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Figire 3.24
Zener diode
connecied o a
resistive circuit.
The reverse-
breakdown vollage
of the zener is equal
to —3V (i.e.,

Vag =3V
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EXAMPLE 3.2 In the circuit of Fig. 3.24, azenerdiode with Vzx = 3V is connected to a resistive circuit that tends

to operate the zener in its reverse-biased region. From the circnit diagram alone, it is not evident
whether sufficient voltage is developed across the zener to initiate reverse breakdown. Use the
graphical technique to determine whether the zener is in its reverse-biased or reverse-breakdown
region of operation.
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Solution

The analysis parallels that of the pr junction diode circuit of Section 3.3.3. The zener, which is the
only nonlinear element in the circuit, is temporarily disconnected, and the Thévenin equivalent
of the rest of the circuit is found.

* Find the open-circuit voltage of the resistive circuit with the zener disconnected

In this case the open-circuit voltage of the resistive circuit consisting of Vg and the three resistors

is given by

R 1k$2
2 12V

Ri+R TkQ1k2
Note that R3 does not appear in the expression for v, because no current flows through it when
the zener is disconnected.

¢ Find the Thévenin resistance of the resistive circuit seen by the zener

The Thévenin equivalent resistance seen by the zener at terminals X —X' can be found by setting
the voltage source Vp to zero (short circuit):

Rm=Ri|R2+ R3=1kQ1k2+ 5002 =1kQ

6v (3.27)

v = Vg

(3.28)

Note that although the presence of R3 does not affect the open-circnit voltage, it does contribute
directly to the value of Rpy,.

*» Find the short-circuit current of the resistive circuit by calculating the ratio of vy
to B

Finally, isc is found from
(3.29)

+ Find the operating point of the zener

In order to find the values of vz and iz, we need only reconnect the zener to the Thévenin
equivalent circuit and utilize the graphical solution technique. In Fig.3.24, the zener variables
vz and iz are of opposite polarity to those of the Thévenin circuit terminal variables vy and iy.
If the v—i characteristics of both the zener and the Thévenin circuit are to be plotted on the same
set of axes, the v—i curve of one of them must be inverted. This technique was used to analyze
the diode cireuit of Fig.3.21 in Section3.3.3. :
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Figire 3.25 Load line of the resistive circuit of Fig. 3.24 superimposed on the inverted v~ characterstic of
4 zener diode with Vzx =3V,

The graphical inversion of the zener’s v—i characteristic about both the v-axis and { -axis is

performed in Fig. 3.25. From these plots, the terminal variables of the Thévenin circuit are seen
to be

Uy = Vop =3V (3'V at the output terminals) {3.30)
iy =3mA (3mA flowing out of the Thévenin circuit) (3.31)

The voltage applied to the zener, as defined by the zener’s own variable vy, becomes
vz =—uy = —Vzx = —3V (3.32)
Similarly, the zener current becomes
iz =iy = —3mA { — 3mA flowing in the reverse direction through the zener) (3.33)

For this circuit, the operating point will be located aver the “knee” of the zener (i.e., in the
reverse-breakdown region) as long as v, > Vzk , where Vzg is a positive number, Conversely,
if v < Vzg, the voltage appearing at the zener's terminals will be of insufficient magnitude to
initiate reverse breakdown, and iz will fall to zero,

EXERCISE 3.13

3.14

3.15

Find the voltage across the zener in Fig. 3.24 if Vj, is changed from 12 to 16 V. The zener has a
Vzx of 3V. Answer: yz =-3V

Find the operating point of the zener in Fig.3.24 if Vy is changed from 12 to 6 V. The zener has
aVzg of 3V. Answer: vz =-3V;iz =0 :

Find the operating point of the zener in Fig.3.24 if Vp is changed from 12 to 4 V, The zener has
aVzrof3v, Answer: vz =-2V:iz; =0
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EXAMPLE 3.3

Figure 3.26
Zener
voltage-reduction
circuit,

Using a zener diode and any number of available resistors, design a voltage-reduction circuit that
will permit a portable radio normally powered by a standard 9-V “transistor radio” battery to be
powered instead from a “12-V” automaobile battery. The maximum power that can be dissipated
by the zeners that are available is 1 W. The radio requires a maximum of 0.5 W of power at full
volume. Note that the voltage from an antomobile battery may actually vary over the range 12 to
13.6 V, depending on the battery condition and the total current drawn by the automobile. The
value.13.6'V represents the true open-circuit voltage of a six-cell lead-acid battery.

Solution

* Assess the goals of the problem

A circuit is required that can convert a 12-V dc source into a 9-V de source. Such a circuit must
accept 12 'V at its input terminals and provide 9 V to the load at its output terminals. Note that 3V
of voltage must be élropped across the voltage-reduction circuit itself if the voltage-reduction goal
is to be met. The circuit to be designed must also meet two additional criteria: It must produce
its output of 9V for a variety of input voltages in the range 12 to 13.6 V, and it must maintain
this output voltage regardless of the voiume setting of the radio (the latter affects the total current

drawn by the radio).

