0.025 pF. Calculate the circuit
oscillating frequency.

16-5 Determine new capacitor values for the phase shift
oscillator in Problem 16-1 to switch its frequency to (a) 700
Hz, (b) 5 kHz.

Section 16-2
16-6 Using a 741 op-amp with V. = £10 V, design a Colpitts
oscillator to have a 20 kliz occillating frequency.

16-7 Design a Colpitts oscillator to have f= 55 kilz, and to usc a
20 mH inductor and a 741 op-amp with V. =$18V.
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16-8 The Colpitts oscillator circuit in Fig. 16-4 has: R, = 18k(],
R,= 180 kQ, R;=18kQ, L=75mH, C; = 3000 pF,and C, =
300 pF. Calculate the circuit oscillating frequency.

16-9 Designa 20 kHz Colpitts oscillator usinga 10 mH inductor
and a single-stage BJT amplifier. Use a 2N3904 transistor

with Ve =20 V.

Section 16-3
16-10 Design a 6 kHz Hartley oscillator circuit to use a 741 op-

amp, and an inductor with L, = 10 mH and L, = 100 mH.

16-11 Calculate the oscillating frequency for the Hartley oscillator
in Fig. 16-7 if the components are: R, = 3.3kQ, R, = 56 kQ,
R,=3.3kQ, L, =3 mH, L,= 50 mH, and C, = 1500 pF.

16-12 An op-amp Hartley oscillator has two inductors with L; = 5
mH. L, = 40 mH, and a total inductance cf Ly = 50 mH.
Determine the capacitor value to give f= 2.25 kHz. Also,
calculate the required amplifier voltage gain.

Section 16-4
16-13 Design a 15 kHz Wein bridge oscillator to use an op-amp
with V. = £14 V. Specify the operational amplifier.

16-14 A Wein bridge oscillator uses two 5000 pF capacitors and a
741 op-amp with V. = £12 V. Complete the circuit design
to produce a 9 kHz output frequency.

16-15 The Wein bridge oscillator in Fig. 16-10 has the following
components: R, = R,= R, =5.6kQ, R;=12kQ, C,=C, =
2700 pF. Calculate the oscillating frequency.

16-16 The oscillator in Problem 16-15 has its capacitors changed
to 0.05 uF, and resistors R, and R, are adjustable from 4.7
kO to 6.7 kQ. Calculate the maximum and minimum
output frequencies.

Section 16-5
16-17 The phase shift oscillator in Problem 16-1 is to have its

output amplitude stabilized to £7 V. Design a suitable diode
amplitude stabilization circuit.

16-18 Design a diode amplitude stabilization circuit to limit the
output of the Wein bridge oscillator in Example 16-4 to a
maximum of +4 V,

16-19 . Design a 3 kHz Wein bridge oscillator using a diode circuit
to stabilize the output to £10 V. A £20 V supply is to be
used, and a suitable op-amp is to be selected.

16-20 Modify the circuit for Problem 16-19 to use a FET
stabilization circuit, as in Fig. 16-15. Use a FET with rps =
200 Q at V=3V, and rpg =600 Q at Vpg=5V.
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Section 16-6
16-21 The square wave generator circuit in Fig. 16-17 has the

16-22

16-23

16-24

following quantities: R, = 33 k1, R, = 56 kQ. R; = 2.2kQ,
C, = 0.15 yF, V- = £12 V. A rail-to-rail op-amp is used.
Determine the output amplitude and frequency.

Design a square wave generator circuit (as in Fig. 16-17) to
produce a 3 kHz. £9 V output. Select a suitable op-amp.

A square wave generator circuit is to use a BIFET op-amp
with V., = £18 V. Design the circuit to produce an output
frequency adjustable from 500 Hz to 5 kHz.

Maodify the circuit designed for problem 16-22 to make the
output adjustable from 2.5 kHz to 3.5 kHz.

Section 16-7

16-25

16-26

16-27

16-28

Design a triangular waveform generator to produce a =1V,
1 kHz output. Use 741 op-amps with V.. =$12V,

Modify the circuit designed for Problem 16-25 to make the
output adjustable from 500 Hz to 1.5 kHz.

Determine the amplitude and frequency of the output from
a triangular waveform generator (as in Fig. 16-20) that has
the following components and supply voltage: R. = 10 k(.
R, =39k Ry;=22Kk0. C;=0.5pF, Vpe=112V.

Determine the output frequency range from the circuit in
Problem 16-27 if R, is replaced with a 4.7 k(} resistor in
series with a 10 k() potentiometer.

Section 16-8

16-29

16-30

16-31

The oscillating frequency of the Hartley oscillator circuit in
Fig. 16-8 is to be stabilized by means of a 100 kHz crystal
with Rg = 700 (1. Determine the necessary meodifications,
and estimate the peak power dissipation in the crystal.

Select suitable capacitor values for a Pierce oscillator (as in
Fig. 16-27) that uses a 3 MHz crystal. The crystal has L =
390 pH at the oscillating frequency.

A 200 kHz crystal with Rg = 700 Q is used in the Wein
bridge oscillator circuit in Fig. 16-26. Design the circuit
using A, = 3 for the amplifier. Assume that V.. = tI5 V
and that the output is limited to £5 V.

Practise Problzin Auswers

16-1.1
16-1.2

16-2.1
16-2.2

10 k0, 10 kQ, 330 kQ, 1000 pF

Vg = 18V, R, = (56 kQ + 2.2 kQ), R, = 27 kQ, Rc = 3.3 kQ,
(R-Z,) =1.8kQ,R=33kQ, C= (0.15 uF|j2000 pF), C; = 75 uF
12 kQ, 120 kQ, 12 kQ, 0.01 F, 220 mH, 1000 pf, +12 V

Vg = 15V, R, = (68 kQ + 8.2 kQ), R, = 47 kQ, R- = 4.7 kQ, R, =
47kQ, C, = 0.06 uF, C, = 6000 pF ,C. = 0.054uF, C; = 3 uF
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16-3.1 =12V, 1kQ, 10 kQ, 1 kQ, 2.2 mH, 22 mH, 0.02 uF
16-3.2 66.3 kHz

16-4.1 10.6 kHz, 28.4 kHz

16-4.2 10kQ, 2.2kQ,27kQ, 2.2 kQ, 1000 pF, 5000 pF
16-5.1 220, 5.6kQ,1.5kQ, 2k, 3.9 kQ, 220 Q, 0.082 uF
16-5.2 1.5k, 2.2k, 1.5 kQ

16-6.1 12 kQ, 150 kQ

16-6.2 0.1 uF, 2.7 kQ

16-7.1 =1.42V,6.13 kHz

16-7.2 (6.8 kQ + 10 kQ pot.), 0.5 uf, 2.2 468, 12 k0

16-8.1 Crystal in series with R, = 22 k0, 2.8 yW

16-8.2 270 pF, 62 pF, 4.4

16-8.3 3.9 kO, 5.6 kO, 560 pF, 560 pF, 12 kQ, 5.6 kQ, 150 kHz
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Objectives
You will be able to:
| 1 Sketch transistor series regulator 7 Sketch and explain the basic circuit
| circuits, and explain their operation. of a 723 IC voltage regulator, and
| 2 Show how regulator circuits may be design clrcuits using 723 ICs.
improved by the use of error 8 Sketch IC regulator block diagrams,
amplifiers, additional series-pass and determine external component
transistors, preregulation etc., and values for various applications.
how the output voltage may be 9 Sketch the block diagram and
adjusted. waveforms for a switching
3 Design transistor series regulators regulator, and explain its
| circuits to fulfil a glven specification. operation.
4 Analyze transistor series regulators 10 Sketch circuits and waveforms for
to determine source effect, load step-down, step-up. and inverting
effect, line requlation, load converters, and explain their
regulation, and ripple reduction. operation. |
5 Sketch operational amplifier series 11 Design LC filter circutt for various
regulator circuits, and explain their switching converters.
operation. 12 Show how an IC controller circuit is .
6 Design op-amp series regulators used with switching converters, |
clrcuits to fulfil a given specification. and calculate values for the
externally-connected components.
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Introduction

Almost all electronic circuits require a direct voltage supply. This is
usually derived from the standard industrial or domestic ac supply
by transformation, rectification, and filtering. The resultant raw dc
is not stable enough for most purposes, and it usually contains an
unacceptably large ac ripple waveform. Voltage regulator circuit are
employed to render the voltage more constant and to attenuate
the ripple.

Unregulated power supplies and Zener diode regulators are
discussed in Chapter 3. Zener diode regulators are normally used
only where the load current does not exceed 25 mA. A transistor
operating as an emitter follower circuit may be connected to a
Zener diode regulator to supply largerload currents. The regulator
circuit performance is tremendously improved when an error
amplifier is included, to detect and amplify the difference between
the output and the voltage reference source, and to provide
feedback to correct the difference.

A variety of voltage regulator circuits are available in integrated
circuit form.

17-1 Transistor Series Regulator

Basic Circuit

When a low-power Zener diode is used in the simple regulator
circuit described in Section 3-6, the load current is limited by the
maximum diode current. A high-power Zener used in such a
circuit can supply higher levels of load current, but much power is
wasted when the load is light. The emitter follower regulator
shown in Fig. 17-1 is an improvement on the simple regulator
circuit because it draws a large current from the supply only when
required by the load. In Fig. 17-1(a), the circuit is drawn in the
form of the common collector amplifier (emitter follower) discussed
in Section 6-6. In Fig. 17-1(b), the circuit is shown in the form
usually referred to as a series regulator. Transistor @, is termed a

series-pass transistor.

S i
Qlf J - oot 'J,+\I
+ Ve '

R F V"
NS

{a) Emitter follower voltage regulator (b) Series voltage regulator circuit

Figure 17-1

To supply a large output current
from a Zener diode voltage
regulator, a transistor @Q;) s
connected as an emitter follower.
This converts the circuit into a
series voltage regulator.
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The output voltage (V,) from the series regulator is (V,- Vi), and
the maximum load current (/) can be the maximum emitter
current that @, is capable of passing. For a 2N3055 transistor
(specification in Appendix 1-8), I, could approach 15 A. When [, 18
zero, the current drawn from the supply is approximately (I, +
I Where I, is the minimum collector current to keep @,
operational. The Zener diode circuit (R;and D)) has to supply only
the base current of the transistor, The series voltage regulator is,
therefore, much more efficient than a simple Zener diode regulator.

Regulator with Error Amplifier

A series regulator using an additional transistor as an error
amplifier is shown in Fig. 17-2. The error amplifier improves the
line and load regulation of the circuit, (see Section 3-5). The
amplifier also makes it possible to have an output voltage greater
than the Zener diode voltage. Resistor R, and diode D, are the
Zener diode reference source. Transistor O, and its associated
components constitute the error amplifier, that controls the series-
pass transistor (@,). The output voltage is divided by resistors R,
and R, and compared to the Zener voltage level (V). C, is a large-
value capacitor, usually 50 pF to 100 pF, connected at the output
to suppress any tendency of the regulator to oscillate.

¥ e

1 cIor

| Fai s amplitier
!..!.

Ve d 1,

When the circuit output voltage changes, the change is amplified
by transistor @, and fed back to the base of Q, to correct the
output voltage level. Suppose that the circuit is designed for V, =
12 V, and that the supply voltage is Vg = 18 V. A suitable Zener
diode voltage in this case might be V, = 6 V. For this V, level, the
base voltage of @, must be, Vg,= V; + VBEQ =6.7 V., Su, reszamrs R,
and R, are selected to give Vi, = 6. 7Vand V=12V, [‘he mlhge qr
thebaseof Q;is, V=V, + VHEJ= 12.7 V. Also, Vi = =53
V. The current through R, is largely the collector (:un'ent of Q2.

Now suppose the output voltage drops slightly for some reason.
When V, decreases, Vy, decreases. Because the emitter voltage of
Q, is held at V,. any decrease in Vy, appears across the base-
emilier of @, A reduction in Vg, Causes I, to be reduced. When

oo falls, Vi, is reduced, and the voltage at the base of Q, rises (Vg

V Vg,) causing the output voltage to increase. Thus, a decrease

in VD produces a feedback effect which causes V, to increase back

Figure 17-2

Series voltage regulator circuit
with an error amplifier. The error
amplifier improves the regulitor
line and load regulation, and gives
an output voltage greater than
the Zener diode voltage.
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toward its normal level. Taking the same approach, a rise in V,
above its normal level produces a feedback effect which pushes V,
down again toward its normal level.

When the input voltage changes. the voltage across resistor R,
changes in order to keep the output constant. This change in Vg,
is produced by a change in [, which itself is produced by a small
change in V. Therefore, a supply voltage change (AVJ produces a
small output voltage change (AV,). The relationship between AV,
and AV, depends upon the amplification of the error amplifier.
Similarly, when the load current ([)) changes, [, alters as
necessary to increase or decrease I, The Iy, variation is produced
by a change in I, which, once again, is the result of an output
voltage variation AV .

Series Regulator Performance

The performance of a series regulator without an error amplitier
I[Fig. 17-1) is simtlar to that of a Zener dinde regulator, (see Section
3-6), except in the case of the load effect. The series-pass transistor
tends to improve the regulator ioad effect by a factor equal 1o the
transistor hg..

The error amplifler in the regulator in Fig 17-3 (reproduced from
Fig. 17-2) improves all aspects of the circuit performance by an an
amount directly related to the ampiifier voltage gain (A,), When Vy
changes hy AV, the output change is.

) AVg
L ' (17-1)

if AV, is produced by a variation in the ac supply voltage. the
power supply source effect is reduced by a factor of A . AV, might
also be the result of an increase or decrease in load current that
causes a change in the average level of the de supply voltage. Thus,
the load effect of the power supply is reduced by a factor of A,

Now consider the effect of supply voltage ripple on the circuitin
Fig. 17-3. The ripple waveform appears at the collector of transistor
@,. If there was no negative feedback, it would also be present at
O, base and at the regulator output. However, like supply voltage
changes, the input ripple is reduced by a factor of A, when it
appears at the output. The ripple rejection ratio is calculated as
the decibel ratio of the Input and output ripple voltages.

Example 17-1

The supply voltage for the regulator in Fig. 17-3 has Vg = 21 V on no load,
and V; = 20 V when ., = 40 mA, The output voltage is V, = 12V, and
the regulator has an error amplifier with a gain of 100. Calculate the source
effect, load effect, line regulation, and load regulation for the complete pawer

supply. Also determine the ripple rejection ratio in decibels.

Solution
Eq. 3-20, Source Effect = AV, for (AV = 10%)
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AV 10%0f21V

Eq. 17-1, AV, =
4 ° A 100
=21mV
Eq. 3-22, Load Effect = AV, for &, ...,
AV, 21v-20V e
Eq. 17-1, AV, = —5 = y Vo I ~dy,
A, 100 A¥s ‘:.: i
=10mV R,
: ; : (Source Effect) x 100% Ay,
Eq..3-21; Line regulation = F L
o
N mV x 100%
12y
=0.175%
=
] (Load Effect) x 100%
Eq. 3-23, Load regulation =
E, Figure .17-3
Voltage variations at the input of
= 10 mV x 100_?:’ aregulator with an error amplifier
172V are reduced by a factor equal to
the amplifier voltage gain.
= 0.08%

ripple rejection = 20 log (1/A,) = 20 log (1/100)
=-40dB

Regulator Design

To design a series regulator circuit (as in Fig. 17-8), the Zener diode
is selected to have V,less than the output voltage. A Zener diode
voltage approximately equal to 0.75 V, is usually suitable.
Appropriate current levels are chosen for each resistor, and the
resistor values are calculated using Ohm's law. Transistor @, is
selected to pass the required load current and to survive the
necessary power dissipation. A heat sink (see Section B8-8) is
normally required for the series-pass transistor in a regulator that
supplies large load currents. As discussed, a large capacitor is
usually connected across the output to ensure amplifier ac
stability, (C, in Fig. 17-3).

The difference between the regulator input and output voltages is
the collector-emitter voltage of the series-pass transistor (@), and
this voltage must be large enough to keep the transistor
operational. The minimum level of Vg, (known as the dropout
voltage) occurs at the lowest point in the ripple waveform of
(rectified and filtered) raw dc input. If Vi, is too small for correct
operation at this point, a large-amplitude ripple waveform appears
at the regulator output.
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Example 17-2

Design the voltage regulator circuit in Fig. 17-4 to produce V, = 12\ and
I, ... =40 mA. The supphy voltage sV, = 20 V.

Solution
Select, V, =075V, =073x12V
=gV
For D, use a IN757 Zener diode with V, = 9.1 V (see Appendix 1-4

For minimum £, current,

select I,. ="10mA
Moo=y 1R ST
- . P =y
- L 10 mA - ;
= 2900 e 270 G standard value) ‘E‘JI
v =, =L =30mA £ 10mA
A ' - ‘
= 30 mA
| 8
specitication tar (3,
it prasa = )
e =/ = 30 ma
Figure 17-4
P s VR = (20V - 12Vi % S0mA Viltage r_r‘;.,'uf.!!ur circuit for
ool » \ Ao frample 17-2.
= 400 m\\
ASSUMIing Ny im = 30,

- 50 mA

!”TIJ.'I.II: = i -
hHT-‘-r---.f.: -‘,”
=1 mA
ey 2 Igima
select, Iy =5 mA
n _‘|./_.s-‘./3T 20V-112V+0.72V)
==

Tyl SmA+1mA
1.21 k€ (use 1.2 kQQ standard value)

f, =l tI;=5mA+10mA
15 mA

Il

I

!4 e [E? max|
select, L, =1mA
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V, 4 Ve, 91V+07V
T, amA
= 9.8 kQ (use 10 kQ standard value!
V,-Vy 12V-98\
T T T

2.2 kQ (standard value)

\Practise Problems

17-1.1 A 12V dc power supply has an 18V input (V) from a rectifier and
filter circuit. Thereis a 1V drop inV; from no load to full load. If the
regulator has an error amplifier with A, = 70, calculate the source
effect, load effect, line regulation, and load regulation.

17-12 A voltage regulator circuit as in Fig. 17-4 has Vs = 25V, and is to
produce V, = 15 V with [;,.., = 60 mA. Design the circuit and

specify the series transistor. Assume hgz .., = 100.

17-2 Improving Regulator Performance

Error Amplifier Gain

The performance of a regulator is dependent on the voltage gain of
the error amplifier. (see Eq. 17-1). A higher gain amplifier gives
better line and load regulation. So. anything that improves the
amplifier voltage gain will improve the regulator performance, Two
possibilities to increase A are: using as transistor with a high hy
value for @,. and using the highest possible resistance value for R,.

Output Voltage Adjustment

Regulator circuits such as the one designed in Example 17-2 are
unlikely to have V, exactly as specified. This is because of
component tolerances, as well as, perhaps, not finding standard
values close to the calculated values. Hence, some form of
adjustment is required to enable the output voltage to be set to
the desired level. In Fig. 17-5 the potentiometer (Ry) connected
between resistors R; and R, provides output adjustment. The
maximum output voltage level is produced when the potentiometer
moving contact is at the bottom of Ry

_Ry;+R,+R;

Vo™ —= X Vg, (17-2)
4

Minimum V, occurs when the moving contact is at the top of R;:

Ry+R,+R,
v, =———ZxV (17-3)
o) R B2
min) 3 + Rs

L™
Rn’
Q_ R. __( 1 :.j
R

Figure 17-5

Uiseof a potentiometer to provide
regulator output voltage adjust-
ment
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Example 17-3
Modify the voltage regulator circuitin Ex. 17-2 (as in Fig. 17-6'to make V,,
adjustable from 11 Vto 13V,

Solution

select Ly =1 mA

For V, = 11V, (moving contact at top of R;)
V-V, 11V-98V

R:= =
¥ L 1mA "
= 1.2 kQ standard value)
Ve 98V
R, +R. = —
b ooy TmA
=98k0

fForV, =13V -'mrwing contact at bottom of R.)

Ve 13V
I, becomes, I, = = -
R, + Ry + R, 1.2kQ +9.83kO
= 1.18 mA
& 98V
Ry=—==
i 1.18 mA

= 8.3 kQ (use 8.2 kQ standard value)

R, = (R, +R)-R,=98kQ-82kQ
= 2.6 kQ) (use 2,5 kQ standard value potentiometer!

High Output Current Circuit
For the circuit in Fig. 17-6 to function correctly, the collector
current of @, must be larger than the maximum base current
flowing into @;. In regulators that supply a large output current,
Ig; can be too large for I-; to control. In this case, an additional
transistor (@4 shouid be connected at the hase of @, to form a
Darlington Circuit (or Darlington Pair}, as in Fig. 17-7. Transistor Q,
is usually a high power BJT requiring a heat sink (see Section 8-8),
and Q3is a low power device. The Q; base current is,
Lyt (17-4)
= hre1 % Rpea

The current gain for the Darlington is (hgg;x hggg), and the level of
Iz is low enough that I, may casily be made much greater than
Iz;. Note resistor Rg In Fig. 17-7, which Is Included to provide a
suitable minimum @3 operating current when [ is very low.
Darlington transistors consisting of a pair of (low-power and
high-power) BJTs fabricated together and packaged as a single

Figure 17-6
Adjustable  output
circutt for Example 17-3.

regulator



Chapter 17 -— Linear and Switching Voltage Regulators 571

device are available. These are usually referred to as power
Darlingtons. The 2N6039is an npn power Darlington with an hg
specified as 750 minimum, 18 000 maximum. Resistor R in Fig.
17-7 is not required when a power Darlington is used.

Example 17-4
Modify the voltage regulator circuit in Ex. 17-2 to change the load current to
200 mA. Use a Darlingtoncircuit (as in Fig. 17-7), and assume that by = 20,
and that by, = 50. Specify transistor Q.

Solution

select,

select,

1 2= + 1y, = 200mA + 10 mA

Fl(max) Limav
= 210mA
L timan 210 mA
lﬂ‘llmm‘ = '"h_“"_ = T
FE1 £
= 10.5 mA
I =1 !Biiman 10.5 mA
B. 1. w) o e - =
3ma hHI 30
=021 mA
‘It'_' o 1!?.?-..-1.1‘
I =1mA
V-V, 20V-(12V+ 07V +07Y)
i Ies + I 1TmA + 0.21 mA

= 5.45 kQQ (use 5.6 kQ standard value

I, = 0.5 mA
o Vot Ven _12V+07V
Y 0.5 mA

25.4 k0 (use 22 kC standard value)

Specification for Q;,

Dardington pair

7 !
' § \Qz Rig gfe,r

| !JH_]

Vestimao = Vs = 20V
Il'liman o }f]lmiﬂ =210 mA
Prsmay = Ws - Vol X dggimag = (20 V-12V)x210 mA
=1.68W
Preregulation

Refer to Fig. 17-8, which is a partially reproduction of Fig. 17-2.
Note that resistor R, is supplied from the regulator input, and
consider what happens when the supply voliage drops by 1 V. Il

Figure 17-7

An  additional transister (©
connected at the b
ronstitute a Darling
allows a voltage regulator to
supply a higher output current,

[
Figure 17-8

A change in a reguletor suppls
voltage (AV ) produces an cutput
change AV, = AV /A )
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does not change. the voltage across R, remains constant, and the
1 V drop also occurs at the base of @, and at the output of the
regulator, This does not happen, of course. Instead. I, changes to
reduce the voltage across R, and thus Keep the output voltage
close to its normal level. The change in [, is produced by a small
change in the output voltage. If' R, is connected to a constant-
voltage source instead of the input, the change in I, would not be
required when V; changes. and consequently. the output voltage
change would not occur.

Now look at Fig. 17-9(a) where R, is shown ronnected 10 another
Zener diode voltage source (R; and D). This arrangement is called
a preregulator. When Vg changes, the change in V,, that occurs is
negligible compared to AV, Thus. virtually no change is required in
I, and V. A preregulator substantially improves the line and the
load regulation of a regulator eircuit.

The minimum voltage drop across R, should typically be 3 V.
(Small values of R, give low amplifier voltage gain.) Also. a
minimum of perhaps 6 V is required across R to keep a reasonably
constant current level through D, The voltage (V) for D, is
usually a relatively high voliage for a Zener diode. It may be
necessary to use two diodes in series to give the desired voltage.

Figure 17-9(b) shows another preregulator circuir that has R;
and D, connected across transistor Q. This gives an R, supply
voltage of V, = (V" + 1),

Example 17-3
Determine suitable component values for a preregulatar circuit as in Fig, 17-
9(a) for the veltage regulator modified in Ex. 17-3.

Solution
select Viiiw =3V
Vs iV
R L s —
}’,_ * s T maA + 0.21 mA
= 235 kQ (use 2.7 kQ standard value)
Vo =V, + Vg + Vg + Vi
=12V +07V+07V+ 3V
=164V (Use a IN966A with Y, = 16\ Alternatively,
use a IN753 and a TIN758 connected in
series. See Appendix 1-4]
I- >> 1 and [,, > ([, for Zener diode D.
select fos =35mA
g Vs Ve _20V-16V
) les 5 mA

800 Q) (use 820 Q1 standard value)

prerejeulagor

(a) Preregulator a1 the mpu

i

«

(b) Preregulator connected
between input znd ourput

Figure 17-9

A preregulator cireLot umproves
the performance o7 a ullage
regulator,
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Constant Current Source
The constant-current source shown in Fig. 17-10 may be used in

place of resistor R, as an alternative to a preregulator circuit. This
arrangement passes all the required current to @, base and Q,
collector, but behaves as a very high resistance (1/h,,,) at the
collector of transistor @, Consequently, it increases the error
amplifier voltage gain and results in a substantial improvement in
the regulator performance. To design the constant current source,
Vg should typically be a minimum of 3 V. The various voltage
drops and current levels are then easily determined for component

selection.

Differential Amplifier

Figure 17-11 shows a regulator that uses a differential amplifier, or
difference amplifier, (see Section 12-8). In this circuit, Zener diode
D, is the voltage reference source, and D, is used only to provide an
appropriate voltage level at the emitter of transistor Q,. V, is
divided to provide Vi, and Vj is compared to V. Any difference
in these two voltages is amplified by Q;, Q¢. Q.. and the associated
components, and then applied to the base of Q, to change the
output in the required direction.

The performance of the regulator is improved by the increased
voltage gain of the error amplifier. However, the performance is also
improved in another way. In the regulator circuitin Figs. 17-2 and
17-7. when I-, changes, the current through D, is also changed.
(I, = l4 + Ir). This causes the Zener voltage to change by a small
amount. and this change in V; produces a change in output
voltage. In the circuit in Fig. 17-11, the current through the
reference diode (D, remains substantially constant because it is
supplied from the regulator output. Therefore, there is no change
in output voltage due to a change in the reference voltage.

-

G-

Vs

Example 17-6

Design the differential amplifier stage for the regulator in Fig. 17-11. Use the
Q,, Q,, Q, stage already designed in Examples 17-2 and 17-4. The output
voltage is to be adjustable from 10 Vto 12 V.

CORSIARE Current
\OUTEe -

D.

Ry

Figure 17-10

A constant-current source can be
vsed as an alternative to a
preregulator circuit to improve
regulator performance,

Figure 17-11

Use of a differential amplifier Qs
and Q, etc.,) improves the
regulator  performance by
improving the gain of the error
amplifier, and by using D, as a
stable voltage reference source.
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Solution

select

select

select

select

Veis =3V

Veg = Vs~ Vs = 9.8V -3V
=68V

Vpy = Vg + Vs = 6.8V + 0.7V
= 7.5V (use a IN755 Zener diode)

Ies >> Ig;
Ies =1 MA

V,-Ve, 12V-9.8V
R, = .

’ . 1 mA
= 2.2 kQ (standard value)

Lig= 2 X[ =2mA
8= Vi‘?_ s Efi_v

Iy 2mA

1]

3.4 kQ (use 3.3 kQ standard value)

1,, >> Iy; and I,, > (I for the Zener diode)

I;>= 10 mA
o VaVp _12V-75V
By 10mA
= 450 0 (use 470 Q standard value)
I, >> fﬁ(,
I, =1mA

Vgg =V =75V

when V, = 11 V, (moving contact at the top of R;)

I, becomes,

_VpVgs _11V-75V

R
: i 1 mA
= 3.5 kQ) (use 3.3 k Q standard value)
_ VoV _MV-75V
. R, 3.3 mA
= 1.06 mA
v 75V
R,+R, =—2 =
I, 106mA

Figure 17-12
Differential amplifier circuit for
Example 17-6.
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When V, = 13V, (moving contact at the bottom of R;)

- . v, 13V
ecomes, = =
‘ TR +R 4R 33kQ+7.07kQ
= 1.25 mA
Vie 7.5V
R=— =
I, 1.25mA

6.25 kO (use 5.6 kQ standard value)

R, = (R, + R, -R, = 7.07 kQ- 5.6 kQ

R

= 1.47 kQ (use 1.5 kQ standard value potentiometer)

Practise Problems

17-2.1 A voltage regulator circuit as in Fig. 17-6 uses a 6.2 V Zener diode.
Determine suitable resistor values for R;, R, and R; to produce an
output adjustable from 9 Vto 12 V.

17-2.2 A voltage regulator has an 18 V supply, a 10 V output, and a 150
mA load current. The circuit uses Darlington connected transisters,
as in Fig. 17-7. Calculate suitable resistor valucs, and specify
transistor Q,. Assume that h,;, = 20 and hy;; = 50.

Fig. 17-10. Assume that the supply voltage is 20 V, the outputis 12
V, and that I, is 100 LA

17-23 Determine suitable components for the constant current circuit in '

17-3 Current Limiting

Short-Circuit Protection

Power supplies used in laboratories are subject to overloads and
short ecircuits. Short-circuit protection by means of current
limiting circuits is necessary in such equipment to prevent the
destruction of components when an overload occurs. Transistor
@, and resistor Ry, in Fig. 17-13(a) constitute a current limniting
circuit. When the load current (J;) flowing through resistor R, is
below the normal maximum level, the voltage drop Vg, is not large
enough to forward bias the base-emlitter junction of Q,. In this
case, @, has no effect on the regulator performance.

When the load current reaches the selected maximum (I;,,.).
Vo biases @, on. Current I, then produce a voltage drop across
resistor R, that drives the cutput voltage down to near zero.

The voltage/current characteristic of the regulator is shown in
Fig. 17-13(b). It is seen that output voltage remains constant as
the load current increases up to I, Beyond I, .. V, drops to
zero, and a short-cireuit current (Ig) slightly greater than I ...,
flows at the output. Under this circumstance, series pass
transistor @, is carryingall of the short-circuit current and has
virtually all of the supply voltage developed across its terminals.
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So, the power dissipation in @, is,

P, = Vex Igo (17-5)
Obviously, @, must be selected to survive this power dissipation.

Design of the current limiting circuit in Fig. 17-13 is very simple.
Assuming that @, is a silicon transistor, it should begin to
conduct when Vy,, = 0.5 V. Therefore, R, is calculated as.

05V
e (17-6)
I
L{max)
Ris I -
5 Q s eix
. i S 45_%
2R Ve |R
_ N
-'['“ s R
| — ¥
Q.
Rl
{31 Current limiting circunt
v,
- o _'; L
I Hisivia L

by ¥V, I, charactenstic of current limiting circuit

Fold-Back Current Limiting
A problem with the simple short-circuit protection method just
discussed is that there is a large amount of power dissipation in
the series pass transistor while the regulator remains short-
circuited. The foldback current limiting circuit in Fig. 17-14(a)
minimizes this transistor power dissipation, The graph of V_ /I, in
Fig. 17-14(b) shows that the regulator output voltage remains
constant until I, . 1s approached. Then the current reduces (or
folds back) to a lower short-circuit current level (Ig). The lower
level of Iy produces a lower power dissipation in Q,.

To understand how the circult in Fig. 17-14 operates, first note

Figure [7-13

Regulator overload protection
circwit, When .1'{ e reases 1o a
sefected mavimum level, V..,
causes Q- ta conduct, and this
pullk Q, hasedersn causing V', to
be reduced ta near zero
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that when the output is shorted. V, equals zero. Consequently,
the voltage drop across resistor R;, is almost zero. The voltage
across Ry, is (lg= X Ryg. and (as in the simple short-circuit
protection circuit) this is designed to just keep transistor Q, biased
on. When the regulator is operating normally with I less than
the voltage drop across R, is,

F
= V,x Ry,
RI1 -
R+ Ry

 fy—

To turn @, on. the voltage drop across Ry, must become larger
than Vy,, by enough to forward bias the base-emitter junction of
Q,. Using V., = 0.5 V. and making Vyy, = 0.5V gives

i

g Rig=0.5V+05V=1V
With I R;p= 0.5V,

Iimay =2 Isc 1see Fig. 17-14(b]]

If Vi, is selected as 1 V,

R,=05V+1V=15V

I!,!ma\'}

and. L ima =3 Tsc

(a) Foldback current limiting circuit Figure 17-14

Foldback current limiting. The
short-circuit current (lg) is less

than

femas®

|
tormal |, —=:
|

|
—% F N

a2 fi

(b) Characteristic of foldback current limiting circuit

| thus minimizing the
o
power dissipation in Q.
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The fold-back current limiting circuit is designed by first
calculating Ry, to give the desired level of Ig. Then, the voltage
divider resistors (R,, and R, are calculated to provide the
necessary voltage drop across R, for the required relationship
between I and I ...

Example 17-7

Design a foldback current limiting circuit for a voltage regulatorwitha 12V
output. The maximum output current is to be 200 mA, and the short-circuit
current is to be 100 mA.

Solution
L =100m3
select Vo = 0.3V at shart-circuit
29 03\
Ro = " oo
- U me
4 0 n T Riw 1
= 50 ue 4T Qsandard value) A~ 4
+ V,
L (P Viin =1 ., A R= 200 mAx 47 Q ?RJ -
=094\ i
I\\.: — 4’ n Y 0_) \
= )44\
Lo >5f:
select I, =1mA Figure 17-15
\ 0.43V foldback current lmiting ¢ reut
R =t for Example 17-7.
i 1 mA
= 340 Q (use 470 O standard value)
. o Yot Vaw-Van _ 12V +084V-044Y
iy =

J L N 1TmA

12.5 kQ (use 12 kQ standard value

Practise Problems

17-3.1 A short-circuit protection circuit, as in Fig 17-13,is to be designed to
limit the output of a 15 V regulator to 400 mA. Select a suitable value
for R,,, and specify Q,. Assume that V; = 25 V.

17-3.2 Modify the circuit designed for Problem 17-3.1to convertit to fold-
back current limiting with a 150 mA short-circuit current.
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17-4 ()p-amp Voltage Regulators

Voltage Follower Regulator

Refer once again to the voltage regulator circuit in Fig. 17-11. The
complete error amplifier has two input terminals at the bases of Q5
and @, and one output at the collector of @,. Transistor Q; base is
an inverting input and @; base is a noninverting input. The error
amplifier circuit is essentially an operational amplifier. Thus, IC
operational amplifiers with their extremely high open-loop voltage
gain are ideal for use as error amplifiers in dc voltage regulator
circuits. Normally, an internally compensated op-amp (such as the
741) is quite suitable for most voltage regulator applications.

A simple voltage follower regulator circuit is illustrated in Fig. 17-
16. In this circuit, the op-amp output voltage always follows the
voltage at the noninverting terminal, consequently, V, remains
constant at V. The only design calculations are those required for
design of the Zener diode voltage reference circuit (R, and D)), and
for the specification of @ .

+}

Al
I

Adjustable Output Regulator

The circuit in Fig. 17-17 is that of a variable-output, highly stable
de voltage regulator. As in the transistor circuit in Fig. 17-11, the
reference diode in Fig. 17-17 is connected at the amplifier
noninverting input, and the output voltage is divided and applied
to the inverting input. The operational amplifier positive supply
terminal has to be connected to regulator supply voltage. If it were
connected to the regulator output, the op-amp output voltage (at
Q, base) would have to be approximately 0.7 V higher than its
positive supply terminal, and this is impossible.

Figure 17-16

Operational amplifier connected
as a voltage follower regulztor.
The output voltage is held
constant at V,.

Figure 17-17
Highly stable, adjustable output,

voltage regulator using an
operational amplifier.
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Design of the regulator circuit in Fig. 17-17 involves selection of
R, and D,. design of the voltage divider network [R;, Ry, and Ry,
and specification of transistors @, and @, Clearly, an op-amp
voltage regulator is more easily designed than a purely transistor

regulator circuit.

Example 17-8

Design the voltage regulator circuit in Fig. 17-18 to give an output voltage
adjustable from 12V to 15 V. The maximum output current is to be 250 mA,
and the supply voltage is 20 V. Assuming h.., = 20 and h,,, = 50, estimate

the op-amp maximum output current.

Solution

Ly

= 0.725 2y
ofmin) 0.75x 12V

V, =075V

Use a IN757 diode with Vo ==9 ¥

Select 1, =10 mA
s V-.l.'n‘-uu = ll'lff' 2 12V-9.1)
: [y 10 mA
= 290 Q (use 270 Q standard value)
Lo =2 lop-amp fy L)
et L = 1TMA
o 44
when v, < 12V, (moving contact at ton of R,)
e < VorVy _12V-91V
! -
it 1 mA
= 2.9 kQ (use 2.7 kQ standard value)
v, 91V
R, + R, = -
Ly 1 A
=91 kQ

WhenV =15V,

I, becomes,

[, => (op-amp £, 1 and [, > ([, for the diode)

(moving contact at bottom of R.)

b v, B 15V
"R +R, 4R 27kQ +9.1kQ
= 1.27 mA
vV, 91V
R.; = e o e
I, 127 mA

7.16 k2 (use 6.8 kQ standard value)

=
-
I

=R, +R K, =9"10-68k0D

Figure 17-18
Op-amp voltage regulator for
Example 17-8,



hap.se 17

= 2.3 KO e 2 3R potonuiometern

select fo = 1 mA
V.

‘{r =
;.:\'I

= 24 k0 tuse 22 KO staaaand value

ap-amy oulput ceneat,
250 mA

e Ry, 2050

= .25 mA

Current Limiting with an Op-wmr Bogulator

When a large output current 1s to be supplied by an operational
amplifier voltage regulaion, one o 2o enrrent limiting cireuiis
described in Sevuon 173 may be used with oue fugportan
modification. Figure 17-19 shows the modification. A vesistur (R )
nuist be connected between ihi¢ op coip cutput terntinal and the
junction of Q,; and Q. When an overlpad causes the v
output voltage to go te zero. the op- i citput gees high (ol
V') as it attempts to return V7 io s normal level. Consequently,
because the op-amp normadly itas avarvlew output resistance, R,
is necessary to allow i o diap the valiage at @, base to nowr
ground level. The additicnal wesistor #t e op-amp output is
calculated as R; = V/1.. Resistor B nist not be so large that
an excessive voltage drop oo os wornss it when the regulator is
supposed to be operating viom ally

LHator

YRR 1)

|Prccrisé Problems |
!|1.7-4.1 _Design an op-amp voltage regulator circuit as in Fig. 17-17) to
i produce an output adjustable from 15 V to 18 V, with a 300 mA

maximum load current. The supply voltage is 25 V.

174.2 Design a ‘eld-back curtc atlimitrg circuit fa: the reg ‘ator in Problem
17411 1aiivee J"I w200 mA and e = A mA v en V,=15 V. |

- Lincar and Switching Voltage Regulators by

(s

Figure 17-19

When current limite i
with an op-amp rggufah
resistor (R, st he includ=!
senes with the op-amp oute =

v
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17-5 IC Linear Voltage Regulators

723 IC Regulator
The basic circuit of a 723 IC voltage regulator in a dual-in-line

package is shown in Fig. 17-20. This IC has a voltage reference
source (D)), an error amplifier (A,), a series pass transistor (@)). and
a current limiting transistor (Q,), all contained in one small
package. An additional Zener diode (D) is included for voltage
dropping in some applications. The IC can be connected to
function as a positive or negative voltage regulator with an output
voltage ranging from 2 V to 37 V, and output current levels up to
150 mA. The maximum supply voltage is 40 V. and the line and
load regulations are each specified as 0.01%. A partial specification
for the 723 regulator is given in Appendix 1-16.

+Vie b output
14 13 12 M 10 9 8
o - r [ [ —

Ry
+ [ | =T =)
M.L_]__ _| : J_ . =8 { I |
| |
| €l 723 | | |
| | i
W, ¢ e —— | | % SV,
1 T
} | | L | |
| e = e | | %
.

Figure 17-21 shows a 723 connected to function as a positive
voltage regulator. The complete arrangement (including the
internal circuitry shown In Fig. 17-20) is similar to the op-amp
regulator ‘circuit in Fig. 17-17. One difference between the twa
circuits is the 100 pF capacitor (C,) connected to the error amplifier
output and its inverting input terminal. This capacitor is used

Figure 17-20

The 723 IC voltage regulator
contains a reference diode (D)
and error amplifier (A,), a series-
pass transistor (Q;), a curent
limiting transistor @Q,), and a
voltage-dropping diode (D)

Figure 17-21

Voltage regulator circuit using a
723 IC regulator. The output
voltage range is 7Vio 37 V.
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instead of a large capacitor at the output terminals to prevent the
regulator from oscillating. (Sometimes both capacitors are
required.) By appropriate selection of resistors R; and R, in Fig. 17-
21, the regulator output can be set to any level between 7.15 V
(the reference voltage) and 37 V. A potentiometer can be included
between R, and R, to make the output voltage adjustable.

The dashed lines (in Fig. 17-21) show connections for simple
(non-foldback) current limiting. Fold-back current limiting can
also be used with the 723.

[t is important to note that, as for all linear regulator circuits,
the supply voltage at the lowest point on the ripple waveform
should be at least 3V greater than the regulator output; otherwise
a high-amplitude output ripple might occur. The total power
dissipation in the regulator should be calculated to ensure that it
does not exceed the specified maximum. The specification lists
1.25 W as the maximum power dissipation at a free air
temperature of 25°C for a DIL package. This must be derated at 10
mW/°C for higher temperatures. For a metal can package, P, =
1 W at 25°C free air temperature, and the derating factor is 6.6
mW/°C. An external series-pass transistor may be Darlington-
connected to (internal transistor) Q,, to enable a 723 regulator to
handle larger load current. This is illustrated in Fig. 17-22.

A regulator output veltage less than the 7.13 V reference level
can be obtained by using a voltage divider across the reference
source (terminals 6 and 7 in Fig. 17-20). Terminal 5 is connected to
the reduced reference voltage, instead of 1o terminal 6.

Q: -
= 4 ___l_l__l_ | 3
Sk 723 ;
100 pF l
V. ¢ o ———— e L

L

Example 17-9

The regulator circuit in Fig. 17-21is to have an output of 10 V. Calculate
resistor values for R, and R,, select a suitable input voltage, and determine
the maximum load current that may be supplied if Py, = 1000 mW.

Figure 17-22
An external seres-pass transist or
may be addedto 3 713 ICvolt: e
regulator to cupple higher lcad
currents than the 723 ran
normally handle
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Solution
1, >> (error amplifier input bias current)
Select L=1mA
Vgy = Vig =745V
V 7A5V
‘ I_iﬂ N 1 mA
= 7.15kQ (use 6.8 kQ standard value,
and recalculate 1,)
v, 715V
I, becomes, L = E_ =i
=1.05 mA
o o VeV 10V-7.15V
* I, 1.05 mA

= 2.85 KQ (use 2.7 kQ standard value)

For satisfactory operation of the series pass transistor, (S == 1 l I a +

select V-V, =5V . | il
C. b 723

0.1 uF

i

Ve =¥+ 5V=10V+5V
=5V V.

The internal circuit current is,

f_
7|
|
| |
£ = 75 -
Laroy T Tt =25 MA | R.
‘ 6.8 k02
Lo i

The 723 internal power dissipation on no-load is,

P

i

I

V}-'\ Ur.-r_qu.'):zl * Iref} = 15 V X 25 rnA
375 mW Figure 17-23

Regulator circuit for £x. 17-9.

Maximum power dissipated in the (internal) series-pass transistor,

P, = (specified Py - P, = 1000 mW - 375 mW
= 625 MW

Maximum load current,

T ey s o
Ltmax) 3
R Y ¢ 5V

LM317 and LM337 IC Regulators

The LM317 and LM337 IC regulators are three-terminal devices
which are extremely easy to use. The 317 is a positive voltage
regulator [Fig. 17-24(a)]. and the 337 is a negative voltage regulator

v
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[Fig. 17-24(b)]. In each case, input and oufput terminals are
provided for supply and regulated output voltage, and an
adjustment terminal (ADJ) is included for output voltage selection.
The output voltage range is 1.2V to 37 V., and the maximum load
current ranges from 300 mA to 2 A, depending on the device
package type. Typical line and load regulations are specified as
0.01%/(volt of V), and 0.3%/(volt of V). respectively.

The internal reference voltage for the 317 and 337 regulators is
typically 1.25 V, and V,, appears across the ADJ and output
terminals. Consequently, L{]E,‘ regulator output voltage is,
vaBlR o

a

(17-7)
1

LAY

-~

1l
Al

C.=\

fa) LM3]7 positive voltage regulator {9y LA3S " negatne voltage regulator

To determine suitable values for R, and R, for a desired output
voltage. first select the voltage divider current (1)) to be much larger
than the current that flows in the AIJ terminal of the device. This
is specified as 100 pA maximu— on the device data sheet. The
resistors are calculated using the relationship in Eq. 17-7.

Note the capacitors included in the regulator circuits. Capacitor
C,, is necessary only when the regulator is not located close to the
power supply filter circuit. C,, eliminates the oscillatory tendencies
that can occur with long connecting leads between the filter and
regulator. Capacitor C, improves the transient response of the
regulator and ensures ac stability, and C,y improves the ripple
rejection ratio.

Figure 17-25 shows the terminal connections for LM317 and
LM337 regulators in 221A-type packages.

Example 17-10

An [M317 regulator is to provide a 6 V output from a 15V <urpl: The load
current is 200 mA. Determine suitable resistance values for R, and R,, (in Fig.
17-24) and calculate the regulator power dissipation.

Solution

‘r:}:’ ADJ

Frgure 17-24
Apphcation of the LM317 and
L\23T integrated circuit voltage

reculaturs. The mternal reference
vokdge appears across resistor R,

IR TLl Lardee

Figure 17-23

Terminal connections for LM317
and LM337 IC regulators
contained in 221A packages.
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Select I=1mA

V-V  G6V-125V

R, = -
> 1 1 mA
— 4.75 k() (use 4.7 hQ standard value)
Py= (V= V) X [y = 115V -6 V) x 200 mA
=1.8W

LM340 Regulators
LM340 devices are three-terminal positive voltage regulators with
fixed output voltages ranging from a low of 5V to a high of 23V.
The regulator is selected for the desired output voltage and then LM340
simply provided with a voltage (VJ from a power supply filter 7 in out A
circuit, as illustrated in Fig. 17-26. Here again, capacitor C, is ’]: Cnd |
required only when the regulator is not located close to the filter. 4 Vv
The LM340 data sheet specifies the regulator performance for an TC’ = (
output current of 1 A. The tolerance on the output voltage is £2%, o+ 5
the line regulation is 0.01% per output volt, and the load regulation =
is 0.3% per amp of load current. The IC includes current limiting,
and a thermal shutdown circuit that protects against excessive g, 17,26
internal power dissipation. As with all series regulators, & heat  The (M340 is a fixed output IC

sink must be used when high power dissipation is involved. voltage regulator with an output
selectable from 5 Vito 23 V.

i.‘"_racr:'se Problems
|17—5.1 Design the regulator circuit in Fig. 17-22 to have an 18 V, 200 mA

output. Include short circuit protection, and specify Q.

