. Rectifier circuits can be used to charge batter-
les and to convert ac voltages into constant dc
voltages. Half-wave rectifiers conduct current only
for one polarity of the ac input, whereas full-wave
wircuits conduct for both polarities.

Wave-shaping circuits change the waveform of an
input signal and deliver the modified waveform to
1he output terminals. Clipper circuits remove that
portion of the input waveform above (or below)
a4 given level. Clamp circuits add or subtract a dc

oblems

10.1: Basic Diode Concepts

1. Draw the circuit symbol for a diode, labeling
the anode and cathode.

Draw the volt-ampere characteristic of a typ-
ical diode and label the various regions.

Describe a fluid-flow analogy for a diode.

Write the Shockley equation and define all of
the terms.

Compute the values of Vy for temperatures
of 20°C and 150°C.

Sketch i versus v toscale for the circuits shown
in Figure P10.6. The reverse-breakdown volt-
ages of the Zener diodes are shown. Assume
voltages of 0.6 V for all diodes including the
Zener diodes when current flows in the for-
ward direction.

(b) (c)

Figure P10,6
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voltage, so that the positive (or negative) peaks
have a specified voltage.

11. The small-signal (incremental) equivalent circuit
of a diode consists of a resistance. The value of
the resistance depends on the operating point (Q
point).

12. Dc sources and coupling capacitors are replaced
by short circuits in small-signal ac equivalent cir-
cuits. Diodes are replaced with their dynamic re-
sistances.

P10.7. Repeat Problem P10.6 for the circuits shown
in Figure P10.7.

33N

Figure P10.7

*P10.8. A diode operates in forward bias and is de-
scribed by Equation 10.4, with V; = 0.026 V.
For vpy = 0.600 V, the current is ip; = 1 mA.
For vp; = 0.680 V, the current is ipy =
10 mA. Determine the values of [, and n.

Bhenotes that answers can be found on the OrCAD CD and on the website www . myengineeringlab.com



504

Chapter 10 Diodes

P10.9. With constant current flowing in the forward

P10.10.

P10.11.

P10.12.

*P10.13.

direction in a small-signal silicon diode, the
voltage across the diode decreases with tem-
perature by about 2 mV/K. Such a diode has a
voltage of 0.650 V, with a current of I mA ata
temperature of 25°C. Find the diode voltage
at 1 mA and a temperature of 175°C.

We have a junction diode that has ip =
0.2 mA for vp = 0.6 V. Assume that n = 2
and Vy = 0.026 V. Use the Shockley equation
to compute the diode current at vp = 0.65 V
and at vp = 0.70 V.

We have adiodewithn =1, I, = 107! A and
Vy = 26 mV. a. Using a computer program
of your choice, obtain a plot of ip versus vp
for ip ranging from 10 u A to 10 mA. Choose
a logarithmic scale for ip and a linear scale
for vp. What type of curve results? b. Place a
100-2 resistance in series with the diode, and
plot current versus voltage across the series
combination on the same axes used for part
(a). Compare the two curves. When is the
added series resistance significant?

A silicon diode described by the Shockley
equation has n = 2 and operates at 150°C
with a current of 1 mA and voltage of 0.25 V.
Determine the current after the voltage is
increased to 0.30 V.

The diodes shown in Figure P10.13 are iden-
tical and have n = 1. The temperature of the
diodes is constant at 300 K. Before the switch
is closed, the voltage v is 600 mV. Find v after
the switch is closed. Repeat for n = 2.

gtk )

Figure P10.13

P10.14. Suppose we have a junction diode operating

at a constant temperature of 300 K. With a

*P10.15.

Section 10.2: Load-Line Analysis of Diode Circuits

“P10.16.

forward current of 1 mA, the voltage
600 mV. Furthermore, with a current
10 mA, the voltage is 700 mV. Find the va
of n for this diode.