* Choose a design strategy

Given the required specifications, a regulating circuit based on a 9-V zener diode forced into its
reverse-breakdown region of operation seems a likely candidate, The radio can then be connected
directly in parallel with the zener to guarantee that it, too, will see a voltage of precisely 9V. A
maximum of 1W can be dissipated in the zener under any conditions, inclading those in which
the radio is disconnected. If the zener power limit of 1W is exceeded, the zener will become
excessively hot and may actually melt due to the high heat.

* Design a working version of the circuit

The design process begins with the selection of Vzrg = 9V for the zener, so that the radio can
be connected directly across the zener terminals. Next, the zener must be connected to a resistive
circuit designed to maintain its reverse-breakdown condition while safely limiting current flow
in the reverse-breakdown direction. The simple circuit of Fig. 3.26, in which the added resistor
Ry transforms the car battery into a Thévenin circuit, can easily perform this task.
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* Choose a value for R, evaluate the design, and revise if necessary

The first objective inchoosing a value for R) in Fig. 3.26 is to ensure reverse-breakdown operation
for the zener under all load conditions, including the case when the radio draws its maximum
current. This maximum current can be determined from the radio’s power requirement at full
volume: A
FLoap = vLoaDiLoAD
Prodiv-max 03w (3.34)

{ _ = = = 56
= {LOAD-max Vionp oV mA
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If the zener is to remain in reverse breakdown, the reverse-breakdown current i3 in Fig. 3.26 must
never fall to zero. A minimum value for iz of 1 mA (a nice, round number) is arbitrarily chosen.?
Under maximum load conditions, the current through Ry must thus equal

f1=f2+fLoAD=1H1A+56ﬂlA=57lI1A (3.35)

This current through R| must be guaranteed even when Var falls to its minimum of 12 V, hence
the required maximum value of R, becomes

Vear — VLoap 12V -9V
R = = 2 52.6Q 36
! i 57mA (3.36)

where v oap = Vzx =9V, The next smallest stock value qf Ry =51 Q is chosen [i; acceptably
increased to (12V — 9V)/51 Q = 59 mA] Note that i; will increase to the value

Vasr — V. 13.6V -9V
i = B‘“’Rl Zk s ~%02mA (3.37)

at the maximum expected battery voltage.

Next we must be certain that the dissipated zener power does not exceed 1 W under worst-
case conditions. We note that i; will not be affected by the cumrent drawn by the radio. As
long as the zener remains in reverse breakdown, {; will equal (Vaar — Vzx}/R| regardless of
the value of i gap. In the extreme limit of iLoap = 0, however (radio disconnected from the
voltage-reduction circuit), all of i, will fow into the zener as i3. Under these conditions, the
power dissipated in the zener, defined as i2Vzx under reverse-breakdown conditions, becomes

: Viar — V.
PZ = lIVZK = _B&T‘R—ZEVZK (3_38)
1

For the maximum expected car battery voltage of 13.6V, Eq.(3.38) yields Pz = (13.6V ~
9V)(OV)/51Q2 = 0.81 W. The maximum power limit of 1'W for the zener is not exceeded,
even for Vgar = 13.6V.

As a final check, we compute the maximum possible power dissipation in R;. The power
dissipated in R; is given by )

. Vaar — V-
Ppy = Vpiiy = (Vaar — VZK)EI‘{'IJ
_ (Vaar — Vax)?

R

(3.3%

Evaluating this expression for the worst-case condition Vear = 13.6V yields a resistor power
dissipation of (13.6V —9V)2/51Q = 0.41 W. A resistor with a power rating of at least bsw
should be chosen for this application. A

3 For many zeners, Vzy isactunlly defined as the voliageatwhich iz = —1 mA in thereverse-brenkdown direction,
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A voltage regulator accepts “raw™ dc voltage as its input, and provides a “pure” dc voltage as
itsoutput, Araw, orunregulated, de voltage is defined as one that fluctuates over time, may contain
noise and ripple, but always exceeds in magnitude the desired regulated voltage value. A pure dc
voltage is defined as one with near constant magnitude and negligible ripple. The magnitude of

- the input voltage fed to a regulator need not be constant but must be several percent greater than

the desired output voltage at all times. In this way, the regulator can absorb fluctuations in the
unregulated input voltage while maintaining a constant output voltage. Although many voltage
regulators involve complex integrated circuits, a simple regulator can be made from a zener diode
and resistor, as shown in the next example.