17-5.2 Using an LM317, design a 9V, 150 mA voltage regulator. Select a
supply voltage, and calculate the regulator power dissipation.

17-6 Switching Regulator Basics

Switching Regulator Operation
A switching regulator can be thought of as similar to a linear
regulator, but with the series-pass transistor operating as a switch
that is either off, or switched on (in a saturated statej. The output
voltage from the switch is a pulse waveform which is smoothed
into a dc voltage by the action of an LC filter.

Switching regulators can be classified as:
* step-down converter (output voltage lower than input)
* step-up converter (output higher than input)
* inverting converter (output polarity opposite to input)
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Integrated circuit controller =

./Q N, switch A

! | Filte
i, \_\.Z = | Filter -

=

Vollage s
Comparator R

Input - Pyl " e e Olutput
]1: 7 | Oscillator —-L(:\ ¥ iy L i :
- x-l & Di R,

|
Relerence

vollage

The basic block diagram of a step-down switching regulator in
Fig. 17-27 consists of a transistor switch (Q)) (also termed a power
switch), an oscillator, a voltage comparator. a voltage reference
source, a diode (D,). and a filter. The switch, oscillator. comparator,
and reference source are all usually contained within an
integrated circuit controller. as illustrated. The filter usually
ronsists of an inductor and capacitor, The operation of the
regulator is as follows:

* The de input voltage (V) is converted into a pulse waveform (V)
by the action of the switch (@) turning on and gf. This is
illustrated by the waveforms in Fig. 17-28.

+ The oscillator switches @, on, causing current to flow to the
filter, and the output voltage to rise.

« The voltage comparator compares the output voltage (divided by
R, and R) to the reference voltage, and it holds Q, onuntil V,
equals V . Then, @, is turned off again.

+ The pulse waveform (V,) at the filter input is produced by @,
turning on and off.

+ The filter smoothes the pulse waveform to produce a dc output
voltage (V) with a ripple waveform (V).

= The ripple waveform is the result of the [ilter capacitor charging
via the filter inductor during t,,,. and then discharging to the
load during {; via D,. (The is further explained in Section 17-7.)

In the operation described above, the controller can be thought
of as a pulse width modulator; the on time of Q, (pulse width of its
output) is increased or decreased as necessary to supply the
required output current. Other systems involve control of the
switch off time.

Comparison of Linear and Switching Regulators
The power dissipated in the series-pass transistor in a linear
regulator is wasted power. This is not very important when the
load current is lower than 500 mA. With high current levels, the
regulator efficiency becomes important, and there can also be
serious heat dissipation problems.

In a switching regulator, the power dissipation in the switching
transistor (whether it is on or off) is very much smaller than in the

Figure 17-27

Aswitcing regulator has 3 swinch
fcontained in an IC cont-olle-l 3
filter, and a dinde. The «avich

convertsthe demput inte 3pale
waveform, and the 1lters oo e
the pulse wave into & !

voltage with a ripple wa <o

Input valage

Userltaior output

Swich output

-+ Lin + Lot -

AQuiput valtage

Figure 17-28

Switching regulator wa.efurms.
The switch output 1¢ 2 pulse
waveform, and the lilteroutpul i
a de voltage with a ripple.
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series-pass transistor of a linear regulator with a similar output
voltage and load current. 50, & switching regulator is more efficlent
than a linear regulator.

The approximate efficiency of a linear regulator can be calculated
by assuming that the only wasted power (Pp) is that dissipated in
the series-pass transistor, [see Fig. 17-29(a)l.

P, = P,+(Vegx I) (17-8)

To estimate the efficiency of a switching regulator, it should be
noted that D, (in Fig. 17-27) is biased off when @, is on, and that
D, is on when @, is off. So, the power dissipated in the switching
transistor and diode can be taken as the total wasted power, [Fig.
17-29(b)]. The @, and D, power dissipations can be calculated in
terms of the actual current level in each device and the on and off
times. This analysis shows that Py for each device is simply
[(average output current) x (device voltage drop)]. So.

P, =P, + I,(Vegeay* Vi) (17-9)

As discussed, there is much less power dissipation in the

transistor and diode in a switching regulator than in the series- p, Al

pass transistor of a linear regulator with the same output
conditions. So, a lower power transistor can be used in the
switching regulator. Also, with a switching regulator there is

and
reference

Pﬂ = ir'("f! 1y

usually no need for the heat sink normally required with a series
regulator. Example 17-11 compares switching and linear

regulators with similar load requirements. (a) Linear regulator

Example 17-11
Calculate the efficiencies of a linear regulator and a switching regulator that

each supply 10V, 1 A loads. The series-pass transistor of the linear regulator
has Vg = 7 V. The switching regulator has Vegeyy = Ve= 1V

PCEner L o

—
-

Q) 4—T Fil

¢ T ilter®

N
| 2 VF

r Control !

i T y
cireuit with ——
reference “h

1 » _I

Solution

P =V,xL,=10Vx1A
=10W

.:{ar r;ﬁ" \

Linear Regu lator [Pg =], (V:g_, T;_.; -+' V_F)_ f

Eq. 17-8, P Py + Vg X ) =10W+ 7Vx1A) (b) Switching regulator
=17 W
. P, x100% 10 Wx 100% Figure 17-29
Efficiency = = T Comparison of power dissipated
i in linear and switching regulators.
= 59%

Switching Regulator
Eq.17-9, P, =P, + Ve + V) = 10W +1A( V+1V)

=12W
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P x100% 10\ x 1007,
f.“ﬂt:.lc.f‘rcy - P_ S i
: 2

= 83%

The efficiency calculations in this exampie are approvimate, because power
dissipations 'n other parts of the circuits are negleciod.

As well as efficiency, there are other considerations in the choice
between linear and switching regulators. The output ripple voltage
with a switching regulator is substantially larger than with a
linear regulator, The line effect can be similar with both types of
regulator. but the load effect is usuallv largest with a switching
regulator. For low levels of output power. a switching regulator is
usually more expensive than a linear regulator. A linear regulator
is usually the best choice for output power levels up to 10 W. A
switching regulator should be considered when the output is
above 10 W. Table 17-1 compares the two voltage regulator types.

Table 1°-1 Comparison of inear and switch ra reculator performance.
Linear Regulator Swiching Regulator
Typical Efficieney 30%ato T0"q R
Lme Effect < [0mV < [l m\
Load I=ftect < [UmV =3 m\
Ripple Vohage <10mv 100 m\*
(120 Hz) (10 kHez 1o 200 kHz)
Practise Problems _ N - I

17-6.1 Caleulate the approximate efficiencies of linear and switching
voltage regulators which each supply a 15 V, 750 mA load. The
input voltage to both regulators is V, = 21V, The switching regulator
uses a FET with a drain-source resistance of 15, = 0.6 Q as the
power switch, and a diode with V, = 0.7 V

17-7 Step-Down, Step-Up, and Inverting
Converters

Step-Down Converter

A step-down switching regulator, or step-down converter (also
termed a buck converter), produces a dec output voltage lower than
its input voltage. The basic circuit arrangement for a step-down
converter is shown In Fig. 17-30. Note the presence of the catch
diode (D)). This is normally reverse biased when Q, is on, but
becomes forward biased when @, switches off.
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L

31(a) illustrates the situation when @, is on (in
saturation). Inductor current (1) flows from V. producing an
inductor voltage drop (V4 which is +on the left, - on the right. At
this time D, is reverse biased. When Q, switches off [Fig. 17-31[M)1.
the inductor has stored energy, and it opposes any change in
current level, In order to maintain inductor current flow (with Q,
off). the inductor voltage reverses, becoming - on the left, + on the
right, as illustrated. The reversed polarity of V, forward biases D, to
provide a path for L. If D; was not present in the circuit, the
inductor voltage would become large enough to break down the
junctions of @;. So, D, catches V, and stops it from increasing:

hence the name catch diode.

Figure 17-

Qron I =L;'= L.
’ s
- Y\
= e T
» 5 I i 3 i~ = il
< = Hoin _.Af}. R G L Ltk v
feverw -_—

hiin

(a) Circuit conditions with Oy on

Qioff L L I3
_."-...,__‘:_ ,1 1 e y
o J! = b o |
| f: At 3 -—l |
i oraal [ B
K1 ¥ . R tV
| AT VAl Load |
Y )
forwuard e
hius

(b) Circuit conditions with O efl

Step-Down Converter Equations
Figure 17-32 shows the circuit waveforms during the @, on and off
times (t,, and . These are; switch voltage (V,) at point A (Q,
emitter), inductor voltage (V. inductor current (f). and output
voltage (V,). Equations for calculating component values can be
derived by considering the circuit conditions and the waveforms.
The input voltage (V) appears at the collector of transistor Q.
When @, is on, the voltage across the inductor and capacitor (in
serles) is (V, - Vi), and the inductor voltage is (V; - Vg, - V). Isee
Fig. 17-31(a)]. When Q, switches off. the inductor voltage becomes

Figure 17-30
St ep -down converter circuit

Figure 17-31

In a step-down converer,
inductor current I flows while
Q, is on, producing a voltage
drop (V). When Q, switches off,
Vy reverses and D, becomes
forward biased 1o keep I lowing,
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(V, + V), [Fig. 17-31(b)]. Typically, V. = 0.7 V. and V_, ranges from
0.2 V to 1.5 V. depending on the transislor and {hE' Ioad current.
The energy supplied to the inductor during t, is proportional to [t

x (V, -V, - V)] and the energy supplied by the inductor to the
output durm.q ty 18 proportional to [t,, x (V, + V{]. Because the
inductor input energy must equal its output energy,

[un {V| =¥, al Vu) Uriv 3 V']
t vV +V

giving, .. S Sl JS—- (17-10)
to_ﬂ' vt' = Vsur 7 Vu

From Fig. 17-32.
Lttty = Te1lf (17-11)

The inductor is charged from the supply via @, during ¢ . and it
discharges to the load and the output capacitor via D, during ¢,
When the output current is a maximum (I ). the inductor
current () can be allowed to change from zero to a peak level.

L 23 Lsinn (17-12)
This is the absolute maximum inductor current change (Al = IP)
that can occur when the circuit is operating correctly.

An equation for the inductance may be derived from a knowledge
of the inductor voltage and the inductor current change during ¢ .

e, At

Ol

R e 0 B
Giving, Ly :‘ i~ Vsae” Vo fon

1[min)
IP

(17-13)

The outpurt voltage wavelorm (Fig. 17-32) is also the capacitor
voltage waveform. As illustrated, the capacitor vollage increases
while [ is greater than I, and decreases during tne time that [ is
less than I, While | is less than [, the average inductor current is
AOl/4 below [, and the capacitor must supply this current to the
load. The time involved is T/2, and the capacitor voltage change is
the peak-to-peak output ripple voltage (V). So, an equation for
the minimum capacitance of C,; can be derived as.

It (B1/4) x T/2

or. - T (17-14)

It should be noted that Equations 17-13 and 17-14 give
minimum inductor and capacitor values. The use of component
values larger than the minimum will result in a lower ripple voltage
at the regulator ouiput

— T—————d

w lon w—loff —
] | 3
I Switch oumut

Ttva: |

Vi

Figure [7-32
‘i!g-;;.;}} AW O BrTe o Avelnrms
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When selecting components, the capacitor equivalent series
resistance (ESR) and the inductor winding resistance (R,) must be
taken into account. ESR can affect the output ripple voltage. The
maximum ESR should usually be limited to (0.1 V,/AD. If Ry is too
large. it will produce an excessive voltage drop across the inductor.
The maximum winding resistive voltage drop should typically not
exceed 0.2 V. Also. the peak level of the inductor current must be
passed without saturating the core.

Resistance values for R, and R, (in Fig. 17-30) depend on the
output and reference voltages. This is treated in Section 17-8.

Example 17-12

A switching regulatorwitha 30V input is to have a 12V, 500 mA output with
4 100 mV maximum ripple. The switching frequency is to be 50 kHz.
Calculate the minimum filter components values. Assume that V7, = 1V,

Solution
I 1 1
t 50 kHz
= 20 ps
i s R 12V +07V
Eq. 17-10. L= = —
e VoV,-V, 30V-1V-12V
= (.75
or, t,. =075t
Eq. 17-17, T =t,, + g =075+t +
T 20 us |
or, bai = =i — ET1R Y |
1.75 i |
=
=114us Ao
t,. =T -ty =20s-11.4 s
= 8.6 us
Eq.17-12, I, =21y, =2x500mA
=1A

vV -V, -Vt 3V-1V-
E 1713, ORI ok (30v-1 12 VI x 8.6 s

L 1A
= 146 uH

i 1
Eq. 1714, Cypni = or = e
' &fVv., 8x50kHzx100 mV

= 25 F

Controller

Figure 17-33
Step-down converter circuit for
Example 17-72.
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Step-Up Converter
A step-up converter, or boost converter, produces a de output voltage
higher than its supply voltage. In the circuit shown in Fig. 17-
34(a), L, is directly connected to the supply, and D, is in series
with L, and C,. The collector of Q, is connected to the junction of
L, and D, (point A). and its emitter is grounded.
f'=' 4 D i
—rm ! =y
5 P 52 '|+
e ] =
b T ] I
. ‘ L < R
SRl :i J Figure 17-34
= In astep- 1pt[nu—r—t'-4.’_’.‘t-

(a) Circuit of step

~Up conMerier

Fi !
__|+ = s > .—__|_
?J_I _ Gl | rjrqﬂ{ e J I

(b) Conditonswith {J; an te) Conditions with ¢+ ntr

When Q, is on [Figure 17-34(b)], D, is reverse biased, and

VesV -V,
When Q, is off [Figure 17-34(c)]. V; reverses polarity to keep J,
flowing. The output voltage is now,

$’|.! = k’l + L"’ ) VF'

So, the output voltage is larger than the input, and its actual level
can be set by selection of R, and R, [in Fig. 17-34(a)).
The voltage at point A has the pulse waveform (V,) illustrated in

Fig. 17-35. During ¢, (@, on time). V, = V_,. and during L V=

(V, + VJ. The inductor current mcreases /ol during ¢t .. and
decreases during Ly as L, discharges to C, and the load. The

output voltage (V, across C)) decreases during t,. because D, is
reverse biased and C, is supplying all the load current. During t
D, is forward biased and C, s recharged from L,. V, increases while
I is greater than [ . and decreases when [ is less than [ .

From the circuit conditions and the waveforms, the following

equations can be derived:

o Vot Yo ¥y (17-15)
ty Vi-V.

satl

Induttor current [ 'oes wnile

€2, is on, ;wr.au'u. gty Wen @
switches off, b revenaes {
hecomes funward 0
output voltage 0 =4, -4

e

0

— lpn "_"EH._’T""'

Switch output
v, ‘ \  ZRP LA ‘
"Vmu
1‘

' Inductor voltace

¥i=¥ia)

Ey.u“'rl I -

Ve

" Induttor current
1 3

17-35
converter

Figure
Step-up
waveforms.

circuft
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_ 2 Tlymay (17-16)
P tqg"
(V; - Vsut) fon
Limim = __Tp__'—& (17-17)
t, I
Gt = — G
v,
_— l
[ - ld e
E @) ™
M . 2 |
V, ¢ |icontrotter g“i =:“ Load |
| | y L i=n Figure 17-36
| I, = J In an inverting converter circuit,
: + the Inductor current Iy flows
= while Q, is on, producing V.

(¢} Conditions with ¢J; off

{b) Conditions with Oy en

Inverting Converter
Figure 17-36(a) shows the circuit of an inverting converter, (also
termed a flyback converter]. This circuit produces a negative dc
output voltage from a positive supply voltage. In this case, L, is
connected between ground and the emitter terminal of @,. (point
A). Diode D, is in series with @, emitter and C,. Note the polarity of
D, and output capacitor C;.

Figure 17-36(b) shows that when @, is on, D, is reverse biased,
and

Vy=Vi=V,- Vg,
From Fig. 17-36(c). when @, is off V; reverses to keep [ flowing.
Diode D, is now forward biased, giving

V, = (V- V)

The output voltage is negative, and once again the actual output
voltage level is set by selection of R; and R,.

The voltage at point A in Fig. 17-36 is also the inductor voltage,
and it has the pulse waveform shown in Fig. 17-37. During t,,. V,
= (V, - V)i and during t, V, = -(V, + V. As in other switching
converters, the Inductor current increases to [, during {, and

When Q, switches off, V; reverses
and D, becomes forward biased. -
The output voltage is -fVe- Vo

— T - t'.,lp,r —

Swuch ourput and
Inductor v oltape

Inductor current

+ Output voltave 4

I
v ¢ i 4 i
": | 1
' i d
Figure 17-37
Inverting  converter  Circuit
wavelorms.
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decreases during Ly discharging to C, and the load. V, decreases

during t,, (D, reverse biased) as C, suppliesall of [, lhen Gy is

recharged I’rom L, during ¢, (D, forward biased). and V, increases

while I, exceeds !_ﬂ‘ and decrcascs while I is less than [,
For the inverting converter,
ton Va i VF

toﬂ' Vi i Vs a

Equations 17-16. 17-17, and 17-18 apply for the inverting
converter, as well as for the step-up converter.

(17-19)

Practise Problems

17-7.1 A switching regulatorwith V, = 20V and f = 30 kHz is to produce a
5V, 1 A output with a 200 mV ripple. Assuming that V, = 0.5V
and V; = 0.7 V, determine minimum filter component values,

17-7.2 A switching regulatoris to have V, = 5V, V, =9V, [ = 600
mA, f = 30 kHz, and V, = 200 mV. Determine minimum filter

| component values. Assume that V,,, = 0.5Vand V; = 0.7 V.

17-8 IC Controller for Switching Regulators

Functional Block Diagram

ol A Flipefhop ;
—_— 0 -
R eZ
| i < Swath
L G
Fosgllator
i i
M B— —
= € |-m||.~r.|lr:r -
- 125V
Reference
Regulatar

Comparator | |
- X 3
nvening &,

g

The functional block diagram of a MC34063 integrated circuit
controller is shown in Fig. 17-38. This IC is designed to be used as
a variable off time switching regulator. The components parts of
the diagram in Fig. 17-38 are:

* Switching transistor (Q,) controlled by trausistor Q..

* Setreset flip-flop with input terminals S and R, and output Q.

Figure 17-38

Motorola MC34063 swrtching
regulator controller furctional
block diagram.

(Courtesy of Motorola Inc.
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+ AND gate that controls @, and @, by controlling the ip-flop.

« Oscillator that generates a square wave output at the desired
switching frequency. The oscillator frequency is set by an
externally-connected timing capacitor (C;) at terminal 3.

« Current limiter terminal (L, sense). This input 10 the oscillator
permits @, to be turned off via the reset terminal of the flip-flop.

« Comparator for comparing the output and reference voltages.

+ Reference voltage source (1 25,

Step-Down Converter Using an MC34063

Figure 17-39 shows an MC34063 connected to function as a siep-
down converter. The positive terminal of the supply is conmected 10
terminal 6. and the negative {grtnzndcd} terminal is connected to
terminal 4. Note that a 100 uF capacitor (C)) is connected from
terminal 6 1o ground (right at the IC terminals) to smoothe supply-
line pulses that result from fast load current changes.

AW
= R
Figure [7-39
c E Step-donn s hing crimerter
\ =S ' circuit using  an MC3HO63
100 ut controfler

The supply voltage (V) is connected (via Rg) to the collectors of
9, and Q, at terminals & and I, (see Fig. 17-38). Resistor Ry
(connected to terminal 7) senses the peak supply current (1) and
provides a voltage drop to turn @, eff when the current exceeds the
maximum design level. The equation for the current-limiting
resistor is given on the device data sheet as,

R, =283V (17-20)
IP

The output voltage (V,) is divided across resistors R, and R, and
applied to the inverting input of the voltage comparator to
compare it Lo the reference voltage [Vu,l,l. The voltage across R,
must be equal to the V. when the circuit is operating correctly,
and the voltage across (R, + R,) equals V,. As in all voltage divider
designs, the resistor current should be much larger than the device
input bias current; the comparator input current in this case.

The timing capacitor (C;). connected from terminal 3 to ground.
is selected for the desired on time of the switching transistor. An
equation for the capacitance ol C,is given on the IC data sheet;

C,=48x10%xt, (17-21)
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Variable Off Time Modulator

Switching converter circuits are designed to supply a particular
maximum load current. For a converter circuit using an MC34063
controller, the circuit waveforms are typically as shown in Fig. 17-
40(a) when supplying full load current. Transistor @, (in Fig. 17-38)
is switched on at the start of the each cycle of the oscillator square
wave output. Also, t,, and {;add up to the time period (1) of the
oscillator, as illustrated. When the load current is low, capacitor C,
discharges more slowly than when supplying full load current, [see
Fig. 17-40(b}]. So, Vp, (in Fig. 17-39) has not dropped below Vier by
the beginning of the next cycle of the oscillator square wave.
Consequently. @, is not switched on again at this point, and so the
pulse waveform frequency at Q, emitter is now lower than the
oscillator frequency. A switching converter controller designed to
operate in this way is known as a variable off-time modulator.

Oscillator output Oscillator output

5 b e et

ﬂ Switch outpur ’_] H '_, Switeh outpu ‘_’

—lyp o Toff ——= L - R
Ourpur valmge | . - Dutput voliape
=== =
'
(a) Waveforms for high load current (b) Waveforms for lower load current

Example 17-13
A MC34063 controller is to be used with the step-down switching regulator
designed in Ex. 17-12, as in Fig. 17-39. Determine suitable component values

for Ry, Ry, R, and G,

Solution
I, >> [comparator input bias current ()]
1z = -400 nA (from the IC data sheet]
Select, I, =1mA
R = '\_m, =1,25 v
1 1 mA
= 1.25 kD2 (use 1.2 kQ standard value)
v, 125V
I, becomes, Li=—=

R, 12kQ

Figure 17-40

Waveforms for hich-current and
low-current ronditions in a
variable off-time controller for a
switching regulator.
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= 1.04 mA
VooV, 12-125V
I, Sl i l
2 L 1.04mA
= 10.34 kQ [use (10 kO + 320 ) standard v alues]
033V 033V
Eq. 17-20, B =
- 3 1A
= (.33 Q (epecial low-value resistor)
Eq.17-21, ¢, :4.8«1{)-=~<:m=4.8x10'*1(8.6;15

= 413 pF wuse 430 pF standard value)

Catch Diode Selection
The diode power dissipation can be calculated approximately from
the output current and the diode voltage drop;

Py = 1,x Vs . (17-22)

The reverse recovery time (¢} of the diode should be less than one
tenth of the minimum diode on or off time, which ever is smaller:

t,<0.1(t min OF Lpmming) (17-23)

Diode Snubber

A diode snubber is a series RC circuit connected across the catch
diode to suppress high frequency ringing that can be produced by
resonance of the inductance and capacitance of components and
connecting leads. (Termed parasitic inductance and capacitance.)

A diode snubber circuit is shown in Fig. 17-41. The capacitance of

C, is usually selected in the range of four to ten tmes the diode
junction capacitance (C;). and then the resistance of R_is
calculated from C and the ringing frequency (f).

C, =(4to0 10)x C, (17-24)
1

Cc, == (17-25

R, T )

High Power Converters

When the load current of a switching regulator is too high for the
controller internal transistor, an externally-connected device can
be employed. Figure 17-42(a) illustrates how a high-power BJT (Q,)
should be connected for use with a step-down converter, and Fig.
17-42(b) shows how an external FET should be connected.
Resistor Ry at the base of Q; in Fig. 17-42(a) ensures that @, is
biased off when @, switches off. For the pchannel MOSFET (Q) In
Fig. 17-43(b), resistors R. and R, are selected to give a gate-
channel voltage (V) that will switch Q; on when @, is on.

D

Figure 17-41
A series RC circuit connecied

paralfel with a thewle (3 e

snubber cieowit) s often e
suppress high frequency rngr 4

T
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Controller
L
el

%

: Rt 4 +
. Ap, l Ve

(a) Use of external 8/7 (b) External MOSFET connection

\Practise Problems

17-81 The step-down switching regulator de5|gned for Problern 17-7.1is to
use an MC34063 controller. Determine suitable values for the
additional components.

17-8.2 The step-up switching (egﬁlator designed for Problem 17-7.2 is to use
an M(C34063 controller. Determine suitable values for the additional
components.

Chapter-17 Review Questions

Section 17-1

17-1 Sketch the circuit of an emitter follower voltage regulator.
Explain the operation of the circult, and discuss the effect
of the transistor on the performance of the regulator.

17-2 Sketch the circuit of a series regulator with a one-
transistor error amplifier. Explain the operation of the
circuit, and discuss the effect of the error amplifier on the
performance of the regulator.

Section 17-2
17-3 Show how the regulator circuit in Question 17-2 should be

modified to produce an adjustable output voltage. Explain.

17-3 Show how the regulator in Question 17-2 should be
modified to handle a large load current. Explain.

17-4 Show how voltage regulator performance may be improved
by the use of a preregulator. Explain how the circuit
Perforiuanice 1s unproved.

17~5 Show how a constant-current source may be used instead
of a preregulator to improve the performance of a voltage
regulator. Explain the operation of the circult, and discuss

Figure 17-42

When the peak current is too
high for an IC switching converter
controller, an external power
device can be connected to pass
higher current levels.
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how the performance of the regulator is improved.

17-6 Sketch the complete circuit of a transistor voltage regulator
that uses a differential amplifier, Explain the operation of
the circuit and discuss its performance,

Section 17-3

17-7 Sketch a simple current limiting circuit for short-circuit
protection on a voltage regulator. Explain the operation of
the circuit, and sketch the V /I, characteristic for the
regulator. Discuss the effects of current limiting on the
series-pass transistor.

17-8 Sketch a foldback current limiting circuit for a voltage
regulator. Sketch the V, /I, characterisiic, and explain the
operation of the circuit.

17-9  Write equations for power dissipation in the series pass
transistor in voltage regulators using (a) simple current
limiting. (b) foldback current limiting, Compare the two
current limiting methods.

Section 17-4
17-10 Sketeh the cireuit of a voltage follower regulator using an
IC operational amplifier. Explain the circuit operation.

17-11 Compare the performance of an IC op-amp voltage regulator
to the performance of an emitter follower voltage regulator.

17-12 Sketch the circuit of a series regulator that uses an IC
operational amplifier as an error amplifier. Explain the
circuit operation.

17-13 Foran IC op-amp series regulator, write equations for V, in
terms of V. Briefly discuss the supply voltage requirements.

Section 17-5

17-14 Sketch the basic circuit of a 723 IC voltage regulator. Briefly
explain.

17-15 Sketch a 723 IC voltage regulator connected to function as
a positive voltage regulator with V, greater than V. Write
an equation for V, in terms of V. Briefly discuss the
required supply voltage.

17-16 Sketch a regulator circuit that uses an LM317 IC positive
voltage regulator. Briefly explain,

17-17 Sketch a regulator circuit that uses an .M337 IC negative
voltage regulator, Briefly explain.

17-18 Sketch u regulator eircuit that uses an LM340 IC fixed
voltage regulator, Brietly explain.

Section 17-6
17-19 Draw a basie block diagram and waveforms for a switching
regulator. Explain its operation.
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17-20 Compare switching regulators and linear regulators.

Section 17-7
17-21 Sketch the basic circuit for a step-down switching
regulator. Draw current and voltage waveforms, and
- explain the circuit operation.

17-22 Repeat Question 17-21 for a step-up switching regulator.
17-23 Repeat Question 17-21 for an inverting switching regulator.

Section 17-8

17-24 Sketch the functional block diagram for an MC34063
controller for a switching regulator. Briefly discuss each
item in the block diagram.

17-25 Sketch the circuit of a step-up switching regulator using an
MC34063 in a similar form to Fig. 17-39.

17-26 Sketch the circuit of an inverting switching regulator using
an MC34063 in a similar form to Fig. 17-39.

17-27 Sketch a diode snubber circuit, and briefly explain.

17-28 Draw circuits to show how an external BJT and an
external FET should be connected for use with step-down
converters. Briefly explain.

Chapter-17 Problems

Section 17-1

17-1 Using a 15V supply and a transistor with Rz, = 50,
design a voltage follower regulator circuit (as in Fig. 17-1) to
give a 9 V output with a 100 mA maximum load current.

17-2  Calculate the line regulation, load regulation, and ripple
rejection ratio for the circuit designed for Problem 17-1.

17-3 Aregulator circuitas in Fig. 17-1 has: V, =7V, R, =560 Q,
R =82kQ, R =1800. V;=19V when ] =0, and Vi= 18
Vwhen I, = 35 mA. The transistor has hy. = 60. Calculate
the @, emitter current and the Zener diode current when
the load is connected and when the load is disconnected.

17-4 Determine the line and load regulations for the regulatorin
Problem 17-3. Assume that Z, =5 (.

17-5 Measurements on a voltage regulator with Vo =25Vand V,
= 18 V give the following results: (when I, changes from.
zero to 200mA, AVg =2V, and AV, = 10 mV), (when AVg=
2.5 V, AV, = 112.5 mV). Calculate the source effect, load
effect, line regulation, and load regulation.

17-6  Determine the voltage gain of the error amplifier in Problem
17-5, and estimate the output ripple voltage amplitude if
there is a 2 V peak-to-peak input ripple.
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17-7

17-8

17-9

17-10

A series regulator circuit as in Fig. 17-2 is to have a 15 V
output and a 50 mA maximum load current. Select a
suitable minimum supply voltage and design the circuit.

Design a voltage regulator circuitas in Fig. 17-2 to produce
a 9 V output with a 30 mA maximum load current.

For the regulator designed for Problem 17-7, calculate the
approximate line regulation. load regulation, and ripple
reduction. if Vodrops by 1V from zero to full load current.

Determine the approximate line regulation, load regulation,
and ripple reduction for the regulator designed for Problem
17-8. Assume that AV = 1 V whep Al, = full load current.

Section 17-2

1711

17-12

17-13

17-14

17-15

17-16

17-17

17-18

i7-19

17-20

Modify the circuit designed for Problem 17-7 to make the
output adjustable from 12V to 15 V.

Modify the regulator designed for Problem 17-8 to make the
output adjustable from 8 V to 1OV,

Modify the regulator designed for Problem 17-7 to supply a
maximum load current of 210 mA. Assume that all
transistors used have hy,. = 30.

Modifv the regulator designed for Problem 17-8 1o supply a
maximum load current of 300 mA. Assume that hy, = 20
and hg, = 100.

Design a seriesvoltage regulator with a one-transistor error
amplifier to provide an output adjustable from 15V to 18 V.
The loa® current is to be 250 mA. Assume that all
transistors have b = 50,

Calculate the line and load regulations for the modified
regulator circuit in Problem 17-14. Assume that AV = 1V
when A, = full load current.

Design a preregulator for the circuit designed for Problem
17-7 and modified for Problem 17-13.

Determine the approximate line regulation, load regulation,
and ripple reduction for the modified regulator in Problem
17-17. Assume that AVg= 1 V when A, = full load current.

The preregulator in the circuit referred to in Problem 17-17
is to be replaced with a constant-current source. Design
the constant-current source,

Design a differential amplifier as in Fig. 17-12 to use with
the regulator designed for Problem 17-15.

Section 17-3

17-21

Design a current limiting circuit as in Fig. 17-13(a), to limit
the maximum load current to approximately 220 mA for the
regulator in Problem 17-13. Calculate the power dissipation
in the series pass transistor at [g..
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17-22 Design a foldback current limiting circuit. as in Fig. 17-
14(a). to set I, to approximately 220 mA and Iy to
approximately 150 mA for the regulator in Problem 17-13.
Calculate the power dissipation in the series-pass
transistor at I, and at .

17-23 The current limiting circuit in Fig. 17-14(a) has R, = 1.6 0,
R, =2.7kQ, and R, = 47 kQ. If the normal output level is
20V, calculate I, and Ig..

Section 17-4
17-24 Design an op-amp voltage regulator to have V, = 15V and

I jmaa = 120 mA. Use a 741 IC operational amplifier.

17-25 Design a voltage regulator using a 741 IC operational
amplifier to have V, adjustable from 9 V to 12 V and to
deliver a maximum load current of 60 mA.

17-26 Design an op-amp series voltage regulator to provide an
output voltage adjustable from 15 V to 18 V. The load
current is to be 300 mA. Use a 74! op-amp, and assume
that the transistors all have hg = 60.

17-27 For the regulator designed for Problem 17-25, calculate the
approximate line regulation, load regulation. and ripple
reduction, if Vgdrops by 1V from zero to full load current.

Section 17-5

17-28 Calculate R;, R, and R, for the 723 IC positive voltage
regulator circuit in Fig. 17-21. V, isto be 25V, and I, is
to be approximately 55 mA. Select a suitable supply
voltage.

17-29 A regulator circuit using a 723 IC is to be designed to
provide V, adjustable from 15 to 20 V. Design the circuit.
select a suitable input voltage, and calculate the maximum
load current that can be supplied.

17-30 The LM317 positive voltage regulator in Fig. 17-24(a)is to
produce an 8 V output of with I, = 100 mA. Calculate
suitable resistances for R, and R,, select an appropriate
supply voltage, and determine the device power dissipation.

17-31 The LM317 negative voltage regulator in Fig. 17-24(b) is to
produce a 12 V output with I, = 80 mA. Calculate
suitable resistances for R, and R, select an appropriate
supply voltage, and determine the IC power dissipation.

Section 17-6

17-32 Calculate the approximate efficiency of the lincar regulator
in Problem 17-24. Also calculate the approximate efficiency
of a switching regulator with similar supply and load
conditions. Assume that the switching transistor has V.,
= 0.5V, and that the switching diode has V.=0.7 V.
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17-33 Calculate the approximate efficiency of the IC series
regulator in Problem 17-30. A switching regulator with
similar supply and load conditions uses a FET with ryg.. =
10 Q. and a switching diode with V= 0.7 V. Calculate the
approximate efficiency of the switching regulator.

Section 17-7

17-34 Determine minimum filter component values for a step-
down switching regulator to have: f= 28 kHz, V, =30 V. V,
=15V, ], = 300 mA, and V, = 250 mV. Assume that V=
/-=1V.

17-35 A step-up switching regulator that is to have; f=28kHz. V,
=12V.V, =30V, ;= 150mA, and V, =250 mV. Determine
suitable minimum filter component values. Assume that
V= Vp=1V.

17-36 Determine minimum filter component values for an
inverting switching regulator ro have: /= 28 kHe, V; = 30V,
V.=-12V, [ = 300 mA, and V, = 250 mV. Assume that V.,
=F=1W

F

Section 17-8

17-37 The step-down switching regulator in Problem 17-34 is to
use an MC34063 IC controller. Determine suitable values
for the additional components.

17-38 Calculate values for the additional components for the
step-up switching regulator in Problem 17-35 when an
MC34063 IC controller is used. s

17-39 Calculate the additional component values for the inverung
switching regulator in Problem 17-36 to use an MC340631C
controller.

Practise Problem Answers

17-1.1 257 mV, 143 mV, 0.21%, 0.12%

1712 1.5kQ, 470 Q, (3.9 kQ + 390 Q), 10 kQ, TN758
(25 V, 70 mA, 700 mW)

1721 2.2k0, 5.6 kQ, 2 kO

17-22 5.6k0,2700,1.8kQ, 8.2 kQ, 22 kQ, (18, 160 mA, 1.28 W)

17-2.3 1N749, 3.3 k0, 1.5 kQ

17-31 1.25Q,(25V, 400 mA, 10 W)

17-3.2 3.3Q,820Q,15kQ

17-41 4700, 15 kQ, 4.7 kQ, 8.2 kQ, 2 kQ, 1N758

1742 2.50,2200,(12kQ + 1.8k, 2.2 k0

17-5.1 10kQ, 6.8k0Q, 2.5, 23V, (200 mA, 23 V, 4.6 W)

1752 2700Q,15k0,12V,0.45W

17-6.7  71%, 93%

17-71 60 uH, 47 uF

17-7.2 30 uH, 60 uF

17-81 1.2kQ, (3.3 kQ + 470 Q), 0.165 Q, 360 pF

1799 17k eakOy 4+ 1 ECY D180 SED nF
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1

bbjecﬁves

You will be able to:

Sketch and explain Class-A. Class-
B, and Class-AB fransformer-
coupled power amplifier circuits.
Design and analyze transformer-
coupled power amplifiers. and draw
the circuit dc and ac load lines.

Sketch and explain the basic circuits
of Class-AB capacitor-coupled and
direct-coupled power amplifiers.

4 Show how capacitor-coupled and

direct-coupled power amplifiers
should be modified for: high load
currents, output current limiting, the
use of overall negative feedback.
Explain: complementary and quasi-
complementary emitter followers,
Ve multiplier, and supply
decoupling.

6

Draw and explain complete circuits
Jor direct- and capacitor-coupled

power amplifiers using: BJT driver
stages, op-amp drivers, BJT output

stages, and MOSFET output stages.

Design and analyze the types of
circult listed in item 6 above.
Draw and explain complementary
common-source power amplifiers,
and design and analyze such
circuits,

Explain the applications of various
integrated cireuit power amplifiers.
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Introduction |

A power amplifier. or large-signal amplifier, de\'elop's relamtelly large
output voltages across low impedance loads. Audio amplifiers are
large-signal amplifiers that supply ac output power to spea}w‘rs.
Power amplifiers may be categorized as Class-A circuits in which
the output transistor is biased to the center of its load line, or as
Class-Bor Class-AB amplifiers in which two output transistors are
biased at or close to cutoff. The amplifier load may be transformer-
coupled. capacitor-coupled, or direct-coupled. Direct coupling
usually gives the best performance, but plus-and-minus supply
voltages are required. The output stage of the amplifier may use
power BJTs or power MOSFETS. IC operational amplifiers may also
be used in power aniplifiers, and complete power amplifiers are
available as integrated cireuits.

18-1 Transformer-Coupled Class-A Amplifier
Class A Circuir

Instead of capacitor coupling. a transformer may be used to ac
couple amplifier stages while providing d¢ isolation between stages.
The resistance of the transformer windings is normally very small,
so that there is no effect on the transistor bias conditions,

|
L

L

Figure 18- 1 shows a load resistance (R;) transformer-coupled to a
transistor collector. The low resistance of the transformer primary
winding allows any desired level of (de) collector current to flow,
while the transformer core couples all variations in I to R, via the
secondary winding. This circuit is an emitter current bias circuit
with voltage divider resistors R, and R, determining the transistor
base voltage (V,), and resistor R, setting the emitter current level.

The circuit in Fig. 18-1 is referrcd tc as a class-A amplifier. which
is defined as one that has the Q-point (bias point) approximately
at the center of the ac load line. This enables the circuit to
produce maximum equal positive and negative changes in V.

Figure 18-1
Transtormer-coupled  Class-A
crreuit using emitter rurrent bias
Q, i» hiaved to produce
maximum equal postive  and
negative Vi, changes. The
transistor ac nad depends nn R,
an the square oi the transformer
turn ratio.
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DC and AC Loads

The total dc load for transistor @, in the circuit in Fig. 18-1 is the
sum of the emitter resistor (R and the transformer primary
winding resistance (R}

Ryge)= Rg * Rpy (18-1)

sciondary
/

Consider the transformer illustrated in Fig. 18-2. N, is the
number of turns on the primary winding, and N, is the number of
secondary turns. The primary ac voltage and current are v, and i,
and the secondary quantities are v, and i,. The (secondary) load
resistance can be calculated as,

The ac load resistance measured at the transformer primary
terminals (r,) is calculated as,

v i, N.
L=—1 and —' - —E
Uy IV i N
These equations give,
N I
. 2.

v,=~—’»uz and [[=—1i,

N2 NJ

Substituting for v, and i, in the equation for r,

ro= [0 B (18-2)
N2
The load resistance calculated in this way is termed the reflected
load, or the referred load; meaning that R, is reflected or referred
from the transformer secondary to the primary as r;. The total ac
load at the transistor collector is the sum of the referred load and
the transformer primary winding resistance,

Titae) = T Rpy (18-3)

Figure 18-2

The load R) at the secondary
terminals of a transformer i
reflected into the primary as
RyN{INGF.
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Example 18-1

Draw the de and ac load lines for the circuitin Fig. 18-3 on the transistor
comman emitter characteristics in Fig. 18-4.The transformer has Ry, = 400Q.

N, =74, and N, = 14.

Solution
() point:
2 R 3.7kQ
My = W = WM e ——
R, +R. 4.7k + 3.7 kO
=B W
VisWe  3.0N-07
o=l = = —
¢ R, 1 kQ
=5 MA
Vi =W T iR~ B = TIN - 3mA 00 + 1k0
=BV
Plot the (-point an the characteristics at [ = 5 mA and V,, = 8V
de load line:
Mo =Moo =0 TR ==

I (33 {

Vo =Wer =134

o] i

When/ =0,

Plot point A on the characteristics at /, = O and V, = 13V

(mA) \/. & toad ine I =90 pA
Q
8
N
\ Ig =70 pA
.
6
1g =50 pA
5.—.
. [\~
4 | N
Ie N Ia =30 uA
3 | Y
f Al \
2 | L
| \
N fp=10pA
1 | =
| \ N
0 ' ‘A B .
0 2 4 6 8 10 12 14 16 13(V)

po: |
r AVce |

I
g (i
LI
Ry ]|I-
47 ke %ul
.‘J{ i
c
- 0
1 4
a : ¥ &
i s
J‘?: ' gm P
T Gk

Figure 18-3
Teanstormer-auplod  Class-4

implitier for Frample 18-

Figure 18-4

Thedc lnad line for atransiormer-
coupled amplifier is  drawn
through the Q-point at a slope of
1R, g Theac load line s drawn
theough the O-point at aslope of

! rl"_lf."
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Draw the dc load through point A and point Q.

ac load line:
N 7412
Eq. 18-2, n=|—]R=|—x56Q
; - - 2]
= 15650
Eq. 18-3. Frag =1 + Ry = 15650 +40Q
= 1.6 kQ

When /. changes by &) = 5 mA,

AV, = Bl-xr,,, =5mAx1.6kQ
=8V

Measure A7 and AV, from the Q-point on the characteristics to give point B
atVy; = 16 Vand [, = 0. Draw the ac load line through points Q and B.

Collector Voltage Swing

The ac load line drawn in Ex. 18-1 is reproduced in Fig. 18-5 to
show the effect of an input signal, When the input causes [ to
increase from 50 pA (at ) to 90 pA, the current and voltage
become I =9 mA and V. = 1.6 V., (point C on the ac load line).
The changes are: Al. = +4 mA. and AV = -6.4 V. When the input
causes I, to decrease (from I;) to 10 pA. I changes from5mAto 1
mA. and the V. changes from 8 V to 14.4 V. (point D). The current
and voltages changes are now: Al.= -4 mA and AV = +6.4 V.

& load line Ju= 90 pA
(TS e
LJ T
% i
% b |
b le=10pA .I '
¥ | +Aly
N ! | ltw base
6 iy i leurrenl
% . ; [
¥ ) fu=50pA |
s T : _]
LS I \ ] i
|4 \ !
Ir | 38 =30 pA . l,' »
] 3 ! \‘ l | TRlN |
| %, |
? % Iu'
| <] Jp=10pA \/
l | DiN
0 - ) T,
1] 21_. 4 & R (LI =S I ] ")
i __,,Tu—_—‘—--——- trafToancr primas
e m:\ll-)t'__ B

~Mor +alir

Figure 18-5

A transformer-coupled Clas:-A
amplifier has its Q-point at the
center of the ac load line. The ac
voltage appliedto the transformer
primary 15 =0V which i
produced by =4l
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It is seen that an [, change of +40 pA produces a =4 mA [ change
and a 6.4 V change in Vg The Vi variation appears at the
primary winding of transformer T,. (Fig. 18-3). and the . variation
flows in the primary winding.

Note that, although V. = 13V, the transistor V.. can actually
go to 16 V. This is due to the inductive effect of the transformer
primary winding. The transistor used in this type of circuit should
have a minimum breakdown voltage approximately equal to 2 V.

Efficiency of a Class A Amplifier

Power is delivered to an amplifier from the dc power supply. The
amplifier converts the dec power into ac power delivered in the load.
(see Fig. 18-6). Some of the input power is dissipated in the
transistor or in other components. This is wasted power. The
efficiency (1) of a power amplifier is a measure of how good the
amplifieris at converting the de input (supply) power (P} into ac
output power (P ) dissipated in the load.

E
+ =—2x100% (18-4)
P;
The de supply power is,
e I'L.L't' X Iﬂ]‘r.'

In the case of a class A amplifier, 1, = I

So. P = Vel

Refer again to the class A circuit in Fig. 18-6. and assume that
Vi << Vi Inthis case, Vg, is approximately equal to V. and
the peak voltage developed across the transformer primary
approach=s =V.. if the transistor is driven to cutoff and
saturation. Also, the peak current developed in the transformer
windings approaches i, Thus, the maximum ac power delivered
to the transformer primary can be calculated as,

P, = Vg X Ie = (VV2) x (1)V2

rms © ‘rms
giving, P/=05V,I, (18-5)

Using the highest possible current and voltage levels, and
assuming that the transformer is 100% efficient.

B, =08 Vi Foy

The maximum theoretical efficiency for a Class-A transformer-
coupled power amplifier can now be determined as,

P 0.5 Ve
Eq. 18-4, n=-2x 100% = ——— €9y 100%
P, Vee lg

Iep

Figure [18-6

Ry

A power amplifier converts dc

nput (supply) power inlo

outpul power.

ac
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In a practical Class-A transformer-coupled power amplifier
circuit, 50% efficiency is never approached. Any practical
caleulation of power amplifier efficiency must take the output
transformer efficiency () into account.

P
N, = ;",x 100% (18-6)

o

A typical transformer efficiency might be 80%. There is also power
dissipation in the transistor emitter resistor and in the bias
circuit. The practical maximum efficiency for a Class-A power
amplifier is usually around 25%. This means. for example, that 4
W of de supply power must be provided to deliver 1 W of ac output
power to the load.

Example 18-2
Calculate the maximum efficiency of the Class-A amplifier circuitin Ex. 18-1,
(reproduced in Fig. 18-7). Assuming that the transformer has an 80%

efficiency.