Current hogging. The diodes shown in Figus
P10.15 are identical and have n = 1. For ea&
diode, a forward current of 100 mA results §
a voltage of 700 mV at a temperature of 300K
a. If both diodes are at 300 K, what are the
ues of 14 and Iz? b. If diode A is at 300 K as
diode B is at 305 K, again find /, and /5, gives
that I, doubles in value for a 5-K increase it
temperature. [Hint: Answer part (a) by use
of symmetry. For part (b), a transcendents
equation for the voltage across the diodes ¢
be found. Solve by trial and error. An imposs
tant observation to be made from this proble
is that, starting at the same temperature,
diodes should theoretically each conduct
of the total current. However, if one diods
conducts slightly more, it becomes warmer, I
sulting in even more current. Eventually, ons
of the diodes “*hogs™ most of the current.
is particularly noticeable for devices that are
thermally isolated from one another with larg
currents, for which significant heating occu

200 mA

Figure P10.15

The nonlinear circuit element shown in Fig=
are P10.16 has i, = [exp(vy) — 1]/10. Also,
we have V, =3 Vand R, =1 Q. Use graph-
ical load-line techniques to solve for i, and’
v,. (You may prefer to use a computer pro-
gram to plot the characteristic and the load
line.)



Figure P10.16

P10.17. Repeat Problem P10.16 for V, =20 V. R, =
5k, and i, = 0.01/(1 — v,/5)° mA.

P10.18. Repeat Problem P10.16 for V, = 6 V, R, =
3Q,and i, = v}/8.

P10.19. Repeat Problem P10.16 for V; = 3 V, R, =
1Q,and iy = v, + v2.

P10.20. Several types of special-purpose diodes exist.
One is the constant-current diode for which
the current is constant over a wide range of
voltage. The circuit symbol and volt-ampere
characteristic for a constant-current diode are
shown in Figure P10.20(a). Another special
type is the light-emitting diode (LED) for
which the circuit symbol and a typical volt—
ampere characteristic are shown in Figure
P10.20(b). Sometimes, the series combination
of these two devices is used to provide constant
current to the LED from a variable voltage
shownin Figure P10.20(c). b. Sketch the overall
volt-ampere characteristic to scale for the par-
allel combination shown in Figure P10.20(d).

i(mA) 5

77§ AP RIS N R O (S o 1 ¢

35
3
25
2
15
|
0.5
0

o
~
|

005 TS a5 St g sty s s (V)

(a) Volt—ampere characteristic of a constant-current diode
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i(mA) 5
4.5 L i)l 4 |
_ o——o
4 o s
35 -
3
25
2
15
I
0.5
un (1771 2558 aEEean 4y 5 2(V)

(b} Volt—ampere characteristic of a light-emitting diode (LED).

(c) (d)

Figure P10.20

P10.21. Determine the values for i and v for the
circuit of Figure P10.21. The diode is the
LED having the characteristic shown in Figure

P10.20(b).
2.5kQ
‘V‘¢\f
+ +
10N = (‘_) v ‘\:\&

Figure P10.21

P10.22. Determine the values for i; and i» for the
circuit of Figure P10.22. The device is the
constant-current diode having the character-
istic shown in Figure P10.20(a).
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1 kQ

6 mA 2kQ

Figure P10.22

P10.23. Determine the values for i and v for the circuit
of Figure P10.23. The diode is the LED having
the characteristic shown in Figure P10.20(b).

[
.41_
¥/

Figure P10.23

P10.24. Repeat Problem P10.23 for the circuit of Fig-
ure P10.24.

2mA 5kQ

Figure P10.24

Section 10.3: Zener-Diode Voltage-Regulator
Circuits

P10.25. What is a Zener diode? For what is it typically
used? Draw the volt-ampere characteristic of
an ideal 5.8-V Zener diode.

*P10.26. Draw the circuit diagram of a simple voltage

regulator.

P10.27. Consider the Zener-diode regulator shown in
Figure 10.14 on page 479. What is the mini-
mum load resistance for which v, is 10 V?

P10.28. Consider the voltage regulator shown in Fig-
ure P10.28. The source voltage V, varies from

P10.29.