EXAMPLE 4.7

(0D) 120V acms v,

(=}

Using the zener limiting concept of Example3.3 in Chapter3, design a 10V zener-regulated
bridge-rectifier power supply. The supply should be capable of delivering up to 50 mA to its load,

Solution

» Assess the goals of the problem

The power supply must provide dc power at 10V regardless of the current drawn by the load, up
to a maximum load current of 30 mA. The supply must be capable of operating at the extremes
of maximum load current or zero load current for an indefinite peried of time. As we shall see,
this requirement places constrainis on the power-handling capabilities of the components in the
power-supply circuit.

+ D, D,
I
+ e Rl A
él’g =V, sin et - AM O
- l fz l]l_
- Dy Dy . ¥
- Cy==uvc A Ds Emd vy
Transformer
O Ct O
Bridge” Capacitor Zener” Load®
rectifier regulatar circuit

Figure 4.46 Zener-regulated power supply.

* Choose a design strategy

The basic layout of a power supply capable of meeting the design specifications is shown in
Fig.4.46. The circuit consists of a transformer, bridge rectifier, capacitor, and zener regulator.
As depicted in Fig. 4.47, the voltage vc across the capacitor will be a “raw” voltage consisting of
a time-varying, ac ripple component superimposed on an average, dc component. The capacitor
will be charged to a peak value V., = V, — 2V} after each recharge interval where the bridge-
rectifier coniributes a total drop of 2V;. The role of the zener regulator is to condition this raw
dc voltage into a pure dc voltage having a constant value of 10V and no ripple. As part of the
design process, the value of Cy must be chosen so that the ripple component is small compared
to'the average dc value of uc.
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Figure 4.47
“Raw” capacitor
voltage ve versus
time. The capacitor

is charged to the
peak value
Ve = V, —2V;

after each recharge
interval.
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¢ Specify the values of all elements in the circuit

Zener Diode
The first step in the design process is the selection of the zener voltage Vzx. If the zener is to
perform its regulation function, it must remain in reverse breakdown at all times. The zener must

. thus be chosen so that Vzx = V. = 10V. This choice of Vzy i gnores the slope of the zener’s v—i

characteristic in the reverse-breakdown region, that is, it assumes r, = 0 in the zener's piecewise
linear model, so,that V;, will be equal to Vzx regardless of the valne of current through the zener.
Transformer Turns Ratio
The next step in the design process involves the choice of a turns ratio » for the transformer, This
parameter will set the peak secondary voltage V,,, which, in turn, will determine the peak voltage
Vimax to which the capacitor is charged. Although some leeway exists in the choice of #, it must
be chosen such that Vi is greater than Vzg. For this design, we choose (somewhat arbitrarily)
a Vmax of about 15V. For a primary ac line voltage of 120V rms, this value can be obtained
by setting the transformer turns ratio to 10, yielding a secondary voltage of 12V rms, or a peak
secondary voltage of V), = 124/2 = 17V. The peak capacitor voltage at the end of each recharge
interval then becomes

Vimax = Vp —2Vr = 17V — 2(0.6 V) & 158V (4.42)
The latter equation assumes the value V¢ = 0.6V for each diode in the bridge rectifier. This value
for Vy is appropriate for a power-type diode.

Current through the Zener and the Value of R,

If the zener is to remain in reverse breakdown, the current I; into the zener must be nonzero under
all load conditions. The choice of the minimum /; depends on the specific characteristics of the
zener and is somewhat arbitrary. For many zeners, a minimum reverse current of about ImA is
sufficient to ensure that the diode operates well into its reverse-breakdown region.

In choosing the value of R}, an expression is first required for the current 7 1. For the purpose
of selecting Ry, the voltage v (t) may be considered an approximate constant equal to V. This
approximation temporarily neglects. the ripple component to ve, which will be set to a small value
later by proper selection of C). If uc % Vi, and if the zener remains in reverse breakdown,
then I, can be expressed as
Vmux - VZK

Ry

Given the previously selected values of Vi, and Vzx . the resistor By must be chosen so that I
is set to an appropriate value. Applying KCL to node A yields /; = I + I;. Because I;, might

I = (4.43)
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be as large as 50 mA, 1) thus must be set to at least 51 mA if the power supply is to meet its
design specifications. This choice will ensure that under full-load conditions (I, = 50mA), a
minimum of 1 mA will fiow into the zener as reverse-breakdown current. Note that I, as given
by Bq. (4.43), will be constant regardless of load current as long as the zener remains in reverse
breakdown. If the load should draw less than the maximum of 50 mA, the remainder of I; will
flow into the zener as additional reverse-breakdown current.