Solution
P =Vgxlg=13Vx5mA
=65 mW 'y
47 ki)
Vo= Verg = 8V
[y =Ilq=5mA &
! ' 7 | mane — 01
Eq. 185, P, =05V,] =05x8Vx5mA ‘
=20mwW
g , ; R2
Eq. 18-6, P, =1 P, = 0.8x20mW o
=16 mW
Eq. 18-4 i 100% i 100%
. 18-4, =—X % = -4 %
q TF Temw

= 24.6%

Practise Problems )

1811 The circuitin Ex. 18-1 has the quantities changed to: V- = 15V, R,
=3.9kQ, R, = 2.2KQ, R = 1.5kQ, Ry =330, R = 1000, N,
=118, N, = 20. Draw the new dc and ac load lines on Fig. 18-4.

1812 Determine the maximum efficiency for the amplifier in Problem 18-
1.1. Assurme that the transformer efficiency is 75%.

L
2 o

5mAe

| Ce

1}
1

Figure 18-7

Class-A power amplifier fo

Example 18-2.
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18-2 Transformer-Coupled Class-B and Class-
AB Amplifiers

Class B Amplifier

The inefficiency of Class-A amplifiers is largely due to the transistor
bias conditions. In a Class-B amplifier, the transistors are biased
to cutoff, so that there is no transistor power dissip;_atmn when
there is no input signal. This gives the Class-B amplifier a much
greater efficiency than the Class-A circuit. o
The output stage of a Class-B transformer-coupled amplitier is
shown in Fig. 18-8, Transformer T, couples load resistor R, to the
collector circuits of transistors Q, and @, Note that the supply is
connected to the center-tap of the transformer primary, and that
@, and Q, have grounded emitters. The transistor bases are
grounded via resistors R, and R.. so that both are biased off.

Ly
. Figure [8-%

) A i Cliss=B posver amplfier, tao
. tramintirs aperate ."‘L'"J"f'"'“
When the input v-':.;‘-"-i_f turns @
so0) s turned off, and .ve

N

k)

The input signals applied to the transistor bases consist of two
separate sine waves which are identical, except that they are in
antiphase. When v, is going paositive. v, is going negative. so that
@, is being biased further off as ), is being biased on. As the
collector current in Q, increases from zero, it produces a half sine
wave of voltage across the upper half of the transformer primary,
as illustrated. When the positive half-cycle of input signal to Q,
base begins to go negative, the signal at Q,base is commencing to
go positive. Thus, as @, becomes biased off again, @, is biased on,
and a half-cycle of voltage waveform is generated across the lower
half of the transformer primary.

The two half-cycles in the separate sections of the transformer
primary produce a magnetic flux in the transformer core that flows
first in one direction and then in the opposite direction. This flux
links with the secondary winding and generates a complete sine
wave output which is passed to the load.

In the Class-B circuit, the two output transistors arc said to be
operating in push-pull. The push-pull action is best illustrated by
drawing the ac load line on the composite characteristics for @, and
@3 The composite characteristics are created by drawing the @,
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characteristics in the normal way, and presenting the Q,
characteristics upside down. This is illustrated in Fig. 18-9.

Example 18-3

Draw the ac load lines for the circuit in Fig. 18-8 on the transistor composite
characteristics in Fig. 18-9. The transformer has R, = 40Q, N, = 74, and N,
= 14, and the supply voltage is V- = 16 V.

Solution
Q-point ; Vy=0Vand l-=0mA

v

Vee-Io(Rey +R) =16V -0
16V

F

Plot the Q-point on the characteristics at [ = 0 mA and Vi = 16 V.

ac load line:
Eq. 18-2 bif P c 60
18- fo= =R = [Sexs
4 ' ‘ AL n 14
=13650
LY
048
NG A
" - S e g
N
v N
N, e s
(7 characteristics

5 *

[ | S .
by N ol
Ie | M N | |

1 e

! el |

i \-Q £} [ "1-"11‘ :"' Ual_l

W T R Py
Y T

i ‘\ fa® 1Dun
! Figure 18-9
| AC load line for a Class-8 amplifier

N by
W S
| 1 | :
S | ! drawn on the BJT compcsite
N\ | I b s, characteristics. Also, showing the
| — e LT effect of I changes on V5

Q; characienstics | e | e l f

N

|

t -
Ta= 044
\ )

|
| N i
NPT, | L,
Tewan D[ |
1 ’ '!\ID

i B jra
P

- A
CrossOver :

diomion s

AFess aVrgy
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Eq. 18-3, Fa =1 + R = 15650+ 40Q
1.6 kQ

il

When /, changes by Al = 10 mA,

Vg = Al x 1,y =10 mAX 1.6 kO
=16V

Measure Al and Vg, from the Q-point to give points B and B” at Vi, = 16V
and I, = 0. Draw the ac load line through points Q. B, and B,

Now consider the effect of a signal applied to the bases of @, and
@, in the circuit in Fig. 18-8. When I;; is increased from zero to 90
pA. @, remains off and Vg, falls to 1.6 V. (point C on the
composite characteristics in Fig. 18-9). At this point the voltage
across the upper half of the transformer primary in is.

Vyy= Ve~ Vg =16V - 168V
=144V

When I, is increased from 0 to 90 pA, @, is off. and the Q,
current and voltage conditions move to point D on the ac load
line. This produces 14.4V across the lower half of the transformer
primary. Thus. a full sine wave is developed at the transformer
output. When no signal is present, both transistors remain off and
dissipate zero power. Power is dissipated only while each device is
conducting. The wasted power is considerably less with the Class-
Bamplifier than with a Class-A circuit,

Cross-Over Distortion

The waveform delivered to the transformer primary and the
resultant output are not perfectly sinusoidal in the Class-B circuit,
Cross-over distortion is produced in the output waveform, as
illustrated in Fig. 18- and 18-10, due to the fact that the
transistors do not begin to turn on until the input base-emitter
voltage is about 0.5 V for a silicon device, or 0.15 V for a
germanium transistor. To eliminate this effect, the transistors are
partially biased on instead of being biased off With this
modification, the Class-B amplifier becomes a Class-AB amplifier.

Class AB Amplifier

Figure 18-11 shows a Class-AB transformer-coupled output stage
with a Class-A transformer-coupled driver stage. The output
transformer (T,) has a center-tapped primary winding, with each
half of the winding constituting a load for one of the output
transistors (@, and @.). Resistors R, and R; bias @, and @,
partially on, and resistors R; and Ry limit the emitter {and collector)
currents to the desired bias levels, Transformer T, together witll
transistor @, and the associated components comprise a Class-A
stage. The secondary of T, is center-tapped to provide the
necessary antiphase signals to @, and @,

Figure 18-10

Cross-over distortion occurs in
Class-B amplifiers because the
transistors are biased off
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Class-4 dnver

, L +ee
. v

Figure 18-11

Class-AB  transformer-coupled
outpul stage with a Class-A
driver stage. Transistors Q.1 and
Q;are biasedtoa low I level.

When the instantaneous polarity of T, output is positive at the
top, @, base voltage is positive and Q, base voltage is negative, as
illustrated. At this time Q, is onand @, is offt When the polarity
reverses at T, output, the base of Q,becomes positive and that of
@, becomes negative. The output stage functions exactly as for a
Class-B circuit, except that each device commences to conduct
just before the signal to its base becomes positive. This eliminates
the transistor turn-on delay that creates crossover distortion in a
Class-B amplifier.

The Class-A portion of the circuit in Fig. 18-11 is referred to as a
driver stage, simply because it provides the input signals to drive
the Class-AB output stage. The input power handled by the driver
stage is very much smaller than the circuit output power. so that
the inefficiency of the Class-A stage is unimportant.

Efficiency of Class-B and Class-AB Amplifiers
For a Class-B amplifier, the dc supply power (see Fig. 18-12) is
calculated as.

Pyae cc X love

or, Pyy = Vee x 0.636 I, (18-7)

The ac power input to the transformer primary is given by Eq. 18-5,
P,/=05V,I[,=0.5 V. I

Assuming a 100% efficiency for the output transformer,

P,=P, =05 Vg,
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So. the maximum theoretical efficiency for a Class-B transformer-
coupled power amplifier is,
0'-5 "{'-(‘ IF 3

0.636 V- I,

P,
Eq. 18-4. n= FOX 100% = x 100%

=78.6%

Once again, the efficiency of a practical amplifier is lower than
the theoretical efficiency. Some power is wasted in the transistors
and emitter resistors, and the transformer is never 100% efficient.

+ I i
i.n .‘! o ol 'ﬂr‘i‘l.t

w| S poweriP

I‘.ﬂu‘"U' sy
Jp = 2 r
|
ai posker 1o the —-_gl Ry
fransformer il
pomany (P h- "
Lo~ E ..\

L
N

The efficiency of a Class-AB power amplifier is typically a little
less than that of a Class-B circuit, because of the additional small
amount of power wasied in keeping the output transistors biased
in a low-current on state, Class-B and Class-AB power amplifiers
are employed more often than Class-A circuits, because of their

greater efficiency,

Example 18-4

Calculate the power delivered to the load in the Class-4AB amplifier Fig. 18-13,
ireproduced from Fig. 18-11). Assume that T, hasa 79% efficiency, and that
there is a 0.5 V drop across Q, and across Q, at peak output voltage. Also,
assume that N, = 60, N, = 10, and that the primary winding resistance is

small enough to neglect.

Seolution
Referred load:
Eq. 18-2 o= [':‘L’]')x R = [Eq]:ﬂﬁ Q
T N, TN 10
=576

Total ac load in series with each of Q, and Q;:

R'=r+R+Ry=5760+56Q+0
= 6320

Figure 18-12

The dc input power to a Class-8°
amplifieris P, = V- x 1), and
the ac power to the transformer
primary is Py' = 0.5 Vi {p)
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Peak primary current:
VgV 2TV-05V
PR e2Q
41.9 mA

Peak primary voltage:
: T
v,l =Viee - Vigg =4, R I8 bl \}
= 27V-05N - 41,9 mAX 56 Q)
=215V

Power delivered to primary:

Eq. 18-5, Pt =05y, 1
=(0.5% 2415 % 419 mA

= 306 miA

Power delivered to the load:

P, =P, x transtormer efficiency!
= 306 m\y v (179
=300 m\\

'Practise Problems
[18-2.1 Calculate the bias currentsin the circuit in Fig. 18-13, and wsing the
' results from Ex. 18-4 estimate the overall efficiency of the amplifier.

118-2.2 Draw the dc and ac load lines for the output stage in the circuit in
Fig. 18-13 on blank composite characteristics.

L -

18-3  Transformer-Coupled Amplifier Design

Design of a transformer-coupled amplifier commences with the
load resistance and output power specification. A signal voltage
amplitude may also be stated, as well as the upper and lower
cutoff frequencies for the amplifier. If a supply voltage is given,
then the design must determine a specification for the transformer.
Where an available transformer is to be employed. the supply
voltage is calculated to suit the transformer. The maximum levels
of Veg, I and P must be calculated for each transistor,

The power delivered to the transformer primary is determined
from the Eq. 18-6,

Sl L)

Figure 18-13
Class-1B LPans T = s

amplifier for Dvample "4
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The power delivered to the primary can also be expressed as,

2
pr= [Vrlnls]
! s
where V, _is the rms primary voltage. and r is the ac resistance
offered by the transformer primary (the referred resistance). Using oy T.
peak voltages, the equation becomes, Nl | " "
A | i
i . A %
(V/va2 V.2 o B i
By sl ek -
L 2n
This gives the equation for r;: Figure 18-14
va The input resistanceat each half
r, = p , (18-8) of the center-tapped primary
2P, winding of an autput transformer

i« r,, and the inpu! resistance to
Using Eq. 18-2, r, can be calculated in terms of the load thewhole priman nr"=4r.
resistance and the transformer turn ratio:

N -
i [%i]h) R,

The resistance seen when "looking into” the whole winding of a
transformer with a center-tapped primary (see Fig. 18-14] is.

2Nj3. Ni1s
B [ N, I]‘R;_:‘; [Ki]h R,

or, r=4rn (18-9)
The transformer can now be specified in terms of the output power
(P.). the load resistance (R,), and the referred resistance (r;).
Referring to Fig. 18-15, note that when @, is offand @, isona
voltage with a peak value of approximately +V~ is induced in the
half of the transformer primary connected to @, The induced
voltage occurs because the other half of the primary has +V.
applied to it via Q,. and because both windings are on the same
magnetic core. The induced voltage is superimposed upon the
supply. so that the voltage that appears at the collector of 9, is,

B Vi (18-10)

Q: off

=

v,

CE{fmax}

Q:on

To determine the peak transistor current, the equation for power
delivered to the transformer primary is rewritten. From Eq. 18-5,

_2F

Figure 18-15

. With Q, off and Q, on, the

I, v (18-11) vm‘rage?au(:us Q, " collector-
p emitter is approximately 2 Veer

The power dissipated in the two output transistors is the
dilference between the de supply power to the amplifier and the ac
power delivered to the transformer primary:

2 Pp= Py~ P’
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Each transistor is on for half of each cycle of the input signal, so
the power dissipated in each transistor is half of 2 P;.

Pr=0.5 (P, - P,) (18-12)

The transistors are specified in terms of the device power
dissipation (P;). the peak current (Ip). and the maximum collector-
emitter voltage (Vegmay) The transistors must also be operated
below the maximum power dissipation curve. [sce Section 8-7).

Example 18-5
The Class-8 circuit in Fig. 18-16 is to dissipate 4 \\ in the 16 Q load. Specify
the output transiormer and transistors. Assume an 80% transformer efficiency.

Solution
_ P, 4W
Eq. 18-6. P B =
W 0.8
=5W
ler > b"’.{'L" =30V
V2 (30V)
Eq 18'8 |"I = i e
2P 2x5W
=900

r‘.'=4rl=-4x900
=3600

Transformer specification:
P.=4W,R =16Q,r = 3600 center-tapped

£Q. 18-10,  Vijngy = 2 Ve = 2x30V
=60V
R Figure 18-16
_ 2P, 2%3 W Class-B power amplifier output
Eq. 1811, 1= = — : i)
VF’ 0V stage for Ex. 18-3.
=333 mA
Eq.18-7, Py = Ve x0.636 ir} =30V x0.636 x 333 MA
=6.35W
Eq. 18-12, Pr =0.5 Py, - P,) =05 6.35 W -5 W)

=0.68W

Transistor specification:
Pr=0.68 W, Vgmay = 60V, [, = 333 mA
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Poor frequency response is one disadvantage of transformer-
coupled amplifiers, both at the low and high ends of the audio
frequency range. This can be improved by the use of overall
negative feedback. However. substantial improvement in frequency
response can be achieved by eliminating transformers from the
circuit. The alternatives are capacitor-coupling and direct-coupling
of the amplifier load.

\Practise Problems _

1831 A Class-A transformer-coupled amplifier is to produce a peak
current of 15 mA in a 200 Q load. The available transformer has R, =
2000, r, = 320 Q, and efficiency = 90%. Determine a suitable

| supply voltage and specify the transistor.

18-3.2 A Class-8 transformer-coupled amplifier with V- = 25 Vis to supply
I 6 W to a 12 Q load. Assuminga 75% transformer efficiency, specify
| the transistors and transformer. !

18-4  Capacitor-Coupled and Direct-Coupled
Output Stages

Complementary Emitter Follower

Two BJTs connected to function as emitter followers are shown in
Fig. 18-17. Although one is npn and the other is pnp. the devices
are selected to have similar parameters, so they are complementary
transistors. The circuit is termed a complementary emitter follower.

A single-transistor emitter follower is essentially a small-signal
circuit, because large signals can reverse bias the transistor base-
emitter junction when the input polarity is opposite to the
transistor V. polarity. An npn emitter follower might not correctly
reproduce the negative-going portion of a large signal, while a pnp
emitter follower might not reproduce the positive-going portion.
Complementary emitter followers have similar signals applied
simultaneously to both device bases, as illustrated. Transistor @,
conducts during the positive half-cycle of the signal, and it pulls
the output voltage up to follow the input. During this time, Q,
base-emitter junction is reverse biased. For the duration of the
negative half-cycle of the input, Q, base-emitter junction is
reversed and @, conducts, pulling the output down to follow the
input. Thus, the complementary emitter follower is a large-signal
circuit with the low output impedance typical of emitter followers.

Capacitor-Coupled Class-AB Output Stage

The basic circuit of a Class-AB amplifier using a complementary
emitter follower output stage and a capacitor-coupled load is
shown In Fig. 18-18. The circuit is termed a complementary
symmetry amplifier. Transistor @, and resistors R}, R,, R, and Ry,
comprise a common emitter amplifier stage that produces all of the
circuit voltage gain. The output of @, is developed across R, and

+J ‘(‘C

\J

npn

-VYee

Figure 18-17

A complementary  emitter
follower uses an npn transistor
and a pnp transistor that have
similar characteristics.



applied to the bases of @, and Q.. Capacitor C, ac couples R;, and
dc isolates R, to keep it from affecting the circuit bias conditions.

The total voltage drop (V) across diodes D, and D, and resistor
Ry forward biases the base-emitter junctions of @, and Qto avoid
cross-over distortion, Emitter resistors Ry, and Rg; help limit the
quiescent current through @, and Q; Adjustment of the bias
voltage (V) is provided by variable resistor Rg. The diodes have
voltage drops (V,) that approximately match the output transistor
Ve levels. Also, V;; does not change significantly when the diode
current changes, so, the diodes behave like bypassed resistors. The
diodes and output transistors can be thermally-coupled by
mounting D, and @, on a single heat sink, and D, and Q; on a
single heat sink. In this case, Vp, follows the Vj¢level changes with
temperature, thus stabilizing the transistor bias conditions over a
wide temperature range. The junction of Ry, and Rg; must be
biased to V-/2, so that the output voltage to C, can swing by
equal amounts in positive- and negative-going directions.

+1°

Li

Vv 4 if’}_. :
S %Rs : %Ru b= O

Class-AB Capacitor-Coupled Amplifier Design
Design of the type of circuit shown in Fig. 18-181s largely a matter
of selecting appropriate resistor voltage drops and current levels,
and then applying Ohm’s law to calculate the resistor values, The
peak output voltage (V) and peak output current (Id can be deter-
mined from Egs. 18-8 and 18-11, respectively. Those equations
were developed for the power delivered to a transformer primary,
but they apply equally to power delivered to any load resistor.

The voltage drops across Ry, and Rgg when the peak output
current is flowing are typically selected as 5% to 10% of the peak

i

Figure 18-1%8

A Class-A8 capac
power amplifier 7
complementary e
as the output stage =
complementary
amplifier.
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output voltage. This is illustrated in Fig. 18-19(a) and (b) where the
output capacitor is represented as an ac short-eircuit. So,
Ry, = Rg3=0.05 Ryto 0.1 Ry (18-13)

It should be remembered that R, and Ry, are included to help
stabilize the transistor quiescent currents at a level that
eliminates cross-over distortion in the output waveform. For the
type of amplifier circuit in Fig. 18-18, without overall negative
feedback, it is best to select the emitter resistors as large as
possible. Smaller emitter resistors can be used in circuits with de
and ac negative feedback, (see Sections 18-5 and 18-6).

When the output is at its negative-going peak, Vg, should be 1
V minimum, to ensure that @, does not go into saturation. Also,
Vg, should typically be 3 V, (see Section 5-7). So, the minimum
level of V, is typically 4 V, [Fig. 18-19(b)]. Similarly, when the
output is at its positive-going peak, there must be an appropriate
minimum voltage drop across resistor R, [Fig. 18-19(a)]. It is not
acceptable to set a 1 V minimum for Vg, because the current
through R, would be too small for the required peak base current
to @, So. it is best to select,

Vicimtny = Veimig =2V (18-14)

The minimum current through R. ([gem,) should typically be
selected 1 mA larger than the peak base current for the output
transistors. R¢ is calculated from Ve aNd Ipejpyny-

Referring to Fig. 18-19(a), the supply required to produce the
positive output peak voltage is,

V. = Vp+ Veeo * Vet Ve

Also, from Fig. 18-19(b), the negative output peak requires,
V. = Vp+ Ve + Vees* Vermy

and, Vv, =V

' So, the total supply voltage is,

Vee = 2(Vp* Vepa * Vs * Veeimin)

The voltage drop across the diodes and Ry should just bias @,
and @, on for Class-AB operation, (see Fig. 18-20). The current
through R, is the @, quiescent current (Iy,), and this is calculated
from R, and the dc voltage drop across Re. Vicuy €quals Vi,
and the sum of them equals (V- V). (see Fig. 18-20). So,

(18-15)

Vecae = Ve = 0:8(Vee - Vg (18-16)
The resistance of Ry is now calculated from Vpoyy and Iy,
Resistors R, R, and Ry, are determined in the usual manner for

an emitter current bias circuit.

e

Vreiming
4V

I',r--

Vee|

_ ij‘!rmun
(4Vv)

(a) Negative output peak

Figure 18-19
Supply voltage determination for
a Class-AB capacitor-coupled
output stage.
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The output transistors should be specified in terms of their
maximum voltage, current, and power dissipation. The maximum
Vg for @, and @, (in Fig. 18-18) is the total supply voltage (V).
Maximum current for @, and @, is the peak load current plus the
selected quiescent current (Ig,,). This normally 1.1 I, Transistor
power dissipation is calculated by determining the dc power
delivered to the output stage from the power supply. and then
subtracting the ac load power. The remainder is halved to find the
power dissipated in each transistor, Equation 18-12 applies: Py =
0.5 (P, - P). Recall that the transistors must be operated within
the safe operating area of the characteristics, (see Section 8-7).

With a capacitor-coupled load, current is drawn from the power
supply during the positive half-cycle of the output, but not during
the negative half cycle. The capacitor acts as an energy reserveir to
supply load current when the output Is negative-going.
Consequently, the supply current has a half-wave rectified
waveform (see Fig. 18-21), and so,

I, =0.5x0.636 1.1,
=0351,

The dc supply power to the output stage is.

P

=V

oe J'm'r?
or, P, =0.35 Vo I, (18-17)

As always. with the exception of the capacitor selected to set the
circuit low 3 dB frequency (f)). each capacitor impedance is selected
as one tenth of the impedance in serfes with the capacitor. Where
there is no overall negative feedback, the capacitor with the
lowest-value series-connected impedance is normally selected to
set f,. For the circuit shown in Fig. 18-18. the impedance looking
into the emitter of @, is hy,, and this is in series with Cp. If by, is
smaller than R;, then at f:

Xep* Mgy Xee=0.12, X501 R,

Most power amplifiers typically have R, =8 () or 16 Q. So. the load-
coupling capacitor normally sets the circuit low 3 dB frequency.

X.o =R at f; (18-18)

Example 18-6

The Class-AB amplifier in Fig. 18-22 (reproduced from Fig. 18-18)is to deliver
1 W to a 50 Q load. Determine the required supply voltage, and calculate
resistor values for Re, Ry, Re,, and Rey. Assume hyg,.) = 50 for Q, and\Q .,

Solution

from Eq. 18-8, V,

V2R P)=V(2x50Qx1TW)
10V

Il

Freud,
=g

Figure 18-20
Tha ,0'tage drops aCross D, D,
10, vn for

35 (
as (2

Clss-~8 operation.

o LlIp

0: Gron

B

Gt cument

Figure 18-21

The supply current for the output
stage of a capacitor-coupled
Class-AB power amplifier has a
half-wave rectified waveform.
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% 0V
[P:_E.=_
R[ 50Q

= 200 mA

Eq. 18-13, R, =R;=01R=01x50Q
=5 Q (use 4.7 Q standard value)

select, Iegy = 0.1, = 0.1 x200 mA
= 20mA

Ve = Vary + Jeqa (R + Ry + Vg
=07V+20mAM4.7Q+4700+07V

=16V o o
/ =V =4V z | Re o
EqQ. 18-14, Vermin = Vacmin = Vae « Sesin
; L 200mA i
s hieaiming 50
=4 mA 1710
select, Liciming: = dasimag T 1 MA=4mA +1 mA
=5mA ___‘.“ B
RC & VRCrmfnJ . 4V el
!RCfm:'m 5 mA i
= 800 Q) (use 680 Q) standard value)
Eq. 18-15, Ve =2 Ve + Vs + Ve + Vecimin
=2[10V+1V+07V+4V]
=314V (use32V)
Eq.18-16, Vpgqy =05V -Vg=05(32V-1.6V) .
=152V =1

V 15.2V
P .= BT % rertoes Figure 18-22
' Rey 680 Q Capacitor-coupled  Class-AB

power arnplifier for Example 18-6.

=224 mA
e o Ve Vor-Vos _16Y-07V-07V
= 5

i 22.4 mA

= 8.9 Q (use 20 Q standard value variable resistor to
allow for + adjustment)

Example 18-7
Specify the output transistors for the circuit in Example 18-6.

Solution
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Vetmag = Vee=32V
ey =10 =101 %200 mik
=220 mA
Eq. 18-17, Pogey =035 Vil = 035 x 32V x 200 mA

=2.24W

from Eq. 18-12, Py =035, -P)=05(2.24 W-1Wj

= (.62 W\

Example 18-8
Calculate capacitor values for ¢, and €, for the circuitin Example 18-6 if the
lower cutoff frequency is to be 30 Hz. Assume h,, = 20 Q.

Solution
Because h, <R, Gy sets 1.

[ ! L
C ETF.".J:,_.-___’\'-‘TX'__;UHZXQUQ
= 159 uF use 180 LF standard value)
1 1
Cr: S e e e = = =
2wr 01 R, 2xmx 50 Hzx 0.1 %3500

= (637 Lt wse 680 uF standard value)

Direct-Coupled Class-4B Output Stage

The output capacitor in a capacitor-coupled power amplifier is a
large expensive component that should be eliminated if possible.
Figure 18-23 shows a Class-AB amplifier circuit with a direct-
coupled load. In this case. the supply voltages must be positive
and negative quantities, +V,. and -Vgg as shown, so that the de
voltage at the output is zero. This is necessary to avoid a power-
wasting direct current through the load. Apart from the
positive/negative supply, the direct-coupled circuit operates in the
same way as the capacitor-coupled amplifier.

Wwith a few exceptions, the design procedure for a direct-coupled
circuit is essentially the same as for a capacitor coupled circuit.
Equation 18-15 gives the total supply voltage, and this must be
halved to give +V,. and -V, for the direct-coupled amplifier. The
total supply voltage must be used to calculate P in Eq. 18-17.
Also, the transistor maximum V. is the total supply voltage.

Practise Problems :
Toh. i A TIASSAD POwWer arnplifics, as g 2229 s g dissipate 200 mW

ina 60 Q load. Calculate V., and specify the output transiswrs. |
184.2 Determine R. and Ry for the amplifier in Problem 18-4.1. _J

18-23

A direct-coupled Class-AB power
amplifier must use plus-minus
supply voltages.

Figure
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18-5 Modifications to Improve Power
Amplifier Performance

Darlington-Connected Quitput Transistors
High-power transistors usually have low current gains. so
relatively large base currents must flow into Q, and §; in the
circuits in Figs. 18-22 and 18-23 to supply a high load current.
This means that the quiescent current through Q, must be large.
and consequently resistor R is small. The small value of R, keeps
the amplifier voltage gain low. To improve on this situation.
Darlington-connected output transistors may be used. as illustrated
in Fig. 18-24(a), Transistors Q, and @; in Fig. 18-24(a) are low-
power devices that supply base current to output transistors (B
and @, respectively. Note the four biasing diodes in Fig. 18-24(a) to
bias the four transistor base-emitter junctions.

When peak load current (I) flows, the peak base current to Q,
and Q- is.

I

=" oo X Miay
This reduced base current allows I,q,,, to be smaller, giving a
larger resistance for R,. and resulting in a larger voltage gain.
Resistors R, and R, in Fig. 18-24(a) are included to bias @, and
Q. off when @, and @; are in cutoff. The largest possible resistance
values should normally be selected for Ry and R, When @, and Oy
are off, the collector-base leakage current Iz, flows in Rg and R,
[sec Fig. 18-24(b)]. The voltage drop across the resistors (lego Re)
shouid be much smaller than the normal transistor base-emitter
voltage. Selecting I;,Rg equal to 0.01 V normally gives satisfactory
resistor values. Ry and Rgare not required when power Darlingtons
are used, as illustrated in Fig. 18-25.

Example 18-9

The Class-AB amplifier in Example 18-6 is to be redesigned to use power
Darlingtons, as in Fig. 18-25. Assuming that the power Darlingtons have
Peeumn = 2000, and Vg = 1.4 V. Determine new values for: Ve, R, and R,
Solution
from Ex. 186,  Vp =10V, [, = 200 mA, Lo, = 20mA, R, = R, = 4.7 Q,
Ver = 3V, Voo = Vicao = 152 V2 Vegmm = 4V

Vi = Vagea + I (Rez + Ryy) + Vi,
=14V +20mAMd.7Q+470)+ 1.4V

=3V
Ve = Vacuss * Yoo+ vg— 122V + 152V +3V
=334V
o, V(.(- .r'l\}” = ETAN

vzl
It

-Vee
{a) Darlington-connected
outpul  stage
f('a‘?{]'
p:
4 |y lceo
0.01 V¢ §RN Re
b
{b) Ry biases @ off
Figure 18-24
Darlington-connected  output

transistors reduce the current to
be supplied by R and Q, and
allow R to be increased for a
larger vrjt age gain,
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y b 200 mA
S M 2000
= 100 A
select, g, =1 MA
"Ji\‘r'rﬂ-...-n 4V
B = RO
“Rt'lrmm 1T mA
~ 4 KO (use 3.9 kQ standard value’
: Veewe 152V
' Re: 3.9kQ
=39 mA

V=14 x Vi) B IV -4 E‘r =l
Tevae) 3.9 mA

~ 51 Q (use a 100 Q variable
resistor for adjustment

Quasi-Complementary Qutput Stage

The quasi-complementary circuit was originally developed because
complementary high-power transistors were not readily available.
Despite the fact that such transistors are now available, the
quasi-complementary circuit is still widely used.

Consider the arrangement in Fig. 18-26. Q5 is a high-power npn
transistor. and Q- is a low-power pnp device. When @, base
current (Igs) flows, the collector current of Q- behaves (largely) as
base current (Ig) for transistor Qs This produces a @, collector
current flow (I). which combines with Iz; 10 constitute a current
flow in the load. Because Iy >> Igs the output current can be
taken to be approximately In;:

leg = Ry % Ing
or. I = Mg X Ppps X Ips

This is the same as the current gain with Darlington-connected
transistors.

Now note that when a negative-going input voltage is applied to
the base of @;a negative-going output occurs, because the emitter
of Qs (and the collector of @) follow the input voltage. Thus, the
combination of transistors Qg and @s in Fig. 18-26 behave as a
high-power pnp emitter follower, just like Darlington-connected
transistors @, and @; in Fig. 18-24(a). Because transistors Q. and
@, In Fig. 18-26 are both npndevices, they can be the same type of
transistor. This eliminates any problem with finding suitable
complementary high-power transistors. Resistor Ry in Fig. 18-26
ensures that @, is biased off when Q5 goes Into cutoff.

Figure 18-13
Class-AB. Guth.? siade uung
frosver Darhngto™s

Figure 18-216

A quasf-.-;urrpfen:-c.-.:ary output
stage allows output transistors to
be the same tvpe; Q: and Q; are
both npn transistors.
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Output Current Limiting
Because the output transistors can be destroyed by excessive

current flow, output current limiting circuits are often included in
a power amplifier, Figure 18-27 shows the typical arrangement for
a current limiting circuit. Emitter resistors R, and R4 are each
made up of two components (R, and Ry, as illustrated. The
current limiting transistors (9, and @,) are connected as shown,
so that the voltage drop across Ry, and Ry, (produced by I) can
turn @, and Q; on. This occurs only when I, is at the selected P
level. When Q, turns on, it pulls the base of Q, down, so that Q,
cannot supply current in excess of I, ... Similarly, turning Q. on
causes the base of Q, to be pulled up toward its emitter, thus
again limiting the output current to I, ...

As already discussed for voltage regulator current limiting
cireuits, Q; and @ typically turn onwhen Vy, = 0.5V, (see Section
17-3). The component values shown in Fig, 18-27 limit the peak
output current to approximately 1 A. Catch diodes D, and D, in Fig.
18-27 are usually included with current limiting, to protect the
output transistors from the excessive voltage levels generated in an
inductive load when the current growth is limited. The diodes
prevent the load voltage from exceeding the supply voltage level,

Vgr Multiplier
Figure 18-28 shows an alternative to diode biasing for the output

stage transistors in a Class-AB amplifier, This circuit is known as
a Vpp multiplier because it produces a bias voltage (Vg = Vg
which is a multiple of the Vg of transistor Q. Referring to the
circuit, note that Iy, is the current through the the voltage divider
(Ryo. R,;;, and R,,) that biases Q.. Because I, is much smaller than
Ics: the Q, collector current (lc;) approximately equals I

_ Ve
o - =TT
R+ Ry,
Ve =1j5(R)p+ Ry + Ryy)

Vaes (R;o+ R, + R, )
Rll + R.l2

(18-19)

ar, Vy =

It is seen that the base bias voltage for the output stage
transistors can be set by suitable selection of the Vpe multiplier
resistors. The bias voltage remains constant when I, changes.
Also, it can also be shown that the changes produced in Vj by
temperature variations closely match the total Vpg temperature
changes in the four output stage transistors.

Example 18-10
Design the Vi multiplier in Fig. 18-28to have Vg = 3.2V adjustable by +0.5
Vwhen /., = 5 mA.

Figure 18-27

Current limiting transistors (Q,
and Q) turn on when the load
current is at the selected
maximum. This stops further
current increase in Q, and Q .

-
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Var multiplier

Solution
Wopow, =32V -D3W=127 Vv
Vemag =32V +05V =37V
select Iy =011, =01x5mA
= 500 A
forV = 3.2V, .
¢, =Y Va_ 32V-07Y
v T 500 A
= 5 k(2 (use 4.7 kQ standard value)
Fg
forVs= 3.7V,
. g _ Vetma - Vae _ 37Y-07 v
e Ry 4780
= 038 uA
forV = 27V, I
o Vermin - Vae _ 27V-07V
R, 1.7 kO
= 426 uA
s Vg _ 07V
i Imh,.m, 426 LA
= 1.6 kQ
L L
" Logmes  638HA
= 1.1 kQ (use 1 kQ standard value)
R, = (R + Ry, -Ry, = 1.6 k2 -1kQ
= 600 Q (use a 750 (2 standard value potentiometer)
'

Power Supply Decoupling

High-power amplifiers require high supply current levels, so
unregulated power supplies are often employed to avoid the power
wasted in a seriesregulator. The high ripple voltage that occurs
with unregulated supplies can be amplified to appear at speaker
outputs as very unpleasant power supply hum. Supply decoupling
components Cpand R; are employed as shown in Fig. 18-29(a) to
combat hum. Capacitive impedance X, forms an ac voltage divider
with resistor R,s, so that the ripple amplitude is attenuated, as
illustrated. The resistance of R,; is usually selected approximately
equal to emitter resistor Ry, and X¢p 18 made very much smaller
than R, at the ripple fréquency (f). If X = R,s/100at f. the ripple
voltage will be attenuated approximately by a factor of 100. The de
voltage drop across R,; must be taken into account when
calculating V...

Or

]8-28

A Vg multiplieris an alternativeto
diode biasing for the output
transistors.

Figure
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powar sty 1 orle

ACTEEE PR

H

|

{a) Powersupply ripple attenuation
by C nd R =

(b Power suppls decoupling by O and Gy

Figure 13-29(b) shows power supply decoupling capacitors (Cy,,
and C..) without any series connected resistors. These are often
used even when the supply voltages are regulated and hum is not
a problem. When a sudden high output current is switched onor
off. the current change can produce short-lived (spike-type) voltage
drops (rransient) on the supply lines. These transients may be
amplified 1o produce output distortion if they are allowed to
appear at the supply lines for the first or second stages of a circuit.
Capacitor Cp, is a relatively high-capacitance component that
might normally be expected to perform the necessary decoupling.
However, such capacitors usually offer a relatively high impedance
to high-frequency variations or fast transients. Consequently. the
high-frequency low-capacitance component C, is required to
ensure satisfactory decoupling. It is very important that decoupling
capacitors be located right on circuit boards, as close as possible to
the terminals of the circuit to be decoupled.

Increased Voltage Gain and Negative Feedback

The @, collector resistor (R} in the circuits discussed so far has its
resistance limited by the need to supply base current to the npn
output transistor. The resistance of R, also dictates the @,
collector current level. This is shown by the [, calculation in
Ex. 18-6, A larger resistance for R, would give a greater voltage
gain, which is desirable fur negaiive feedback 'n Section 13-7 it is
shown that negative feedback reduces distortion and increases
circuit bandwidth. so its use is necessary in all power amplifiers.

Figure [15§-29

Decouphng capacitors are used
}

e .,'u nyer ~L,"!|P|'\ I lil;n’e

Hiage and supply ine transients,

Coestant curmest curcul

18-30

A constant-current circuit used as
a lnad for Q; will increase the
overall amplifier uveeall gain.

Figure
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In Fig. 18-30 R, is replaced by a constant current circuit (see
Section 17-2) constituted by transistor Q. together with emitter
resistor R, and base bias resistors R;; and R,,. The minimum
level of V¢, and the Rg, voltage drop are selected to equal the Q,
levels. This allows the voltage to the output stage to swing
positively by the same amount as it can go negatively. The
constant current circuit offers a high ac load resistance (1/h,,.) for
the @, stage. to give the highest possible voltage gain.

Load Compensation

All design and analysis calculations for power amplifiers assume a
resistive load with a given resistance value (R;). For audio
amplifiers, the load is usually the coil of a speaker which, as
illustrated in Fig. 18-31, combines coil inductance L, and winding
resistance R, The load impedance is, 2, = R_+ j (27 f L_), and
clearly Z, increases (from a low of R, at dc) as the signal frequency
increases. An 8 () speaker might offer an impedance of 8 {1 only at
a frequency around 400 Hz. The fact that the load is inductive
means that the load current lags the load voltage, and typically
the phase angle could be as high as 60°. Similarly, when capacitive
loads are involved the load current can lead the load voltage. The
phase difference between load current and voltage can put stress
on the output fransisiors, so output compensating components
are often included to minimize the phase difference.

Figure 18-32 shows the typical arrangement of the compensating
components. Inductor L, and its parallel-connected resistor R, are
usually recommended by device and IC manufacturers for isolating
a capacitive load. Capacitor C, and series-connected resistor R,
help to correct the lagging phase angle of an inductive load.

Practise Problems

18-5.1 A direct-coupled C\ass-AB power amplifier output stage, as in Fig.
18-24(a) is to deliver 5 W to a 8 Q load. The output transistors are
power Darlingtons with b, = 3000 and V,, = 1.5 V. Calculate the
required V- and the resistance values for R- and R;;.

18-5.2 Design a Vg multiplier to provide a (4 £ 0.7) V bias for a Class-AB
output stage. The bias current (I,) is 2 mA.
18-5.3 The constant currentcircuit in Fig. 18-30 has V. = 25V and I, =

3 mA. Determine suitable resistance values for R,,, R,,, and R,.
Also, calculate the resistance for R, to give Vy; = 3.5V £ 0.4 V.

18-6 BJT Power Amplifier with Differential
Input Stage

Amplifier Circuit

The direct-coupled amplifier in Fig. 18-33 has a differential-
amplifier input stage constituted by transistors @, and Q, [see
Section 12-8). It also has an intermediate stage (@5 with a

Speaker

coil [
}

{

Speaker

Le

Equivalent
circuit

Figure 18-31

A speaker coil has resistance and
inductance, so its impedznce
varies with signal frequency,

Ly 05ul

R .
s X mﬂm /I

speaker | \\l

C:
_I_ut uF _.:L

Figure 18-32

Typical arrangement of
components to. compensate for
inductive and capacitive loags
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constant current load (Q,). Both pairs of output stage transistors
(@: and @, and (Q. and Qg are in quasi-comglemcmury
cchfiguration. instead of the usual complementary forn. This
arrangement helps 1o minimize the required supply voltage by
removing the Vg, of the power transistors from the Ve equation.

Vee = Vet Veis* Vaes * Veeamin * Vao (18-20)

VEF.' = _[rl' - \.-'." * VHE{S £l V{.'E-J.frna'1|.|+ VRI‘}

= V..

T3

Ris
on
15k 200
=g

The differential input stage facilitates negative feedback (NFB),
and the whole circuit functions like an operation amplifier. Q,
base is the noninverting input, @, base is the inverting input. and
the junction of R, and R, is the output terminal. There is 100%
de NFB provided from the output via R, to Q, base. This keeps the
output dc voltage at the same level as @, base. (at ground). With
C, behaving as an ac short-circuit, the ac NFBis divided by R, and
R to give a closed loop gain; Ar = (Rg+ Rg/R;

Zener diode Dy and resistor R, decouple the power supply ripple
on the negative supply line. The dynamic impedance of D,
combined with R, functions as an ac voltage divider to attenuate
the ripple at the emitters of @, and @,. Ripple at this point 1s
amplified just like an input signal. Capacitors C, and C; are
frequency-compensating components, (see Section 15-2),

Figure [8-33

Complementary sy

AB pevser amplifier aws
H|.'T‘fn't-rr‘-r-.".[.|r'\ tdtput !
ditferential mpuwi  «dua
o eerall epAlive g

WANCIAET W _I'_rl'."l "
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Amplifier Design

The design procedure for the output and intermediate stages of the
circuit in Fig. 18-33 is similar to procedures already discussed.
Design of the differential stages is very simple. The dc collector
currents for @, and Q, should be larger than the peak base current
for @, and the voltage drop across R, is (Vg; + V). Zenervoltage
V4 is any convenient level, usually around 0.5 Vgp. Resistor R, is
calculated to pass I; = (I, + I5), and R, must pass (I, + I¢).

Q, bias resistor R, is determined from Eq. 5-17, R, is selected
equal to R,. and R; iscalculated in terms ol R; to give the desired
closed-loop gain. The impedance of C, is made equal to R; at the
desired lower cutoff frequency (f)). so that C,sets f,. Capacitors C,
and C, are determined in the usual way for capacitors that are not
to affect f,. An additional capacitor (Cg might be included to set
the upper cutoff frequency (f)): (Xq; = Rz at fo).

Example 18-11
The amplifier circuitin Fig. 18-33 is to deliver 6 W toa 16 Q load. Determine

the required supply voltage and specify the output transistars.

c+lee

Solution
fromEq.18-8, V, =vVI2RP)=V(2x16Qx6\\I

» 17 ¢

=139V

= Vs =01V,
=14V

=R,=01K
= 1.6 ) (use 1.5 Q) standard valuel

=0V

/ _— / —
select, Vetimn = Verama =1V

and, Vig =V =3V

refer to Fig. 18-34,

= 2WVp + Vpyy + Virs + Versimn + Vo)
=*#{(1394+14V+07V+1V+3V)
= +20V

V, 139V
jﬂJ = — =

R 160

.4
"(_L

2204
< -Vee

= B69 mA
dc power input from each supply line,

Eq. 1817, Py, = Ve - V] x 035 1,
=[20V + 20 V] x 0.35 x 869 mA
=12 W

Figure 18-34
Output stage voltage drops for
the circutt in Fig. 18-33.
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Output transistor specification;
fromEq. 18-12, P, =05 (P, -P)=05(12W-6W)
=3W

Vi = 2V = 2% 20V
=40V

I o=111=1.1x869mA

= 456 mA

Lomawe

Example 18-12

Determine suitable resistor values for the output and intermediate stages of
the circuit in Example 18-11. Assume that Q. and Q, have h;, = 20 and

L sms, = 30 pA Also, assume that Q. and (), have h,; = 70.
Solution

Refer to Fig. 18-35,

001V DoV
R.=R,,=— =
. Log 30 LA

= 200 Q (use 220 C standard value

j Js 869 mA
B e xhy, 0x7T0
= .62 mA
Jr| i Bkl
select Iop = 2mA
Ve, IV
Ry =Ry = & =

Iy 2mA

1.5 kQ (standard value)

Ins = Q., Q4 quiescent current

select I = 0.1 1, = 0.1 x 869 mA
= 86.9 mA

Vierada = Verswe = lgms X Ris
=869mMAx1.50Q
=0.13V

Vergman = Vet + Vs +50%
=013V + 013 V) +50%
=039V

Vg 039V

R,= =
Sl 2 mA

S+Vee
420V

20V
< -VEE

Figure 18-3%

Intermediate and output stage dc
voltage drops for the circuit in Fig.
18-33.
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195 Q (use 200 (2 variable resistor)

select R, =10R,, = 15 k{2 (standard value)
VetV 3V+07V
= R, ©15kQ
= 247 A
o Vi We +Vy) 20V-BV+07V)
'y 247 UA

R

= 66 hQ) (use 56 kO + 10 kQ)

Practise Problems ,

18-6.1 Design the input stage and feedback network for the circuit in
Examples 18-11 and 18-12. The signal amplitude is 0.5V, and the
lower cutoff frequency is to be 30 Hz. Assume that transistors Q,

! through Q, have hy;,.. = 60.

Eimin)

18-7 Complementary MOSFET Common-Source
Power Amplifier

Advantages of MOSFETs

Power MOSFETs (described in Section 9-5) have several advantages
over power BJTs for large signal amplifier applications. One of the
most important differences is that MOSFET transfer characteristics
(Ih/ Veg) are more linear than I./Vpy: characteristics for BJTs. This
helps to minimize distortion in the output waveform. Thermal
runaway does not occur with power MOSFETs. so the emitter
resistors in the BJT output stage (R, and R; in Fig. 18-33) are not
needed in a MOSFET amplifier. Thus, the wasted power dissipation
in the emitter resistors is eliminated.

Power MOSFETs can be operated in parallel to reduce the total
channel resistance and increase the output current level. Unlike
BJTs operated in parallel, there is no need for resistors to equalize
current distribution between parallel-connected MOSFETs. For
Class-AB operation, the MOSFET gate-source should be biased to
the threshold voltage (Vy,) for the device, to ensure that it is
conducting at a low level when no signal is present.