P10.30.

P10.31.

P10.32.

“P10.33.

10 to 14 V. and the load current i; vari
from 50 to 100 mA. Assume that the Zen
diode is ideal. Determine the largest value
allowed for the resistance R, so that the
load voltage v, remains constant with varis
ations in load current and source voltage
Determine the maximum power dissipati
in Ry.

Figure P10.28

Design a voltage-regulator circuit to provide
a constant voltage of 5 V to a load from
a variable supply voltage. The load current
varies from 0 to 100 mA, and the source volt--
age varies from 8 to 10 V. You may assume
that ideal Zener diodes are available. Resis-
tors of any value may be specified. Draw the
circuit diagram of your regulator, and spec-
ify the value of each component. Also, find
the worst case (maximum) power dissipated
in each component in your regulator. Try 1o
use good judgment in your design.

Repeat Problem P10.29 if the supply voltage
ranges from 6 to 10 V.

Repeat Problem P10.29 if the load current
varies from 0 to 1 A.

Outline a method for solving a circuit that con-
tains a single nonlinear element plus resistors,
dc voltage sources, and dc current sources.
given the volt-ampere characteristic of the
nonlinear device.

A certain linear two-terminal circuit has termi-
nals @ and b. Under open-circuit conditions,



Problems 507

we have v, = 10 V. A short circuit is con-
nected across the terminals, and a current of
2 A flows from a to b through the short circuit.
Determine the value of v,, when a nonlinear
element that has i,, = 3/ Vap 1s connected
across the terminals.

D, I
—_—
6V o—>F——

D,

v i 1 kQ2

Section 10.4: Ideal-Diode Model

P10.34. What is an ideal diode? Draw its volt—-ampere
characteristic. After solving a circuit with ideal
diodes, what check is necessary for diodes
initially assumed to be on? Off?

P10.35. Two ideal diodes are placed in series, pointing
in opposite directions. What is the equivalent
circuit for the combination? What is the equiv-
alent circuit if the diodes are in parallel and
pointing in opposite directions? (©

P10.36. Find the values of / and V for the circuits of Figure P10.37
Figure P10.36, assuming that the diodes are

ideal. P10.38. Find the values of / and V for the circuits of

+10V Figure P10.38, assuming that the diodes are
ideal. For part (b), consider Vi, = 0, 2, 6, and
10 V. Also, for part (b) of the figure, plot V
versus Vi, for Vi, ranging from —10 V to 10 V.

+10V +10V

+15V =15V

(a) (b) (c)

10 mA v Sk
1 k€2 =

(d)

Figure P10.36

*P10.37. Find the values of / and V for the circuits of
Figure P10.37, assuming that the diodes are
ideal. Figure P10.38

(b)
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P10.39. Sketch i versus v to scale for each of the output high (i.e., V, = 5 V)? What
circuits shown in Figure P10.39. Assume that logic gate is this? b. Repeat for the
the diodes are ideal and allow v to range from Figure P10.40(b).

—10V to +10V.
, S %
Oib‘l_— ~- —
+ V,’. b
7 § 1 kQ f
A = Vs =
o_—
(a)
) 4 (a)
+ +5 V%
+
v _____ 5V <
_ =, K '
- K s
(b Vo
i Va i
e LN =
+
1 kQ 2kQ =" Vs
11}
A B
o . Foiil 1)

Figure P10.40

T = P10.41. Sketch v,(r) to scale versus time for the cir-
5 cuit shown in Figure P10.41. Assume that the

© diodes are ideal.
v D

1 kQ 0
o ®

(d) L D
Figure P10.39 i C—) —

P10.40. a. The circuit shown in Figure P10.40(a) is a 4§ | 5
type of logic gate. Assume that the diodes are "‘;n
ideal. The voltages V4 and Vg independently R R 2
have values of either 0 V (for logic 0. or low) _?_
or 5 V (for logic 1, or high). For which of = e I

the four combinations of input voltages is the Figure P10.41



10.5: Piecewise-Linear Diode Models

If a nonlinear two-terminal device is modeled
by the piecewise-linear approach, what is the
equivalent circuit of the device for each linear
segment?