Applying Bq. (4.43) with Vg = 15.8V, Vix = 10V, and a minimum desired Iy of 51 mA
results in a tentative, maximum value for Ry:

Vmx — Vzg 158V — 10V

R < =
! in 5ImA

A 114 2 (4.44)

Because most discrete resistors are available only in certain “stock” values with 5% toler-
ance, the next smallest stock value of 100 €2 should be chosen, yielding an I; of 58 mA. Note that
the actual resistaice of a 5% 100-£2 “stock” resistor can vary between the approximate values 103
and 95 €2. Hence I} may actually vary over the range 55 to 61 mA. The next highest stock resistor
of 120 §2, with extreme £=5% tolerance limits of 126 and 114 €2, will yield I; values between
46 and 51 mA, respectively. Although this choice of resistor value could yield the desired Iy at
one extreme end of its range, insufficient J; will low over most of its tolerance range, hence this
choice for R, is not a good one.

Capacitor C; ,

The last component to be selected is the capacitor Cy. Iis value must be large enoagh such that
the ripple component of ve is truly negligible compared to the dc average value of ve. Atthe very
least, the ripple component of e must be small enough such that the zener remains in reverse
breakdown even at the end of the capacitor discharge interval.

The tipple component of the capacitor voltage can be estimated by assuming [y to be

constant even when v¢ contains a ripple component. For constant 7, the discharge of vg will be
governed by the equation

due -1
—_—= 445
dt Ci ( )
The duration of the capacitor discharge interval will be approximately equal to one-half of
the sinusoidal period T'; hence the magnitude of vgpple can be estimated as

dch _IIT
di 2

=a3 (4.46)

l”ﬁpplc' ~e

If the zener is to remain in reverse breakdown even when the capacitor has discharged to
its minimum voltage, the ripple must be small enough so that

Vnex — |Uripp1e| > Vzx (4.47)

Given a Vi of 15.8V, Eq. (4.47) becomes
JUrigple] < Viax — Vzg = 158V - 10V =58V (4.48)

From Eq. (4.46), the capacitance C; must therefore be chosen so that

L T 58mA /16.7ms
C1 >

= ~ 83 uF 4.49
liggel 2 5.8V \ 2 ) o (4.49)
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In this equation, the value /y = 58 mA has been used. ‘This current value corresponds to that
obtained with Ry = 100 £, rather than to the minimum required value of 51 mA.

The selection of C| must provide an ample margin of safety to ensure that the inequality
(4.49) is adequately met and to compensate for any tolerance variations in R;. A good rule
of thumb that is standard practice in electronics is to make C; at least five times the minimum
required value. This choice is obviously arbitrary—a larger value of C; will lead to an even
smaller ripple component to vc—but its use by engineers is based on experience as well as trial

and error. In this case, the value C; = 470 uF will yield a capacitor ripple component of about
1V.

* Evaluate the design and revise if necessary

As a final step in the design process, the power dissipated in the resistor and in the zener must
be examined. Under worst-case conditions (I, = 0, and Ry equal to its lower tolerance limit of
95 €2}, the current flowing into the zener will be equal to 61 mA, leading to a dissipated zener
power of t

Pz = VyIz = (61mAY10V) =0.61W (4.50)

Choosing a 1-W zener will leave an adequate safety margin.

As long as the zener remains in reverse breakdown, the power dissipated in the resistor will
be constant, regardless of the load current. This power should be computed using an R, on the
low end of the tolerance limit. With Vpyuy and V; assumed constant, the smaller value of R, will

yield the largest resistor power dissipation. For the value Ry = 95 (, the power dissipated in the
resistor becomes

Pr = (Vigux — Vzg)2/R1 = (5.8V)2/950 = 0.35 W (4.51)

A %-W power rating should suffice for R;.

Note that the componeat values selected in this design example do not represent a unique
solution to the problem. Many other values of r, R}, and €y will still yield a power-supply design
that meets the required specifications.

EXERCISE 4.34

4,35

4.36

4.37

4.38

4.39

Compute the ripple component of ve in the power-supply circuit of Example 4.7 if C| is changed
from 470 to 1000 uF. Answer: about 480 mV

Show that the extreme limits of 17 in the cireuit of Example 4.7 become 46 and 51 mA, respectively,
if a 120-2, 5% tolerance resistor is chosen for R).

Find the required minimum value of capacitance for |vrpptel < 5.8V in the circuit of Example 4.7
if the ac supply has a frequency of 50 Hz, rather than 60 Hz. Answer: 100uF

Find the maximum value of Ry in the circuit of Example 4.7 if the maximum load current is
100 mA, rather than 50mA. The approximate capacitor voltage Vi i to remain at 15.8 V.
Answer: 570

Consider the power-supply design of Example4.7. How small can Vg, become at full load

current {{;, = 30mA) before regulation ceases with I == 07 Assume that R} = 100 .
Answer: 15V

Consider the power-supply design of Example4.7. How small can Vi, become at zero load
current before the zener ceases to regulate the output voltage? Assume that R; = 100  and that
a minimum of 1 mA must flow in the zener for adequate regulation. Answer: 10,1V