Power Amplifier with MOSFET Qutput Stage

The four output transistors in the amplifier circuit in Fig. 18-33
could be replaced with two power MOSFETs operating as source
followers. However, the FET gate-source voltage must be included
when calculating the supply voltage, so that a larger supply
voltage would be required than with a BJT amplifier. In the power
amplifier in Fig. 18-36 the complementary MOSFETs output devices
operate as common source-amplifiers. As will be seen, this permits
the peak output voltage to approach the supply voltage level.
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As in the case of the BJT circuit in Fig., 18-33. the differential
amplifier input stage 11 Fig, 18-36 allows the use of dc negative
feedback (via R 1o stabilize the de output veltage level and ac
negative feedback nia R, and RJ) 10 set the closed-loop voltage
gain. Qutput transisiors [, and {3, are complementary MOSFETs
and both are operated as common-source amplifiers. Resistors Ry
through R, provide buis voltage to set the gate-source voltage of @,
and @, to the threshold level (V) for the MOSFETS, (sce Fig. 18-
37). Resistors 211 be included. as shown. to facilitate bias
voltage adjustment Capacitors €y and €y short-circuit R- and Ry
at signal frequenciv~. so that all of the ac voltage from the first
stage is applied 1o the MOSFET gate terminals,

A positive-going voliage at @, collector increases Vg, and
decreases V., Thus. Q, drain current is increased and @, is
turned off, (see Fig 18-38). [, flows through R, producing a
negative-going load voltage. When the voltage at @, is negative-
going, Vg, is decreased and Vi, is increased. This causes [y to
increased and @, to he turned off. Load current now flows via Q4 to
produce a positive-going load voltage.

MOSFET Power Amplifier Design

In a Class-AB MOSFET power amplifier, the FET gate-source
voltages should be biased to the minimum specified threshold
voltage for the devices. The peak output voltage and current are
calculated in the usual way, and the minimum supply voltage is,

Vee ==lVp + Ing Ryl

where R, Is the FET channel resistance, (see Section 9-3).

The required gate-source voltage swing (AV) Is determined from
Ip/grs. The input stage must provide for AV . at Q, collector (Fig.
18-38). Power dissipation in @, and Q, is determined in the same
way as for a BJT stage. The selected MOSFETs must survive the
total supply voltage and pass a draln current approximately equal
to 1.1 I, Capacitor values are determined in the usual way.

(18-21)

Figure 18-36

Class-AB power amplitier using a
MOSFET output stage. Power
VOSFETs Q, and Q,
common source amplifiers,

> +Vee

O8]

T3

TTL

< -Vig

Figure [8-37

MOSFET gate-source bias voltage
is provided by resistors R
through Rg.
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+Vee
t— decreasing Vas

— increasing ¥gy

nEgative
N = going ¥s

|— In¢reasing Fex

decreasing Fos

o -VEE

Example 18-13

The amplifier in Fig. 18-36is to deliver 2.5 W to a 20 Q load. The output

MOSFETs have g = 250 mAV, Vp, = 1V, and R,

;= 40Q. Calculate the

required supply voltage, and determine suitable dc voltage drops across R,,

R;, and R, through R,

Solution
fomEq. 18-8, V, =VQ2RFP)=V(2x20Qx25\W)
=10V
V, 10V
P = R =20_O
= 500 mA
Eq. 1821, Vi = £(Vp + I Ryon) = 210V + (500 mA x4 Q)]
=+12V
Vee = Vg =Vpu=1V
I, 500mA
AVye = AVpy =gTs =2——-—+~50 —yy
e 2y

Vasiming = Yeetmim =0Vee T 1V =2V +1V

=3V

select, Verigg =3V

then, Verdo = Vo - Vieergo = 12V-3V
=9V

Vig = Vg = Vge = 12V-0.7V
=113V

Flgure 18-38

ositive- gom? voltage at Q,
collector is applied to the gate-
source terminals of Q, to
produces a negative-going load
voltage.
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Vi = Vigp = Ve = BN 1Y

:BV

Veg = Ve - 4 ] = Vi = Vo = Vi
=12V ¢+ 12¥V-1 V-BV-1V
=14V

Example 18-14
Determine resistor values for the MIOSFET amplifier circuit in Examiple 18-13.
The input signal is to be =800 ni\

Solution
R. =R, < 1MQ
select, R, =R,=100kLE
- Vi _ 1N )
R e
=10 uA
Ve BY
R = = e
I 10 uA
= B00 Q2 ue 8.0 kQ standard values
| S 14%
B o=
i i T A
= 1.4 MO e 1.5 M0 standard value:
select, ley =l =TmA
v CRY
R. = _ﬂ'_ -
> oy I'mA
=9 k) wuse 8.2 LQ dandard value)
V 1.3V
Rl _ o 0
I+l TmA 4+ 1mA
= 5.65 k(2 iuse 3.6 kO standard value)
Select, R, = 4.7 kQ (from Eq. 5-17)

Ry =R, = 4.7 k0

wL = vp-‘r)uu =y 10V
¢V, s0mv
=125
. R, 47k
i _

Ag-1 1251
= 404 LI wse 352 Q standard value)
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Practise Problems _
18-7.1 Calculate suitable capacitor values for the circuit in Examples 1813
and 18-14 if the lower cutoff frequency is to be 20 Hz.

18-7.2 A MOSFET Class-AB amplifier as in Fig. 18-36isto deliver TW to a
* 100 Q load. The output devices have g, =100 mS, V,, = 1.3V,
and Ry, = 6 Q. Determine the supply voltage, and the dc voltage

drops for the resistors,

18-7.3 Determine resistor and capacitor values for the circuit in Problem 18-

7.2. Thessignal amplitude is 0.4V and the lower cutoff frequency

is to be 40 Hz.

18-8 BJT Power Amplifier with Op-Amp Driver

Circuit Operation

The Class-AB power shown in Fig. 18-39 uses an operational
amplifier (A)) for the input stage. Resistors R, and R, together with
the two diodes provide bias for the complementary emitter-follower
BJT output stage. There is 100% dc negative feedback via R; 1o
keep the de output at the same level as the op-amp noninverting
input. which is grounded via R,. Overall ac negative feedback via
R, and R, controls the amplifier ac voltage gain.

Ry
5000

No amplification is produced by the intermediate (output biasing)
stage. Instead resistors R; and R; provide active pull up for
transistors Q, and §,. When the op-amp output at the junction of
D, and D, is increased in a positive direction, A, supplies current
through D, and R; So. the voltage drop across R, is reduced,
allowing it to pull the @, base up to the required level while
supplying increased base current to @,. This is illustrated by the
example voltage levels shown in Fig. 18-40(a). Note that Q, is
biased off when the output voltage is at its positive peak.

Figure 18-39
Complementary-symmetry Class-
A8 power amplifier using an
operational amplifier and overall
negative feedback.
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¢ +liee
=13y

(a) Volage levels when 1, =-10V (b) Vaoltage levels whent =-.0V

Figure 18-40(b) illustrates the situation when the op-amp output
moves In a negative direction. A, pulls current through R, and D,.
leaving R; to pull the base of Q, down to the required voltage level
while supplying the increased base current. Transistor G is biased
off at this time, as indicated by the example voltage levels.

The circuit in Fig. 18-39 has no provision for adjusting the bias
current in the output transistors. However, the diode voltage drops
do bias @, and @, at least into a low-current on state. Although
this might not seem enough to completely eliminate cross-over
distortion, it should be recalled (from Eq. 13-28) that overall
negative feedback (NFB) reduces distortion by a factor of (1= A B).
where A  is the circuit open-loop gain and B s the feedback factor.
Thus, the high open-loop gain of the op-amp severely attenuates
the cross-over distortion that would be present without NFB

Use of Bootstrapping Capacitors

The resistance of (equal resistors) R, and R; (in Fig. 18-39) Is
limited by the need to supply base current to the output
transistors. The calculation of R in Ex. 18-9 shows the process
for determining R, and Ry Also, there is a need for minimum
voltage drop across R, and R; to produce the base current. Here
again, this is shown in Ex. 18-9 where Voo, is the minimum
voltage drop across R.. This minimum resistor voltage requirement
keeps the amplifier maximum peak output voltage well below the
supply voltage level, and thus limits the amplifier efficiency.

The situation can be substantially improved by the use of the
bootstrapping capacitors (C; and C) shown in Fig. 18-41.
Resistors R, and R, are divided into two equal-value resistors (Rq
Ry and Ry Ry, as illustrated, and the capacitors couple the
output voltage back to the junctions of these components.

Consider the example supply voltage and dc bias levels shown in
Fig. 18-42(a), where the Q, emitter resistor is left out for simplicity.

Rs ¢

Figure 18-40
Output stage voltage levels 7o
pedk output voltages of =10\

fedsaza

) Ve

Figure 18-41

Bootstrapping capacitors us=g
with a complementary emitter
follower output stage can drive
the output transistors close to
saturation,
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The output of A, is at 0 V., @, base is at +0.7 V. and the load
voltage is 0 V. The supply voltage is +15 V, the voltage at the
junction of Rgand Ryis +7.5V. and the voltage across C;is 7.5V,
Note that the voltage drop across R, is 6.8 V.

The new voltage levels that occur when the op-amp output
increases by 3 V are shown in Fig. 18-42(b). Q,base is at +3.7V,
and the load voltage (V) is +3 V. Because C, is a large capacitor,
its terminal voltage remains substantially mnslam at 7.5V, so the
junction of Rgand Ry is pushed up to:

V,#V=3V+75V=105V

with 10.5 V at one end of Ry and 3.7 V at the other end, the
voltage across R,is 6.8 V. This is the same level of Vi, that occurs
when the op-amp output is zero. Thus, C; Keeps ‘m constant.
Recall that. without the bootstrapping t‘dpd(‘[tf\l Vi decreases
when the op-amp output rises,
N

“15V

™ J_I-Lt

+15 N

(a) Op-ampowput=0V (b} Op-ampoutput= 33\

IS LS

$I5 N

{¢) Op-amp output =137V

Now consider the voltage levels shown in Fig. 18-42(c), where the
op-amp output is +13.7 V. Q, base voltage is 1.4V, V, = +13.7,
and the voltage at the Rg R, junction is,

V,+Vy=137V+75V=212V

Figure 18-42

Output stage sol:age level: for
various level of pp-amp oulput
voltage. The voltage on the
bootstrapping capacitor remans
constant.
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Once again. Vg, remains constant, however. note that the
bootstrapping capacitor has actually driven the Ry R, junction to
a level higher than the supply voltage. This allows the output
transistors to be driven into saturation. and the voltage drop
across (R, + Ry is no longer involved in the supply voltage
calculation, In this case. the required supply voltage is.

Vee = HVp+ Up Ry + Vipgisaql (18-22)

The peak ourpur voltage can also be limited by the outpurt voltage
range of the op-amp. For most op-amips the output voltage range is
1 Vto 1.5V less than the positive and negative supply levels.
However. rail-to-rail op-amps are available with an output that
ranges from +V--to - V.

Example 18-15

Anahze the amplitier circuitin Fig. 18-33 to determine the bootstrap capacitor
terminal .oltage |\ -). peak outputvoltage \ 1, and the peak output power
{P,). The ransistors have Vi, . = 1.3 V.

Fe

Solution
Whenl_=0\:
Tt Rl .
T Rt R, 130 - 15 L0
= 3.4 mA

b = lLl-. T "":J Ro’-l
= 17 V-{34mAx 1.5k
=89V

Vit Vi = W Wi, = AN TN

=155V
p Vet Ve | 155V
" R +R, 1000Q+82Q
=143 mA

Vo= LR =143 mAx 1000
=143V

1 Cq
™ 100 b

Design Procedure

The amplifier in Fig. 18-44 uses four diodes to forward bias the
base-emitter junctions of the Darlington output transistors.
Otherwise, the circuit is exactly the same as in Fig. 18-43.

Figure 18-43
Power amplifier circuit
Examples 18-15.

Ry

LY

foor
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As always, the peak output voltage and cu:tent are calculated
from the specified output power and load resistance. The supply
voltage is determined using Eq. 18-22, and the emitter resistors for
the output stage are typically selected as 0.1 R;. The bias network
current (I,) should be larger than the peak base current for @, and
Q,. The resistance of R, (which equals Rg + Ry is calculated from I,
and the circuit de voltage drops. Rg should typically be selected as
0.5 R,. and then R, R, and R,, are all equal to Ry,

R, and R, are equal-value resistors that bias the op-amp input
terminals. R, is calculated from R; to give the required voltage gain.
C, is selected to have its impedance equal to R, at the desired
lower cutoff frequency (f). The bootstrapping capacitors are
calculated in terms of the resistance in series with them: RyR,
The op-amp must have a suitable full power bandwidth (see
Section 15-3) to produce the peak output voltage at the desired
upper cutoff frequency for the amplifier.

Example 18-16

The circuitin Fig. 18-44 uses a BIFET op-amp. R = 8Q, Fis tobe 6 W, and
v, = 0.1 V. Q, and Q. are Darlingtons with b iy = 1000 and Vg, = 2
V. Determine a suitable supply voltage and resistor values. Also, calculate the
minimum op-amp slew rate to give f, = 50 kHz.

Solution & +¥ee
from Eq. 18-8, V, =VI2RP) =VZx8QOx6W)
=9.8V
| Ve B8V Yo
TR 808
=12A
select, R.=R=01R =01x80
=080
Eq. 18-22, Ve = £V + 1 Ry + Vg %
) i L
=+[98V+(1.2Ax080] +2V]
= +72.8V (use 13 V) =
! 1.2A
Tsvay =i [ Cs
s b, 1000
=1.2mA .
X s
Iy > !ijpeak.l o Vg
select, I, =2mA Figure 18-44
Power amplifier circuit for
B Vee - Vior - Vo2 & 13V-07V- Oﬂf Examples 18-16 and 18-17.
! I, 2 mA

5.8 kQ
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R{i:R ':;e.:RJr:D-SR_’
=0.3v3.8k0
= 20LD wse 2.7 kQ standard value
\. gV
\(I = —— = e
y 0D1Y
=60
select, R =8/ = 100kQ (see BIFIT in Section 14-2
A 100 kG
R. =% - = .
= A =0 90 -1
= 112 kG use 1 k)
Eq. 15-3, R Do = 20 30 KHEOY

- [/
= watl  ad?

Example 18 17
Calculate capacitor waiues 1or the circuit in Ex. 18-16. The lower qton
frequency is to be 3[1 b

Solution

] 1
[ - —_— ————

T oa00R, 2ma50HAN B N T b

= N18uf wse 033 uk

i 1
{ = = S

IR x50 Hz x 1RO
318 uF use 3.3 k)

>
Il

o = Xop = 0ARR,) at £y = 0.1 (2.7 kQ|j2.7 kO
133 Q2

) 1 |

= o i o B 0

23.6 uF e 25 yF)

1]

Practise Problems '
18-8.1 Calculate V., and P, for the circuitin Fig. 18-39when V| =
*0.54 V. AIP determine f, when a 741 op-amp is used.

18-8.2 Calculate the supply voltage for an amplifier as in Fig. 18-44 to
deliver 3 W to a 12Q load. Assume hyg,.., = 1500 and Vip,, = 2 |
V for Q, and Q,. Also, determine the op-amp minimum slew rate o
give f, = 65 kHz.
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18-9 MOSFET Power Amplifier with OP-Amp
Driver Stage

Basic Circuit Operation

The Class-AB power amplifier circuit in Fig. 18-45(a) consists of an
operational amplifier (A ), two MOSFETs (Q; and @,). and several
resistors. The op-amp together with resistors R, R;, and R, and
capacitor C, constitutes a non-inverting amplifier. The two
MOSFETSs are a complementary common-source output stage. like
the output stage for the circuit discussed in Section 18-7.

+lee — e
4 K=
| Us r\\ Ui
i [
= g E
Ry 1 [
i Ra R ll.// Ri
R: = T
s Qs
I
TR R.
1) bt o=l B
(@) Basic circun of summuen-source amplifier (ht Chp-amp cutput stuge controlls

Viyag and

The gite-source bias voltages for 8, and @, are provided by the
voltage drops across resistors R, and R which are in series with
the op-amp supply terminals. So. the op-amp supply currents (g,
and I, ) determine the levels of Vg and Vg

Vos = Fary A R (18-23)

and, Viss = Isy X Ry (18-24)
Suitable gate-source threshold voltages (Vs to bias the output
transistors for Class-AB operation, and typical op-amp supply
currents (1) can be determined from the device data sheets.

Figure 18-45(b) shows that the op-amp supply currents are
largely the collector currents in the op-amp output stage BJTs (@5
and @J. Thus. R, and Ry are collector resistors for Qs and Q.
When the base voltage for Q; and Qg Is increased in a positive
direction, @ collector current (Ig,) increases, causing Vgg to
increase. and thus increasing the MOSFET drain current Ip;. At
the same time, the Qg collector current l!_‘)._} decreases, reducing
Veag and drain current I, The result Ly flows through R,
producing a positive output voltage swing (+V,). Note that the op-
amp output voltage is also positive at this time.

Fipure [T8§-47

Complement sn JLmmon-source
power amplifer o< ng an op-amp
driver stagce ==¢ 3 MOSFET
nutput stige
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When the base voltage at @; and Qg is negative-going, Igpy

increases, causing an increase in Vi, and an increased level of ;.
During this time, Ig,, decreases. reducing Vig and Iy Thus, I,
flows through R, producing a negative output voltage swing (-V,).
The op-amp output voltage is also going negative during the time
that Q, is creating the negative output voltage across R;.

It is seen that BJTs @, and Qg operate as common-emitter
amplifier stages, and that MOSFETs @, and Q, function as
common-source circuits. Both stages produce voltage gain which
should be multiplied with the op-amp open-loop gain to determine
the total open-loop gain for the circuit. Using typical quantities.
the overall open-loop gain can be shown 1o be around 4 x 106,

Returning to Fig. 18-45(a). the complete (basic) circuit operates
as a non-inverting amplifier with a closed-loop voltage gain:

R_+
PN, . (18-25)

R

5

As explained, the power MOSFETs produce the high output
current required by the amplifier load. An op-amp operating alone
could not supply the load current.

Example 18-18

Determine the MOSFET gate-source bias voltages for the complementary
commaon-source power amplifier in Fig. 18-46. Also, calculate the peak output
\oltage. peak output current, and output power if the ac input is =100 mV.

Solution
From the [F351 op-amp data sheet:
supply current, [, =1.8mAL34mA
Viesi = Vesa = X R-
vCSa_m.am = JIfur’r.-nr!_;- X R.’ = 18 mAx 8]0 Q
=15V
Visimay = dsmay X Rz = 34 mAX 820Q
=29V
N R, +R, 3900 +18kQ
Eq. 18-25, Ag = = )
R, 390Q
= 47.2

V,=Aq xV, =47.2 x 100 mV
=472V

Figure 18-46
Power amplifier circuit for
Example 18-18.

—a +V o
+I5V

'Qj

Ry
1060
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Vi, 37N AT mA

Bias Cantrol

As previously discussed. the bias current in the output transistors
of a power amplifier should be adjustable. Control over the bias
current flowing in transistor , in Fig. 18-47(a) might be achieved
by using a variable resistor for R-. as illustrated. This allows Iy; 10
be adjusted by varying Vg When Iy is increased, and the
additional drain current flows through R, the dc feedback (via R,
in Fig. 18-46) keeps the V, ¢qual to zero. The feedback produces
the necessary change in V., to make [, closely follow I;. Thus.
adjustment of resistor R. controls the level of I, as well as I ;.

0:

JTEL

(&) R- adjustment alters {(b) Current source for adjustment of
Vgs; and Vess 03 and Qy bias

A disadvantage of using R, to adjust the bias current is that the
voltage gains produced by Q; and Q, become unequal when R; and
R, have different resistance values. This can be overcome by the
negative feedback, however, the bias resistors can be kept equal by
using the variable current source shown In Fig. 18-47(b).

in the variable current source, transistor Q, is biased from the
emitter of @, and the @, base is connected to the collector of @,.
The collector-emitter voltage of @, is.

Veer = Veer ¥ Vags = 2V

Assuming that Iy, << I,. the @, collector current is,

Ve~ 2V
G (18-26)
1

Fivure 18-47

Lt it &

P voltage for
PNICYSEF T can be

paakhmu R adiustable,

s Gf 3 eurrent sout e
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With 1I;, << I, the @, collector current is approximately,
v
T, (18-27)
R, +R,

Variable resistor R, controls the level of I, Also.

Vosa = s+ Icd R, (18-28)

As explained, the dc negative feedback causes Vi, to always be
equal to Ve So. R, controls the MOSFET gate-source voltages,
and thus controls the quiescent drain current. The acload offered
to the collector of @, [see Fig. 18-45(b)] is R,, regardless of the 9,
current. Consequently, the @, and Q, stage gains are equal.

Example 18-19

Calculate the Vgampy and Vegs,. o, obtainable by adjusting R, for the current
source circuit in Fig. 18-48.

Solution
Eq. 18-27 s el :
q. 1627 e “E LR +'ee
7 +12\
B . -\_’_e_ - 0.7'N _
Jimax R_ 560 9] Q.‘
= 1.23 mA
I Vs 07V
C2imip) — R:,. iq R_ 5600 + 1 kQ
= 449 uA
Eq 18-28, t”c_;_} - [!, +i ¥+ [._\_ _'j R-
Vessmng = @ mA+ 449 pA) x 820 Q
=N
, o . Figure 18-48
Vessiman = (2 mA + 1.25 mA) x 820 Q Current source circuil  for
=27V Example 18-19,

Output Voltage Swing
One problem with the basic circuit in Fig. 18-45 is that the output
voltage swing is limited by the voltage levels at the op-amp supply
terminals. As illustrated in Fig. 18-49(a), the positive supply
voltage to the op-amp is (Ve - Vgl and the negative supply
voltage is -(Vy; - Vgo. Also, recall that Vg, must be increased by
AV, in order to drive the output in a positive direction, and Vi,
must be increased by AV, to drive V,, negative.

I

AVgs=—2 (18-29)
Yrs



i

Chapter 18 - Large Signal Amplifiers

649

In Eq. 18-29. I, is the peak output voltage delivered t
the MOSFET forward transconductance. Thus. the minimum
supply voltage levels at the op-amp terminals are,

Vs=HAVec-

AN (18-30)
[ +[-L(
R-
“-(_.{ "H_' . \I
b
1Fpr + Upe) (! Vi
Ry
{2} The outpul veoisags saing 1s limted w approvinniely =il Fa== 1 \)
- 1=, = _'_"‘.,
2 e
=3 t) .
T =
||-+
!
theg =Fp)=—>
‘\J\ ) Phg "".«r.-r.-l

K

(Vee = Veowon)

Vi

(b} Voltage divider Ru and Ryy allows the output swing ta 2o 10 2{Fee- Vepron)

The op-amp peak output voltage is normally limited to
approximately 1 V below the voltages at the supply terminals,
lalthough. as previously noted, raid-to rail op-amip are available).
Consequently. the nutput voltage swing from the circuit is likely to
be less than 1, - 1 V], [see fig. 18-49(a)]. For greatest efficiency, it
is necessary to drive the output as closely as possible to Ve This
can be achieved by the circuit modification shown in Fig. 18-49(b).

Resistors R, and R, in Fig. 18-49(b) divide V. so that the op-

amp output can be substantially lower than the peak output

0 R.and g is

Figure 18-49

The commor « .o ampfifier
crectl ean ~ogliipd to
proidure @t e o g lareer
than the op-:~n mmaamum
output
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voltage developed across R;. This means that the voltage levels at
the op-amp supply terminals no longer limits the amplifier output
voltage swing. Now, the largest peak output voltage that can be
achieved is limited only by the supply voltage and Ry, .
vV = M (18-31)
Rpory * Ry

Ry and Ry, also provide negative feedback that controls the gain
of the stage made up of the op-amp output BJTs and the common-
source MOSFETs. This is illustrated in Fig. 18-50. A further
function of Ry and R, is that they can be selected to limit the op-
amp output current in the event of R; becoming short-circuited.

Example 18-20

The circuit in Fig. 18-51 has MOSFETs with g, = 2.5 S, and Ry, = 0.5 Q.
Determine the maximum peak output voltage, the minimum supply voltage at
op-amp terminals, and the op-amp peak output voltage when the circuit is
producing maximum output power,

R o

Figure 18-50
Negative feedback to the emitters

Solution of Q; and Qg controls the gain of
Eq. 18-31 v oo Ve xR _ 12Vx10Q the [Q,-Qg)— (Q,-Q ) stage:
* Ryey+R  05Q+10Q
=1143V
Vv, 1143V e
PR 100 éfzv +2V
J 3200 Al
=1.14A ; 19
I 1.14A I }
Eq. 1829, AV =-£ = i =%
bis 255 s 2 mA .
10
= 0.46 V j}> Y
1 kL3
\fR?.rdc, = !S x R? = 2 mA x 820 Q J)'j Rf‘ i;?é
' ‘2m 3 O -
=164V 2mA A
+ = E | ke
Eqg. 18-30, Voiming = £V - Voo - BVes) = =(12V-1.64V-0.46 V) ———‘R8 a7
=+x99V 8200 -
Ve

The op-amp peak output voltage is,

VP X Ry =11.43Vx1 kQ
Ry +R, 1kQ+1kQ
=572V

Vs =

Complete Amplifier Circuit
The complete circuit of the common-source power amplifier is
shown in Fig. 18-52. Note the inclusion of resistors R}, anc R,,.

Figure 18-51
Circuit for Example 18-20.
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and capacitors C; and C,. Resistors R, and R, are tvpicallv 100
Q. They have no effect on the circuit de conditions, but they help
to reduce the possibility of oscillations in the output stage. The
additional stage of voltage gain constituted by the MOSFETs and
the op-amp (common-emitter) output transistors increases the
possibility of circuit instability. Capacitor C, helps to ensure
frequency stability by acting with resistor R, to introduce a phase
lead in the output stage leedback loop. (see Section 15-2), The
phase lead cancels some of the phase lag in the overall circuit,

” " +1

£L
R R- ‘
Ril i
1‘_'_.'

% _
f_i Ig ;‘?\J”

The adsditional stage of amplification extends the high cut-off
frequency of the amplitier above the cut-off frequency of the op-
amp operating alone. If the op-amp (lull power) upper cutofl
frequency for an overall voltage gain of 20 (or 26 dB) is 200 kHz.
and the additional stage has a gain of 2 (or 6 dB), the circuit cut-
ofi frequency is 400 kHz, For audio applications, it is normal to
include capacitor C, (see Fig. 18-52) which is usually selected to
set the amplifier upper cutoff frequency around 50 kHz, or lower,

Example 18-21

Analyse the circuitin Fig. 18-53 to determine the op-amp minimum supply
\an.\g(‘ Veicmah and the SMOSFET maximum gate-source voltage A ).
The op-amp wpp[y current 2 0.3 mA,

Solution

FromEg: 18-27; Ly, = =

Figure 18-52
Complete cncet

COMMON-~OUe P

Ty

w8

fir

Eif
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= 1.5 mA
: _ Vg 07V |
Ll RU+R,  470Q + 1kQ

= 476 uA

EQ. 1828, Vg = Himag + Jeamay) Ry = 0.5 MA + 1.5 mA) x 1.5 kO .
=3V

Stdcliemnd

Example 18-22
Analyse the circuit in Fig. 18-53 to Jetermine: P, Ag. I1. f5. The op-amp

ofiman}*

supply current is 0.5 mA, and the MOSFETs have Ry, = 0.3 Q.

Solution
Power output: .
: 18311[ g Vee xR, a*frc
q. 18-31, T — z +15V
] P Roan + R Ry é?s %!
12K0 : Rir |; .
15\\150 100 02 |I"‘ 93
03Q+15Q 5
=147V
g V, 147V R
o =R "0 20
= 980 mA =2
Vpd, _147Vx 980 mA [__:L-\
Purr"‘j\_l = e H‘ IQ‘
2 2 L]
=7.2W
r= ) L5 ke A5V
tage gain: -
SREEE W R +R_22k0+ 3340 o -Ver
) R, 2.2kQ Figure 18-53
- 16 Common-source power amplifier
- circuit for Examples 18-21 and
e ; 18-22.
Cut-off frequencies: .
" T 2nGCR, 2mx39puFx22k0
= 18.5 Hz
1 1

fi == =
- 2mC, R, 27 x100 pF x33 kQ
= 48.2 kHz
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Practise Problems

189.1 A complementary common-source power amplifier is to deliver 5
W to a 12 Q) load. The available MOSFETs have Ry, = 0.6 Q, Vyy
= 1.2V, and g;, = 3 S. The op-amp to be used has 1 mA supply
currents and maximum output of 20 mA. Design the outputstage
of the circuit as shown in Fig, 18-51.

\18-9.2 Design a BJT currentsource bias control circuit for the amplifier in
I: Problem 18-9.1 to adjust the Vi of Q, and Q, by +20%.

1893 The amplifierin Problem 18-9.1 is to have f, = 20 Hz and f, = 40
kHz. If the ac inputis 600 mV, determine suitable values for: R,,
Rss Rer Cr G50 Gy (seR Fig. 18-52). Use a BIFET op-amp.

18-10 Integrated Circuit Power Amplifiers

IC Power Amplifier Driver

The [LM391 integrated circuit audio power driver contains
amplification and driver stages for controlling an externally-
connected Class-AB output stage delivering 10 W to 100 W. The
voltage gain and bandwidth are set by additional components.
Internal circuitry is included for overload and thermal protection,
and for protection of the (externally-connected) amplifier output
transistors. The circuit is designed for very low distortion. so that
it can be used for high-fidelity ampliliers. Figure 18-54 illustrates
the use of the device in an audio amplifier.

Cr'ﬂ

Ly SuH
) Figure 18-54
Rin Ri100 Audio power amplifier using an
100 k02 LM391 IC amplifier driver.
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Figure 18-55
Bias control and shut-down
circuits for the IM391.

i Thermal
switch 20 uF I

(a) Ve multiplier (b) Thermal shut-down (¢) Soft turn-on

The output stage in Fig. 18-54 is seen to be a complementary
emitter follower with the low power and high power transistor
pairs connected in quasi-complementary form. The IC output at
terminal 9 is connected to the amplifier output, and the output
stage transistors are controlled from current source terminal 8 and
eurrent sirde terminal 5, The circuit uses a plus-minus supply, and
the noninverting input terminal of the IC is biased to ground. The
inverting input terminal receives feedback from the output, so that
the complete circuit operates as a non-inverting amplifier.

Resistors R, and Ry are connected to an internal transistor (via
terminals 5, 6, and 7) to constitute a Vi multiplier for controlling
the bias voltage to the amplifier output stage, [see Fig. 18-55(a)].
Capacitor C,;; by-passes the V. multiplier circuit to improve the
amplifier high frequency response. Capacitor G, helps to reject
power supply ripple, and C. is a compensation capacitor for
frequency stability. Components R, C,, L and Ry are included for
load compensation, (see Section 18-5).

The LM391 has an internal transistor which can shut the circuit
down when turned on by a thermal switch, [Fig. 18-55(b)]. This
allows the device to be protected from overheating that might
occur with an excessive load current demand. This same transistor
can be employed for soft tun-on of the circuit, [Fig. 18-55(c)]. If the
amplifier supply voltage is switched on at the instant that a peak
input signal is applied, a high level output is passed to the
speaker, causing a sharp unpleasant noise. Soft turn-on causes
the output to increase slowly, thus eliminating the speaker noise,
The circuit in Fig. 18-55(c) holds the amplifier in a shut-down
condition until the capacitor charges.

Overload protection transistors are included in the LM391, as
shown in Fig. 18-56. These transistors turn on when excessive
voltage drops occur across the emitter resistors (Rgz and Rg) in the  Figure 18-56
output stage, (see Scction 18-5). Overload protection for the

The output stage components in Fig. 18-54 are selected in the M391.
same way as for other direct-coupled Class-AB amplifiers. The
minimum levels of supply voltage are calculated by adding 5 V to
the peak output voltage.
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Voe=HVp+5V) (18-32)

The input resistance at terminal 1 of the LM391 is extremely
high. so the circuit input resistance is set by resistor R,. which is
typically selected as 100 kQ). Feedback resistors R, and R, set the
amplifier closed-loop voltage gain. The feedback network
components are determined in exactly the same way as for other
feedback amplifiers. R, is made equal to R, to minimize output
offset, and R, is calculated from Ry, to give the desired voltage gain.
Capacitor CJ is determined in terms of R; to set low cut-off
frequency. '

Example 18-23
Determine the maximum output power, the voltage gain, and the low cutoit
frequency for the circuit shown in Fig. 18-54.

Solution
from Eq. 18-32, V =V..-3V=23V:3V

M Ci

Il

100 KO+~ 5.6 kO
T T 56k

=

1]

18.9

1 1
JZTI(__I.-R-. ) 2xmx 1 ufx5.6k02
= 28 Hz

f,

250 mW IC Power Amplifier
The LM386 is a complete power amplifier circuit capable of
delivering 250 mW to an 8 Q load without any additional
components. The supply voltage range is 5 V to 18 V. and the
(inverting and non-inverting) input terminals are biased to ground
(or to a negative supply) via internal 50 kQ resistors. The output is
automatically centered at half the supply voltage. Feedback
resistors are also provided internally to set the voltage gain at 20.
The pin connections for the LM386 are shown in Fig. 18-57(a).
and the circuit connections for functioning as an amplifier with a
gain of 20 is illustrated in part (b). Figure 18-57(c) shows how a
capacitor and resistor can be connected at pins 1 and 8 to achieve
a larger voltage gain. With the 10 pF capacitor alone. a maximum
gain of 200 is obtained. The resistor in series with the capacitar
allows the voltage gain to be set anywhere between 20 and 200.

{b) Amplifier with A¢; =20

TVee ouF 12k

(¢) Amplifier with A¢y =350

Figure 18-57

The LM386 IC power amplifier
can be connected to have a
closed-loop gain from 20 to 200.
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Bridge-Tied Load Amplifier

All of the power amplifiers already discussed have been single-
ended (SE); meaning that they provide power to a load that has
one terminal grounded and the other terminal connected to the
amplifier output. These amplifiers either use a plus-minus supply
with directly-coupled loads, or have a capacitor-coupled load and
a single-polarity supply. A bridge-tied load (BTL) amplifier uses a
single-polarity supply and a direct-coupled load.

Figure 18-58(a) shows the basic circuit of a BTL amplifier. The
two op-amps are connected to function as inverting amplifiers, but
note from the resistor values that A, has a voltage gain of 10 and
that A, has a gain of 1. Each amplifier has a single-polarity supply
(Voo and a voltage divider (R; and Ry provides a bias voltage of
0.5 V.~ to the op-amp noninverting input terminals. The load
resistor (R;) is connected from the output of A, to the output of A,.
This is the bridge-tied load configuration.

amplifier ) o, TpliLRen A Uy r=~-=14— +HV
: R e m‘l" +21v
U a1V
e a1
¢ gy “ 21V
u =AW by 411V
{11 < 9 S | T
. | B .
+Ver oyt
2V 120\«'
Rs " J
100 k2 }
|
20V
Rs +l .
100 k2 (Y
-
= (2) BTL amplifier circuit ) {b) Circuit waveforms

When no ac signal is applied, the dc voltage level at the load
terminals (X and Y) is 0.5 V.. in this case, 11 V fora 22 V supply.
As illustrated by the waveforms in Fig. 18-58(b), a +1 V acinput to
A, produces a -10 V change at load terminal X. This (-10 V) is also
applied to the input of A, resulting in a +10 V change at load
terminal Y, Thus, a peak of 20 V is developed across the load,
negative at X and positive at Y. When the ac input goesto -1V, a
20 V peak load voltage is again produced, but with the load
polarity reversed. So. although a single-polarity +22 V supply is
used, the output is 40 V peak-to-peak, and no load coupling
capacitor is required. A (similar performance) single-ended amplifier
producing a 40V peak-to-peak output would require either a +22
V supply for a direct-coupled load, or a +44 V supply for a
capacitor-coupled load.

Figure 18-59 shows the pin connections and typical application
of a TPA48561, 1 W integrated circuit BTL audio power amplifler,
The load is connected across the two output terminals (5 and &),
external resistors R; and R; set the voltage gain, and the signal is

Figure [18-58

A bridge-tied load (BTL) amplifier
uses two ep-amp circuits with
their outputs connected to
opposite ends of the load.
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coupled to R, via C,. The supply voltage (V) is internally divided
to bias the op-amp noninverting terminals to 0.5 V,,,. The bias
point is externally accessible so that it can be bypassed to ground
(via C,) for soft start-up and to minimize noise,

n

speaker

A TPA4S61 using a +5 V supply can dissipate : W an 8 O load.
The overall voltage gain for the (B3TL) amplifier s twice the gain ol
the inverting amplifier stage.
2R
Ao =—

(18-33)
1

Because the signal is applicd to an inverting amplifier, the input
resistance is set by resistor R, The IC manutacturer recommends

that R, should be selected in the range of 5 k2 ro 20 k(). Also. if Ry

exceeds 50 kQ. a small capacitor (Cp = 5 pF) should be connected
in parallel with it for ac stability.
The input capacitor (C)) sets the circuit low cutolf frequency. So.
X., =R, at f, (18-34)
The internal voltage divider resistance (50 kQ!50 kQ) is connected
in series with the bypass capacitor (Cp). The impedance of i€y
should tvpically be one tenth of the series resistance:

X., = 2.5 kQ at f, (18-35)

Example 18-24
Analyse the circuit in Fig. 18-59 to determine the load power dissipation
when a =0.5 V signal is applied at the input.

Solution

Figure 18-39
TPA4SH T
_:r]‘.'; :.fr.'?t-.'

hrides-ted toad IC
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2R 2x15kQ
183 AT T Sea

=54

V,=Agx . ==x54x05V
2.7V

7 W IC Power Amplifier

The LM383 can deliver 7 W to a 4 Q load. No additional output
transistors are required because the amplifier can produce a 3.5A
peak output current. Overload protection circuitry is included. and
internal bias is provided for the input terminals. The single-
polarity supply voltage ranges from 5 V to 20 V. Amplifier voltage
gain can be programmed by means of external components. The
circuit bandwidth is 30 kHz at a gain of 40 dB.

= KJ 5 +Ver
S M——
! 13V Figure 18-60
| [M383 IC  power amplifier
! connected to dissipate 7 Win a4
] Q load,
_|"| 'I"TI C
| " I v r°—l'3 F = 2000 uF
| (| in o Op
:|| | Yy =
U A C3 | QA&Q
load
| T
(a) LM383 five-lead TO-220 package =] '

470 pF =

(b} Connection for amplifier with P, =7 W

Figure 18-60 shows an LM383 (in a 5 pin TO220 packagc)
connected to function as a (non-inverting) audio amplifier.
Capacitors C; and C; are for coupling the signal and load.
Resistors R, and R, are feedback components that set the circult
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voltage gain, and capacitor C, couples the feedback voltage to the
inverting input terminal. Other components are for circuit
stability. Note that the resistance of R, is 2.2 Q. This is because
the inverting input terminal is connected to a transistor emitter
terminal (internally) that has an input resistance around 20 Q.
Capacitor C, must be very large 1o couple the feedback voltage to
the (low resistance) inverting input. The circuit functions as a
noninverting amplifier.

68 W IC Power Amplifier
Figure 18-61(a) shows a power ampiifier circuit using an LM3856
IC audio amplifier. The LM3886 can deliver 68 W to a 4 Q) load
using a £28 V supply. Alternatively. it can be used to dissipate 38
Win an 8 Q load. again using a £23 \" supply. The circuit operates
as a noninverting amplifier with the closed-loop gain set by
rv::i*-:tnri-'. R, and R, and the low cutoff frequency set by capacitor
Pmoutuunclu R, allows the signal amplitude to be adjusted.
9\\11( h S, is a nute control,

Ly 07l

Ri 1052

Ry
B0

Practise Problems

18-10.1 A power amplifier using an [M397 driver (as in Fig. 18-54) has a |
+20V supply, a 50 Q load, and power Darlington output B/Ts with |
h, = 600. Calculate the maximum output power, and the peak |
output current from the integrated circuit. |

18-10.2 Calculate the efficiency of the circuitin Fig. 18-59 when delivering
1 W to the speaker. The quiescent current for the TPA48617 is
specified as 2.5 mA. )

18-10.3 Determine the signal amplitude for the circuitin Fig. 18-60 to |
dissipate 7 W in the load. Also, calculate the low cutoff frequency.

Figure 18-61
[MAASAH, KA WV
armplifier

auediey panver
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Chapter-18 Review Questions

Section 18-1
18-1 Sketch the circuit of a transformer-coupled Class-A

amplifier. Briefly explain the operation of the circuit.

18-2  Derive the equation for the ac load reflected into the
primary of the transformer in a Class-A amplifier. Also,
write the equations for dcand ac load resistances.

18-3  Sketch approximate I/ Vg transistor characteristics and
an ac load line for a Class-A amplifier. Draw waveforms to
show the transistor output voltage change with change in
base current. Briefly explain.

18-4 Write equations for a Class-A transformer-coupled
amplifier for: dc supply power. ac power to the transformer
primary, and circuit efficiency. Show that the maximuni
theoretical efficiency of a Class-A amplifier is 500%.

Section 18-2
185  Sketch the circuit of a transformer-coupled Class-B power
amplifier output stage. Explain the circuit operation.

18-6  Sketch approximate composite characteristics for a Class-
B output stage and the ac load line. Draw waveforms to
show the transistor output voltage change with change in
base current. Briefly explain.

187 Sketch the circuit of a Class-AB transformer-couipled
output stage, and explain the difference between Class-B
and Class-AB amplifiers. Also, explain the difference in the
performance of the two circuits.

18-8 Draw the complete circuit of a Class-AB transformer-
coupled amplifier with a Class-A driver stage. Explain the
operation of the circuit.

18-9  Sketch approximate composite characteristics for a Class-
AB amplifier and the ac load line. Briefly explain.

18-10 Write equations for a Class-B transformer-coupled
amplifier for: dc input power to the output stage, ac power
delivered to the transformer primary, and circuit efficiency.
Show that the maximum theoretical efficiency of a Class-B
amplifier is 78.6%

Section 18-3

18-11 For a transformer-coupled Class-B power amplifier, write
equations for the resistance secil when looking-into one-
half of the center-tapped transformer primary, and the
resistance seen when looking-into the whole winding of the
center-tapped transformer primary.

18-12 For a transformer-coupled Class-B power amplifier, write
an equation for the power delivered to the transformer
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primary in terms of peak primary voltage and reflected load.
Also,write an eguation for the peak current in terms of

primary power and voltage.

18-13 Explain the safe operating area (SOA) for the output
transistors in a power amplifier.

Section 18-4
18-14 Sketch the circuit of a complementary emitter follower, and

explain its operation.

18-15 Sketch the basic circuit of a capacitor-coupled Class-AB
complementary symmetry amplifier. Explain the dc biasing
and ac operation of the circuit.

18-16 For the amplifier in Question 18-15, write equations for
the average supply current to the output stage. the dc
supply power, and the transistor power dissipation.

18-17 Sketch a direct-coupled Class-AB complementary symmetry
amplifier. Explain the circuit operation.

Section 18-5

18-18 Sketch the vcircuit of a Darlington-connected
complementary emitter follower output stage for a Class-
AB power amplifier. Explain the operation of the circuit,
and discuss its advantages.

18-19 Sketch the circuit of a quasi-complementary emitter
follower output stage. Explain the circuit operation, and

discuss its advantages.

18-20 Show how the maximum current can be limited in the
output transistors of direct-coupled and capacitor-coupled
Class-AB power amplifiers. Explain.

18-21 Show how a power amplifier can be protected from the
effects of power supply ripple and transients. Explain.

Section 18-6

18-22 Sketch the circuit of a power amplifier with a single BJT
input stage, an output driver stage, a complementary
symmetry Darlington output with a capacitor-coupled
load, and overall negative feedback.

18-23 Explain the biasing arrangement for the two amplification
stages of the circuit in Question 18-22, and write an
equation for the ac voltage gain.

18-24 Sketch the circuit of a direct-coupled power amplifier that
uses a npn transistor differential input stage, a Class-A
intermediate stage with a constant-current load, and a
quasi-complementary emitter follower output stage.

18-25 Explain the dc and ac operation of the circuit in Question
18-24, and show how a Zener diode may be used to
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minimize the effect of ripple voltage on the negative supply
line.

Section 18-7
18-26 Compare power MOSFETS to power BJTS,

18-27 Draw the circuit of a direct-coupled power amplifier with a
differential amplifier BJT input stage, two nchannel
VMOSFETs in the output stage, and overall negative feed-
back.

18-28  Explain the de and acoperation of the circuitin Question
18-27.

18-29  Modify the circuit in Question 158-27 1o use complementary
MOSFETs in the outpul stage,

Section 18-8

18-30 Draw the circuit of a power amplifier with i direct-coupled
complementucy svmmetry BJT output stage, an op-amp
driver stage, and overall negatve feedback.

18-31 Explain the de and ac operation of the cireuitin Question
18-30.

18-32  Show how the circuit in Question 18-30 can be modified
10 use bootstrapping capacitors, Explain the function and
advantage of the bootstrap capacitors,

Section 18-9

18-23  Draw the basie circuit of 4 complementary MOSFET
common-source power amplificr that uses an op-amp
driver with the op-amp supply currents controlling the
MOSFETS.

18-34  Explain the de and ac operation of the circuit in Question
18-33.
18-35 Forthe circuitin Question 18-33, show how the MOSFET

hias currents can be controlled by a single variable
resistor. Explain.

18-36  Show how a current source can be used ta control the
MOSFET bias currents in the circuit in Question 18-33.
Draw the current source circuit and explain its operation.

18-37 Discuss the output voltage swing that can be achieved
with the circuit in Question 18-33. Show how the output
voltage swing can be made greater than the supply voltage
levels at the op-amp terminals.

Section 18-10

18-38 Refer to the IC power amplifier circuit in Fig. 18-34.
Explain the function of every component in the circuit.

18-38 Draw a circuit dlagram to show how the current in the
output transistors of a power amplifier can be limited to a
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desired maximum level. Explain the circuit operation.

18-40 Sketch the circuit of a bridge-tied load amplifier. Explain
the circuit operation and discuss its advantages.

18-41 Explain the function of every component in the IC power
amplifier circuit in Fig. 18-60.

Chapter-18 Problems

Section 18-1

18-1 A Class-A transformer-coupled amplifier, as in Fig. 18-1,
has: Voo =20V, R, = 3.9k, R,= 1kO, R, =68 0, and R,
=23 0. The transformerhas: R,,.= 320, N, = 80,and N, =
20. Plot the dc load line and ac load line for this circuit on
blank characteristics with vertical axis I. = (O to 100 mA)
and horizontal axis V., = (0 to 40 V).

18-2. Assuming an 85% transformer efficiency, calculate the
maximum efficiency for the circuit in Problem 18-1.

183 A Class-A amplifier (as In Fig. 18-1) has the following
components: R, = 68 kQ. R, = 22 kQ, R = 2.2 k. The
supplyis V. = 25V, and the transformer has: R, = 5kQ,
r, =8 KkQ, and R, =33 Q. Plot the dc load line and ac load
line for this circuit on blank characteristics with vertcal
axis I. = (0 to 5 mA) and horizontal axis V.. = (0 t0 40 V).

18-4  Calculate the maximum peak load voltage for the circuit in
Problem 18-3. Assume a 100% transformer efficiency.