. A resistor R, is in series with a voltage source
V.. Draw the circuit. Label the voltage across
the combination as v and the current as i.
Draw and label the volt—-ampere characteristic
(i versus v).

The volt—ampere characteristic of a certain
two-terminal device is a straight line that
passes through the points (2 V., 5 mA) and
(3 V, 15 mA). The current reference points
into the positive reference for the voltage. De-
termine the equivalent circuit for this device.

. Consider the volt—ampere characteristic of an
ideal 10-V Zener diode shown in Figure 10.14
on page 479. Determine the piecewise-linear
equivalent circuit for each segment of the
characteristic.

Assume that we have approximated a nonlin-
ear volt—ampere characteristic by the straight-
line segments shown in Figure P10.46(c).
Find the equivalent circuit for each seg-
ment. Use these equivalent circuits to find
v in the circuits shown in Figure P10.46(a)
and (b).
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i(mA)

11
10

v(V)

0.8 1.2 20
(c)
Figure P10.46

*P10.47. The Zener diode shown in Figure P10.47 has a
piecewise-linear model shown in Figure 10.19
on page 484. Plot load voltage v, versus load
current i, for i; ranging from 0 to 100 mA.

7

100 Q

|+

Figure P10.47

P10.48. The diode shown in Figure P10.48 can be
represented by the model of Figure 10.23 on
page 485, with V; = 0.7 V. a. Assume that

300

Wy

200 Q

Wy . P9
% 200 Q

_;LT

Figure P10.48
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the diode operates as an open circuit and solve
for the node voltages vy and vy. Are the results
consistent with the model? Why or why not?
b. Repeat part (a), assuming that the diode
operates as a (.7-V voltage source.

Section 10.6: Rectifier Circuits

P10.49.

P10.50.

P10.51.

P10.52.

P10.53.

Draw the circuit diagram of a half-wave rec-
tifier for producing a nearly steady dc voltage
from an ac source. Draw two different full-
wave circuits.

A 20-V-rms 60-Hz ac source is in series with an
ideal diode and a 100- 2 resistance. Determine
the peak current and peak inverse voltage
(PIV) for the diode.

Consider the battery charging circuit shown in
Figure 10.25 on page 487. The ac source has a
peak value of 24 V and a frequency of 60 Hz.
The resistance is 2 €, the diode is ideal, and
Vg = 12 V. Determine the average current
(i.e..the value of the charge that passes through
the battery in | second). Suppose that the bat-
tery starts from a totally discharged state and
has a capacity of 100 ampere hours. How long
does it take to fully charge the battery?

Consider the half-wave rectifier shown in Fig-
ure 10.26 on page 487. The ac source has an rms
value of 20 V and a frequency of 60 Hz. The
diodes are ideal, and the capacitance is very
large, so the ripple voltage V, is very small.
The load is a 100-2 resistance. Determine the
peak inverse voltage across the diode and the
charge that passes through the diode per cycle.

Most de voltmeters produce a reading equal
to the average value of the voltage measured.
The mathematical definition of the average
value of a periodic waveform is

T

|
Va - v(t)de

BTy
in which T is the period of the voltage v(r)
applied to the meter.
a. What does a dc voltmeter read if the ap-
plied voltage is v(z) = V,, sin(wr)?

*P10.54.

P10.55.

P10.56.

P10.57.

“P10.58.

P10.59.

P10.60.

b. What does the meter read if the a
voltage is a half-wave rectified versi
the sinewave?

¢. What does the meter read if the a
voltage is a full-wave rectified versi
the sinewave?

Design a half-wave rectifier power supply
deliver an average voltage of 9 V with a
to-peak ripple of 2 V to a load. The ave
load current is 100 mA. Assume that i
diodes and 60-Hz ac voltage sources of
amplitudes needed are available. Draw
circuit diagram for your design. Specify t
values of all components used.