Section 18-2

18-5 A class B transformer-coupled output stage, as in Fig. 18-
8. has a load resistance R, =23 Q and a supply voltage
Ve = 40 V. The transformer has N; = 80, N, = 20, and a
total primary winding resistance Ry, = 64 (). Using blank
characteristics with I = (0 to 100 mnA) and Vg = (0 to 40
V), plot the complete ac load line.

18-6  Determine the maximum output voltage and power for the
circuit in Problem 18-5 if the transistors have Vg, =0 V.

18-7 A Class-B amplifier uses a transformer with 80% efficiency
and with N/N; = 5, where N, 1s the total number of
primary turns on the center-tapped primary. The supply
voltage is 45 V, and the load resistance is 8 (). Determine
the maximum output voltage and power. Assume the

transistors have Vop =0 V.
18-8  Using blank composite characteristics with .= (0to 1 A)

and Vg = (0 to 45 V), plot the complete ac load line for the
circuit in Problem 18-7. Assume Rm << .

18-9 A Class-ABoutput stage (as in Fig. 18-11) has: V=30 V,
R, = 6.8Kk0, R, = 220 Q, Ry = R, = 22 Q. The output
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18-10

transformer has: R, = 24 Q and r;’ = 800 Q. Assuming a
759% transformer efficiency, calculate the power delivered to
the load. Assume Q,and Q;have Vg, =05V,

Prepare suitable blank composite characteristics and draw
the ac load line for the circuit in Problem 18-9.

Section 18-3

18-11

18-12

18-13

18-14

18-15

Specify the raximum transistor voltage. current. and
power dissipation for the circuit described in Problem 18-7,

A Class-A transformer-coupled amplifier with a 24 V
supply is to deliver 1.25 W to a 50 Q load. Assuming a
transformer efficiency of 80%. specify the transformer and
transistor.

Plot de and ac load lines (on blank characteristics| for the
circuit in Problem 18-12.

A Class-B amplifier {s to supply 8 W to a 12 (] load. The
supply is V.. = 25 V. Specify the output transformer and
transistors. Assume a transformer efficiency of 7577,

A Class-AB ranstormer-coupled power amplitier [as in Fig.
18-13) is 1o deliver 0.5 W to a 4 Q load. The output
transformer hias r’ = 312 () when R = 4 (0, and has an
efficiency of 737 . Calculate a suitable supply voltage and
specily the omipul transistors.,

Section 18-4

18-16

18-17

18-18

18-19

18-20

A capacitor-coupled power amplifier as in Fig, 123-18 is 10
deliver 0.6 W to a 250 Q load. Specify the supply voltage
and the outpurt rransistors.

Determine suitable resistor values for the circuit in
Problem 18-16. Assume that the output transistors have
Pegnngy =40, 1, = 1 kO, and hy, = 18 Q.

Calculate suitable capacitance values for the circuit in
Problems 18-16 and 18-17 for a 50 Hz lower cutoff
frequency,

A direct-coupled amplifier as in Fig. 18-23 is to deliver2 W
to a 20 (1 load. Specify the supply voltage and the cutput
transistors. Assume that the output transistors have
Mg gminy = 200.

Determine resistor values for the circuit in Problem 18-19.

Section 18-3

18-21

18-22

A power amplifier is required to deliver 5 W to a 20 () load.
The output stage is to use Darlington-connected BJTs and
is to be direct-coupled, as in Fig. 18-24. Determine a
suitable supply voltage, and specify all the output stage
transistors. Assume hpg, = hyg = 20 and hgg, = hype = 100

Determine suitable resistor values for the amplifier output
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18-23

18-24

18-25

18-26

18-27

stage in Problem 18-21.

A direct-coupled power amplifier using power Darlington
BJTs with h; = 2000and V. = 1.5V is to dissipate 2 W in
a 16 Q load. Determine the required supply voltage and
resistor values for the output stage, (see Fig. 18-25),

Modify the circuit in Problem 18-23 to include current
limiting as in Fig. 18-27. The maximum current is to be
limited to 20% above the calculated peak level.

Design a Ve multiplier to replace the diode biasing stage
for the output transistors in the circuit for Problem 18-23.
Make V, adjustable by +20%,

The driver stage collector resistor (RJ) in the circuit

designed for Problem 18-23 is to be replaced by a constant
current circuit, as in Fig. 18-30. Design the constant
current circuit.

The amplifier in Problems 18-16 and 18-17 is to be
modified to use power supply decoupling as in Fig. 18-
29(a). The ripple frequency is 120 Hz. Determine suitable
values for R ; and C,,. and the new supply voltage level.

Section 18-6

18-28

18-29

18-30

18-31

18-32

18-33
18-34

A direct-coupled amplifier circuit as in Fig. 18-33 is to
deliver 7 W to a 22 Q load. Determine the supply voltage
and specify transistors Q; through Qg Assume R = hopy
=90 and hg; = e = 15.

Determine suitable values for resistors R, through R,; for
the circuit in Problem 18-30. Also, specify the diodes and
transistors Q; and @, Assume I, = 10 pA for @, and @,

The input voltage to the circuit in Problems 18-28 and 18-
29 is #0.5 V. Determine suitable values for resistors R,
through R,.

The circuit in Problems 18-29 through 18-30 is to have a
frequency range from 20 Hz to 50 kidz. Determine suitable
capacitances for C,. C, and Cj.

A direct-coupled amplifier as in Fig. 18-33 has V.= 20V,
Vig = Vg =3V, and R, = 16 Q. Calculate the maximum
power delivered to the load.

Specify @, and Qg for the circuit in Problem 18-32.

Calculate the approximate efficiency for the circuit in
Problem 18-32.

A direct-coupled amplifier, as in Fig. 18-33, uses 2N3904
and 2N3906 BJTs for Q; and Qg Qg isa 2N3055and @, is
complementary to Q. The supply voltage is 25 V and the
load resistance is 20 Q. Determine the maximum output
power and calculate the maximum collector current for Q.
and g, and the maximum base current for @ and Q.
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Section 18-7

18-36

18-37

18-38

18-40

18-41

A MOSFET power amplifier circuit as in Fig. 18-36 has V.
=+30V and R, = 50 Q. Transistors @, and @, have R, =
4 ). Determine the maximum power delivered to the load.
and the power dissipated in each output transistor.

A MOSFET amplifier circuit as in Fig. 18-36 has a 25 O
Joad resistance and uses output transistors with R, =3
Q. Calculate the required supply voltage to dissipate 8 W
in the load. Also, calculate the power dissipation in the
output transistors.

The MOSFETs in Problem 18-37 have a threshold voltage
of Vpy; = 1.5 Vand a transconductance of g = 300 mA/V.
Determine suitable de voltage drops across resistors R, and
R;. and R, through R,

Calculate resistor and capacitor values for the circuit in
Problems 18-37 and 18-38i1 A, = 15 and [, = 80 Hz.

Calculate the approximate efficiency for the circuit in
Problems 18-37 threugh 15-39.

Calculate the supply voltage for an amplifier circnit as in
Fig. 18-36 to deliver 10 % to a 16  load. The output
MOSFETs have R, =1 .V =2V.and g, = 2 5.
Determine suitable de velrage levels for the circuit n
Problem 18-41.

The amplifier in Problems 18-41 and 18-42 has v, = =0.7V,
and its low cutoff frequency is to be 40 Hz. Calculate all
resistor and capacitor values.

Section 18-8

18-44

18-45

18-46

18-47

A direct-coupled Class-AB power amplifier using a
complementary emitter follower output stage and a
operational amplifier driver (as in Fig. 18-39) is to deliver
2.4 W to a 30 Q load. Calculate the required supply voltage
and specify the output transistors in terms of: Veg
Ieimax and power dissipation.

Determine suitable dec voltage and current levels for the
circuit in Problem 18-44. and calculate all resistor values if
v, =105V,

The circuit in Problems 18-44 and 18-45 is to have a
frequency range from 30 Hz to 30 kHz. Calculate the
capacitor values, and determine the minimum slew rate for
the op-amp.

Modify the circuit in Problems 18-44 through 18-46 to use
bootstrapping capacitors, as in Fig. 18-41. Determine
suitable values for the bootstrapping capacitors, and
calculate the new maximum peak output voltage {.3t can
be produced by the modified circuit,
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Section 18-9

18-48

18-49

18-50

18-51

18-52

18-53

The common-source power amplifier circuit in Fig. 18-52
has the following components: R,= Rg=680 Q, Rg= Ry, =
1.2KkQ, Ry= R;= 18 kO, R; = 820 (), R; = 32 Q. The supply
voltage is £30 V, the op-amp supply current is 1 mA, the
Q, collector currentis 1 mA, and the MOSFETSs have Ry,
= 1.5 0,and g, = 1.2 S. Determine the gate-source bias
voltage for @, and @, and the maximum output power.

Calculate the op-amp supply terminal voltages, and the
op-amp peak output voltage for the circuit in Problem 18-
48. Also, determine the required signal voltage to give
maximum output.

Design the bias control circuit for the circuit in Problem
18-48 to give I, = 1 mA £50%.

A direct-coupled Class-AB common-source power amplifier,
as in Fig. 18-52 without the current source, is to deliver 8
W to a 12 Q load. Calculate the required supply voltage if
the output transistors have Rp,,=0.95Q, V, =2V, and
9,=0.98.

The circuit in Problem 18-51 has v, = 0.9V, and an op-
amp with I, = 1.3 mA and I, = 15 mA. Determine
suitable resistor values.

The circuit in Problems 18-51 and 18-52 is to have a
frequency range from 40 Hz to 45 kHz. Calculate the
capacitor values, and determine the minimum slew rate for
the op-amp.

Section 18-10

18-54

18-55

18-56

A direct-coupled Class-AB audio power amplifier is to be
designed to dissipate 5 W in a 16 Q load. The circuit is to
use quasi-complementary connected output transistors,
and a LM391 driver, as In Fig. 18-54. Calculate the
required supply voltage, and specify the BJTs. Assume hy.
=20 for Q;and Q,.

Select suitable resistances for Rg; and R, in the circuit for
Problem 18-54 to limit the output current to 20% above
the required peak level, as illustrated in Fig. 18-56.

A TPA4861 BTL amplifier is to be used to dissipate 1 Win a
15 Q load. The input voltage is #0.7 V, and the low cutoff
frequency is to be 25 Hz. Calculate the required supply
voltage and suitable resistances for R, and R (in Fig. 18-
59). Also, determine suitable capacitor values.
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Practise Problem Answers

18-11  [Q point: [ = 3.1 mA, Vi3 = 10.2 V], [point 4: - = 0, Vi, = 15 V],
[point B: I- = 0, Vi =21.1 V]

18-1.2  25.6%

18-21  37.7%

18-22  [Q point: [ = 4.8 mA, Vi = 26.7 V], [point A and A - = 248
mA, V., = 25.6 V], [point B and B": /- = 46.7 mA, Vi =255 V)]

18-31 10V, 120V, 26 mA, 67.5 mW)

18-3.2  1.09\W. 30V, 640 mA

18-41 21V, 21V, 90 mA, 200 mW)

18-4.2 1.8k, 50 Q variable

18-5.1 =16V, 2.7 kQ2, 100 Q2

18-5.2 15 k0, 2.2k, 2 kD2

18-5.3 10 kG2, 156 k2 + 1.5 kO, 1 kO, 500 Q variable

18-6.1 4.7k, 33 kG, 4.7 kD, 1.2 k2, 18000, 4.7 K, 15 wF, 30 uF

18-7.1 18 uF, 22 uF, 0.82 uF

18-7.2 =15, T28 143N, 1.8N, 107V 177N, 23N

18-73 4. 7KQ. 12KkQ, 6.8k, 1200, 4.7k, 100k, 820k, 1.2 MQ
+ 150 k02, 100 kQ, 10 uF, 33 F, 0.47 pF 0.4~ uF

18-8.1 12,1V, 146 mW, 6.6 kHz

18-82 =13V, 3.5 Vius

18-9.1 1280, 1.2 k0, 1.2 k(2. 1.2 k2

18-9.2 3.6 kG2 390 Q2. 1 KQ2 vanable, 360 0, 560 0

1893 100 KQ 5.6 kQ, 100 kQ, 0.82 wF, 1.5 uf, 39 pF

181001 225\ 0.5 mA

18-10.2 6237

18-10.3 =60 m\, 199 Hz
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Objectives

You will be able to:

1 Sketch the basic construction of an

SCR and explain its operation.
Draw typical SCR characteristics,
and define the device parameters.

Sketch and explain the following
SCR circuits: 90° phase control,
1807 phase control, zero-point
triggering, crowbar, heater control.

Design and analyze the above
types of SCR circuits,

Sketch the basic construction of a
TRIAC and explain its gperation.
Draw typical TRIAC characteristics,
and define the device parameters.

Discuss TRIAC Quadrant I to [V
triggering.

Sketch and explain TRIAC phase
control and zero-point triggering
circuits.

Design and analyze the above
types of TRIAC circuits.

8 Sketch characteristics and graphic

symbols for the following devices:
DIAZ, SUS, 8BS, GTO, SIDAC.
Explain the operation and
applications for each device.

9 Sketch the basic construction of a

UJT and explain its operation. Drau:

typical UJT characteristics, and
define the device parameters.

10 Sketch the basic construction of a

PUT and explain its operation. Draw

typical PUT characteristics, and
define the device parameters.

11 Skeich and explain relaxation
oscillators and thyristor control
circuit using UJTs and PUTs.

12 Design and analyze the above types

of UJT and PUT circuits.
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Introduction

The silicon-controlled rectifier (SCR) can be thought of as an
ordinary rectifier with a control element. 'The current flowing into
the control element, which is termed the gate, determines the
anode-to-cathode voltage at which the device commences to
conduct. The SCR is widely applied as an ac power control device.
The gate bias may keep the device off, or it may permit conduction
to commence at any desired point in the forward half-cvcle of a
sinusoidal input. Many other devices, such as the DIAC and the
TRIAC, are based on the SCR principle. Collectively, SCR-type
devices are known as thyristors. This term is derived from thyratron
and transistor, the thyratron being a gas-filled electron tube that
behaves like an SCR.

The unfjunction transistor (UJT) is a three-terminal device quite
different from bipolar and field effect transistors. The device input.
called the emifter, has a resistance that rapidly decreaseswhen the
input voltage reaches a certain level. This effect is termed a
negative resistance and it makes the UJT useful in timing and
oscillator circuits. The progranunable unijunction transistor (PUT) is
an SCR-type device that behaves like a UJT.

19-1 Silicon Controlled Rectifier (SCR)

SCR Operation

The silicon-controlled rectifier (SCR) consists of four lavers of
semiconductor material, alternately p-type and n-type as illustrated
in Fig. 19-1(a). Because of its construction, the SCR is sometimes
referred to as a four-layer diode, or a pnpn device. The layers are
designated p,, n,, p,, and n, as shown. There are three junctions;
J;, J, and Jg, and three terminals; anode (A), cathode (K). and gate
(G). Figure 19-1(b) shows the SCR circuit symbol.

Figure 19-1

The silicon controlled rectifier
(SCR) is a four-layer device that
can be explained in terms of a
two-transistor equivalent circuit,
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(b)SCR circuit (d)Two-transistor
(a)S5CR 4—]&1)-’&1‘ symbo] (e) Two-transistor cquj\,-aj:n[ circuit

construction construction



. Chapter 19 — Thyristors 0b/1

To understand SCR operation, it is necessary to imagine layers n,
and p, split into ny,, Ny, Po, and p, as shown in Fig. 19-1(c).
Since n,, is connected to n,,, and py, is connected to p.,, nothing
is really changed. However, it is now possible to think of p;, n,., pa,
as a pnp transistor, and ny,, pg, Ny as an npn transistor. Replacing
the transistor block representations in Fig. 19-1(c) with the pnp
and npn BJT circuit symbols gives the two-transistor equivalent
circuit in Fig. 19-1(d). It is seen that the @, collector is connected
to the @, base, and the @, collector is commoned with the Q, base.
The @, emitter is the SCR anode terminal, the Q, emitter is the
cathode, and the junction of the @, collector and the Q, base is
the SCR gate terminal.

To forward bias an SCR, a voltage (V) is applied positive on the
anode (A), negative on the cathode (K), as shown in Fig. 19-2(a). If
the gate (G) is left unconnected only small leakage currents (I)
flow. and both transistors remain off. Reference to Fig. 19-1(a)
shows that the leakage currents are the result of junction J, being
reverse biased when A is positive and K is negative.

+ A W

1
\ :

o
oS

i ‘J(‘D
. Pk lail _!1 c2 Vix
W7 s
! N G 152
o——A0: N Léz '
G 0D I \J
d Vo< 1 |
Il |
v s
K K
(a) Leakage current when (b) Gate current triggers
the gate is open-circuited the SCR on

When a negative gate-cathode voltage (-Vg is applied, the O,
base-emitter junction is reverse biased, and only small leakage
currents continue to flow, so both Q, and @, remain off. A positive
gate-cathode voltage forward biases the @, base-emitter junction,
causing a gate current (I; = Ig) to0 flow, and producing a Q,
collector current (I), [see Fig. 19-2(b)]. Because I, is the sameas
Iy, 9, also switches on and I, flows providing base current Ig,.
Each collector current provides much more base current than
needed by the transistors, and even when I i1s switched off, the
transistors remain on, conducting heavily with only a small anode-
to-cathode voltage drop. The ability of the SCR to remain on whien
the triggering current is removed Is referred to as latching.

To switch the SCR on, only a brief pulse of gate current is
required. Once switched on, the gate has no further control and
the device remalns onuntil V,, 1s reduced to near zcro.

Figure 19-2

When the SCR gate current is
zero, the device normally remains
off. The flow of gate current (Ig)
triggers the SCR on.
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Consider Fig. 19-1(a) again. With a forward (anode-to-cathode)
bias, junctions J; and J; are forward biased, while J, is reverse
biased. When V,. is made large enough. J, will break down and
the resultant current flow across the junction constitutes collector
current in each transistor. Each collector current flows into the
base of the other transistor causing both transistors to switch on.
Thus. the SCR can be triggered on with the gate open-circuited.

SCR Characteristics and Parameters

Figure 19-3(a) shows an SCRwith a reverse bias anode-to-cathode
voltage (-V.4). (negative on A, positive on K). Note that the gate
terminal is open-circuited. Figure 19-3(b) shows that the reverse
bias voltage causes junction J, to be forward biased and J, and J,
to be reverse biased. When -V, is small, a reverse leakage current
(Igy) flows. This is plotted as the reverse characteristic (-V,, versus
Ig) on Fig. 19-3(c). Iy is typically around 100 pA, and is sometimes
referred to as the reverse blocking current

£ Breskdewn

{o-
. -l g
4 f— =1 - e !R.\-
- — Arverse blocking region. — o Ff‘i{h‘?(’ 19-3
G I Whea Voo os negative, [, s
] Iy forw 3= alased, and I, and ,f; arer
| reverse hiased. A small reverse
=5 | leakage current flows while -V,
i 15 lezs than the hreakdown
voltacy
(2) Reverse
anode-1o-
cathode
bias (b) Junction bias polarty tc) SCR rteverse characteristic

When the level of -V, is increased. I, remains approximately
constant until the reverse breakdown voltage is reached. At this
point the reverse-biased junctions (J, and J,) break down and the
reverse current (fp) increases very rapidly. If I, is not limited (by
additional circuit components) the device will be destroyed by
excessive current flow. The region of the reverse characteristics
before breakdown is termed the reverse blocking region.

An SCR with a forward bias anode-to-cathode voltage (positive
on A, negative on K) is shown in Fig. 19-4(a). Here again, the gate
terminal is open-circuited. As illustrated in Fig. 19-4(b). Vi
forward biases J; and J, and reverse blases J,. With low levels of
*Vax @ small forward leakage current (I,) flows. This is actually
the reverse leakage current at junction (/). and so (like Iy,), it is
typically around 100 pA. Also like I, I remains substantially
constant until +V,, is made large enough to cause (reverse blased)
J, to break down. The applied voltage at this point is tcined the
forward breakover voltage (Vimoy)- This is {llustrated by the forward



Chapter 19 — Thyristors

673

characteristics (I, versus +V,,) in Fig. 19-4(c). When Vg, is
reached, the component transistors (@, and @Q,) are immediately
switched on into saturation as already explained, and the anode-
to-cathode voltage falls rapidly to the forward conduction voltage

V. The device is now into the forward conduction region, and I

must be limited to protect the SCR from excessive current levels.

(z) Forward
anode-to-
cathode oy )
bias (b) Junction bias polarity  (c) SCR forward characteristic

So far, tne SCR forward characteristics have been discussed only
for the case of I; = 0. Now consider the effect of I; levels greater
than zero, [Fig. 19-5(a)]. As already shown, when +V,, is less than
Vemg and I is zero, a small leakage current flows. This current is
too small to have any effect on the level of +V,,. that causes SCR
switch on. When I, is made just slightly larger than the junction
leakage currents, it still has a negligible effecton the level of +V,,
for switch-on. Now consider the opposite extreme. When I; is made
larger than the minimum base current required to switch @, on
the SCR switches-on when +V,, forward biases the base-ermttcr
junctions of @, and Q.. [Fig. 19- 5[b] and Fig. 19-6].
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(b) SCR voliage drops when on

(a) SCR with gate current

Figure 19-4

When V. is Positive, |, is reverse
biased, and ], and,fj are forward
hiased. A small forward leakage
current flows while +V,. is fess
than the forward breakover
voltage

Figurc 19-5

A gate current (1) can cause the
SCR to switch-on at a low V.
level,
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The complete forward characteristics for an SCR are shown in
Fig. 19-6. Note that when [; = I, switch-on occurs with +V, . at a
relatively low level (V). Gate currents between I, and I permit
device switch-on at voltages greater than V, and less than Vg,
The region of the forward characteristics before switch-on occurs is
known as the foriward blocking region, and the region after switch-
on is termed the forward conduction region, as illustrated. In the
forward conduction region, the SCR behaves as a forward-biased
rectifier. The forward (anode-to-cathode) voltage (V) when the
device is onis typically 1.7 V.

Forward

Forward blocking region &

To switch an SCR off, the forward current (/J must be reduced
below the holding current (I;). (see Fig. 19-6). The holding current is
the minimum level of [ that maintains SCR conduction. If a gate
current greater than zero is maintained while the SCR is on, lower
levels of holding current (I;, I;,, etc.,) are possible.

SCR Specification

As in the case of most electronic devices, the SCR maximum
voltage and current are important for any given application. The
forward breakover voltage and reverse breakdown voltage have
already been discussed. The maximum forward voltage that may be
applied without causing the SCR to conduct is termed the forward
blocking voltage (Vpg,J. Similarly, the maximum reverse voltage
that may be applied is the reverse blocking voltage (Vgg,,).

The maximum SCR current is variously specified as: the average
current (I, the rms current (Iyp,s). and the peak non-repetitive
surge current (Irg,). The first two of these need no explanation. The
third is a relatively large current that can normally be permitted to
flow for a maximum of a half-cycle of a 60 Hz sine wave. The circuit
fusing rating (Pt) is another parameter that defines the maximum
nonrepetitive forward current. This can be used to calculate the
maximum time duration for a given forward current surge. In many
circuit applications the SCR current is limited by a serles-
connected load, so there is usually no need to consider surge
current levels, except In the case of capacitive loads.

Figure 19-6

Forward characteristics for an
SCR. Higher levels of gate current
(I ) cause the SCR to conduct at
lower anode-to-cathode voltages
(+V 00 ).
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Some of the range of available SCRs is illustrated by the partial
specifications and packages shown in Fig. 19-7. With 800 mA rms
current and 30 V forward and reverse blocking voltage, the 2N5060
is a relatively low-current, low-voltage. device. This is packaged in
the typical plastic TO-92 transistor-type enclosure. Note that the
peak reverse gate voltage (Vo 18 5 V. The 2N6396 SCR is capable
of handling a maximum rms current of 12 A, and has forward and
reverse blocking voltage of 200 V. The package is a TO-220 plastic
enclosure with a metal tab for mounting on a heat sink. For the
C35N, the peak forward and reverse voltage is 960 V, and
maximum rms current is 35 A. The device package is designed for
bolt-mounting to a heat sink.

2N5060 | 2N6396 C35N
Peak forward | 30V 200V 960 V
& reverse voltage (VoRu& Vaau)
Maximum rms current (/TAMS) | 0.8 A 12A 35A
Forward on vottage (VM) 17V 17V 2V
Holding current (/H) | 5mA B mA 100 mA
Gate trigger current (/67) 200 pA | 12 mA | BmA
z = Figure 19-7
Gate trigger voltage (Ver) 08V 0sv 3V Partial specifications and pacrages
= ’| i for three SCRs for different voltage
Gate reverse voltage (Vo 5V | 5V 5V and current levels.

CisN |

INSO60 (263-4)

(TO-92) “! |
|
|

KGA

ection 19-1 Review
19-11 Sketch the four-fayer construction of an SCR and the two transistor

equivalent circuit. Explain the device operation.
119-1.2 Sketch SCR forward and reverse characteristics. Briefly explain.

19-2 SCR Control Circuits

Pulse Control
The simplest of SCR control circults Is shown in Fig. 19-8(a). If

SCR, was an ordinary rectifier, the ac supply voltage would be half-
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wave rectified and only the positive half-cycles would appear
across the load (R)). The same would be true if the SCR gate had a
continuous bias voltage to keep it on when the anode-cathode
voltage goes positive. A trigger pulse applied to the gate can switch
the device on at any time during the positive half-cycle of the
supply voliage. The SCR continues to conduct during the rest of
the positive half-cycle, and then it switches off when the
instantaneous level of the supply approaches zero. The resultant
load waveform is a portion of the positive half-cycle commenecing at
the instant that the SCR is triggered [Fig. 19-8(b)]. Resistor R,
holds the gate-cathode voltage at zero when no trigger input is
present.

{a) SCR oulse control curcun (b} Cireyir waveforms

Load waveiorms that result {rom the SCR being switched on at
different points in the positive half-cycle of the supply voltage are
shown in Fig. 19-9 It is scen that the average load current is
controlled by the SCR conduction angle. Thus, the load power
dissipation can be varied by adjusting the SCR switch-on point. It
should be noted that the SCR cannot be triggered precisely at the
0% point in the waveform, because the anode-to-cathode voltage
must be at lease equal to the forward on voltage (V4 for the
device. Also, the SCRwill switch off before the 90° point when the
load current falls below the holding current.

The instantaneous level of the load voltage is the instantaneous
supply voltage (e) minus the SCR forward voltage (V,,,);

V, =e,- V., (19-1)

The load current can be calculated from V, and R,, and the
instantaneous supply voltage (e,,,) that causes the SCR to switch
off can be determined from V..., R,. and the holding current;

€y = Vit (Igx Ry) (19-2)

For any given application, the selected SCR must have forward
and reverse blocking voltages greater that the peak supply voltage.
Its specified maximum rms current must also be greater than the
rms load current. When designing the circuit, the gate current
used should be at least three times the specified I, for the device.

Figure 19-8

An SCR can be triggered on by a
pulse appled to the gate. Once
trigoered. e device remains o
it the loag current falls beliny
the holding current.

Figure [9-9

The average load current can be
varicd by controlling the SCR
conduction angle.
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Note that the required triggering current (I;) for the circuit in Fig,
19-8 is the sum of [; and the resistor current [, as illustrared,

Example 19-1

Selecta suitable SCR for the circuitin Fig. 19-8a), if the rms supply voltage is
24\ and the load resistance is 25 Q. Also calculate the instantancous supply
voltage that causes the SCR to switch on

Solution
peak supph voltage,

Vo= TeMd e = 14185V
=339V

SCR forward and reverse blocking voltage
oy > 339V

Reterring to the partial specification ior the 2NG060 to 285064 range of SCR

in Fig_ 10-10, it is found that the 255060 has v ., = 30N and the 2N3067
has |\ . = 60 V. So, the 2N3060 would rex be suitable, while the IN306]
would soem to be a suitable device
Vg shan 339N« 00m%
fiy, =— R “Twma 2N5060 to 2N5064
= 1294 Peak forward 2N5060
F half-zwave rectified sinusoidal i TS & reverse vollage 2N5061
or 4 halt-wave rechibied SINUSOal wsetnnm (Vorm & Veaw) oN5062
By =050k, =05 %129 A ;xiggi
= 0.64 A

Maximum rms current 1/ r qus )
The 255061 has [y, = 0.8 A,

Sq, the 2N3067 is a suitable SCR. Forward on voltage (V'ruy)

Switch off voltage; Holding current (/1)
=V + 1, % R) -
=1.7V4+5mAx250Q)
=18V Figure [19-10

Fromi:Eq. 19-2, €.,

Gate trigger current (/g

to 2NS064 SCRs

90° Phase Control

In the 90° phase-control circuit shown in Fig. 19-11, the gate
triggering voltage is derived from the ac supply via resistors R, Ry,
and R, When the moving contact is set to the top of R, the SCR
can be triggered on almost immediately at the commencement of
the positive half-cycle of the input. When the moving contact is set
to the bottom of R,, the SCR might nout switch on until the peak of
the positive half-cycle. Between these two extremes, the device can
be switched on scmewhere between the zero level and the peak of
the positive half-cycle, (between (¢ and 90°). If the triggering

677

plo i
60 V
100 V
150 V
200 V

08 A
1.2 ¥

5 mA

200 pA

Partral specification for 2N35060
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voltage (V) is not large enough to trigger the SCR
device will not trigger on at all, because Vis greatest

at 90°, then the
at the supply

voltage peak and falls off past the peak.

Diode D, in Fig. 19-11 is included in the circuit to protect the
SCR gate from the negative voltage that would otherwise be applied
to it during the negative half-cycle of the ac supply.

{a) 90° phase control circuit

|1
R, SCRi
e D N e
“Fi} R: —-——'}—-—J+ - el
“ar voltge —s-lj'g -
squrce .
R ¥ Ri ? ;‘Ili

o ¢ 9
=N -
N \
\ / \
of | en .‘] Joff em |
A ! I Figure 19-11

-
Contral

range

SCR 90° phase control circutt.
The SCR can be triggered on
anywhere between OF and 907,

(b) Circuit waveforms

The load for an SCR phase control circuit could be a permanent
magnet motor, so that the circuit controls the motor speed.
Alternatively, the load might be a heater or a light. and in this case
the circuit controls the heater temperature or the light intensity.

The voltage divider (R, R, Ry in Fig. 19-111is
of adjustment of V;. The voltage

usual way for the required range

designed in the

divider current (/) is selected much larger than the SCR gate
current. The instantaneous triggering voltage at switch-onis.

Vp =V + Vg
Ry SCR,
D, D;
K oo it
D,k D%E R R;_?

{a) 90° phase control circuit
with full wave rectified supply

(19-3)

oo g s @ a
o/ T:\‘\'i;’/ R
LY B B

!
- - |
Control
range

Figure 19-12
SCR 90° phase control circuit
with a full wave rectified supply.

(b) Circuit waveforms

Figure 19-12 shows a 90° phase control circuit with its ac voltage
source full-wave rectified. This gives a larger maximum power
dissipation in the load than a non-rectified source. Also, diode D,

in Fig. 19-11 Is not required in Fig.
does not become reverse biased.

19-12 because the SCR gate
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In the circuit in Fig. 19-13(a) the two SCRs are connected in
inverse-parallel and they operate independently as 90° phase
control circuits. SCR, controls the load current during the positive
half-cvele of the supply voltage, and SCR, controls the current
during the negative half-cycle. The triggering voltage for each SCR
is set by the voltage divider network R, through R, and adjusted by
variable resistor R,. Diodes D, and D, protect the gate terminals of
each SCR from excessive reverse voltage.

During the supply voltage positive half-cvcle, D, is forward biased
and current flows through R, R, and R, The voltage drop across

,. triggers SCR, at the desired point in the positive half cycle,
W‘hen triggered, Lhe SCR forward voltage switches to a low level,
and remains there until the instantaneous supply voltage level
approaches zero. During the supply negative half-cycle. D, is
forward biased to produce current flow through R). R, and R,
With R, equal to Ry, the voltage drop across R, riggers SCR, at Ih{

same poim in the negative half-cycle as SCR, in the positive half-
cycle. The resultant 90° full-wave phase controlled load waveform
is shown in Fig. 19-13(b).

W80T 180° 270 30
-\u
T e I- Figure 19-13
—1 - = 490" full-wave phase control
il wsing Lo eerse-parallel
ronnected SCRe
141 907 null-wave phase control circuit it load current waveform
Example 19-2
The SCR in Fig. 19-14 is to be triggered on between 57 and 907 during the
positive half-cycle of the 30 V supply. The gate triggering currentand voltage
are 200 uA and 0.8 V. Determine suitable resistance values for Ry, Ry, and R..
Solution "
Peak supph +oltage, !
Vo = 1414xV, =1.414x30V
=424V Aov R
Y
aEs e, = Vipy Sin 5° = 42.4 Vsin 5°
; = R
=37V
at 90°, e, =V =424V
. Figure 19-14
Eq. 19-3, Vi=Vp +Vg=07V+08V SCR 90° phase control circuit for

=15V

Example 19-2.
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To trigger at e, = 3.7 V, the R, moving contact is at the top.

0,  Wpuo Vg =V=15V
and, Viy =8, V= 37V 1.5V
=22V
L == (f; = 200 pA)
select Iy =1mA
Vi 22N
- RNl 1
J I 1 mA
= 2.2 kQ (standard value)
v 15V
R.+Ri=—=——
¥ T 1T mA
= 1.5 kB

To trigger ate, = 42.4V, the R, moving contact is at the bottom.

50, Vg, =V, =15V
e 4240\
and. = e -
K, + R+ R, 22 kB + 1.5 k82
= 11.5 mA
b EL » 15V
: I, 115mA

=130 Q (use 120 Q standard value)

R, = (R, +R)-R; =15kQ-120Q
= 1.38 kQ (use 1.5 kQ standard value potentiometer)

180° Phase Ceontrol

In the circuit shown in Fig. 19-15, resistor R; and capacitor C,
determine the point in the supply voltage cycle where the SCR
switches on. During the negative half-cycle of the supply, C, is
charged via diode D, to the negative peak of the supply voltage.
When the negative peak is passed, D, is reverse biased because its
anode (connected to C,) is more negative than its cathode. With D,
reversed, C, commences to discharge via R,. While C,; voltage
remains negatively, D, is reverse biased and the gate voltage
cannot go positive to trigger the SCR on. Depending on the values
of C, and R,. the capacitor might be completely discharged at the
beginning of the positive half-cycle of the supply; allowing SCR; to
switch on. Alternatively, C, might retain some negative charge past
the end of positive half-cycle; keeping SCR, ofl. Resistor R, is
included in the eircuit to restrict the level of the gate current.
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Comtral

FANES
o

R

N
e vohage
souree

(a) 180° phase control circuit (b) Circuit waveforms

Design of the 180° phase control circuit can commence with
selection of a capacitor much larger than stray capacitance. A
maximum resistance for R, should then be calculated to discharge
the capacitor voltage to zero during the time from the negative
peak of the supply voltage to the 180° point in the positive half-
cycle. The capacitor voltage does not decrease linearly as Fig. 19-16
implies. However, the maximum resistance for R, can be most
casily calculated by assuming a linear discharge. The average value
of the discharging voltage (E) is first determined. Figure 19-16
shows that E is-0.636 V, , for 0.25 T, and +0.636 V,,, for 0.5 T.
which averages out to approximately 0.2 V.‘qpk.' tor the total
discharge time of 0.75 T. Now the equation for discharge of a
capacitor 1o zero volts via a resistor may be applied.

t=RCIn[(E-E)/E|
Substituting the appropriate quantities into the equation gives,

075 T

B 19-4
' ¢,mneé (15-4

\Practise Problems '
1921 The 90° phase control circuit in Fig. 19-11 has a 115V, 60 Hz |
supply, and R, = 50 Q. Specify the required SCR, and calculate |
suitable resistor values for switch on between 7° and 90°. |

The 180° phase control circuit in Fig. 19-15has a 50 V, 60 Hz
supply, and the SCR has V. = 0.5 V and [, = 100 pA. Determine
suitable values for R, and C,. Also, calculate a resistance for R, to
limit the gate current to a maximum of 50 mA.

19-2.2

19-3 More SCR Applications

SCR Circuit Stability

An SCR circuit is stable when it operates correctly: switching on
and off only at the desired instants. Unwanted triggering (also
called false triggering) can be produced by noise voltages at the
gate, transient voltages at the anode terminal, or by very fast
voltages changes at the anode (termed dv/dt triggering).

Figure 19-15

SCR 180° phase control crcuit.
R, adjustment allows the SCR
triggering point to be el
anywhere hetween 0° and 1807
in the positive half-tycle o the &
supply valtage.

- ;F -

= 75—

AL AST
T

Fopks R

MAIE Vg B S -

(A30 | g

LS

Figure 19-16
Discharge times and oftages 1o
C, inthe circurt i Fig. 19-13.
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Obviously, gate noise voltages might be large enough to forward
bias the gate-cathode junction and cause false triggering. Anode
voltage transients (produced by other devices connected to the
same ac supply) could exceed the SCRbreakover voltage, and thus
trigger it into conduction. The dv/dt effect occurs when the anode
voltage changes instantaneously, such as when the supply is
switched on at its peak voltage level. The SCR capacitance is
charged very quickly, and the charging current is sufficient to
trigder the device.

Gate noise problems can be minimized by keeping the gate
connecting leads short, and by the use of a gate bias resistor [R5 in
Fig. 19-17(a)]. This should be connected as close as possible to the
SCR gate-cathode terminals, because connecting conductors
between R, and the device could pick up noise that might cause
triggering. Biasing the gate negative with respect to the cathode
can also be effective in combating noise. Capacitor C, in Fig. 19-
17(b) can be used to short circuit gate noise voltages. C,; also
operates in conjunction with the anode-gate capacitance as a
voltage divider that reduces the possibility of dv/d: triggering, C, is
usually in the 0.01 yF to 0.1 pF range, and like R it should be
connected close to the SCR terminals.

An RC snubber circuit can be used to prevent trigdering by anode
terminal transients, [Fig. 19-17(c)]. A snubber is usually necessary
for inductive loads, and might also be required for resistive loads.
With an ac supply. there is a phase difference between an
inductive load current and the supply voltage, and this can cause
loss of SCRcontrol. Also, the current through an inductor with a
dc supply will not go to zero immediately when the SCR switches
off. A snubber circuit is necessary in both cases.

Zero-Point Triggering

When an SCR is switched on while the instantaneous level of the
supply voltage is greater than zero, surge currents occur that
generate electromagnetic interference (EM]). The EMI can interfere
with other nearby circuits and equipment, and the switching
transients can affect control of the SCR. Circuits can be designed
_to trigger an SCR on at the instant the ac supply is crossing the
zero voltage point from the negative half-cycle to the positive half-
cycle, This is called zero-point triggering, and it effectively eliminates
the EMI and the switching transients.

The zero-point triggering circuit in Fig. 19-18(a) shows two
inverse-parallel connected SCRs that each have RC triggering
circuits; C, and R, for SCR,, and C, and R, for SCR,. SCR, is held
off while switch S, is closed, and because capacitor C, is
uncharged SCR, remains oft With S, open, positive triggering
current (I;)) begins to flow when the supply voltage commences to
go positive. As illustrated, I, flows via C, and R, to the gate of
SCR, triggering it into conduction at the zero-crossing point. SCR,
provides a path for (positive) load current (i.,).

With SCR, on, capacitor C, charges (with the polarity shown)
almost to the peak of the supply voltage. When the supply voltage

(a) Gate resistor

1l

(b) Gate capacitor

(c) Snubber circuit

Figure 19-17

Unwanted gate noise triggering
can be prevented by R or C; at
the gate-cathode terminals. The
use of a snubber circuit prevents
triggering by transients at the
anode terminal
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crosses zero from the positive half-cycle to the negative half-cycle
SCR, switches off. Also. D, becomes reverse biased. and the charge
on C, provides triggering current (I) to SCR, Thus, SCR, is
switched on at the start of the supply negative half-cycle, providing
a path for (negative) load current (i, ).

C r Ry

L

&

(a) Zero-point triggering circuil

Supply waveform

FANNUL

Load waveform

- SCRson —wa— SCRsof - S0t on =~ SURs —i=
Sicpm 5 closed 5, wpen 5 closed

{b) Circuit waveforms

Both SCRs continue to switch on and off at the zero-crossing
points while S, remains open, and both stay off when S, is closed.
SCR, cannot switch onunless SCR, has first been on, and because
of this the arrangement is sometimes termed a master-slave circuit;
SCR, being the master and SCR, the slave. The waveforms in Fig.
19-18(b) show that power is supplied to the load for several cycles
of the supply while S, is open, and no load power dissipatiopn
occurs for several cycles while S, remains closed. The switch might
be controlled by a temperature sensor or other device.

Crowbar Circuit

A crowbar circuit (also known as an overvoltage protection circuit) is
illustrated in Fig. 19-19. This eircuit protects a sensitive load
against an excessive dc supply voltage. When the supply (VJ is at
its normal voltage level, it Is too low to cause the Zener diode (D))
to conduct. Consequently, there is no current through the gate
bias resistor (R)). and no voltage drop across R,. The gate voltage
(Vg remains equal to zero, and the SCR remains off. When the
supply voltage exceeds V, D, conducts, and the resultant voltage
drop across R, triggers the SCR into conduction. The voltage
across the load is now reduced to the SCR forward voltage drop.
The voltage across V, and R, is also reduced to the SCR forward
voltage, and the dc voltage source is short-circuited by the SCR.

Figure 19-18

In an SCR zerc-point i
circuit the devices 3= =n

on only when

waveform crocses The

voltage point

ggering
tched

wupply
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The voltage source must have a current limiting circuit to protect
the source and to minimize SCR power dissipation. The supply
must be switched off for the SCR to cease conducting.

Example 19-3
The dc voltage source in the SCR crowbar circuit in Fig. 19-19 has V, = 5V

and ,,,, = 300 mA. The load voltage is not to exceed 7 V. Select suitable
components for D, and R;, and specify the SCR. Assume that V; = 0.8 V.
Solution
Ve = Vigpan™ VG =7V-08V
=62V

For D,, select a IN753 withV, = 6.2V

Select Lymimy =1 MA

Ve 08V
R, =% =—o0

B !: _“1 mA
= 800 Q (use 820 (2 standard value)

SCK specification:
Vippu > 7V, Iy > 300 mA

Heater Control Circuit

The circuit in Fig. 19-20 uses a temperature-sensitive control
element (R,). The resistance of R, decreases when the temperature
increases, and increases when the temperature falls. Diode D,
keeps capacitor C, charged to the supply voltage peak, and C,
together with resistor R, behaves as a constant current source for
R, When R, is raised to the desired temperature, V; drops to a
level that keeps the SCR from triggering. When the temperature
drops, the resistance of R, increases, causing Vg to increase to the
'SCR triggering level. The result is that the load power is turned off
when the desired temperature is reached, and turned on again
when the temperature falls to a predetermined level. Rectifier D,
might be included, as illustrated, to pass the negative half-cycle of
the supply waveform to the load.

Dy heater é

R, SCR;
S ES
R s =l T
device \'_ - ~L %

D
R:H Vg ‘

L.

19-19
An SCR crowbar circuit (or
overvoltage protection circuit)
short-circuits the load when the
supply voltage exceeds a pre-
determined level.

Figure

Figure 19-20

SCR heater control circuit. The
SCR is triggered on when the
temperature is below a specified
level, and held off when the
temperature is satisfactory.
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Practise Problems
19-3.1 The SCR in the circuit in Fig. 19-20 triggers when V,; is 0.8 V or
higher, but will not trigger when V- is 0.6 V. The temperature sensing
element (R,) has a resistance of 4000 at 95°C and 300 Q at 100°C.
Determine suitable values for R, and C, that will trigger the SCR at |
95°C and leave it untriggered at 100 °C. :

r—

19-4 TRIAC and DIAC

TRIAC Operation and Characteristics

The basic construction, equivalent circuit. and graphic symbol for
a TRIAC are shown in Fig. 19-21. The TRIAC behaves as two
inverse-parallel connected SCRs with a single gate terminal.
Sections n,, pa Ny, and pj, in Fig. 19-21(a) form one SCR that can
be represented by transistors @, and @, in Fig, 19-21(b). Similarly.
p;. M. pp and n, form another SCRwith the transistor equivalent
circuit @; and @,. Layer p,, comnion to the two SCRs. functions as
a gate for both sections of the device. The two outer terminals
cannot be identified as anode and cathode: instead they are
designated main terminal I (MTI) and main terminal 2 (MTZ2), as
illustrated. The TRIAC circuit svnibal is compased of two inverse-
parallel connected SCR symbols, [Fig. 19-21(c]].

.H'Iir.‘
(:'_}_
.'r.’;'f
MTI Tl
(a) Basic TRIAC (b)Eqguivalent circuit (¢) Circuit symbol

construction

When MT2 is positive with respect to MT1, transistors Gyand Q,
can be triggered on [Fig. 19-21(b)]. In this case current flow is from
MTZ2 to MT1. When MT1 is positive with respect to MT2, @, and Q,
can be switched on. Now current flow is from MT1 to MT2. It is
seen that the TRIAC can be made to conduct in eiiner direction.
Regardless of the MT2/MT1 voltage polarity, the characteristics for
the TRIAC are those of a forward-biased SCR. This is illustrated by
the typical TRIAC characteristics shown in Fig. 19-22.

Figure 19-21

Basic construction, equivalent
circunt, and graphic symbol for a
TRIAC.
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TRIAC Triggering
The characteristics and circuit symbol in Fig. 19-22 show that

when MT2 is positive with respect to MT1, the TRIAC can be
triggered on by application of a positive gate voltage. Similarly,
when MT?2 is negative with respect to MT1, a negative gate voltage
triggers the device into conduction. However, a negative gate
voltage can also trigger the TRIAC when MTZ2 is positive. and a
positive gate voltage can trigger the device when MT2 is negative.

Figure 19-23 shows the triggering conditions for a 2N6346, 8 A,
200V TRIAC. The voltage polarity for MTZ is identified as MT2(+) or
MT2(-). and the gate polarity is listed as G(+) or G(-). From the first
line of the specifications, it is seen that with MTZ2 positive the
device gate triggering voltage is +0.9 V minimum and +2 V
maximum. From the second line, still with MT2 positive, triggering
can be produced by a negative gate voltage: -0.9V to -2.5V. The
‘third line shows MT2 negative and the gate trigger voltage as -1.1V
to -2 V. Also, with MT2 negative (fourth line), triggering can be
effected by a positive gate voltage: +1.4 V to +2.5V,

2N6346 TRIAC
b : ; Varih o | Min _ Max
T MT2(+), G 0.aV | mn2Nal
MT2(+)..-G[-) ' : 08V~ '_..“'-‘-2.5'9' :
L MT2(), G () T 14V By
MT2(), G (#) ' 14V, |55 25V

Figure 19-22

TRIAC characteristics. These are
similar to the characteristics of
two inverse-parallel connected

SCRs.