Repeat Problem P10.54 with a full-wa
bridge rectifier.

Repeat Problem P10.54 with two diodes and
out-of-phase voltage sources to form a full-
wave rectifier,

Repeat Problem P10.54, assuming that the
diodes have forward drops of 0.8 V.

A half-wave rectifier is needed to supply 15-V
dc to a load that draws an average current of
250 mA. The peak-to-peak ripple is required
to be 0.2 V or less. What is the minimum value
allowed for the smoothing capacitance? If a
full-wave rectifier is needed?

Consider the battery-charging circuit shown
in Figure 10.25 on page 487. in which v,(r) =
20 sin(2001), R = 80 2, Vg = 12 V, and the
diode is ideal.

a. Sketch the current i(r) to scale versus
time.

b. Determine the average charging current
for the battery.

(Hint: The average current is the charge that
flows through the battery in one cycle, divided
by the period.)

a. Consider the full-wave rectifier shown in
Figure 10.27 on page 489, with a large smooth-
ing capacitance placed in parallel with the load
R; and V,, = 12 V. Assuming that the diodes
are ideal, what is the approximate value of



the load voltage? What peak inverse voltage
(PIV) appears across the diodes? b. Repeat
for the full-wave bridge shown in Figure 10.28
on page 490.

Figure P10.61 shows the equivalent circuit
for a typical automotive battery charging sys-
tem. The three-phase delta-connected source
represents the stator coils of the alternator.
(Three-phase ac sources are discussed in Sec-
tion 5.7. Actually, the alternator stator is usu-
ally wye connected, but the terminal voltages
are the same as for the equivalent delta.) Not
shown in the figure is a voltage regulator that
controls the current applied to the rotor colil
of the alternator and, consequently, V,, and
the charging current to the battery. a. Sketch
the load voltage vy (r) to scale versus time. As-
sume ideal diodes and that V,, is large enough
that current flows into the battery at all times.
(Hint: Each source and four of the diodes form
a full-wave bridge rectifier.) b. Determine the
peak-to-peak ripple and the average load volt-
age in terms of V,,. e. Determine the value of
V,, needed to provide an average charging
current of 30 A. d. What additional factors
would need to be considered in a realistic

computation of V,,?
+
0.1 Q
Yy,

o e T ya¥

vy =V, cos(wr)
vge =V, coswr — 120°)
Uey = Vi, cos{wt + 1207)
Figure P10.61 Idealized model of an automotive
battery-charging system,
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Section 10.7: Wave-Shaping Circuits

P10.62. What is a clipper circuit? Draw an example
circuit diagram, including component values,
an input waveform, and the corresponding
output waveform.

P10.63. Sketch to scale the output waveform for the
circuit shown in Figure P10.63. Assume that
the diodes are ideal.

2kQ
fos - &
D, 2
vln= _
15 sin(20071) Dy v,0)
10v /N D, 1
L L O
Figure P10.63

P10.64. Sketch the transfer characteristic (v, versus
vin) to scale for the circuit shown in Figure
P10.64. Assume that the diode is ideal.

Vi (D 1 kQ v,

Figure P10.64

P10.65. Sketch the transfer characteristic (v, versus
vin) to scale for the circuit shown in Figure
P10.65. Assume that the diodes are ideal.

Figure P10.65
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P10.66. Sketch the transfer characteristic (v, versus
vin) to scale for the circuit shown in Figure
P10.66. Allow vj, to range from —5Vto +5V
and assume that the diodes are ideal.

Figure P10.66

P10.67. Sketch the transfer characteristic (v, versus
vin) for the circuit shown in Figure P10.67,
carefully labeling the breakpoint and slopes.
Allow v, to range from —5 V to +5 V and
assume that the diodes are ideal.

1.2kQ

b
S 40

Uin

I|-o

I o +

o,
Figure P10.67

P10.68. What is a clamp circuit? Draw an example
circuit diagram, including component values,
an input waveform, and the corresponding
output waveform.