Figure 19-23

Partial specification showing the

triggering conditions  for
2N6346 TRIAC

=
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The TRIAC triggering conditions are further illustrated by the
diagram in Fig. 19-24. The vertical line identifies MT2 as positive or
negative, and the horizontal line shows the gate voltage as positive
or negative. The TRIAC is defined as operating in one of the four
quadrants: I, II. [II, or IV. In quadrant I. MT2 is positive, the gate
voltage is positive, and current flow is from MT2 to MT1, as shown,
When MT2 is positive and the deviceis triggered by a negative gate
voltage, the TRIAC is operating in quadrant II. In this case. current
flow is still from MT2 to MTI. Quadrant Il operation occurs when
MT2 is negative and the gate voltage is negative. Current flow is
now from MTI to MT2. In quadrant IV, MT2 is again negative, the
gate voltage is positive, and current flow is from MT1 to MT2,

Normally, a TRIACis operated in either quadrant | or quadrant I,
When this is the desired condition, it might be necessary to design
the circuit to aveid quadrant Il or quadrant IV triggering.

X2 #

S MT2 Sy

ATl
T Ouadeane ]l Ouadrant !
G - - -G+
Creadrant I Quadrant [V

AT

DIAC

A DIAC is basically a low-current TRIAC without a gate terminal.
Switch-on is effected by raising the applied voltage to the breakover
voltage. Two different DIAC symbols in general use are shown in
Fig. 19-25(a), and typical DIAC characteristics are illustrated in Fig.
19-25(b). Note that the terminals are identified as anode 2 (A, and
anode 1 [A)). Figure 18-26 shows partial specifications for two
DIACs. The HS-10 has a switching voltage that ranges from a
minimum of 8 V to a maximum of 12 V. Switching current is a
maximum of 400 pA. The HS-60 switching voltage is 56 Vto 70 V.
and maximum switching current is 50 pA. Both devices have a
250 mW power dissipation, and each is contained in a cylindrical
low-current diode-type package. DIACs are most often applied in
triggering circuit for SCRs and TRIACs.

Figure 19-24

Quadrant diagram llustratng th

TRIAC four-quadran!

conditions

rat

-

5
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Figure 19-25

The DIAC is basically a low-
current TRIAC without a gate
terminal,

(a) Two DI4C symbols

(b) DIAC characteristics
DIACs
Vs | Ispmay | Po Figure 19-26
: [ Partial specifications for Ewo
- - b | Mk DIACs.
_HS-10 8V | 12V | 400pA| 250 mW
~ HS-60 o s6v | 70V | 50pA| 250 mw

ection 19-4 Review
19-4.1 Sketch the construction and transistor equivalent circuitof a TRIAC.
Explain the device operation.

19-4.2 Sketch TRIAC characteristics. Briefly explain.

19-5 TRIAC Control Circuits

TRIAC Phase Control Circuit

A TRIAC circuit that allows approximately 180° of phase control is
shown in Fig. 19-27(a). The waveforms in Fig. 19-27(b) illustrate
the circuit operation. With the TRIAC (@) off at the beginning of
the supply voltage positive half-cycle, capaciter C, is charged
positively via resistors R, and R,, as shown. When V, reaches the
DIAC switching voltage plus the @, gate triggering voltage, D,
conducts producing gate current to trigger Q; on. C, discharges
until the discharge current falls below the D, holding current level.
The TRIAC switches off at the end of the supply positive half-cycle,
and then the process is repeated during the supply negative half-
cycle. The rate of charge of C, is set by variable resistor R,, so that
the @, conduction angle is controlled by adjustment of R,.

Example 19-4

Estimate the smallest conduction angle for Q, for the circuit in Fig. 19-27(a).
The supply is 115V, 60 Hz, and the componentsare: R, = 25kQ, R, = 2.7
kQ, C, = 3 uF. The D, breakover voltage is 8 V, and V. = 0.8 V for Q.
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Figure [9-27

TRIAC phase romionl crcuit and
cireuit wavesrms Q. s oswatched
on when thersozotur chargesto
D, breakover oo 328

Solution
At Q, switch-on Vi, =Wy + V. =8V - DBV
= 8.8\
Assume the average charging voltage is,
E =0636x1, . =0636x14T4x115V
= 103V
! [EAY
Average charging current, f =— =
R, + K X3 kG = 27RO
= 3.7 mi
, C, V..  3uFnBB\
Charging time t = 7 e oy
I 3T mA
= 7.1 m=
r ! . —
f S . [, ms
t GO e
1 x 360 T meaoabl
0. switch-orm pamt D @ = —— —
I Th.,” ms
133
Conducion angle o = 18 == 180 )
r
AW S
R wWant i
L R
L
A 2
&)qr voltage R Dy o
source (2 conducion
f"‘| angle
f_l_\ I
. S Capactor —

(a) Phase control ¢ircuit (b) Circuit waveforms

TRIAC Zero-Point Switching Circuit

The TRIAC zero-point switching circuit in Fig. 19-28(a) produces a
load waveform similar to that for the SCR zero-point circuitin Fig.
19-18. The load power dissipation is controlled by switching the
TRIAC on for several cycles of the supply voltage and off for several
cycles, with switch-on occurring only at the negative-to-positive
zero crossing point of the supply waveform. and switch-off taking
place at the positive-to-negative zero point. Q, is a low-current

SCR that contrals the switching point of Q5.
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With switch S, closed, @, is on, and the Q, forward voltage drop
is below the level required for triggering Q,. (Vg + Vi, + Vi), [see
Fig. 19-28(b)]. Thus, no gate current flows to @, and no
conduction occurs. @, switches off when S, is opened, so that I,
flows to @, gate via C;. R, Dy, and D, to trigger @, into conduction,
[Fig. 19-28(c)]. With Q, conducting, capacitor C, is charged via Dy
almost to the positive peak of the load voltage, [Fig. 19-28(d)]. The
TRIAC switches offat the end of the positive half-cycle. Then. the
charge on C, (applied to the gate via D)) triggers O, on again just
after the zero-crossing point into the negative half-cycle. (it should
be noted this is quadrant IV triggering.)

The initial @, switch-on occurs only at the beginning of the
positive half-cycle of the supply voltage. IS, is opened during the
supply positive half-cycle, @, continues to conduct until the end of
the half-cycle, thus keeping @, off With @, off. C, remains
uncharged, and so it cannot trigger @, on during the supply
negative half-cycle. @, triggering now occurs at the beginning of
the next positive cycle.

If 5, is opened during the supply negative half-cycle, Q, cannot
be triggered into conduction, again because of the lack of charge
on C.. Itis seen that @, conduction can commence only at the
beginning of the positive half-cycle of the supply voltage. Also,
once triggered. @, conduction continues until the end of the cycle.

R J‘ C
25
R ) ia] D, K
A e M
0 =
5 v 4 D
—W— © =
R
B R.

O:

(b) With Q;en @ isheldoff (¢} IG2flows when Oy is off (d) Ve wriggers 07

Figure 19-28

Zero-puint switching circuit for a
TRIAC. While Q, is on, Q, cannot
switch on. With Q, off, Q. com-
mences to conduct at the
beginning of the supply positive
half-cycle.
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To design the circuit in Fig. 19-28, the TRIAC is first selected to
pass the required load current and to survive the peak supply
voltage. Resistor R, is a low-resistance component calculated to
limit the peak surge current to the Q, gate in the event that the
peak supply voltage is applied to the circuit without Q, being on.
Capacitor C, has to supply triggering current (I to Q, at the zero
crossing point of the supply waveform when Q, is off. Usually I, is
selected around three times the specified I, for Q. and C, is
then calculated from the simple equation for capacitor charge: C =
(Ix 0/AV. In this case AV/t can be replaced by the rate-of-change of
the supply voltage at the zero crossing point, which is [2.—:}'\}]. So,
the C, equation is,

1= to2 (19-5)
21fV,

Resistor R, can now be determined by using the selected date
current for @, (I,;) as the peak anode current for Q. R, = \"_/!_,___,.
[he @, gate resistor (R) is calculated from the @, triggering current
and the voltage of the dc source: R. = (E - Vi) /1)

The Q, gate current is again used in the calculation of Ryand C,.
To trigger @, at the start of the supply negative half-cycle, I;, must
flow from C, into the Q, gate, so R, = V, /I, A suitable capacitance
for C, is now calculated by 2dain using the simple capacitance
equation C, = (I, x t)/AV. In this case, time  is selected much
larger than the @, turn-on time, and AV is approximately 0.1 V..

SCR @, must pass the selected anode current (I,) and sunive
the peak supply voltage. The diodes must each survive the peak
supply voltage and pass the Q, triggering current,

IC Zero Voltage Switch

‘i VCC
o p‘ H H o __; I‘:':J‘lg! Power _J.
Rs |

(o
ac
wource

-
¢

The funcuonal block diagram for a typical Integrated proenit TRIAC
driver, known as a zero voltage switch, is shown in Fig. 19-29. The
device contains a voltage limiter and a dc power supply. so that it
operates directly from the ac supply to the load to be controlled.
There is also a zero crossing detector (see Section 14-9) that

Figure 19-29

Functional block diagram for an
integrated circuit zero voltage
switch, or TRIAC driver
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provides an output pulse each ume the supply waveform crosses
the zero level. The zero crossing detector output is fed to an AND
gate (see Section 3-11). and the AND gate output go€s to the TRIAC
drive stage that produces the current pulse to the TRIAC gate. An
on off sensing amplifier is used to sense the voltage level from an
externally-connected transducer: for example, a temperature
sensing transducer would be used if the load is a heater. When the
temperature drops to a predetermined level, the on-off sensing
amplifier provides an input to the AND gate. The gate triggering
pulse from the TRIAC drive stage occurs at the supply zero-crossing
points only when the teniperature is below the desired level. The
circuit load waveforms are similar to those shown in Fig. 19-18.

\Practise  Problems .
1951 Determine suitable components for the TRIAC zero-point switching |

circuit in Fig. 19-28, given the following: for Q;: J; = 2000A, Ve = |
2V), (forQu . =30mA [y = TA L = 100us), £ =6V, ac
source = 115V, 60 Hz.

_—

19-6 SUS, SBS, GT0, and SIDAC

SUS

The silicon unilateral swirch (SUS). also known as a four layer diacde
and as a Schokley diode. can be treated as a low-current SCR
without a gate terminal. Figure 19-30 shows the SUS circuit
symbol and typical forward characteristics. The device triggers into
conduction when a forward switching voltage (Vg 1s applied. At
this point a minimum switching current (1) must flow. Also. the
voltage falls to a forward conduction voltage (Vg at switch on, and
conduction continues until the current level falls below the
holding current (I,). The 2N4988 SUS has Vg ranging from7.5V 109
V. Ig = 150 pA. and [;; = 0.5 mA. SUS reverse characteristics are
similar to SCR reverse characteristics; a very small reverse current
flows until the reverse breakdown voltage is reached.

SBS
It might be convenient to think of a silicon bilateral switch (SBS) as
an SUS with a gate terminal, or as a low-current TRIAC. However,
the SBS is not simply another four-layer device. Silicon bilateral
switches are actually integrated circuits constructed of matched
transistors, diodes, and resistors. This produces better parameter
«(;'(ﬁ:\lig'i:ﬁntlhan is possible with four-layer devices. The SBS
alent vovw 5, Fig. 19-31(a) is similar to the TRIAC
equivalent circuit with the addition of recicters R, and R, and
Zener diodes D, and D,. The device circuit symbol in Fig. 19-31(b) is
seen to be composed of inverse-parallel connected SUS symbols
with a gate terminal added. Note that the terminals are identified
as anode 1 (A). anode 2 (A), and gate (G). The typical SBS
characteristics shown In Fig. 19-31(c} are essentially the same

azode 1A
b

4 i =

| i ‘ ‘cathode K

|

I + A : ;

j’s._,__‘t.— — _—_T:—..n-—::
i )
sIF B Saag Vs

Figure 19-30
SUS circuit symbol and forward
characteristics.
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shape as TRIAC characteristics.
Returning to the equivalent circuit, the SBS switches onwhen a

positive A;A, voltage is large enough to cause D, to break down.
This produces base current in @, resulting in @, collector current
that switches Q,on. Similarly, a negative A A, voltage causes D, to
break down, producing base current in @, that turns @, and @,
on. The switching voltage is the sum of the Zener diode voltage and
the transistor base-emitter voltage, (Vg = V, + Vg,). The Zener diode
has a positive temperature coefficient (TC) and the transistor base-
emitter voltage has a negative TC. This results in a very small TC

for the SBS switching voltage.

(a) Equivalent circuit (b) Symbol {¢) Characteristics

The partial specification for a MBS4991 SBS in Fig. 19-32 shows
a switching voltage that ranges from 6 V to 10 V. Note also that
the switching voltage differential (the difference between the
switching voltages in opposite directions), (Vg, - Vgl is 0.5 V
maximum. The maximum switching current is a 500 pA, and the
switching current differential (Ig; - Ig) 13 100 pA.

. MBS4991 SBS
 Switching voltage (Vs) | 6V,
" Switching current (is) |

Switching voltage differntial
" Switching current differential -
‘Gate trigger curreni (lgr)

Fofwarg‘ on voltage (V¢ )

14V 17V

Figure 19-31

Equivalent circuit, symbol and
characteristics for the silicon
bilateral switch (SBS.

Figure 19-32
Partial specification for the
MBS4991 silicon bilateral switch.
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SBS devices are frequently used with the gate open-circuited, so

that they simply breakdown to the forward voltage drop when the '
applied voltage increases to the switching voltage level. The
switching voltage can be reduced by connecting Zener diodes with Dy T

V, lower than 6.8V between the gate and the anodes, as shown in
Fig. 19-33(a). The new switching voltage is approximately (V, + 0.7
V). The switching voltage can also be modified by the use of D, A
external resistors, [Fig. 19-33(b)]. Taking the gate current into
account, it can be shown that the two 22 kQ resistors reduce Vg
to approximately 3.6 V.

The use of an SBSin a TRIAC phase control circuit is illustrated
in Fig, 19-34. This is essentially the same as the circull using a
DIAC in Fig. 19-27. The SBSturns onand triggers the TRIAC when
the capacitor voltage equals the SBS switching voltage plus the
TRIAC gate triggering voltage.

For an SBS to switch on. the total resistance in sevies with it R,
must have a maxinmum value that allows the switching currentto BARE S}
flow. If the resistance is so large that it restricts the current 1o a
level below the SBS switching current, the device will not <witch
on. Also. the series resistance must not be so suuill that it allows
the holding current to flow when the SBS is supposed to switch
off. ‘These restrictions also apply to SCRs, TRIACS. DIACS. and
other similar switching devices. Switch-off is usnally no problem in (b1 modification by
thyristor circuits with ac supplies, because the devices normally
switch off when the instantancous supply voltage reduces to zero.

L

(a) b, modification by

external Zeners

R,
2250

external  resastors

With de supplies, more care must be taken with resistor sizes Figure 19-33
Figure 19-35 shows a simple circuit that requires careful design The switching voltage s =7 835
. . ? ! i ;. i  mipetifiad by esteemg s
to ensure that the SBS switches on and off as required, The circuit 27 be modified by exerna
) conpnected Jener dioges

is a relaxation oscillator that produces an exponcntial output
waveform, as illustrated. Capacitor C, is charged via resisior R,
from the dc supply voltage (E). When the capacitor voltage (Vi)
reaches the SBS switching voltage (V). D, switches on and rapidly
discharges the capacitor to the D, forward voltage (V). Then D,
switches off, and the capacitor commences to charge again. The
SRS will not switch off if the D, holding current (;) continues to
flow through R, when V. equals V. SBS switch-on will normally
occur when V.. equals V, regardless of the R, resistance. because
the capacitor discharge should provide the switching current (Is),
However, it is best to seleci R, small enough to allow [ to flow at
D, switch on.

The approximate oscillation frequency can be determined from 7

rEs st

R

the capacitor charging time (t), and the equation for t is derived Qs
from the RC charging equation. R,
t= CR In[—F) (19-6)
= n N —— 5
E-Vq ot T
Example 19-5 Figure 19-34

S S = i Use of an SBS in a TRIAC phase

The $8S inthe circuitin Fig. 19-35 has the following parameters: Vs = 10V,  control circuit. The TRIAC i

V, = 1.7V, I = 500 /A, I, = 1.5 mA. Calculate the maximum and minimum triggered by the current surge
when the SBS switches on.
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resistances for R, for correct circuit operation when £ = 30 V. Also, determine
the capacitor charging time when R, = 27 kQ2 and C; = 0.5 yF.

Solution
_— F-Vs  30V-10V
0Tk SDOpA
=40 kQ
E-V, 30V-17V
RFrmr'nJ = f = 1 SmA
2 ;
=189kQ
E-V 30V-1.7V
Eq. 19-6, t = CRIn[——] = 0.5 uF x 27 kQ In[————
E-V; 30V-10V
=47 ms
GTO

When an SCRis triggered into conduction by application of a gate
current, the gate looses control and the device continues to
conduct until the forward current falls below the holding current.
A gate tumn-off (GTO) device is essentially an SCR designed to be
switched on and off by an applied gate signal. The circuit symbol
for a GTO is shown in Fig. 19-36(a), and the two-transistor
equivalent circuit for the device is illustrated in Fig. 19-36(b) and
(c). Note that at switch-on, the gate current has just got to be large
enough to supply base current to transistor 9, However, at
switch-off, the @, collector current has to be diverted through the
gate terminal in order to turn @, off. Consequently, for device turn-
off relative large levels of gate current are involved; approaching
half the GTO forward current.

anode
\ G
o]
e =
(a) Symbol (b) Switch-on (c) Switch-off

SIDAC

The SIDAC is a two-terminal thyristor designed mainly for use in
over-voltage protection situations. As a bilateral device with no
gate terminal, it simply breaks down to its forward voltage drop
when the applied terminal voltage (of either polarity) rises to the
breakover voltage level. Like other thyristors, there is a minimum
current that must flow to latch the SIDAC into an on state. Also,

l R
{ 20 Y
— =
I C; \ Er
b 7
-
(a) Relaxation oscillator
circuit

i
€ charge '!
ume € discharge

ume

(b) Circuit waveforms

Figure 19-35

SBS relaxation oscillator. C,
charges via R, to the SBS
switching voltage. D4 switches on
at that point and rapidly
discharges C,.

Figure 19-36

The gate turn-off device GTO |
effectively an SCR that can b
switched off by a voltage applies
to the gate.
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when switched on conduction continues until the current falls
below a holding current level.

The circuit symbol and typical characteristics for a SIDAC are
shown in Fig. 19-37. Available devices have breakover voltages
ranging from 110 V to 280 V. Typically on state voltages is 1.1 V,
mis current is 1 A, and holding current is 100 mA.

\fri
Figure [19-37
Creent svmhol and «haracterstios
weir 3 SIDAC
II IF r al
121 Symbaol Ry Characenstes

Figure 19-38 shows a SIDAC used to protect a de power supply
from ac line transients. Normally. the S/DAC will behave as an
open-circuit. A voltage transient on the ac line will cause it 1o
break down to its forward voltage level, so that it essentially short-
circuits the transformer output. This will cause a fuse 1o blow or a
circuit breaker to trip. thus interrupting the ac supply.

T ."'i'.gurt' f?-_JS
" ; | SIDAC wsed Tor protecting a de
rp ‘ T sl prnser supply against transients
I "—: ]E e ke supph fine

Practise Problems

19-6.1 The SBS in the circuitin Fig. 19-34 has Vi = 4 V, [, = 500uA, and
Limay = 200 mA. The ac supply is 115V, and R, = R, = 22 kQ.

! Determine suitable resistances for R, and R,.

Ll

Ll |

19-7 UJT and PUT

UJT Operation

The Unijunction transistor (UJT) consists of a bar of lightly-doped n-

type silicon with a block of p-type material on one side, [sce Fig.

19-39(a)]. The end terminals of the bar are identified as Base 1 (B))

and Base 2 (B,), and the p-type block is named the emitter (E).
Figure 19-39(b) shows the UJT equivalent circuit. The resistance

of the n-type silicon bar is represented as two resistors, rg, from B,
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to point C, and ry, from B, to C, as illustrated. The sum of rg, and
and rp, is identified as Ry, The p-type emitter forms a pnjunction
with the ri-type silicon bar, and this junction is shown as a diode
(DIJ in the equivalent circuit.

(a) Basic construction (b) Equivalent circuit (c) Circuit symbol -

With a voltage V5, applied as illustrated, the voltage at the
junction ry, and ry, is,
r
Wy By
1~ VBiB2
Rgg

Note that V, is also the voltage at the cathode of the diode: paint C

in the equivalent circuit.
With the emitter terminal open-circuited. the resistor current is,

¥
A B1B2 (19-7)
Ry

If the emitter terminal is grounded, the pn-junction is reverse
biased and a small emitter reverse current (I,) flows.

Now consider what happens when the emitter voltage (V) is
slowly increased from zero. When V., equals V, the emitter
current is zero. (With equal voltage levels on each side of the diode,
neither reverse nor forward current flows.) A further increase in
Vi, forward biases the pnjunction and causes a forward current
(Ig) to flow from the p-type emitter into the ntype silicon bar. When
this occurs, charge carriers are injected into the ry, region. The
resistance of the semiconductor material is dependent on doping,
so the additional charge carriers cause the resistance of the ry,
region to rapidly decrease. The decrease in resistance reduces the
voltage drop across rp;, and so the pnjunction is more heavily
forward biased. This in turn results in a greater emitter current,
and more charge carriers that further reduce the resistance of the
rg; region. (The processis termed regenerative.) The input voltage is
pulled down, and the emitter current (I;] is increased to a limit
determined by the Vi, source resistance. The device remains in
this on condition until the emitter input is open-circuited. or until
I 1s reduced to a very low level.

Figure 19-39
A unijunction transistor (LT is
made up of a p-type emizer
joined to a bar of n-hoe
semiconductor.
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The circuit symbol for a UJT is shown in Fig. 19-39(c). As always.
the arrowhead points in the conventional current direction for a
forward-biased junction. In this case it points from the p-type
emitter to the n-type bar.

UJT Characteristics

A plot of emitter voltage Vg, versus emitter current [ gives the
UJT emitter characteristics. Refer to the UJT terminal voltages and
currents identified in Fig. 19-40(a) and to the equivalent circuitin
Fig. 19-39(b). Note that when Vi, = 0. I, = Oand V,=0.1f Vi, IS
now increased from zero, the resultant plot of Vg, and I is simply
the characteristic of a forward-biased diode with some series
resistance. This is the characteristic for I, = 0 in Fig. 19-40(b).

Cutedl Negative resistance Sarursnon
TEgion region regon
- - — — -

(a) LJUT voltages
and currents

3 4mA)

iy —
(c) Family of UJT characteristics

Figure [19-40

The UJT characteristics show that
the device triggers on at various
levels of emitter voltage Vig,
depending upon the level of
supply voltage Vgg2:
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When Vy,p, is 20 V the level of V, [Fig. 19-39(b)] might be around
15 V, depending on the resistances of rg; and rg,. With Vi,p, = 20
V and V= 0, the emitter junction is reverse biased and the emitter
reverse current I, flows, as shown at point 1 on the Vi, = 20 V
characteristic in Fig. 19-40(b). Increasing the level of V5, until it
equdls V, gives I, = 0; point 2 on the characteristic. Further
increase in Vg, forward biases the emitter junction, and this gives
the peak pointon the characteristic (point 3). At the peak point,
Vgg, is identified as the peak voltage (V) and I is termed the peak
current (IJ. :

Up until the peak point the UJT is said to be operating in the
cutoff region of its characteristics. When Vg, arrives at the peak
voltage, charges carriers are injected from the emitter to decrease
the resistance of r,, as already explained. The device enters the
negative resistance region, ry, falls rapidly to a saturation resistance
(rg). and Vgg, falls to the valley voliage (Vy), [point 4 on the
characteristic in Fig. 19-40(b)]. I; also increases to the valley
current (I,) at this time. Further increase in I causes the device to
enter the saturation region where Vy equals the sum of V, and I.re.

Starting with Vg, lower than 20 V gives a lower peak point
voltage and a different characteristic. Thus, using various levels of
Ve @ family of Vg, /I characteristics can be plotted for a given

i
UJT, as shown in Fig. 19-40(c).

UJT Packages
Two typical UJT packages with the terminal identified are shown
in Fig 19-41. These are similar to low-power BJT packages.

UJT Parameters

Interbase Resistance (Rgg): This is the sum of ry; and rp, when I
is zero. Consider Fig. 19-42 that shows a portion of the
manufacturer’s data sheet for 2N4949 UJT. Ry; is specified as 7 kQ
typical, 4 kQ minimum. and 12 kQ maximum. The value of Ry,
together with the maximum power dissipation Pp determine the
maximum value of Vg5, that may be used. With Iz = 0,

VeiB2imax) = ‘[{RBB Py

Like all other devices, the P, of the UJT must be derated for
inereased temperature levels.

(19-8)

2N4949 UJT
Min Typ i Max
.Iﬁrarbase- resistance (Rag) 4k | 7kQ i 12 kO
Intrinsic standoff ratio (n) ____ B 0.74 ’ - ] 0.86
Emitter saturation voltage (Veg:sat) 25V | 3V
Feak point C;.-'r:éﬂl'“p} | 08 ui I 1 pA
Valley polt eurrent (1y) | 2ma | ama |

(a) Resin-encapsuled UJT

P
B:"\'\.__/
Fottors view
B: E B;
(b) UJTin a metal can

Figure 19-41
UJT packages and terminals.

Figure 19-42
Partial sperification fora 2N4949
ur.

699
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Example 19-6

A UJT has Rggmisy = 4 KQ, Py = 360 m\W at 25 °C, and a power derating
factor D = 2.4 mW/°C. Calculate the maximumV,, o, that should be used at
a temperature of 100 °C.

Solution

Eq. 8-20, Bl = P BT~ 2591]
= 360 mA - [2.4 m\\V C 1100° - 237
= 180 m\v

Eq. 19-8, Vaiaamag = \"[Rﬁﬂ Po) =4 kD x 180 mW)
=268V

Intrinsic Standoff Ratio (). The intrinsic standoff ratio is simply
the ratio of ry; to Ry The peak point voltage is determined from 1,
the supply voltage, and the diode voltage drop:

Vp= Vp + nVg;p2 (19-9)

Emitter Saturation Voltage (Vggjsay). The emitter voltage
when the UJT is operating in the saturation region ol is
characteristics; the minimum Vi, level, Because it is affected by
the emitter current and the supply voltage, Veg)iay 18 specitied lor
given e and Vp s levels.

Example 19-7
Determine the maximum and minimum triggering voltages for a 2N1949 UJT
with V5. = 25 V.

Solution
From Fig. 19-42, n = 0.74 minimum, 0.86 maximum
Eg.-19:9; Vp-’m.njl = Vg + (Nrse Ve = 0.7V + (086 % 25 V)
= 222V
otmimy = Vp F (o Vg = 0.7V + (0.74 X 25 V)

19.2V

1l

Peak Point Emitter Current (Ig: I; Is imporant as a lower limit
to the emitter current. If the emitter voltage source resistance is so
high that [g is not greater than [p the UJT will simply not trigger on.
The maximum emitter voltage source resistance is,

- Vsmz = VP

Remax) -
P

(19-10)
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Valley Point Current (I): I, is important in some circuits as an
upper limit to the emitter current. If the emitter voltage source
resistance is so low that I is equal to or greater than I, the UJT
will remain on once it is triggered; it will not switch off. So, the
minimum emitter voltage source resistance is,

V, -V,
B Bsz EBl{sat) (19-11)
v

UJT Relaxation Oscillator

The relaxation oscillator circuit in Fig. 19-43(a) consists of a UJT
and a capacitor (C)) charged via resistance R;. When the capacitor
voltage (V) reaches Vj the UJT fires and rapidly discharges C, to
Venisag The device then cuts off and the capacitor commences
charging again. The cycle is repeated continually, generating a
sawtooth waveform across C,, as illustrated in Fig. 19-43(b), The
time (t) for the capacitor to charge from Vg, to V, may be
calculated, and the frequency of the sawtooth determined
approximately as 1/t. The discharge time (£ is difficult to calculate
because the UJT is in its negative resistance region and its
resistance is changing. However, t, is much less than ¢ and so it
can normally be neglected. Rewriting Eq. 19-6,

V.-V
t= CR In[-22 584 (19-12)
Vm' VP

Resistor R, in the circuit in Fig. 19-43 is included to produce a
spike waveform output, as illustrated. When the UJT fires, the
current surge through terminal B, produces the negative-going
voltage spike across Rj. A resistor could also be included in series
with terminal B, to produce positive-going spikes. Both resistor
values should be much lower than the Ry for the UJT.

Vs Vas
BV
R; ¥ | Rivoltage
4700 |

Ve
) Figure 19-43
C.alp“”‘“ UJIT relaxation oscillator circuit
Ve J v and waveforms, C, chargesto V,
=t <=Visisin vr_!_?en the UJT fires, then C, s
= T ____-*r_.-_ I discharged to Vggia
= A =
= Cycharge  C discharge '
fime nme
(a) UJT relaxation oscillator (b) Circuit waveforms

Example 19-8
Calculate the Ry, and Reqiing for the relaxation oscillator circuit in Fig. 19-43.

‘ The UJT is a 2N4949 with I, = 0.6 A, [, = 2 mA, and Vg, = 2.5 V. Also,
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determine the approximate maximum oscillating frequency for the circuit

when R, = 18 kQ. C, = 1 uF, and V, = 20V,
Solution
From Example 19-7,
Vomim = 19:2V, and V.., =222V
Ec. 19:10. R B VBTHE'fo-nau _ ZEV - 2220
q. . fiman) fp O.EI,L.I'."\
= 4.7 ML)
Eq. 19-11 R, = Yom Vesw 2V 23V
4 ' L i, 2 mA
=11.25 k{2
T | S
Eq. 19-12, t = CRIn{-222 21t
VBIB." - \’_u
B5V-25V
=1uF x18 kQQ In[—— ]
25V-20V
= 27 ms
1 1
Eg. 1913, i e
t 27 ms
= 37 Hz
UJT Control of an SCR
D
T g0, 1507
2:E|r:,nn i
Load -
wevetorm

(a) UJT control circuit for SCR

Figure 10-44

UJT 180° phase control circuit for
an SCR. Resistor R, controls the
C, charging rate ‘and the SCR

- g = a

e g

—
e

@2 cunduction angle

Capacitor " ﬁ”ﬂg point.
waieform ::,.-f"l_ Ver
Rywavefom — = 1 'I Via

(b) Circuit waveforms

Unijunction transistors are frequently employed in SCRand TRIAC

control eircuits. In the typical circuit
D,, resistor R, and Zener diode D, pi
to the UJT circuit derived from the

shown in Fig. 19-44(a) diode
cvidea low-voltage dc supply
positive half-cycie of the ac
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supply voltage. D, also isolates the UJT circuit during the supply
negative half-cycle. Capacitor C, is charged via resistor R, to the
UJT firing voltage, and the SCR is triggered by the voltage drop
across R, By adjusting R, the charging rate of C; and the UJT
firing time can be selected. The waveforms in Fig. 19-44(b) show
that 180° of SCR phase control is possible.

Practise Problems .
19-7.1 A 2N4870 UJT has the following parameters: P, = 300 mW at 25°C,
D = 3 mW/°C, n = 0.56t0 0.75,Rg; = 4 kQ 10 9.1KQ, Vgyeay =
25V, I, = 1pAto 5 pA, I, = 2 mA to 5 mA. Determine the

maximum V5, that may be used at 75°C.
19-7.2 Calculate the Vp,.,, and Vipimim fOr @ 24870 when Vg, = 30 V.

1973 A 2N4870 is used inthe circuit in Fig. 19-44. If D, has V, = 30V,
determine the maximum and minimum resistance values for R,.

19-8 Programmable Unijunction Transistor (PUT)

PUT Operation

The programmable unijunction transistor (PUT) is actually an SCR-
type device used to simulate a UJT. The interbase resistance (Ryp)
and the intrinsic standoff ratio (r) can be programmed to any
desired values by selecting two resistors. This means that the
device firing voltage (the peak voltage V) can also be prograrnmed.

(+ 4] | (+ ]
| |
! P R; p R;
i o G Ly ~ "
587 -8 oV { ' §
I"AX * e "'/.11(' 5 Voo +\'. =
b
WE g PUT X R; fyg
. - .
Om C =]
(a) PUT four-layer construction (b) PUT circuit

Consider Fig. 19-45(a) which shows a four-layer device with its
gate connected to the junction of resistors R, and R, Note that
the gate terminal is close to the anode of the device, instead of the
cathode as for an SCR. The anode-gate junction becomes forward
biased when the anode is positive with respect to the gate. When
this occurs, the device is triggered on. The anode-to-cathode
voltage then drops to a low level, and the PUT conducts heavily
until the current becomes too low to sustain conduction. To
simulate the UJT performance, the anode of the device acts as the

Figure 19-45
The programmable uniunction
transistor (PUT) is an SCR-type
device that can be connectedto
function like a UJT.
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JJT emitter, and R, and R, operate as ry, and ry,, respectively.
parameters Ry, n. and V, are programmed by selection of R, and
R,. The four-layer block diagram is replaced with the PUT graphic
symbol in Fig. 19-45(b). Note that this is the same as the SCR
syinbol except that the gate terminal is at the anode.

PUT Characteristics

The typical PUT characteristic (V, plotted versus I,) shown in Fig.
19-46 are seen to be very similar to UJT characteristics. A small
gate reverse current (I,,) flows while the anode-gate junction is
reverse hiased. At this point the PUT is in the cutoff region of the
characteristics, When the anode voltage is raised sufficiently above
the gate voltage (Vs in Fig. 19-45), the PUT is triggered into the
negative resistance region of its characteristics, and the anode-
cathode voltage falls rapidly to the valley voltage (V,). Further
inerease in I, causes the device to operate in its saturation region.

Cutef] Mpat b satme
egion

Saturation
SES FEgIgn
. e

Figure 19-46

The ty pical Vi y charactenstics
wir a PUT are similar to 1T
tharacterstics.

PUT Parameters
The intrinsic standoff ratio for the PUT is,

n = ETR;IE (19-13)
The gate voltage is simply,
Vo=V (19-14)
and the peak voltage s,
Vp = Vp+ Vg, (19-15)

where V, is the anode-gate junction voltage, typically 0.7 V.

The gate source resistance (Ry) is an important quantity because
it affects the peak current and valley current for the PUT. R;is the
resistance at the junction of voltage divider R, and R,, (Fig. 19-45).
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R, = R|IR, (19-16)

Refer to the partial specification for a 2N6027 PUT in Fig. 19-47,
and note the typical quantities. With Rg=1 MQ, I, = 1.25 pA and
I, = 18 pA; with Rg=10kQ, [,=4 pA and I, = 150 pA.

2N§027 PUT
R [ | max
Soakcoronl ) (Re=1Ma@) | 125pA | 24
—_ Re=tok) [ 4w | sp
Valley current {Iv) (Rg=1MQ) 18 A _5_0 UB B
= = (Rg=10ka) |  150pA —
Forward voltage (Ve) (le=50mA) | o8V | 18V

PUT Applications

A PUT can be applied in any circuit where a UJT might be used.
Figure 19-48 shows a PUT relaxation oscillator used to control an
SCR. This circuit operates in essentially the same way as the UJT
circuit in Fig. 19-44. It should be noted that there are upper and
lower limits to the resistance that can be connected in series with
the PUT anode for correct operation of the device. This is similar to
the Rgnyy and Rgpm,y requirement for the UJT.

A battery charger circuit using a PUT (@) and an SCR (@) is
shown in Fig. 19-49. The ac supply voltage is full-wave rectified
and applied via current-limiting resistor R; to the anode of the
SCR. The SCR is triggered into conduction by the PUT output
coupled via transformer T,. The PUT gate voltage (V) is set by the
voltage divider (R5, Ry and Rj). While V. is lower than the Zener
diode voltage (V,), capacitor C, Is charged via R; to the PUT peak
voltage. At this point the PUT fires and triggers the SCR on.

As the battery charges, its voltage (Eg) increases, and thus Vg
also increases. The increased Vj level raises the V;, of the PUT and
causes C, to take a longer time charge. Consequently, the SCR 1s
held off for a longer portion of the ac supply half-cycle. This means
that the average charging current is gradually reduced as the

Figure 19-47
Partial specification for a pro-
grammable unijunction transistor,

Figure 19-48
SCR phase control circuit using a
PUT relaxation oscillator.
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battery approaches full charge. When Eg is fully charged, Vg is
raised to the 1, level, so that Dy conducts and stops C, voltage
increase before the PUT fires. Thus, the SCR remains off, and
battery charging stops. The circuit will not operate if the battery is
connected with the wrong polarity.

Rl
1 ki2
| 4 Figure 19-49
[ ; Dy s SCR battery charger using a PUT
e ekl Es == weer’  control circuit
I '1' charge
| j’D« 1
IN 5240

Example 19-9

Caleulate v, . and V,,_ for the PUT inthe circuitin Fig. 1949 when £, =
12V ako, determine the gate bias resistance R, and calculate the maximum
and minimum resistances for R, if the PUT is a 2N6027,

.ES‘q(T!:::::n o R +R 10k -33 kQ
mH TR+ R, 4R 6.8KkQ +10KkD + 33KkO
= 0.86
R, 33k0
lmet = R TR, + R, 6.8KQ +10kQ + 33 kD
= 0.66
Eq. 19-15, Vounay = Vo + Mimay Vgg) = 0.7V +10.86x12V)

=11V

Vamn = Vo + (Mmay Vag) = 0.7 V + (0.66x12V)

=86V
Eq. 19-16, Re = (R; + 0.5 RIIR; + 0.5 R,)
= (6.8kQ +5Q)33kQ+ 5k
=9 k0
£V TAV-TTIW
Ratiag = I = 4UA
p

= 250 kQ
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E-V, 12V-08V

LI —
2imin) ]\. 150,[1A

=74 kQ

Practise Problems ey =5

19-8.1 Thecircuit inFig. 19-48has: Vg =15V, R, = 12kQ, and R, = 18
kQ. The PUT has I, = 10puA, I, = 100uA, and V, =1 V. Calculate
Re, 1, Vp, and the max*mum and minimum resistances for R;.

19-82 Determine the voltage tha *he battery will be charged to in Fig. 19-
49 when the moving contact is at the middle pointon R,. Assume
that the PUT will stop firing when V. is reduced to 0.5 V.

Chapter-19 Review Questions

Section 19-1

19-1 Sketch the construction of a silicon controlled rectifier.
Also, sketch the two-transistor equivalent circuit and
show how it Is derived from the SCR construction. Label
all terminals and explain how the device operates.

19-2  Sketch typical SCR forward and reverse characteristics.
Identify all regions of the characteristics and ali imnportant
current and voltage levels. Explain the shape of the
characteristics in terms of the SCR two-transistor

equivalent circuit.

19-3  List the most important SCR parameters and state typical
quantities for low, medium, and high current devices.,

Section 19-2
19-4 Draw the circuit diagram to show how an SCR can be

triggered by application of a pulse to the gate terminal.
Sketch the circuit waveforms and explain its operation.

19-5  Sketch a 90° phase control circuit for an SCR. Draw the
load waveform and explain the operation of the circuit.
Also, show the circuit and load waveforms when the ac
supply is full-wave rectified.

19-6  Draw the diagram for a 90° phase control circuit using two
SCRs for full-wave phase control. Draw the load waveforms
and briefly explain the circuit operation.

19-7 Sketch a 180° phase control for an SCR. Draw the load
waveform and explain the circuit operation.

Section 19-3
10-8  Briefly discuss SCR circuit stability, and draw diagrams to
show methods that can be used to improve stability.
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19-10

19-11

Draw the diagram for an SCR zero-point triggering circuit.
Explain the circuit operation and advantages, and draw
the load waveform.

Sketch a circuit that uses an SCR to protect a load from
excessive dc supply voltage. Briefly explain.

Draw a diagram for an SCR heater control circuit using a
temperature-sensitive device. Explain the circuit operation.

Section 19-4

19-12

19-13

19-14

Draw sketches to show the construction, equivalent
circuit, and characteristics of a TRIAC. Identify all
important voltage and current levels on the characteristics
and explain the operation of the device.

Using appropriate diagrams, explain the four quadrant
operating conditions for a TRIAC.

Draw the typical characteristics for a DIAC. Explain the
DIAC operation, and sketch the two circuit symbols used
for the device.

Section 19-5

19-15

19-16

19-17

Draw the diagram for a TRIAC 180° phase control circuit.
Draw all waveforms, and explain the circuit operation.

Draw the diagram for an TRIAC zero-point triggering circuit
and carefully explain its operation

Sketch the functional block diagram for an [C zero voltage
switch for TRIAC control. Discuss the components of the
block diagram.

Secrion 19-6

19-18

19-19

19-20

19-21

19-22

Using appropriate diagrams, briefly explain a silicon
unilateral switch (SUS). Draw the device circuit symbol.

Sketch the equivalent circuit and characteristics for a
silicon bilateral switch (SBS). Explain how the device
construction differs from other thyristors. Discuss the
device operation, state typical parameters, and show how
the switching voltage can be modified.

Sketch a relaxation oscillator circuit using an SBS. Draw
the output waveform, and explain the circuit operation.

Draw the circuit symbol and equivalent circuit for a gate
turnoff device (GTO) and discuss its operation.

Draw the circuit symbol and typical characteristics for a
SIDAC. Discuss its operation and applications.

Section 19-7

19-23

Draw sketches to show the basic construction and
equivalent circuit of a unijunction transistor (UJT). Briefly
explain the device operation.
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19-24 Sketch typical UJT Vg, /I characteristics for Ip, =0, Vs
=20V, and Vg, = 10 V. Identify each region and all
important points on the characteristics, and explain the
shape of the characteristics.

19-25 Define the following UJT parameters: intrinsic standoff
ratio, interbase resistance, emitter saturation voltage, peak
point current, valley poinut current.

19-26 Draw the circuit of a UJT relaxation oscillator with
provision for frequency adjusiment and spike waveform.
Show all waveforms and explain the circuit operation.

19-27 Sketch a UJT circuit for controlling an SCR. Also, draw all
waveforms, and briefly explain how the circuit operates.

Section 19-8

19-28 Draw the basic block diagram and basic circuit for a
programmable unijunction transistor (PUT), and explain
the device operation.

19-29 Sketch typical PUT characteristic, explain how the
intrinsic stand-off ratio may be programmed, and identify
the most important PUT parameters.

19-30 Draw a basic PUT circuit for controlling an SCR, and
explain its operation.

19-31 Draw the circuit diagram of a battery charger using a PUT
and an SCR. Explain the circuit operation.

Chapter-19 Problems

Section 19-1

19-1 Consult 2N6167 and 2N1595 SCR specifications to
determine the typical values for: V. I Vi Iy I Vire

Section 19-2

19-2  Select a suitable SCR from Fig. 19-10 for a circuit with a
115 V ac supply. Calculate the minimum load resistance
that can be supplied. and determine the instantaneous
voltage level when the SCR switches off.

19-3 A 33 Q resistor is supplied from an ac source with a 60 V
peak level. Current to the load is to be switched on and off
by an SCR. Select a suitable device from the specifications
in Appendix 1-17, and determine the instantaneous
supply voltage at which the SCR switches off.

19-4 An SCR with a 115 V ac supply controls the current
through a 150 Q load resistor. A 90° phase-control circuit
(as in Fig. 19-11) is employed to trigger the SCR between
12° and 90°. The gate trigger current is 50 pA and the
trigger voltage is 0.5 V. Calculate suitable resistor values.
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19-5

19-6

19-7

19-8

The circuit in Fig. 19-12 has a 50 V ac supply and R, = 20
0. Determine suitable resistance values for R, R, and Ry
for the SCR to be triggered anywhere between 7.5° and 90°.
The gate trigger current and voltage are 500 pA and 0.6 V.

The circuit in Problem 19-5 uses a 2N5170 SCR (see
Appendix 1-17). Calculate the instantaneous supply
voltage level when the SCR switches off.

Design the circuit in Fig. 19-13 for 10° to 90° phase control
and specify the SCRs. The ac supply is 115 V,R =12 Q.
and the SCRs have V= 0.6 V and [;= 100 pA.

A 180° phase circuit as in Fig. 19-15has a 40V, 400 Hz ac
supply and R, =22 0. The SCRhas V; = 0.5V, I; = 60 pA,
and I, = 20 mA. Determine suitable resistor and capacitor
values, and specify the SCRs and the diodes.

Section 19-3

19-9

19-10

19-11

19-12

An SCR crowbar circuit (as in Fig. 19-19) is connected to a
12 V dc supply with a 200 mA current limiter. Design the
crowbar circuit to protect the load from voltage levels
greater than 13.5 V. Assume that V;= 0.7 V for the SCR.

A zero-point triggering circuit (as in Fig. 19-18) is to
control the power dissipation in a 12 € load resistor with
a 115V, 60 Hz ac supply. Assuming that the SCRs have Vg
= 0.5V and I, = 10 mA, determine suitable capacitor

and resistor values.

An SCR heater control circuit (as in Fig. 19-20) is to switch
onat 68°C and qffat 71°C. The circuit is to operate from a
50 V, 60 Hz supply, and the available temperature-
sensitive device has a resistance of 500 2 at 68°C and 350
Q) at 71°C. The load resistance is R, = 2.5 Q and the SCR
has V= 0.6 V. Determine suitable component values, and
calculate the SCR gate voltage at 71°C.

Specify the SCRsrequired for the circuits in Problems 19-9,
10, and 11 in terms of maximum anode-cathode voltage

and maximum anode current.

Section 19-4

19-13

Consult specifications fu. 77071 and 2N6343 TRIACS to
determine the maximum su; - ly voltage, maximum rms
current, and the typical quadran: I gate triggering voltage.

Section 19-5

19-14

A light dimmer uses a TRIAC 180° phase control circuit, as
in Fig. 19-27. The acsupply is 220V, 60 Hz, and the total
load is 750 W. The TRIAC has triggering current I; = 200
pA, maximum gate current I, = 50 mA, and V,= 0.7 V.
The DIAC has Vg = 9.2 V and Iy = 400 pA. Determine
suitable component values.
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19-15 The TRIAC control circuit in Fig, 19-27 has the following
components: R, =100 Q, R, = 10k, R, =5000Q, C, =39
uF. The DIAChas Vg =7V and the TRIAC has V= 1 V.
The ac supply is 60 V, 60 Hz. Determine the minimum
conduction angle for the TRIAC.

19-16 Specify the TRIACSs required for the circuits in Problems 19-
14 and 15.