P10.69. Consider the circuit shown in Figure P10.69,
in which the RC time constant is very long

|( S -
I\ +
b
p.'w“) o= .
5 sin(200771) R Lp0)
- - 0

Figure P10.69

*P10.70. Sketch to scale the steady-state outp

P10.71. Voltage-doubler circuit. Consider the cir

compared with the period of the i
which the diode is ideal. Sketch v, 8%
versus time.

form for the circuit shown in Figure
Assume that RC is much larger than
riod of the input voltage and that the
are ideal.

P N

vt =+
10 sin (20071) C_D &

- b

5V

Figure P10.70

of Figure P10.71. The capacitors are very la
so they discharge only a very small amo
per cycle. (Thus, no ac voltage appears acr
the capacitors, and the ac input plus the ¢
voltage of C; must appear at point A.) Sketch
the voltage at point A versus time. Find the
voltage across the load. Why is this called
a voltage doubler? What is the peak inverse
voltage across each diode?

V., sin(wr)

Figure P10.71

*P10.72. Design a clipper circuit to clip off the portions

of an input voltage that fall above 3 V or
below —5 V. Assume that diodes having a
constant forward drop of 0.7 V are available.
Ideal Zener diodes of any breakdown voltage



required are available. Dc voltage sources of
any value needed are available.

Repeat Problem P10.72, with clipping levels
of +2 Vand +5V (i.e., every part of the input
waveform below +2 or above +35 is clipped
off).

. Design circuits that have the transfer char-
acteristics shown in Figure P10.74. Assume
that v, ranges from —10 to +10 V. Use
diodes, Zener diodes, and resistors of any val-
ues needed. Assume a 0.6-V forward drop
for all diodes and that the Zener diodes have
an ideal characteristic in the breakdown re-
gion. Power-supply voltages of =15 V are
available.

v, (V)
4 -
3 -

a

pin(\"')

3.0 6.0

(a)

|
6

(b)

vy (V)

Figure P10.74

*P10.75. Design a clamp circuit to clamp the nega-

tive extreme of a periodic input waveform to
—5 V. Use diodes, Zener diodes, and resis-
tors of any values required. Assume a 0.6-
V forward drop for all diodes and that the
Zener diodes have an ideal characteristic in

P10.76.
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the breakdown region. Power-supply voltages
of £15 V are available.

Repeat Problem P10.75 for a clamp voltage of
T3V,

Section 10.8: Linear Small-Signal Equivalent Circuits

P10.77.

P10.78.

P10.79.

P10.80.

“P10.81.

P10.82.

P10.83.

A certain diode has Ipp =4 mA and iy (1) =
0.5 cos(200xt) mA. Find an expression for
ip(1). and sketch it to scale versus time.

Of what does the small-signal equivalent cir-
cuit of a diode consist? How is the dynamic
resistance of a nonlinear circuit element de-
termined at a given operating point?

With what are dc voltage sources replaced in
a small-signal ac equivalent circuit? Why?
With what should we replace a dc current

source in a small-signal ac equivalent circuit?
Justify your answer,

A certain nonlinear device has ip = 1;;3‘,,(8.
Sketch ip versus vp to scale for vp ranging
from —2 V to +2 V. Is this device a diode?
Determine the dynamic resistance of the de-
vice and sketch it versus vp to scale for vp
ranging from -2 Vto +2 V.

A breakdown diode has

—~10-°

Im for—SV-:uD{ﬂ

ip

where ip is in amperes. Plot ip versus vp
in the reverse-bias region. Find the dynamic
resistance of this diode at /pg = —1 mA and
at a’,[)Q = —10 mA.

A certain nonlinear device is operating with
an applied voltage given by

vp(t) =5+ 0.01 cos(wr) V
The current is given by
ip(t) =3+ 0.2 cos(wr) mA

Determine the dynamic resistance and Q
point of the device under the conditions given.
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