19-17 The TRIAC zero-point switching circuit in Fig. 19-28 uses
an SCRwith I, = 100 pA and V. = 1.5V. The TRIAC has I,
=5 mA. Iy = 500 mA, and r, = 50 ps. The control voltage
is E = 5V, the ac source is 60 V, 60 Hz, and the load is R
= 15 (). Determine suitable component values,

Section 19-6

19-18 A relaxation oscillator (as in Fig. 19-35) uses an SBSwith
Vg=8V. V=1V, I,= 300 pA. and I = 1 mA. The dc
supplyis E = 40 V, Calculate maximum and minimum R,
values for correct operation of the circuit,

19-19 A relaxation oscillator (as in Fig. 19-35) has a 25 V supply.
a | pF capacitor, and a 12 k) series resistor. The capacitor
is to charge up to 15V and then discharge to approxi-
mately 1 V. Specify the required SBS in terms of forward
conduction voltage, switching voltage, switching current,
and holding current.

19-20 The phase control circuit in Fig, 19-34 has the following
components: R, = 18Q, R, = 12k, R, = 4700, C, = 10
uF. Resistors R; and R, are replaced with 3.3 V Zener
diodes, and the TRIAC triggering voltage is V= 1 V. The ac
supply is 115 V, 60 Hz. Determine the TRIAC minimum
conduction angle.

Section 19-7

19-21 Determine the maximum power dissipation for a 2N2647
UJT at an ambient temperature of 70°C. Also, calculate the
maximum level of Vg5, that may be used at 70°C.
Appendix 1-18 gives partial specification for the 2N2647.

19-22 Calculate the minimum and maximum Vg, triggering
levels for a 2N2647 UJT when Vi 5, = 20 V.

19-23 A relaxation oscillator (as in Fig. 19-43) uses a 2N2647
UJT with Vgg = 25 V. Calculate the typical oscillation
frequency if C, = 0.5 pF and R, = 3.3 k(1.

19-24 Calculate the maximum and minimum charging resistance
values that can be used in the circuit of Problem 19-23.

19-25 The UJT phase control circuit in Fig. 19-44 hasa 115V, 60
Hz ac supply, and an SCR with V; =1 V and I, = 25 mA.
Design the circuit to use a 2N2647 UJT and a Zener diode
with V,=15V.
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Section 19-8
19-26 A PUT operating from a 25V supply has Vy= 1.5V and [; =

19-27

19-28

19-29

50 pA. Determine values for R, and R, to program 7 to
0.75. Also, calculate Vp, Vy, Ry and Ry,

A PUT relaxation oscillator (as in Fig. 19-48) hasa 20 V
supply and a 0.68 pF capacitor. The PUT has Vi=1Vand
I;= 100 pA. The peak capacitor voltage is to be 5 V and the
oscillating frequency is to be 300 Hz. Determine suitable
resistor values.

The UJT in Problem 19-23 is to be replaced with a PUT.
Determine suitable resistance values for the gate bias
voltage divider.

A PUT has a forward voltage of V. =0.9V and I; = 200 pA.
The device is to be programmed to switch on at Vg = 15V
when operating from a 24 V supply. Determine values for
R, and R,. and calculate V. Vy, Rgg. and R,

Practise Problem Answers

18-2.1
19-2.2
19-3.1
19-5.1
19-6.1
19-7.1
18-7.2
19-7.3
19-8.1
19-8.2

163V, 1.6 A, 18k, 1.5k, 180 Q

10 k), 0.82 uF, 1.5 kQ

(68 kO + 12 kO, 4 WF

1kQ, 180 Q), 5.6 kQ, 1 k§2, 2.5 pF, 1 uf
500 k0, 820 02

245V

232V,175V

1.36 MQ, 6.25 kQ

7.2 kQ, 0.6, 9.7 V, 530 kQ, 140 kQ
134V
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Objectives B
You will be able to:

1 Define important lumination units.
| and calculate illumination intensity
at a given distance from a source.

| 2 Explain the fabrication and
aperation of a light emitting diode
(LED), discuss its parameters, and
design LED circuits.

3 Explain the operation of liquid
crystal displays (LCDs). Show how
LCDs and LEDs are used in seven-
segment numerical displays, and
calculate power dissipations in each
type of display.

| 4 Explain the censtruction and

operation aof a photoconductive cell.

Sketch the device characteristics,

and discuss its parameters.

5 Design photoconductive cell circuits
to bias BJTs on or off. energize
relays, trigger Schmitt circuits etc.

6 Explain the construction and
operation of a photodiode, Sketch
photodiode characteristics, and
discuss its parameters.

10

o% Vi
5V
Ra
a0 0 ‘n’;rr,lr.

Design photodiodes into circuits
where they operate as a photo-
conductive device, and as a
photovoltaic device.

Explain solar cells, and design
solar cell battery charger circuits.

Explain the operation of a photo-
transistor. Sketch phototransistor
characteristics. and discuss its
parameters. Also, explain photo-
darlingtons and photoFETs.

Design phototransistor circuit for
energizing relays. triggering SCRs,
ele.

Explain the construction and
operation of optocouplers, and
discuss optocoupler parameters.

Design optocoupler circuits for
coupling pulse-type and linear
signals between systems with
different supply voltages.
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Introduction

Optoelectronic devices emit light, modify light, have their resist-
ance affected by light, or produce currents and voltages proport-
ional to light intensity.

Light-emitting diodes (LEDs) produce light, and are typically used
as indicating lamps and in numerical displays. Liquid crystal
displays (LCDs) which modify light are also used as numerical
displays. Photoconductive cells have a resistance that depends
upon illumination intensity. They are used in circuits designed to
produce an output change when the light level changes. The
current and voltage levels in photodiodes and phototransistors are
affected by illumination. These devices are also used in circuit that
have their conditions altered by light level changes. lllumination is
converted into electrical energy by means of solar cells, and this
energy is often used to charge storage batteries. Optocouplers
combine LEDs and phototransistors to provide a means of
coupling between circuits that have different supply voltages. while
maintaining a high level of electrical insolation.

20-1 Light Units

The total light energy output, or luminous flux (¢), from a source
can be measured in millicvatts (mW) or in lumens (Im), where 1 Im =
1.496 mW. The luminous intensity (E,) (also termed illuminance) of a
light source is defined as the luminous flux density per unit solid
angle (or cone) emitting from the source, [see Fig. 20-1(a)]. This is
measured in Candelas (cd), where one candela is equal to one
lumen per unit solid angle, (assuming a point source that emits

light evenly in all directions).

E = bs (20-1)

The light intensity (E,) on an area at a given distance from the
source is determined from the surface area of a sphere surrounding
the source, [Fig. 20-1(b)]. At a distance of r meters, the luminous
flux is spread over a spherical area of 4 7 r° square meters, so

Ps
E, = Gl
4 4qr WER

When the total flux is expressed in lumens, Eq. 20-2 gives the
luminous intensity in lumens per square meter (lm/m?, also
termed lix (bJ. Comparing Eq. 20-2 to Eq. 20-1, it is seen that the
luminous intensity per unit area at any distance r from a point
source is determined by dividing the source intensity by r%

Luminous intensity can also be measured in milliwatts per
square centimeter (mW/cm?), or lumens per square foot (Im/ ft2), also
known as a_foot candle (fo), where 1 fc = 10.764 Ix.
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The light intensity of sunlight on the earth at noon on a clear
day is approximately 107,6401x, or 161 W/m2. The light intensity
froma 100 W lamp is approximately 4.8 x 10% ed. (allowing for a
90% lamp efficiency). At a distance of 2 m. this is 1.2 x 103 Ix. An
indicating lamp with a 3 med output can be clearly seen at a
distance of several meters in normal room lighting conditions.

- 4 -
. e ;
() (=) | =
—l Y 5
_ A =3 Figure 20-1
= I " B ) ; Light intensity can be expressedin
v salild angle ’ fluspeeani flux per unit solid angle, or in flux
putimt bighn st Hghl per unit area
A e
(a) Flux per unit solid angle (b) Flux per unit arca

Example 20-1

Calcuiate the lightintensity 3 m froma lamp that emits 25 W of light energy.
Also. determine the total luminous flux striking an rea of 0.25 m? at 3 m from
the lamp.

Solution ; .
Eq. 20-2, E, =— = _;"_.
4nr? d4nxi3m:-

= 0.221 W/m? = 221 m\V/m*

Total flux = £, x area = 221 m\¥,m? x 0.25 m?
=55 mW

Example 20-2

Determine the light intensity at a distance of 2 m froma 10 med source.

Solution
B E, (cd) 10 mcd
E,-'. . 1 i 22
= 2.5 mix

Light energy is electromagnetic radiation; it is In the form of
electromagnetic waves. So, it can be defined in terms of frequency
or wavelength, as well as intensity. Wavelength, frequency, and
velocity are related by the equation;

c=f1 (20-3)

where ¢ =velocity = 3 x 108 m/s for electromagnetic waves
f = frequency in Hz
A = wavelength in meters
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The wavelength of visible light ranges from violet at
approximately 380 nm (nanometers) to red at 720 nm. From Eq. 20-

3, the frequency extremes are;

c 3x 10%m/s

--rv iolet

i 380 nm
=8x 10 Hz
& 3x 108 m/s
Jrea = i T 720nm
=4 x 10" Hz

Practise Problems
20-1.1 A lamp is required to produce a light intensity of 213 Ix at a distance

of 5 m. Calculate the total light energy output of the lamp in watts.
20-12 Caleulate the frequency of yellow light with a 585 nm wavelength.

20-1.3 Determine the light intensity 3.3 m froman 8 mcd lamp, and the
total luminous flux striking a 4 cm? area at that location.

20-2 Light Emitting Diode (LED)

LED Operation and Construction

Charge carrier recombination occurs at a forward biased pn-
junction as electrons cross from the n-side and recombine with
holes on the p-side. Freeelectrons have a higher energy level than
holes. and some of this energy is dissipated in the form of heat and
light when recombination takes place. If the semiconductor
material is translucent, the light is emitted and the junction
becomes a light source; that is. a light-emitting diode (LED).

A cross-sectional view of an LED junction is shown in Fig. 20-
2(a). The semiconductor material is gallium arsenide (GaAs),
gallium arsenide phosphide (GaAsP), or gallium phosphide (GaP).
An niype epitaxial layer is grown upon a substrate, and the p-
region is created by diffusion. Charge carrier recombinations occur
in the pregion, so the pregion is kept uppermost to allow the light
to escape. The metal film anode connection is patterned to allow
most of the light to be emitted. A gold film is applied to the bottom
of the substrate to reflect as much light as possible toward the
surface of the device and to provide a cathode connection. LEDs
made from GaAs emit infrared (invisible) radiation. GaAsP material
provides either red light or yellow light, while red or green emission
can be produced by using GaP. Using various materials, LEDs can
be manufactured to produce light of virtually any color.

Figure 20-2(b) shows the typical construction of a LED. The pn-
junction is mounted on a cup-shaped reflector, as illustrated,
wires are provided for anode and cathode connection, and the
device is encapsulated in an epoxy lens. The lens can be clear or
colored, and (when not energized) the lens color identifies the LED
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light color. The color of the light emitted by the energized LED is
determined solely by the pnjunction material. Some LEDs have
glass particles embedded in the epoxy lens to diffuse the emitted
light and increase the viewing angle of the device. The LED circuit
symbol is shown in Fig. 20-2(c). Note that the arrow directions
indicate emitted light.

Sulid
plashig
lighy i alelo
.'l:llll..' 1} I. "‘\ 5 o 't
3 A g e .
b
Ll Ref o < -
—a 5 i Figure 20-2
ST - f 4 light-emitting diode /LD
e Somarite L0 b [—— i e produces energy in the torm ot
o : ' : light when charge carner <
- cumbination occurs at the pn
\ junction
Carhode
(a) LED junction ni Iy preal construction () Graphic ssmbol
Characteristics and Parametcrs
LED characteristics are similar 1o those of other semiconductor
diodes. except that (as shiown in the partial specification in Fig,
20-3) the wpical forward voliage drop is 1.6 V. Note also, that the
reverse breakdown voltadge can be as low as 3 V. In some circuits it
is necessary to include a diode with a high reverse breakdown
voltage in series with a LED. The forward current used with a LED
is usually in the 10 mA to 20 mA range, but (depending on the
particular device) the peak current can be as high as 90 mA. LED
luminous intensity depends on the forward current level: it is
usually specified at 20 mA. The peak wavelength of the light
output is also normally listed on the specification.
Typlical LED Specification
' | Min Typ Max
Luminous intensity (Iv at 20 mA) "4 med | 8 med
Forward voitage (Ve ) ) 1_,4 v 1.6V 20V Figure 20-3
. - Partial specification for a typical
Reverse Breakdown voltage (Vrar)| 3V 1oV light emitting diode.
Peak forward current (Iimax) ) 90 mA -
Average forward current.(I¢(sy) ) 20 mA '
t Power dissipation (Pp) . 100 mW
!:'u'esponsa speed (rg) 90 ns
; 1860 n
Peak wavelength (ip) ! 0 nm
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LED Circuits

As explained, an LED is a semiconductor diode that emits light
when a forward current is passed through the device. A single LED
might simply be employed as a supply voltage on/off indicator, as
fllustrated in Fig. 20-4(a). A series-connected resistor (R,) must be
included to limit the current to the desired level. Figure 20-4(b)
shows an LED connected at the output of a comparator to
indicate a high output voltage. As well as the current-limiting
resistor (R)), an ordinary semiconductor diode (D)) is connected in
series with the LED to protect it from an excessive reverse voltage
when the comparator output is negative.

Figure 20-4
Light emitting diode indicator’
circutts.
D:
(a) LED as on/off (b) LEDas high output
indicator voltage ndicator
LEDs are often controlled by a BJT, as illustrated in Fig. 20-5(a)
and (b). Transistor Q, in Fig, 20-5(a) is switched into saturation by
the input voltage (V). Resistor R, limits the transistor base
current, and R, limits the LED current. In Fig. 20-5(b), the emitter
resistor (R)) limits the LED current to (Vg -Vggl/R;.
Figure 20-5
BJT control circuits for light
emitting diodes.
Vg
(a) R;controls fg, () is (b) R) controls [g, O is

saturated not saturated
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Example 20-3

The LED in Fig. 20-51a) is to have a forward current of approximately 10 mA.
The circuit voltages are Ve = 9V, V; = 1.6V, and V; = 7 V;and Q, has
hegrmiy = 100. Calculate suitable resistance values for 8. and R .

Solution . _
Ve - Vi~ Vs _ 9= 16V-02Y
- 3 10 mA

= =20 Q (use 680 Q standard value

I- becomes, ,
I Ve - Ve - Verpa 9V-16V-0.2)

; R, 680 Q
= 10.6 mA
I 10.6 mA

. ;.IJF'.'T‘,'\i 100

= 106 uA
Vg=Vg 7V-07V
K = =

Iy 106 uA
= 59 kQ (use 56 kQ standard value

Practise Problems l
The LED inthe circuitin Fig. 20-5(b} is to pass a 20 mA current. The |

20-2.1
circuit voltages are Vg = 15V, V; = 1.9V, and V3 = 5 V.
Determine a suitable resistance for R;, and calculate Vg for Q,.

20.2.2 Determine suitable resistances for the circuitsin Fig. 20-4 to give [
= 15 mA. The LEDs have V; = 1.8 V. Also, Vi = 6 Vin Fig. 20-4(a),
and in Fig. 20-4(b) the op-amp outputis V, = =9 V.

20-3 Seven-Segment Displays

LED Seven-Segment Display
The arrangement of a seven-segment LED numerical display is
shown in Fig. 20-6(a). The actual LED devices are very small, so. 1o
enlarge the lighted surface, solid plastic light pipes are often
employed. as shown. Any desired numeral from O to 9 can be
indicated by passing current through the appropriate segments,
[Fig 20-6(b)]. Part (c) in Fig. 20-6 shows three seven-segment
displays together with a two-segment display referred to as a half
digit. The whole display, termed a three-and-a-halfdigit display, can
be used to indicate numerical values up to a maximum of 1999.
The LEDs in a seven-segment display may be connected in
common-anode or in common-cathode configuration. [Fig. 20-6(d)].
When selecting a LED seven-segment display, it is important to

(a) Seven-s2gment
LED display

7301234

| -

ey

LI5E183

(b) Sesen-segment
numerzl displays

et

(¢} Three-and-a-half
digit display

E22L:
{d) Common-anode and
common-cathode
connections
Figure 20-6
Light emitting diodes can be

arranged in seven-segment format
for numerical displays.

o

b
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determine which of the two connecting arrangements is required.

The relatively large amounts of current consumed by LED seven-
segment displays are their major disadvantage. Apart from this,
LEDs have the advantage of long life and ruggedness.

Example 20-4
Calculate the total power supplied to a 3'/2 digit LED display when it
indicates 1999. A 5 V supply is used, and each LED has a 10 mA current.

Solution
total segments N = [3 x (segments for 8)] + [1 x (segments for 1)]

=@Bx7)+(1x2)=23

I = N x {current per segment] = 23 x 10 mA
= 230 mA

total current

P=5LxVe=230mAx5V
=115W

power

Liguid Crystal Cells

Liquid crystal material is a liquid that exhibits some of the
properties of a solid. The molecules in ordinary liquids normally
have random orientations. In liquid crystals the molecules are
oriented in a definite crystal pattern.

ranspasent metal _—
film electrodes poienzer

R\ i
LT
f. 1 <] liquid ervsal materisl

glass shee

glass sheet

polanzer

(a) Cross-section of a liquid crystal cell (b) Unergized cell (c) Energized cell

A liquid crystal cell consists of a very thin layer of liquid crystal
material sandwiched between glass sheets, as illustrated in Fig
20-7(a). The glass sheets have transparent metal film electrodes
deposited on the inside surfaces. In the commonly used twisted
nematic cell two thin polarizing optical filters are placed at the
surface of each glass sheet. The liquid-crystal material employed
twists the light passing through when the cell is not energized.
This twisting allows the light to pass through the polarizing filters,
so that the cell is semi-transparent. When energized, the liquid
molecules are reoriented so that no twisting occurs, and no light
can pass through. Thus, the energized cell can appear dark
against a bright background. The cells can also be manufactured
to appear bright against a dark background.

Figure 20-7

A liquid crystal cell consists of a
layer of liquid crystal material
sandwiched between glass sheets
with transparent metal film
electrodes and polarizers,
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Seven-segment numerical (and other type) displays made from
liquid crystal cells are referred to as liquid crystal displays (LCDs).
Two types of LCDs are illustrated in Fig. 20-8. The reflective-type
shown in Fig. 20-8(a) relies on reflected light. The cell is placed on
a reflective surface, so that when not energized it is just as
reflective as the surrounding material. consequently. it disappears.
When energized, no light is reflected from the cell, and it appears
dark against the bright background. The transmittive cell in Fig. 20-
8(b) allows light to pass through from the back of the cell when
not energized. When energized. the light is blocked, and here again
the cell appears dark against a bright background. The trans-
reflective cell is a combination of transmittive and reflective types.

LCD Seven-Segment Display

Because liquid-crystal cells are light reflectors or transmitters
rather than light generators. they consume very small quantities of
energy. The only energy required by the cell is that needed to
activate the liquid ervstal. The total current flow through four
small seven-segment LCDs is tvpically about 20 pA. However. LCDs
require an ac voltage supply. either in the form of a sine wave or a
square wave. This is because a continuous direct current flow
produces a plating of the cell electrodes that could damage the
device. Repeatedly reversing the cuirent avoids this problem.

Back plane

sk plan L:_J_- P
i i ] s 0T
L L
et TRpUL -
u."1|,:~h.|\.: L.J
W inpit | ' |
e e |
oa Input | | | :
lantiphasel v ‘g,
d
- I
aff mput ‘ | i | £ —
—
on inpul | l | = ——
iantphase) §
o4 input | I
|antiphaseh
@A mpul
lnﬂllpﬂﬂ{(!

tack
rtane

A typical LCD supplyisa 3V to 8V peak-to-peak square wave
with a frequency of 60 Hz. Figure 20-8 illustrates the square wave
drive method. The back plane, which is common to all of the cells,
is supplied with a square wave, (with peak voltage Vp]. Similar
square wave applied to each of the other terminals are either in
phase or in antiphase with the back plane square wave. Those
cells with waveforms in phase with the back plane waveform (cells
e and fin Figure 20-9) have no voltage developed across them.
Both terminals of the segment are at the same potential, so they

X, ‘\ "\_ )/' e

NN A
NNN S
|

{a) Reflective cell

(b) Transmuttive cell

Figure 20-8

Retlective-type liquid crystal cells
refloctincident lght. Transmuttive-
bype pass f.‘gh{ from behind

Figure 20-9

Liguid crystal display using a
square wave supply. A segment
energized when its input 15 n
antiphase with the back plane
Impt
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are not energized. The cells witlt square waves in antiphase with
the back plane input have a square wave with peak voltage 2V,
developed across them, consequently, they are energized.

Unlike LED displays, which are usually quite small, LCDs can be
fabricated in almost any convenient size. The major advantage of
LCDs is their low power consumption. Perhaps the major
disadvantage of the LCD is its decay time of 150 ms (or more). This
is very slow compared to the rise and fall times of LEDs. In fact, the
human eye can sometimes observe the fading out of LCD segments

switching off.

Practise Problems

20-3.1 Calculate the total power supplied to a 3'/z digit LCD display
indicating 1999. The supply is a square wave with an 8 V peak level,
and the current to each segment is 5 uA.

20-4 Photoconductive Cell

Cell Construction

Light striking the surface of a material can provide sufficient
energy to cause electrons within the material to break away from
their atoms. Thus, free electrons and holes (charge carriers) are
created within the material, and consequently its resistance is
reduced. This is known as the photoconductive effect.

IRTTENA L fermminal

conductor
> | conductor

ki \ : Figure 20-10

pholcsenitve \ A phot_oconp’ucrr’-'e cell consists
gy of a strip of light-sensitive material
situated  between  two
conductors.

w. (b) Circuit symbol

™,
temminals

(a) Photoconductive cell construction

The construction of a typical photoconductive cell is illustrated
in Fig. 20-10(a), and the graphic symbol is shown in Fig. 20-10(b).
Light-sensiuve wwetorial is arranged in the form of a long strip
zigzagged across a disc-shaped base. The eannecting terminals are
fitted to the conducting material on each side of the strip; they are
not at the ends of the strip. Thus, the light sensitive material is
actually a short, wide strip between the two conductors. For added
protection, a transparent plastic cover is usually included.
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Cadmium sulfide (CdS) and cadmium selenide (CdSe) are the two
materials normally used in photoconductive cell manufacture.
Both respond rather slowly to changes in light intensity. For
cadmium selenide. the response time (t,./) is around 10 ms. while
for cadmium sulfide it may be as long as 100 ms. Temperature
sensitivity is another important difference between the two
materials. There is a large change in the resistance of a cadmium
selenide cell with changes in ambient temperature, but the
resistance of cadmium sulfide remains relatively stable. As with all
other devices, care must be taken to ensure that the power
dissipation is not excessive. The spectral response of a cadmium
sulfide cell is similar to that of the human eye: it responds to
visible light. For a cadmium selenide cell, the spectral response is
at the longer wavelength end of the visible spectrum and extends
into the infrared region.

Characteristics and Parameters

Typical illumination characteristic for a photoccnductive cell are
shown in Fig. 20-11. It is seen that., when the cell is not
illuminated its resistance can be greater than 100 k). This is
known as the dark resistance of the cell, When the cell is
illuminated. its resistance might fall to a few hundred ohms. Note
that the scales on the illumination characteristic are logarithmic.

' 4 3 5 1
)

1 t

1 3 10 3} 100 300 1000

Hluminance (Ix)——=

Typlcal Photoconductive Cell Specification
PD (mW) | Max ac (V) | Dark Resistance | AP (nm) | Resistance at 10 Ix
200 | 180 | 100ka | 550 | 6k (min) 18 ka (max)

A typical photoconductive cell specification is shown in Fig. 20-
12. As well as maximum voltagé and power dissipation. the cell
dark resistance and the resistance at a 10 Ix illumination is listed.
Note the wide rang2 of cell resistance at a 10 Ix. The light
wavelength that gives peak response (1P is also given on the

Figure 20-11

Typical photocorzadctve cerl
Mumination « geapies, The
resistance is ysuzlls very high
when the eell « dark, and

relatively lens v mer umiated.

Figure 20-12
Partial specification for a typical
phatoconductive cell
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specification. Cell sensitivity is sometimes used, and this is simply
the cell current for a given voltage and given level of illumination.

Applications

Figure 20-13 shows a photoconductive cell used for relay control.
When the cell is illuminated, its resistance is low and the relay
current is at its maximum. Thus, the relay is energized. When the
cell is dark, its high resistance keeps the current down to a level
too low to energize the relay. Resistance R, is included to limit the
relay current to the desired level when the cell resistance is low.

Example 20-5

A relay is to be controlled by a photoconductive cell as in Fig. 20-1 3.The cell
has the characteristics shown in Fig. 20-11. The relay is to be supplied with 10
mA from a 30 V supply when the cell is illuminated with about 200 Im/m?.
Calculate the required series resistance and the level of the dark current.
Assume that the coil resistance is much smaller than R, and R~

Solution
From the characteristics; at 200 Im/m2, R-= 1kQ

When the cell is illuminated,

3
or, R, = 7 = 1kQ
= 2 kO (use 1.8 kQ standard value)

From the characteristics;

when dark, Re =100 kQ
£ 30V

F = =
R, +R-  1.8kQ+100kQ

dark current,

=03 mA

Photoconductive cells employed to switch transistors on and off
are shown in Fig. 20-14. When cell in Fig. 20-14(a) is dark, the cell
resistance (R is high. Consequently, the transistor base is biased
above its emitter voltage level, and @, is turned on. When the cell is
flluminated, Its resistance Is reduced, and the lower cell resistance
in series with R, biases the transistor base below its emitter
voltage level. Thus, Q, is turned off when the cell is illuminated.

In Fig. 20-14(b), @, is biased off when the cell is dark, because R
1s high. When illuminated, the reduced cell resistance causes Q,to
be biased on.

Figure 20-13

Circuit of a refay controlled by a
photoconductive cell. The relay is
energized when the cell is
illuminated.
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Example 20-6
The transistor in Fig. 20-14(a)is to be biased on when the photoconductive

cell is dark, and off when it is illuminated. The supply is 6 V, and the
transistor base current is to be 200 yA when on. Design the circuit using the
photoconductive cell characteristics in Fig. 20-11. Also, determine the
minimum light level when the transistor is off.

Solution
when dark, R = 100 kQ
when Q, is on, Voe =V + Vg =6V +0.7V
=67V
o Ve 67V
R 100kQ
= 67 LA

Iy, = I + Ip = 67 A + 200 uA
= 267 YA

Ve; = Ve -V3=6V-07V

=53V
V 53V
RI PR e —
Iy 267 pA

= 20 k) (use 18 k(2 standard value)

when Q, is off, Ve, =6V

Vey 6V

and, IR?zR—I-___{m
= 333pA

Ve 6V

T L, 333A
=18 k0

From the characteristics;
when R = 18 kQ, illumination = 7 Im/m?

Figure 20-15 shows a photoconductive cell used with an op-amp
Schmitt trigger circuit (see Section 14-10). When the cell resistance
is low (cell 1lluminated), the voltage across R, is higher than the
upper trigger point (UTP for the Schmitt. Consequently, the op-
amp output is low (negative). The output switches to a high
(positive) level when Vp; falls to the Schmitt circuit lower trigger
point (LTP. This occurs when the cell illumination level falls,

causing R to rise,

(a) Circuitto switch a BJT off
when a cell 15 illuminated

5
N
RJ
R,
5-Fie

{(b) Circuit to switcha BJT on
when a cell 1s illuminated

Figure 20-14

B/Ts contralled by photo-
conductive cells. The posttion of
the cell in the circuit determines
whether the transistor is switched
on or off by an increase in
illuminance.
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Vit

The circuit in Fig. 20-16 uses a photoconductive cell to control
the current level in an LED. The LED current is low when the
ambient light level is low. because the cell resistance is high. The
LED current is increased as a result of the decreased resistance of
R when the ambient light level is high. This increased current
gives greater LED brightness so that it can be easily seen.

Example 20-7

Design the circuitin Fig. 20-16or a LED currentof J; = 10 mA at &

(light level H,), and for /; = 20 mA at R, =1 k(2 (light level H.1.

Solution

- % R Vie xR
Lllf!'., 'l.::. = e 3

R.-R 5kQ+R,
Vo xR VxR,

atH,, Vip B == 2V
f 82" -R 1ka+Rr, "

Vi X R 2V xR,
50, . =
1kQ + R 5 k0 + R,
giving, R. =3 kQ tuse 2.2 kQ + 2 kQ variable}
s VxR 12Vx3KQ
TR, <R, 5kQ+3kQ
=43V
Vyy =2V, =9V
Vi - ¥ 45V-07V
Forlp=10mA, R, =% =
- I 10 mA
= 380 0 (use 390 Q standard value)
Vo = M -07V
atH,, fr = o =07

R, 390Q
=213 mA

Figure 20-15

Op-amp Schmitt trigger circuit
with a photo-conductive cell for
light level detection.

Figure 20-16
Photo-conductive cell circuit for
controlling LED current level.
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Practise Problems

20-4.1 A relay control circuit as in Fig. 20-13 has R, = 3.3 kQ, £ = 9.V, and
a photoconductive cell withthe specification in Fig. 20-12. Calculate
the maximum and minimum circuit current at a luminous intensity of
10 Ix. Also, determine the current at 30 lx, if the cell has the

characteristics in Fig. 20-11.

2042 The circuit in Fig. 20-14(b)has V- = +12V and Vi = -9 V. The
photoconductive cell has the characteristics in Fig. 20-11. Calculate
the R, resistance to have Q, on ata 3 Ixilluminance if ;; =~ 100 uA.

20443 The op-amp circuitin Fig. 20-15 has Ve = =15V, R, = 5.6 kQ, R,

=18 kQ, and R; = 120 kQ. The cell characteristics are those in Fig

20-11. Estimate the light levels that cause the output to switch.

20-5 Photodiode and Solar Cell

Photodiode Operation
When a pnjunction is reverse biased, a small reverse saturation

current flows due to thermally generated holes and electrons being
swept across the junction as minority charge carriers, (see Section
1-6). Increasing the junction temperature generates more hole-
electron pairs, and so the minority carrier (reverse) current is
increased. The same effect occurs if the junction s illuminated,
(see Fig. 20-17). Hole-electron pairs are generated by the incident
light energy, and minority charge carriers are swept across the
junction to produce a reverse current flow. Increasing the junction
illumination increases the number of charge carriers generated,
and thus increases the level of reverse current. Diodes designed to
be sensitive to illumination are known as photodiodes.

Characteristics
-~ Vap (V)— Fe(V)—
7 & § 4 3 2 1 0 02 04
b . e ; ! t 0
- <+ =+ 10
H =5 mWicaw |
H = 10 mW/cm? + 20 Ix
(nA)
4 + 30 ]
H =15 mW/cm? + 1ag
o 450
H = 20 mW/cm? - Leo

Consider the typical photodiode illumination characteristics in Fig.
20-18. When the junction is dark, the dark current (Ip) would seem
to be zero. Typically, I, s around 2 nA. A 20 mW/cm? illumination

reverse

Now | cutrent
dapletion
region
|
- | +
reverse
bias
Figure 20-17

A photo-dinde has a reveme-
biased pn-junction designed to
be light sensitive. A minorit
charge carrier current flows when
the junction is illuminated.

Figure 20-18

Typical photodiode character-
istics. The reverse current remans
substantially constant for each
level of illuminatian.
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level produces a reverse current of approximately 60 pA. Increasing
the reverse voltage does not increase I, significantly. So, each char-
acteristic is approximately a horizontal line.

Figure 20-19 shows a simple photodiode circuit using a 2 V
reverse bias, (Note the device circuit symbol.) Assuming that D, has
the characteristics in Fig. 20-18. the current at a 5 mW/cm?
illumination level is approximately 13 uA. At 20 mW/cm? the diode
current is around 60 pA. The device resistance at each illuminat-
ion level is readily calculated: (at a 5 mW/cm2 R=2 V/13 uA =
154 k0), (at a 20 mW/em?, R= 2 V/60 uA = 33 k(). The resistance
changed by a factor of approximately 5 from the low to the high
illumination level, showing that a photodiode can be employed as
a photoconductive device.

When the reverse-bias voltage across a photodiode is removed,
minority charge carriers continue 1o be swept across the junction
while 1he diode is illuminated. With an external circuit connected
across the diode terminals, the mineritv carriers flow back to their
original sides. The electrons that crossed the junction from p (o n
will new flow out through the nterminal and into the p-terminal.
This means that the device is beliaving as a voltage cell, with the
n-side being the negative terminal and the p-side the positive
terminal. as illustrated in Fig, 20-20. In fact, a voltage can be
measured at the photodiode terminal. positive on the p-side and
negative on the nside. So. the photodiode is a photovoltaic device
as well us a photoconduetive device. The characteristics in Figure
20-18 <how that. when illuminated. ithe photodiode actually has
1o be forward biased to reduce the reverse current to zero.

It should be noted that V, and V' have different scales on the

photodiode characteristics shown in Fig. 20-18. A dc load line that

crosses between the forward and reverse biased regions cannot be
drawn on these characteristics. Equal scales must be used for
each part of the characteristics to draw such a load line.

Specification

A partial specification for a ivpical photodiode is shown in Fig. 20-
21. The light current (1) is listed as 10 pA at an illumination level of
5 mW/cm? when the reverse bias is 2 V. This is sometimes defined
as a short-circuit current (Is). The dark current (I) is specified as 2
nA maximum when the reverse voltage is 20V, and the open-circuit
terminal voltage (Vo) 1s given as 350 mV. Note that the typical
response time (t_) of 2 ns for a photodiode is very much superior
to that for a photoconductive cell. The diode sensitivity (S is the
change in diode current produced by a given change in light
intensity. The power dissipation, reverse breakdown voltage, and
peak output wavelength are also listed.

" Typleal Photodiode Specification * =~
FD | Voc 1avmmw | Iomax | I [VR=2V, . |:,..| L8
| idak) |H=5 mWiema) i
100 mW |350 mv ‘mov 1‘2:1.« | 10pa | 2nsl 7N |
. : i 2 ,__-.; LTS el sf i'l;'ﬂu'n'

20-19
Phutodiode circuit with a reverse
Dias »-:.’[Age.

Figure

Figure

20-20
A1 lluminated
wornaut an external bias operates
a 2 photovoltaic device.

photodiode

Figure 20-21
Partial specification for a low-
current photodiode.
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Construction
Figure 20-22(a) shows the cross-section of a diffused photo diode.

It is seen that a thin heavily-doped p-type layer is situated at the
top where it is exposed to incident light. The junction depletion
region penetrates deeply into the lightly-doped n-type layer. This is
in contact with a lower heavily-doped n-type layer which connects
to a metal film contact. A ring-shaped contact is provided at the
top of the p-type layer. Low-current photodiodes (also called signal
photodiodes) are usually contained in a TO-type can with a lens at
the top. [see Fig. 20-22(b)]. Clear plastic encapsulation is also

used, [Fig. 20-22(c)].

lens o
-~

Igha ~
i f 4 > CaEar —_————

Contat gy |
i | ’ Plaste ~—

S0z - — _r“. ; l ‘E 1

(a) Cross-section (b} 7C) can-type package

Photodiode Applicetions

Photodiodes can be used as photoconductive devices in the type of
circuits discussed in Section 20-4. They can alsc be used in
circuits where they function as photovoiiaiz devices. Figure 20-23
shows typical photodiode characteristics plotted in the first and
second quadrants for convenience. When the device is operated
with a reverse voltage. it functions as a photoconductive device.
When operating without the reverse voltage. it operates as a
photovoltaic device. In some circuits the photodiode can change
between the photoconductive mode and the photovoltaic mode.

L PHOCONGR 1138 REIN —ms e PhiIOV D120 PERICN . 12
H = 20 m\Wiom® 10
-+ @
<8 Iz
H = 15 mW/om?! (m*\)
A

=22 AT
44
I : i 1 }

, e\l

H =10 mWiem? i
05 04 03 02 0. 0 0.1 02 03 04
— Vr(V)— — Ve(V)—

H = 5 mWcm?

N S

Figure 20-22
Photodiode cross-section and
typical packages.

{3 Clear plastic encapsulation

Figure 20.-23

Photodiods characteristicshave a
photoconductive region and 3
photovoltaic region.
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== S ————
Example 20-8 . ‘ o N
The circuitin Fig, 20-24 uses a photodiode with the illumination characteristics
in Fig. 20-23. Draw the de load line. and determine the diode currents and
\::!!.:.\-‘;px At light levels of 12,15 and 20 m\W/em?,

Solution
Whent =03 N, Wiy =E-k=123V=05¥
=1\
Mo Tk
J’.; = Moo=
‘ R 2200
= 4.5 mA
Plot o 4 on the characteristics at /= 2.5 mA and \', = 0.3V
wnl o = L= fis TN
i Vip=f=12 Figure 20-24
f Fan Z~otodiode with a reverse hias
foom oo S 32d a load resistor.
TR 3G
= H.8 mA
Pt e ot ot Characteristics at b = Danddy = 6.3 mMA
i i T line through points 4 and B.

Frowsn thae dogeed lirwes
A2 mNeme, Ay =aamy V=04 W
AT eWenr, L= HdmA V= nv
Iy

ab 200 AN oy, = B m4, Vip = +0.28V

Nate the b polaity change at the highest illumination level.

Solur Cells

The solar cell, or solar energy wenverter, is essentially a large
photodinde designed o operate solelvas a photovoltaic device and
10 give as much output power as possible. To provide maximum
output current, solar cell surface areas are much larger than those
of signal photodiodes, Typical solar cell output characteristics are
illustrated in Fig. 20-25. Consider the characteristic for a 100
mW/cm? illumination level. If the cell is short-circuited, the output
current (I) is 50 mA. Because the cell voltage (V,) is zero at this
point, the output power (P,) is zero. Open-circuiting the cell gives
Vv, = 0.55 V, but I, = 0. So, P, is again zero. At the knee of the
characteristic V, = 0.44 V and [, = 45 mA: giving P, = 20 mW.
Therefore, for maximum output power, the device must be operated
on the knee of the characteristic. As in the case of all other
devices, the power must be derated at high temperatures.
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70T
H=125 mWiem?
60T .
«—— Maximum
50 H =100 mWicm? power
I a0l
I, (mA) Figure 20-25
- R — Typical solar cell characteristics.
The device must be operated at
204 the knee of its characteristic for
maximum outpul power
10 +
0 e e S e
0 01 02 03 04 05 06 07
— (V) —

Figure 20-26 shows a group of series-parallel connected solar
cells operating as a battery charger. Several cells must be series
connected to produce the required output voltage, and several of
these series-connected groups must be connected in parallel to
provide the necessary output current.

12 paraltel groups

=

Figure 20-26

i Series-parallel arrangement of
! | Dy solar cells connected to function
1 29 series-
1 comnected : 13v as a solar battery charger,
] cells

I
! ! AN

batery
& \\ /‘ T

Example 20-9

An earth satellite has 12 V batteries that supply a continuous current of 0.5 A.
Solar cells with the characteristics shown in Fig. 20-25 are employed to keep
the batteries charged. If the illumination from the sun for 12 hours in every 24
is 125 mW/cm?, determine approximately the total number of cells required.

Solution

From Fig. 20-25, maximum output power at 125 mW/cm? is achieved when

each cell is operated at approximately V, = 0.45 Vand I, = 57 mA.
Allowing for the voltage drop across the rectifier, a maximum charging

voltage of approximately Vey = 13 Vis required.
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Number of series-connected cells,

Vew 13V
ol =
“ T Veell | 045V
=29

The charge taken from the batteries over a 24-hour period is

Q =1 xt=05Ax24hours
=12 Ah

So, the charge delivered by the solar cells must be 12 Ah.

The solar cells deliver current only while they are illuminated; that is, for 12
hours in even 24, Therefore, the charging current from the solar cells is,

; Q 12 Ah
P
= ik
Number o1 parallel-connected groups of cells,
I 1A
M= s —. g .
IJcell 57 mA
=18
The total rumber of cells required,

N, = Npx Ng=18x29
= 522

\Practise Problems

|20-5.1 A photodiode with the characteristics in Fig. 20-23 is connected in
series with a 330 Q) resistor and a (reverse-biasing) 3 V battery. Draw
the dc load line for the circuit, and determine the diode voltage at
an illumination level of 20 mW/cm?.

20-5.2 A solar voltage source is to be designed to produce a 3 V, 20 mA
output froma 15 mW/cm? illumination level. Calculate the required
number of cells if the available devices have the characteristics
shown in Fig. 20-23.

20-6  Phototransistors

Photoetransistor (BJT)

A phototransistor is similar to an ordinary BJT, except that its
collector-base junction is constructed like a photodiode. Instead of
a base current, the input to the transistor is in the form of
illumination at the junction. Consider an ordinary BJT with its

fe= (1 + heeMesn

(a) BJT currents with open-
circuited base

VC C

(b} Phototransistor circuit

Figure 20-27

In a phototransistor, the collactor
current depends upon the level of
illumination at the CB junction.
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base terminal open-circuited, [Fig. 20-27(a)). The collector-base
Jeakage current (I5,) acts as a base current, giving a collector
current; I. = (hgp + 1) Icgo In the case of the photodiode, it was
shown that the reverse saturation current is increased by the light
energy at the junction. Similarly, in the phototransistor 1., is
proportional to the collector-base lllumination, [Fig. 20-27(b)]. This
results in I also being proportional to the illumination level.

For a given amount of illumination on a very small area, the
phototransistor provides a much larger output current than that
available from a photodiode. Thus, the phototransistor is the most
sensitive of the two devices. The phototransistor circuit symbo!
shows a base terminal, and this is often left unconnected, but is
sometime used to provide stable bias conditions.

The cross-section in Fig. 20-28 illustrates the construction of a
phototransistor. The emitter area is seen to be quite small, to
allow incident illumination to pass to the collector-base junction.
Phototransistor packages are similar to the photodiode packages
in Fig. 20-22, except that three terminals are provided.

Characteristics and Specification

Typical phototransistor output characteristics are shown in Fig.
20-29. These are seen to be similar to BJT characteristics except
that the base current levels are replaced with illumination levels. A
de load line can be drawn on the characteristics in the usual way.

3 eV -

W = 20 Ve
__-._.___.._—-——"_"'

H = 15 m\W/cm*

H =10 mW/iom?

Cogoary | vez=5 | free = ';-"l
Veg=10V)| (A= s mWiondy| |
A sk ] Sl R S0 MG S

—_

The partial specification for a phototransistor in Fig. 20-30
shows a 3 mA minimum current at 5 mW/cm?, and a sensitivity of
500 pA/mW/cm? Comparing this to the photodiode specification

fight Cootact
Contact ype
510: l i l l ematter
Si
npe
A58
niype —1"
collector
e —=r
S
Contag

Figure 20-28
Phototransistor cross-section,

Figure 20-29
T " . characteristics for &
pho: ‘or are similar to

those of an ordinary BJT except
that base current level is replaced
by iflur: on level.

Figure 20-30
Partial specification for a photo-
transistor.
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(Fig. 20-21) shows (as stated above) that a phototransistor is very
much more sensitive than a IJh{’todiodc. However, the rise and fall
times (tvpically 5 ps and 8 ps) for a phototransistor are very much
slower than the 2 ns response time for a photodiode.

Applications
Two phototransistor applications are shown in Fig. 20-31 and 20-

32. The relay in Fig. 20-311is energized when the incident light on
the phototransistor is raised to a particular level. This occurs

when the @, emitter current produces sufficient voltage drop L #
across R, to forward bias the BE juncuon of @, The relay current 'y
falls again when Q, turns offas the light level decreases. %

In Fig. 20-32, SCR, remains untriggered while the illumination Beige
keeps @, in saturation. if the light fails. @, turns gff and Vg,
triggers the SCR on. This kind of circuit can be used to switch on ___|

; srgency lighting system when the normal lighting fails.
an emergency lig] g g Figure 20-31

— L:e ui a phototrancistor e
g e a relay when the
E"’”"”Ph' 20-10 : nn increases to a

Transistor Q, in the circuit in Fig. 20-31 has the Characleristics in Fig. 20-29, I A level.
and Q. has h,, = 80. Deternune the light level required to energice the relay.

Solution
when () i, iy =% .= Lt T ¥ g
I i} (R
L, 0.7\ o
P S
b N o R
= TmA T
o o B o ORI SCR,
" h a)
b, 4
= 1.25 mA
fyy =0 + 1. = 1L25mA = TmA
=825mA

The dc load resistance for (). is, -

- - Figure 20-32
b Rl= L =108 Phototransistor circuit for trigg-
= 1.1 k). ening an SCR at low fight levels.

I
"y

Draw the dc load line on the characteristics for R, = 1.1 kQ

At [, = 8.25 mA on the load line,

P H =15 mWem?

Photodarlington

The photodarlington (Fig. 20-33) consists of a phototransistor
connected In Darlington arrangement with another transistor.
This device Is capable of producing much higher output currents
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than a phototransistor, and so it has a greater sensitivity to
illumination levels than either a phototransistor or a photodiode.
With the additio:zl transistor involved. the photodarlington has a
considerably longer switching time than a phototransistor.

PhotoFET

A photoFET is a JFET designed to have its gate-channel junction
illuminated. The illumination controls the level of the device drain
current. Consider the nchannel JFET and the photoFET in Fig. 20-
34, The gate-source leakage current ([ is the reverse saturation
current at a pnjunction. The voltage drop across R, produced by
I is normally too small to affect the JFET circuit. In the photo-
FET. the junction reverse current (AI;) is susceptible to light.
[llumination on the junction generates additional minority charge
carriers, thus increasing 2l This current flows through the bias
resistance (Rg) and produces a voltage drop (Vg). as illustrated. It
the gate bias voltage (-V) is just sufficient to bias the device off
when dark, then when the junction is illuminated, V. can raise
the level of the gate voltage to bias the photoFET on.

The external bias voltage (-V,) might be selected at a level that
biases the device on, so that light level variations cause I, 1o
increase and decrease. [n a photoFET. /1 is termied the gate curent.
and the normal I, at the junction is the dark qate-leakage
current. The light-controlled drain current is designated A1,

Practise Problems

2061 A phototransistorwith the characteristics in Fig. 20-29is connected
inseries with a resistor R, = 8200 and V- = 18V. Determine V|
at 5 mW/em? and 25 mW/em? illumination ievels . ]

2062 The SCR in Fig. 20-32triggers at V, = 0.8V and I = 100 A |
Determine the approximate light level to trigger the SCR on if Q, '
has the characteristics in Fig. 20-29. : |

20-7 Optocouplers

Operation and Construction

An optocoupler (optoelectronic coupler) is essentially a photo-
transistor and an LED combined in one package. Figure 20-35(a)
and (b) shows the typical circuit and terminal arrangement for one
such device contained in a DIL plastic package. When current
flows in the LED, the emitted light is directed to the
phototransistor, producing current flow in the transistor. The
coupler may be operated as a switch, in which case both the LED
and the phototransistor are normally offt A pulse of current
through the LED causes the transistor to be switched on for the
duration of the pulse. Linear signal coupling is also possible.
Because the coupling is optical, there is a high degree of electrical
isolation between the input and output terminals, and so the term
optoisolator is sometimes used. The output (detector) stage has nio

Figure 20-33

A photodarlington 15 made up of
a phototransistor connected in
Darlington with another BJT

(b) PhotoFET circuit

Figure 20-34

In a photofET, the gate-channel
leakage current depends upon
the illumination jevel. This current
produces a voltage drop across
the bias resistor to control the
gate-source voltage.
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effect on the input, and the electrical isolation allows a low-
voltage de source to control high voltage circuits.

The cross-section diagram in Fig. 20-35(c) illustrates the:
construction of an optocoupler. The emitter and detector are
contained in a transparent insulating material that allows the
passage of illumination while maintaining electrical isolation.

epoxy
f transparent

. (Fp plasns g phato
o1 - . crmitier detector
el W > . . | Figure o33

27 optocoupler 15 composed of

&~ LED and a phototransistor.

e o 3= s S connecting leads T-e input and output are
g ] e'=ctncally solated.

O

121 Optocoupler cireuit by DIL twertinals {c} Cross-section

Specification

The partial specification {or an optoelectronic coupler in Fig. 20-36
has three parts. The first part specifies the current and voltage
conditions for the input (LED) stage. The second deals with the
output (phototransistor) stage. The third part defines the coupling
parameters. The transistor collector current is listed as 5 mA
(tvpical) when its V= 10V and the LEDhas [ = 10 mA. In this
particular case, the ratio of eutput current 1o input current is
30%. This is known as the current transfer ratio (CTR), and for an
aptoelectronic coupler with a transistor output it can range from
10% to 150%.

Typleal Optocoupler Specifica tion

bprties Qutput Stage : Figure 20-36
" IFimax) | VFimax) ‘ Va Veeimay) [fcrmm ‘ Pp l The partial specification for an
V=20 ) : optocoupler is made up of three
60 mA l 15V } v oV \ 150 m-"‘i 150 _le oa2v l n parts: input, output, and
’ o, coupling.
Coupled
}crwu ‘ to"(mu} ‘ faﬂ'{m} Isolation
Us= 10 mAJ voltage Q g
C5mA l 2.5|.|s| 4p'5_‘?500\f i

Applications

The circuit of an optocoupler in a dc or pulse-type coupling
application Is shown in Fig. 20-37. The diode current is switched
on and off by the action of transistor Q, operating from a 24 V
supply. Transistor @, is turned on into saturation when D, is
energized. The collector current of Q, provides the load (sinking)
current and the current through resistor R,. Pull-up resistor R, 13
necessary to ensure that the load terminal is held at the 5 V
supply level when Q, is off.
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* Veez
Y
Figure 20-37
Optocoupler used for coupling a
signalfrom a 24 Vsystemtoas vV
system,

Example 20-11

The optacoupler in Fig. 20-37is required to sink a 2 mA load current when Q,
is in saturation and /;; = 10mA. The optoco upler has the specification in Fié
20-36. Determine suitable resistor values.

Solution
From the specification; I, = 5 mA when J;5, = 10 mA

Loy =1I5-1,=5mA- 2 mA

=3 mA
B Veea - Verean o 5V-02V
" b 3 mA
= 1.6 kQ (use 1.8 kQ to ensure Q, saturation)
Bo= Veer = Vior - Vierean - 2_4 V-15V-02V
1

T 10 mA
2.23 kO (use 2.2 kQ2)

A linear application of an optocoupler is shown in Fig. 20-38.
The 5V supply providesa dc bias currentto D, via R,, and the ac
signal coupled via C, and R, increases and decreases the diode
current. Transistor @, is biased into an on state by the direct
current through D, and its emitter current is increased and
decreased by the variation in light level produced by the
alternating current in D,. An output voltage is developed across R,.

Figure 20-38
Linearsignal coupling by means of
an optocoupler,
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Other Optocouplers

Other types of optocouplers involve different types of output stage.
The three types illustrated in Fig. 20-39 ore: {a} Darlingion-oulpui
type. (b) SCR-output, and (¢] TRIAC-output. In (a). the photo-
darlington output stage provides much higher CTR than a BJT
phototransistor output stage (1 pically 500%), but it also has o
slower response time. The output stages in (b) and (c) are a light
activated SCR and a light-activated TRIAC, respectively. They are
used with the kind of control circuits discussed in Chapter 19,
where high electrical isolation between the rriggering circuit and
the control device is an additional requirement. CTR does 1o
apply to SCR and TRIAC output stages: instead. the LED current
needed 1o trigger the thyristor is of miterest,

Optocoupler output stages are ot designed for high load
currents. Maximum current levels for Darlington oufputs are
around 150 mA. and 300 mA is tvpical for SCRand TRIAC ouiputs.
When high load currents are 10 be switched. the optocoupler
output stage is used as a trigger circuit for a high power device.

ractise Problems

i20-71  An optocouplerwith the specification infig. 20-36 is to control a 10
i mA relay with a 30 V supply. The input stage is connected Vi g
| resistor (R,) to a 5 V supply. Caleulate a suitable resistance for R..

20-7.2 Analyze the circuitin Fig, 20-28 to determine the de bias current
through D,, and the ac cignal current neaks. Also, calculate the
maximum and minimumdc and ac output voltage levels. The
optocoupler used has a diede with V= 1.5V, and a CIR ranging
from 20% to 70%.

|
|
I
|
\
|
|

Chapter-20 Review Questions

Section 20-1
20-1 State measurement units for luminous flux and luminous
intensity. Using diagram, explain flux per solid angle.

20-2  Define:; Candela, Lumen, and foot candle.

Section 20-2
20-3  Sketch diagrams to show the operation and construction
of an LED. Briefly explain.

20-4 For an LED, state typical values of forward current,
forward voltage, reverse breakdown voltage.

20-5 Draw circuit diagrams showing LEDsused to indicate (a) a
dc supply voltage switched on, (b) a high output level from
an op-amp. Explain each circuit.

20-6  The current level in an LED is to be controlied Ly use of a

BJT. Sketch two possible circuits, and explain the
operation of each.

E® ’
T

A0 Darlington autput

=k
}\\-‘

z - =8

b e 4
thy S R output

2
T

by

W TREAC oetput

Figure 20-39
o owiplers e avallable with
fOls Tepes O QUYL sEape.
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20-7 An op-amp isto be used to control the current level in an
LED. Draw a suitable circuit diagram and explain its
operation.

Section 20-3

20-8 Sketch a seven-segment LED display. Explain common-
anode and common-cathode connections. State total
current requirements for an LED four numeral, seven-
segment display.

20-9  Using illustrations, explain the operation of liquid-crystal
cells. Discuss the difference between reflective-type and
transmittive-type cells,

20-10 Sketch a seven-segment LCD and show the waveforms
involved in controlling the cells, Explain.

Section 20-4
20-11 Sketch the typical construction and illumination
characteristics for a photoconductive cell, Explain its

operation.

20-12 Draw circuit diagrams to show how a photoconductive cell
can be used for: (a) biasing a pnp transistor off when the
cell is illuminated, (b) biasing an npn transistor on when
the cell is illuminated. Explain how each circuit operates.

20-13 Draw circuit diagrams to show a photoconductive cell
used for: (a) triggering an op-amp Schmitt trigger circuit,
(b) energizing a relaywhen the cellis illuminated. Explain
the operation of each circuit.

Section 20-5

20-14 Sketch the cross-section of a typical photodiode and
explain its operation. Sketch typical photodiode
characteristics and discuss their shape.

20-15 For photodiode, define; dark current, light current, and
sensitivity. State typical values for each quantity.

20-16 Explain how a solar cell differs from a photodiode. Sketch
typical solar cell characieristics, and discuss the best
operating point on the characteristics.

20-17 Sketch the circuit diagram for an array of solar cells
employed as a battery charger. Briefly explain.

Section 20-6

20-18 Sketch characteristics for a phototransistor, and explain
how the device operates.

20-19 Draw a circuit diagram to show how a phototransistor can
be used to energize a relay when the incident illumination
is increased to a given level. Explain the circuit operation.
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20-20

20-21

20-22

20-23

Secrion

20-24

20-25
20-26

20-27

20-28

Modify the circuit drawn for Question 20-19 to have the
relay energized until the illumination is increased to a
given level. Explain.

Draw a circuit diagram for phototransistor control of an
SCR: to have the SCR trigger on when the incident
illumination falls to a low level. Explain how the circuit
operates.

Sketch a circuit diagram for a photodarlington. Compare
the performance of photodarlingtons 1o phototransistors,

Sketch a circuit diagram to show the operation of a
photoFET circuit. Briefly explain the principle of the device.

20-7
Draw the circuit diagram of an optocoupler with a BJT
output stage. Also. sketch a cross-section to show the
construction ol an optocoupler, Explain the device
operation.

Discuss the most important parameters of optocouplers.

Draw a circuit diagram to show how an optocoupler can
use a pulse signal from a low-veitage source to control a
circuit with a high-voltage supply., or vice versa. Explain
how the circuil operates,

Draw a eircuit diagram to show how an optocoupler can
be used to pass a linear signel between two circuits with
different supply voltages. Explain how the vircult operates.
Sketch circuit diagrams for optocouplers with Darlington,
SCR., and TRIAC outputs. Briefly discuss cach optocoupler.

Chapter-20 Problems
Section 20-1

20-1

20-2.

20-3

A total luminous flux striking a 4 cm? photocell at 7 m
from a lamp is to be 80 mim. Determine the required energy
cutput from the lamp in watts.

Calculate the total luminous flux striking the surface of a
solar cell located 4.5 m from a lamp with a 509 W output.
The surface area of the solar cell is 5 cm?.

Calculate the frequency of the light output from red,
vellow, and green LEDs with the following peak wave-
lengths: 635 ., 583 nm, 565 nm.

Section 20-2

20-4

An LED with I = 20 mA current and V.= 1.4V is to
indicate when a 25 V supply is switched on. Sketch a
suitable circuit and make all necessar ralculations.
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20-5 Two series-connected LEDs are to be controlled by a
2N3903 transistor with a 12 V supply and Vg = 5 V. The
diode current is to be approximately 15 mA. Design a
suitable circuit.

20-6  An op-amp Schmitt trigger circuit with V. = 15 V is to
have the state of its output indicated by LEDs. A green
LED is to indicate high. and a red LED is to indicate low.
Design the circuit for 10 mA diode currents. Include
reverse-voltage protection diodes in series with each LED,

The BJT-LED circuit in Fig. 20-5(a) has: V;= 5V, Ve =20
V, and hgg,.p = 40 for Q,. Design the circuit to give a 20
mA LED current with V=2V,

o)
=
|

Secrion 20-3

20-8  Calculate the maximum power used by a three-and-a-half
digit seven-segment LED display with a 5V supply and 10
mA LED currents. Also, determine the power dissipated in
each LED series resistor. if the LEDs have Vo= 1.4 V.,

20-9  Determine the maximum power consumed by a three-and-
a-half digit seven-segment LCD display with a 15 V peak
square-wave supply and 1 uA LCD segment currents.

Section 20-4

20-10 A pnp BJT is to be biased o when the level of illumination
on a photoconductive cell is greaterthan 100 Ix, and off
when the cell is dark. A +5 V" supplvis to be used, and the
BJT collector current is to be 10 mA when on. Design a
suitable circuit to use a BJT with hg = 50 and a photo-
conductive cell with the characteristics in Fig. 20-11.

20-11 An inverting Schmitt trigger circuit has V. = 12 V and
UTP/LTP =15 V. The Schmitt output is to switch positively
when the illumination level exceeds 30 Ix on a photo-
conductive cell with the characteristics in Fig, 20-11.
Design the circuit, and estimate the light level that causes
the output to switch negatively.

20-12 A photoconductive cell with the characteristics in Fig. 20-
11 is connected in series with an 820 Q resistorand a 12 V
supply. Determine the illumination level when the circuit
current is approximately 6.5 mA, and when it is 1.1 mA.

20-13 A photoconductive cell circuit for controlling the current
in an LED (as in Fig. 20-16)has: V. =9V, R, = 3.3k}, R,
= 270 €. The photoconductive cell has a dark resistance of
100 kQ, and R = 3 k) at 10 Ix. Determine the LED current
at light levels of 3 Ix and 30 Ix.

20-14 The circuit in Fig. 20-14(a) has V.= 5V, R, = 12 k), and
a photoconductive cell with the specification in Fig. 20-12.
Calculate the transistor maximum and minimum base
voltage at 10 Ix.
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Section
20-15

20-16

20-18

20-19

20-20

Section

20-21

20-22

20-5
A photodiode with the illumination characteristics in Fig,
20-23 is connected in series with a resistanceand a 1 V
reverse bias supply. The diode is to produce a +0.2 V
output when illuminated with 20 mW/cm? Caleulate the
required series resistance value, and determine the device
voltage and current at a 15 mW/cm? illumination level.

A photodiode with the characteristics in Fig. 20-23 is
connected in series with a 1.2V reverse bias supply and a
100 Q resistance. Determine the resistance offered by the
photodiode at illumination levels of 15 mW/em? and 20
mW/cm2.

Two photodiodes that each have a 100 () series resistor are
connected to a 0.5 V reverse bias supply. A voltmeter is
connected to measure the voltage difference between the
diode cathodes. Assuming that each photodiode has the
characteristics illustrated in Fig. 20-23. determine the
voltmeter reading when the illumination level is 10
mW /em? on one diode and 15 mW/em? on the other.

Six photodiodes with the characteristics in Fig. 20-23 are
connected in series, Determine the maximum output
current and voltage at illumination levels of 15 mw/cm?

and 12 mW/em?.

A rural telephone system uses 6 V rechargeable batteries
which supply an average current of 50 mA. The batteries
are recharged from an array of solar cells, each with the
characteristics in Fig. 20-25. The average level of sunshine
is 50 mW/cm? for 10 hours of each 24 hour period.
Calculate the number of solar cells required.

The roof of a house has an area of 200 m? and is covered
with solar cells which are eech 2 cm x 2 em. If the cells
have the output characteristics shown in Fig. 20-25,
determine how they should be connected to provide an
output voltage of approximately 120V. Take the average
daytime level of illumination as 100 mW/em?. If the sun
shines for an average of 12 hours in every 24 hours,
calculate the energy in kilowatt-hours generated by the
solar cells each day.

20-6
The phototransistor circuit in Fig. 20-27(b) has a 25 V
supply, and the device has tae output characteristics in
Fig. 20-29. Determine the collector resistance required to
give Vo = 10 V when the illumination level is 20 mW/em?.

Estimate V. for the circuit in Problem 20-21 at a 5 mW
Jem? illumination level. If the phototransistor has the
specification in Fig. 20-30, calculate the Vg, variation
produced by a #0.5 mW/em? illumination change.
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20-23 A phototransistor with the characteristics in Fig. 20-29 is
connected in series with a 600 Q relay coil. The coil
current is to be 8 mA when the illumination level is 15
mW/cm?2 Determine the required supply voltage. Also,
estimate the coil current at 10 mW/em?2,

20-24 A phototransistor circuit for controlling an SCR [as in Fig.
20-32) is to be designed. The SCR has triggering conditions
of V; = 0.7 V and [; = 50 pA. and the phototransistor has
the spfnfwanon in Fig. 20-30. Calculate suitable resistor
values if the SCR is to switch onwhen the light level drops
to 5 mW/cm?, The supply voltage is V.= 12V,

Section 20-7

20-25 An optocoupler with the specification in Fig. 20-36 is to
control a 12 mA load that has a 6 V supply. The input isa
10 V square wave connected via a resistor (R,). Determine
a suitable resistance for R;.

20-26 A25V,0.5W lamp is to be switched onand offby an BJT
circuit with V.. = 9V and I, = 6 mA. Design a suitable
optocoupler circuit and estimate the required CTR,

20 27 An optocoupler circuit has its input connected via a 820 Q
resistor (R)) to a pulse source, Its output transistor has a 5
V collector supply and a 470 ( emitter resistor (). The
gate-cathode terminals of an SCRare connected across R,
The SCRrequires Vi, = 1.1V and [; = 500 pA lor iriggering,
If the optocoupler has CTR = 40%. calculate the required
amplitude of the pulse input to trigger the SCR.

20-28 A optocoupler iinear circuit, as in Fig. 20-38. has: \.r"(‘} =
15V, Ve =25V, 1, =40.1V, R, = 100Q. R, = 1.2 k{l. R,
1.5 kQ. Calculate lhe de and a(‘ output \oltages and thc
overall voltage gain. The optocoupler has CTR = 30%.

20-29 An optocoupler switching circuit, as in Fig. 20-37. has:
Vee; =18V, V(,=3V, R = 1.8k, R,=8201, and [, =1
mA. Analyze the circuit to determine I, I, and CTR.

Practise Problem Answers

20-1.1 100W 20-6.2 13 mW/cm?

20012 5.13x 10" Hz 20-7.1 15002

20-1.3  0.73 mix, 0.29 glm 20-:7.2 9 mA, =638 uA, 1396 V to 13.9 V),
20:21 2200, 8.4V _ (£0.27 Vto =098 V)

2022 2700,3900Q

2031 1.84mW

2041 422 pA, 968 uA, 1.2 mA
2042 33kQ +22kQ

2043 301x, 15 Ix

2051 +0.19V

2052 48

2061 2.5V,13.9V
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You will be able to:
1 Explain the construction and 6 Design and analyze circull using
operation of voltage variable thermistors for temperature level
capacitor diodes (VVCs). detecting.
2 Sketch typical VVC voltage/ 7 Explain the construction and
[ capacitance characteristics, draw operation of tunnel diodes.
iJ1ef§g;1‘1‘$é€ﬂ;r¢$;?;:zr:”d discuss 8 Sketch typical fonvard and reverse
Lp p : characteristics for a tunnel diode,
3 Design and analyze resonance explain their shape. and identify the
circuits using VVCs for frequency important points and regions of the
tuning. characteristics.
4 Discuss the construction and 9 Draw tunnel diode plecewise linear
operation of thermistors, sketch characteristics from data sheet
typical thermistor resistance/ information.

temperature characteristics, and
discuss typical thermistor
parameters.

10 Design and analyze tunnel diode
parallel amplifier circuits.

5 Calculate thermistor resistance at
various temperature levels from the
data sheet information.
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Introduction

Three major devices are examined in this chapter: voltage variable
capacitance diodes (VVCs), thermistors, and tunneldiodes. VVCs are
pn-junction devices designed to produce substantial junction
capacitance change when the reverse bias voltage is adjusted. They
can be applied to tune resonant circuits over a range of
frequencies. The resistance of a thermistor changes significantly
with change in temperature, so its raajor application is control of
circuits that must respond to temperature change. The tunnel
diode is a two-terminal negative-resistance device that can be
employed as an oscillator, an amplifier, or a switch.

21-1 Voltage Variable Capacitors

VVC Operation

Voltage-variable capacitor diodes (VVCs) are also known as vari-
caps, varactors. and as tuning diodes Basically, a VVC is a reverse
biased diode. and its capacitance Is the junction capacitance.
Recall that the width of the depletion region at a pn-junction
depends upon the reverse bias voltage, (Fig. 21-1). A large reverse
bias produces a wide depletion region. and a small reverse bias
gives a narrow depletion region. The depletion region acts as a
dielectric between two conducting plates, so the junction behaves
as a capacitor. The depletion layer capacitance [Cm] is proportional
to the junction area and inversely proportional to the width of the
depletion region. Because the depletion region width is proport-
ional to the reverse bias voltage, C,,, is inversely proportional to the
reverse bias voltage. This is not a direct proportionality; instead C,,
is proportional to 1/V7, where V is the reverse blas voltage, and n
depends upon doping density.

depletion region width
L larje reverse bias

/ - small reverse biss
—n]
-fJ/ 5

conducting plates

|
=%

reverse bias

Figure 21-2 shows the doping profiles for two types of VwwC
classified as abrupt junction and hyperabrupt junction devices. In
the abrupt junction VVC, the semiconductor material is uniformly
doped, and it changes abruptly from p-type to ntype at the

Figure 21-1

A voltage variable capacitance
(WC) is essentially a reverse-
biased pn-junction. Increasing the
reverse voltage widens the
depletion region and reduces the
capacitance,
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junction. The hyperabrupt junction device has the doping density
increased close to the junction. This increasing density produces a
narrower depletion region. and so it results in a larger junction
capacitance. It also causes the depletion region width to be more
sensitive to bias voltage variations. thus it produces the largest
capacitance change for a given voltage variation. VVCs are
packaged just like ordinary low-current diodes.

Equivalent Circuit

The complete equivalent circuit for a VVC is shown in Fig. 21-3(a).
and a simplified version is glven in Fig. 21-3(b}. In the complete
circuit, the junction capacitance (C)) is shunted by the junction
reverse leakage resistance (R ). The resistance of the semiconductor
material is represented by Rs. the terminal inductance is Lg and
the capacitance of the terminals (or the device package) is Ce-
Because L is normally very small and R, is very large. the equival-
ent circuit can be simplified [Fig 21-3(b)] to Ry in series with Cy.
where Cyis the sum of the junction and terminal capacitances, (C;
= C, + C. The Q-factor for a \1C can be as high as 600 at a 50
MHz frequency. However. @-factor varies with bias voltage and
frequency. so it is used only as a figure of merit for comparing the
performance of different V1'Cs.

(a) Complete equivalent circunt (b) Simphfied equivalent circuit

Typlcal VVC Specification .

cr Ci/Cro o e T T
Vg1V, f=1MHz| f=1MHz | Vg=1VY,I=1MHz| - '
min | max _ : ; : )
W0pF [ 600pF| 14 | 200 | 15V | 100mA| 200mA

Specification and Characteristics

A wide selection of nominal VVC capacitances is available. ranging
approximately from 6 pF to 700 pF. The capacitance tuning ratio
(TR is the ratio of C, at a small reverse voltage to Gy at a2 large
reverse voltage. In the partial specification for a VVC shown in Fig.
21-4, the tuning ratio is listed as C,/Cy, This is the ratio of the
device capacitance at 1 V reverse bias to that at a 10 V reverse
bias. Using the 400 pF minimum capacitance (G listed fora 1 V
bias. the capacitance is changed to 400 pF/14 when the bias is 10
V. The specification also lists the @-factor, as well as maximum
reverse voltage, reverse leakage current, and the maximum forward
current that can be passed when the device is forward biased.

(b} Hyperabrupt junction

Figure 21-2

Daoping profiles for brupt jurct-
ion and hyperabrupt juncion
W

Figure 21-3

The completeequivalent circs t o’
a \ VC has e components. ire
simplified circuit is made up of tre
semiconductor resistance Rg and
the total function + termiral
capacitance C.

Figure 21-4
Partial specriicationior a voitage-
variable capacitor diode (VN C
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A typical graph of capacitance (C;) versus reverse bias voltage (V)
for a hyperabrupt junction VVC is reproduced in Fig. 21-5 together
with the VVC circuit symbol. It is seen that C; varies (approxim-
ately) from 500 pF to 25 pF when Vjis changed from 1V to 10 V.
It should be noted from the specification in Fig. 21-4 that the
nominal capacitance has a large tolerance (400 pF to 600 pF), and
this must be taken into account when using the C;/Vj, graphs.

1000+

0 I 2 3 4 5 6 7 8 9

B =, SERE

Applications

The major application of VVCs is as tuning capacitors to adjust
the frequency of resonance circuits. An example of this is the
circuit shown in Fig. .5 an amplifier with a tuned
cireuit load. The amplifier produces an output at the resonance
frequency of the tuned circuit. The VVC provides the capacitance
(Cg) of the resonar ~cuit, and this can be altered by adiusting
the diode (reverse) bias voltage (V). So. the resonance frequency of
the circuit can be varied. C; is a coupling capacitor with a
capacitance much lareer than that of the VVC, and R, limits the
VVC forward current i (he event that it becomes forward biased.

Example 21-1
Determine the maximumand minimum resonance frequency for the circuitin
Fig. 21-6. Assume that D, has the C/V,, characteristic in Fig. 21-5.

Figure 21-§
Capacitance/voltaze chararter-
istics for a hypera! ition
WwcC

Figure 21-6

Amplifier stage with an LC tank
circuit load. The resonance
frequencyof the LC circuit can be
varied by adjusting the VVC
reverse bias voltage.
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e . _ VeexR 9Vx47kQ
Diminl R +R,+ R, 47kQ+5kQ+47kQ
=29V
v _ VecRy+R)  9vx47 kQ + 5 kQ)
P R+ R+ R 47 KQ+5kQ +4.7kQ
=61V
From Fig. 21-5, atVy = 2.9V, ;= 250 pF
B ] i 1
M) " 2w V(LC,) 2\ (100 uH x 250 pF)
=~ 1 MHz
From Fig. 21-5, atV, =61V, C,=70pf
PR _ 1
fmnk = 2@ V(LC,) 27100 uH x 70 pF)
= 1.9 MHz

Practise Problems

2111 A tuned amplifier circuitas in Fig. 21-6is to have a resonance
frequency adjustable from 1.5 MHz to 2.5 MHz. A 12 V supply is
used, the inductor (L;) is 80 yH, and the WC (D,) has the |
characteristics in Fig. 21-5 and the specification in Fig 21-4.
Determine suitable resistance values for Ry, R,, and R..

21-2  Thermistors

Thermistor Operation

The word thermistor is a combination of thermal and resistor. A
thermistor is a resistor with definite thermal characteristics, Most
thermistors have a negative temperature coefficient (NTC), but
positive temperature coefficient (PTC) devices are also available,
Thermistors are widely applied for measurement and control of
temperature, liquid level, gas flow, etc.

Silicon and germanium are not normally used for thermistor
manufacture, because larger and more predictable temperature
coefficients are available with metallic oxides. Various mixtures of
manganese, nickel, cobalt, copper, iron, and uranium are pressed
into desired shapes and sintered (or baked) at high temperature to
form thermistors. Electrical connections are made either by
including fine wires during the shaping process, or by silvering the
surfaces after sintering, [see Fig. 21-7(a)l. Thermistors are made in
the shape of beads, probes, discs, washers, etc. [Fig. 21-7(b)). Beads
may be glass-coated or enclosed in evacuated or gas-filled glass
envelopes for protection against corrosion.

- canTacts

L encapuslating
material

{a) Thermistor construction

©
—

(b} Some thermistor shapes

Figure 21-7
Thermistor are resistors that are
very sensitive to temperature.
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Characteristics and Specifications

The typical thermistor resistance/temperature characteristic in Fig.
21-8 shows that the device resistance (R) decreases substantially
when its temperature is raised. At 0°C, R= 1.5 k(); and at 60°C, R
< 70 Q. Current flow through a thermistor causes power diss-
ipation that can raise its temperature and change its resistance.
This could introduce errors in the thermistor application, so device

currents are normally kept to a minimumn.

10000 |

4000 T
2000 T
L1000

R(Q)
400

0T

a7

=20 0 20 40 60

—T(*C)

-40

Figure 21-9 shows partial specifications for two thermistors with
widely differing resistance values. Both devices have the resistance
specified at 25°C as the zero power resistance. This, of course,
means that there must be zero power dissipation in the thermistor
to give this resistance value. The dissipation constant is the device
power dissipation that can raise its temperature through 1°C. The
dissipation constant in both cases is specified as 1 mW/°C in still
air, and 8 mW/°C in moving liquid. Thus, a thermistor located in
still air conditions could have its temperature increased by 1°C if it
has 1 mW of power dissipation.

Typlcal Thermistor Specifications i

Thermistor| Zero power | Resistance B Maximum | Dissipation
. |resistance | ratio (0 to 50°C) | working | constant .
at25°C .| 25°G/125°C | temperature] . ...
440024 | 3000 | 1515 | 38118 | 100°C Jroech 2
YT T T s S Ty PR AT YO ~ 13 mwAC |
40087 S0k 8 | 3810 1) RORE ivow e

An Indication of how much the thermistor resistance changes is
given by the resistance ratio at 25/125°C. Clearly, with this ratio
specifled as 15.15, the resistance at 25°C is divided by 15.15 to
determine the resistance at 125°C. Note that both devices have

Figure 21-8

Typical

resistance/temperature

characteristics for a negative
temperature coefficient (NTO
thermistor.

Figure 21-9

Partial specifications for two
thermistors, one with a 300 Q
25°C resistance, and the other
with a 30 kQ) 25°C resistance.
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maximum working temperatures listed. The resistance change with
temperature is also defined by the ¢ mstant Beta (), this time for
the range 0°C to 50°C. This constar.t Is used in an equation that
relates resistance values at different temperatures:
R, £ 3
In—=8-7) (21-1)
T.‘l T2

In Eq. 21-1, Ryis the resistance at temperature T and B, s the
resistance T, It Is important to note that T, and T, are absolute (or
Kelvin) temperature values, (FC+273) K

Example 21-2
Calculate the resistance of the 300 Q thermistor specified in Fig. 21-9 at

temperatures of 20°C and 30°C.

Solution

FoeT=20°C: T, =25°C+273 =298K

and T, =200C+273 = 293K

‘ i R, 3000

rom Eq, 21-1, B TR gienes- el
=338Q0

For T = 30°C: I, = 25°C = 273 = 298K

and I, = 30°C + 273 = 303K

i R, 3000

rom Eq, 21-1, Ri - ERTTy- 1Ty = g3nei 298 - 1303)
=2520

Applications

Figure 21-10 shows a thermistor connected as a feedback resistor
in an inverting amplifier circuit. (Note the device circuit symbol.) In
this case, the thermistor is supplied with a constant current
determined by R, and V. The output voltage is directly
proportional to the thermistor resistance, and so V, varies with
temperature change.

Figure 21-10

Use of an inverting amplifier to
produce a constant current
through a thermistar.
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The circuit in Fig. 21-11 illustrates how a thermistor can be used
for triggeringa Schmitt circuit at a predetermined temperature.
This could be air temperature, or the temperature of a liquid. or
perhaps the temperature of some type of heating appliance. When
the thermistor resistance (R,) is increased to by the device
temperature decrease, the Schmitt input voltage is raised to the
upper trigder point. causing the output to switch negatively.

Example 21-3
Calculate V, for the Schmitt circuitin Fig. 21-11 at 25°C and at 28°C if the

thermistor is the 300 Q device specified in Fig. 21-9.

Solution
at25°C. R, = 3000,

? Veex Ry 5Vx3000Q
' TR R 47K0+3000

= 3t.7 ¥
For T = 28°C [, =25C+273= 206 K
znd T, = 28C 4 273 =301 K
_ R, 3000
from Eq. 21-1, Ry= oS
- ERT --'.‘_‘- 83'-;5:.“‘-5-13:'!-
= 2700

w Vec xRy 3Va2700

i TR iR, 47K +2700Q
= 28.6mV

Practise Problems

2121 Calculate the output voltage from the circuit in Fig. 21-10 at 25°C
and 28°C, if the 30 kQ) thermistor specified in Fig. 21-9 is used. -

2122 1 the Schmitt circuitin Fig. 21-11 has UTP = 1-V, calculate a

suitable resistance value for R, for the circuit to trigger at 18°C. The

thermistor used is the 300 Q device specified in Fig. 21-9.

21-3 Tunnel Diodes

Tunnel Diode Operation
A tunnel diode (sometimes called an Esaki diode after its inventor,

Leo Esakl) is a two-terminal negative resistance device that can be
employed as an amplifier, an osclllator, or a switch. Recall from
Ch. 1 that the width of the depletion region at a pn-junction

Figure 21-11

Schmitl trigger circuit using a
thermistor input stage for
temperature level detection.
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depends upon the doping density of the semi-conductor material.
Lightly doped material has a wide depletion region, while heavily
doped material has a narrow region. A tunnel diode uses very
heavily doped semiconductor material, so the depletion region is
extremely narrow. This is illustrated in Fig. 21-12 along with three
frequently-used tunnel diode circuit symbols.

The depletion region is an insulator because it lacks charge
carriers, and usually charge carriers can cross it only when the
external bias is large enough to overcome the barrier potential.
However, because the depletion region in a tunnel diode is so
narrow, it does not constitute a large barrier to electron flow.
Consequently. a small forward or reverse bias (not large enough to
overcome the barrier potential) can give charge carriers sufficient
energy to cross the depletion region. When this occurs, the charge
carriers are said to be tunnelling through the barrier.

When a tunnel diode junction is reverse biased, (negative on the
p-side. positive on the n-side). substantial current flow occurs due
to the tunnelling effect, (electrons moving from the p-side to the n-
side). Increasing levels of reverse bias voltage produce more
tunnelling and a greater reverse current. So, as shown in Fig. 21-
13, the reverse characteristic of a tunnel diode is linear. just like
that of a resistor.

A forward biased tunnel diode initially behaves like a reverse
biased device. Electron tunnelling occurs from the n-side to the p-
side. and the forward current (IJ continues to increase with
increasing levels of forward voltage (EJ. Eventually, a peak level of
tunnelling is reached, and then further increase in E; actually
causes I to decrease. (See the forward characteristic in Fig. 21-13.)
The decrease in I with increasing E. continues until the normal
process of current flow across a forward biased junction begins to
take over when the bias voltage becomes large enough to overcome
the barrier potential, I, now commences to increase with in-
creasing levels of E. so that the final portion of the tunnel diode
forward characteristics is similar to that for an ordinary pn-
junction. The shape of the tunnel diode characteristics can be
explained in terms of energy band diagrams for the semiconductor
material,

Secpative resnlance
region

Iy 3

Farward

characterisiic
I |
Ko
Tl - — = =

Er

o= “
Ll A
¥y —EF —> v,

Reverse | i'tR

characteristic '

depletion region

(a) A heavily-doped pn-
junction has a very narow
depeltion region

k) Tunnel diode errcuit symbols

Figure 21-12

A tunnel diode has a heavil-
doped pn-junction which results
i1 a very narrow depletion regron

Figure 21-13

Tunnel diode characteristics. The
current increases to a peak level
Iy as the forward bias is
increased, then fallsoff to a valley
current () with increasing bias
voltage.
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Characteristics and Parameters

Consider the typical tunnel diode forward characteristics shown in
Fig..21-14. The peak current (I) and valley current (1) are easily
identified on the forward characteristic as the maximum and
minimum levels of I prior to the junction being completely forward
biased. The peak voltage (V) is the level of forward bias voltage (EJ
corresponding to [, and the valley voltage (V) is the Eg level at I,
V. is the forward voltage drop when the device is completely
forward biased. The dashed line at the bottom of the forward
characteristic shows the characteristic for an ordinary forward
biased diode. It is seen that this joins the tunnel diode
characteristic as Vis approached.

When a voltage is applied to a resistance. the current normally
increases as the applied voltage is increased. Between I, and I,on
the tunnel diode characteristic, I actually decreases as Ej is
increased. So, this region of the characteristic is named the
negative resistance region, and the negative resistance (R of the
tunnel diode is its most important property.

Negatih e reastance
resron —_—

i T T L] ‘ T l .
0 100 200 300 400 500 | (mV)

— |
2 ——= ¥

. The negative resistance value can be determined as the reciprocal
of the slope of the characteristicin the negative resistance region.
From Fig. 21-14, the negative resistance is R, = AVp/Al, and the
negative conductanceis G, = Al/AV,. If R, is measured at different
points on the negative resistance portion of the characteristic,
slightly different values will be obtained at each point because the
slope is not constant. Therefore, R, is usually specified at the
center of the negative resistance region. Figure 21-15 lists typical
tunnel diode parameters.

" Typlcai Tunrel Diods Parameters 5. T T
bow | Yy [hew | W |rew | R@
110 100 |5ns_ozoq|n.1m5 | 35010500 | 0510 1{ -1010 200"

Figure 21-14

Typical forward characteristic for
a tunnel diode. Note that the
negative resistance region exists
between forward bias voltages
levels of approximately 50 mV
and 325 mV.

Figure 21-15
Tunnel diode specification data
showing the range of parameters.
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It is shown in Ch. 2 that a straight-line approximation of diode
characteristics can sometimes be conveniently employed. For a
tunnel diode, the piecew:se linear uwiracieristics can usually be
constructed from data provided by the device manufacturer.

Example 21-4

Construct the piecewise linear characteristics and determine R, for a 1N3712
tunnel diode from the following data: lp =1mA, | = 0.12mA, VP =65 mV,
V,=350mV,and V, =500mVat/ =1,

Solution
Refer to Fig. 21-16.
Plot point 1 at, I, =1mAand V, =65mV

Plotpoint 2at, I =012mAandV, =350mV

Draw the first portion of the characteristic from the zero point to peint 1,
Draw the negative resistance portion between points 7 and 2.

Plot point 3 at, I =1, and V, = 500 mV

Draw the final portion of the characteristics at the same slope as the line
between point 0 and point 1.

Draw the horizontal part of the characteristic from point 2 to the final portion.

B AE, 350 mV- 65 mV

D

JAVA =(1 mA - 0.12 mAj
=-324 ()

Figure 21-16

a tunnel diode

device specificaticn

0 100 200 300 I 400 S0 imY)
.

Ve Vr

Parallel Amplifier

For operation as an amplifier, a tunnel diode must be biased to the
center of its negative resistance region. Figure 21-17(a) shows the
basic circuit of a tunnel diode parallel amplifier. Load resistor R, is
connected in parallel with diode D, and supplied with current from
voltage source E, and signal source e,. Figure 21-17(b) uses the

Piecewise inear ¢ ~aractenstics for
drawn from
information pro..ded on  the
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tunnel diode piecewise linear characteristics to show the dc
conditions of the diode when the signal voltage Is zero (e, = 0), and
when e, = £+100 mV. Operation of the circuit is explained by the
analysis in Ex. 21-5, which also demonstrates that a parallel

amplifier has current gain but no voltage gain.

Example 21-5

Assuming that £; and e, have zero source resistance, calculate the current
gain and voltage gain for the tunnel diode parallel amplifier in Fig. 21-17(a).
The device piecewise linear characteristics are given in Fig. 21-17(b).

Solution
Whene, = 0;
Epg= Eg =200mV [point Q on Fig. 21-17(b)]

atthe Q point, Iy = 2 MA

also, Epg =Ea= 200 mV
£, 200mV . ol M
ha=% = - P
Rl 80 Q 200 FI]\":I; ‘!-I \ :)L{} R, g E}u
= 2.5 mA & {"\JJ D}'\-.. | 00
2100 mV / J
Iy =1y + Iy =25mA+2mA
= 4.5 mA (a) Basic parallel amplifier circuit
When e, = +100 mV;
Eg+ g = 200 mV + 100 mV = 300 mV im&) B

£, = Eqyy = 300 mV [point A on Fig. 21-17(b] i
and, Iy = 1MA IBg—»2 ==~
|
£ 300mMV -
also, Lorsy = — =
M = TRT T 800 Pk
Ir |
= 375 mA | -
. 0 1
Ty = Tugn + Iy =375 mA + 1 mA 0 100 00 30 (mV)
= 475 mA iyt 1
¥rg
When e, = -100 mV; (b) Circuit current and voltage levels
EB T = 200 mV - 100 mV = 100 mV Figure 21-17
=F =100 mV int B ie. 21-17(b A basic tunnel diode parallel
Ep RLB) [point 8 on Fig. 21-17(b]] amplifier has a load resistance in
= parallel with the diode, and the
and, Iom 3 mA {series-connected) bias and signal
sources applied directly to the
also, o e 190 my diode and load.
R 80Q
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Im =lLyg + Ilm =1.25mA + 3ImA
=4.25 mA

total load current change,
Dly = Iy - Iy = 375 MA - 1.25 mA
= 2.5 mA

total signal current change,
DIy = Iy - Iogy = 475 MA- 4.25 mA

= 0.5 mA
. Nﬂ 2.5 mA
current gain, A'. L
A!B 0.5 mA
=5
Af,  £100mV

E

voltage gain, A —
g8 Y oe +100 mV

[

The current gain equation for a tunnel diode parallel amplifier
can be shown to be,

e e (21.2)
R,-R,

Note that Ry, s already taken as negative in Eq. 21-2, so that only
ie absolute value should be used in calculating A, For R, = 100
Qand R, =800, as in Ex. 21-5,

100
By S e
100 Q2 - 80 Q2

R, L Cy
N - |
1
22k0 Rl -Ltfl-‘ " 03 uF Figure 21-18
c e P In a practical parallel amplifier
Ep vogi R; g = \ R & circuit the load and signal source
12V I a0 03uF o are capacitor-coupled to  the
R, tunnel diode.

From Eq. 21-2, it is seen that (when R, << R, A; = 1), (when R, >>
R, A; < 1), and (when R; = Ry, A, = ©). A current gain of infinity
means that the circulit is likely to oscillate. For maximum stable
current gain, R, should be selected just slightly less than Ry,
Figure 21-18 shows the circuit of a practical tunnel diode parallel
amplifier. The signal voltage e, and load resistor R, are capacitor-
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coupled to the diode, while dc bias is provided by source voltage Eg
and voltage divider R, and R.. Inductor L, and capacitor C, isolate
the bias supply from ac signals.

A tunnel diode series amplifier can be constructed. In this case
the device is connected in series with the load. and voltage
amplification is obtained instead of current amplification.
Oscillators and switching circuits can also be constructed using
tunnel diodes.

Practise Probiems
21-3.1 Draw the dc and ac equivalent circuits for the tunneldiode parallel !
amplifier in Fig. 21-18. Also, draw the dc load line on the device |
piecewise linear characteristics in Fig. 21-16. Determine the bias |
conditions and calculate the currentgain. The inductorhas a 35Q |
winding resistance. ' [

Chapter-21 Review Questions
Section 21-1

21-1 Using illustrations. explain the operation of a \'VC diode.
Sketch the doping profile at abrupt and hyperabrupt
junctions, and explain the difference between the two.

21-2  Sketch the equivalent circuit for a VVC, Explain the origin
of each component and show how the circuit may be
simplified.

21-3 List the most important VVC parameters and state typical
paranicter values.

21-4 Sketch a circuit to show a typical VVC application. Brielly
explain.

Section 21-2
21-5 Sketch typlcai resistance/temperature characteristics for a
thermistor, and discuss the thermistor operation,

21-6 List the most important parameters for a thermistor. and
state typical parameter values.

21-7 Sketch a circuit diagram to show how a thermistor can be
used to control a Schmitt trigger circuit. Explain the circuit
operation.

21-8 Draw a diagram to show how a thermistor might be used to
compensate for Vi, variations (due to temperature change)
in an emitter current biased BJT circuit.

Section 21-3

21-9 Discuss the differcice between a tunnel diode and an
ordinary pn-junction diode. Explain what is meani by
tunnelling.



Chapter 21 — Miscellaneous Devices

759

21-10

21-11

21-12

21-13

Sketch typical forward and reverse characteristics for a
tunnel diode. Discuss the shape of the characteristirs, and
identify the regions and important points on the
characteristics.

List the most important parameters for a tunnel diode, and
state typical parameter values.

Sketch the basic circuit of a tunnel diode parallel amplifier,
explain its operation, and write the equation for amplifier
current gain.

Sketch a practical tunnel diode parallel amplifier circuit,
and discuss the function of each component.

Chapter-21 Problems
Section 21-1

21-1

21-2

Sectio
21-6

21-9

A tuner amplifier circuit similar to Fig. 21-6 has Vpo= 15V
and the following component values: L, = 80 pH, Ry = 1 kQ,
R, = 10 kQ, and R; = 4.7 kQ. Assuming that D, has the
C,;/ Vg characteristic in Fig. 21-5, determine the maximum
and minimum resonance frequency for the circuit.

If the VVC in the circuit in Problem 21-1 is replaced with
the VVC specified in Fig. 21-4. Calculate the highest and
lowest possible resonance frequency for the circuit.

A tuned amplifier circuit as in Fig. 21-6 is to have its
resonance frequency adjustable from 0.8 MHz to 1.2 MHz.
Determine suitable resistance values for R, R, and R if
Vee = 18V, Ly = 100 pH, and the VVC characteristics are
those in Fig. 21-5.

Determine the bias voltage for the VVC in Problem 21-3 to
give a 1 MHz resonance frequency.

The VVC in the circuit in Problem 21-1 is replaced with
another one that gives a resonance frequency ranging from
900 kHz to 3.5 MHz. Specify the new VVC in terms of its
capacitance and tuning ratio from 1 Vto 10V,

n 21-2
A thermistor with a 1 kQ resistance at 25°C has f specified
as 3395, Calculate the thermistor resistance at 5°C and at

35°C temperatures.

Calculate the temperature of the 30 kQ thermistor specified
in Fig. 21-9 when its resistance is measured as 24,5 k{2,

A thermistor circuit as in Fig. 21-10has V= -1 Vand R, =
22 k. Calculate the output voltage at 25°C and 35°C if the
thermistor is the 30 k0 device specified in Fig. 21-9.

The 300 Q thermistor specified in Fig. 21-9 is connected in
series with a 1.5 k0l resistor (R)) and a 12 V supply.
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Determine the voltage drop across R, at temperatures of
22°C, 28°C. and 31°C.

Secrion 21-3

21-10 A tunnel diode is specified as having I, = 6 mA. V', =50 mV,
I,= 0.5 mA. V, = 400 mV, and V. = 550 m\at I, = [,
Construct the piecewise linear characteristics for the device,
and determine its negative resistance value.

21-11 Construct the piecewise linear characteristics for a 1N3715
from the following data: 1, = 2.2 mA, [ = 0.21 mA. \\, =65
mV, V. = 355 mV, and V; = 510 mV at I- = I, Also,
determine R, for the device.

21-12 A parallel amplifier uses the tunnel diode specitied in
Problem 21-10and a load resistance of 47 (. Calculate the
circuit current gain.

21-13 A IN3715 is to be connected as a parallel amplifier, Using
the piecewise linear characteristics drawn for Problem 21-
11. draw an appropriatc dc load line and determine suitable
values for R,. E,, and e,. Also, calculate the current gain.

21-14 A practical tunnel diode parallel amplifier circuit as in Fig,
21-18 has the following components: Eg=5V. R, = 220 ().
R,=120. C;=05uF.R,=05Q. L;= 20mH. C5= 0.2 pF,

C,=0.5 uF and R, = 75 Q. The tunnel diode used has [, = 5

mA, V, = 50mV. [, = Il mA;and V= 400mV Construct the

pit‘{'t‘\':'iSL‘ linear characteristics, draw the dc load line, and
calculate the circuit current gain.

Practise Problem Answers
2111 39kQ, 35 k0. 47 KQ

2121 1.1V, 098\

2122 1.5kQ

21-3.71 0.57 mA, 204 mV, 135



