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(b) Ideal model:

IR =0A
VR = Veias = 10V
Ve = 0V
Practical model:
IR =0A
VR = Vgias = 10V
Ve = 0V

Complete model:
Ix = 1uA
Veir = IRRuvir = (1 uA) (1.0kQ) = 1mV
VR = VBias — VRLIMIT =10V —1mV =999V

Related Problem”  Assume that the diode in Figure 2—18(a) fails open. What is the voltage across the
diode and the voltage across the limiting resistor?

“Answers can be found at www.pearsonhighered.com/floyd.

Open the Multisim file E02-01 in the Examples folder on the companion website.
Measure the voltages across the diode and the resistor in both circuits and compare
with the calculated results in this example.

What are the two conditions under which a diode is operated?

Under what condition is a diode never intentionally operated?

What is the simplest way to visualize a diode?

To more accurately represent a diode, what factors must be included?
Which diode model represents the most accurate approximation?
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2-4  HALF-WAVE RECTIFIERS

Because of their ability to conduct current in one direction and block current in the other
direction, diodes are used in circuits called rectifiers that convert ac voltage into dc voltage.
Rectifiers are found in all dc power supplies that operate from an ac voltage source. A power
supply is an essential part of each electronic system from the simplest to the most complex.

After completing this section, you should be able to

o Explain and analyze the operation of half-wave rectifiers

o Describe a basic dc power supply

o Discuss half-wave rectification
+ Determine the average value of a half-wave voltage

o Explain how the barrier potential affects a half-wave rectifier output
+ Calculate the output voltage

a Define peak inverse voltage

o Explain the operation of a transformer-coupled rectifier


www.pearsonhighered.com/floyd
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The Basic DC Power Supply

All active electronic devices require a source of constant dc that can be supplied by a

battery or a dc power supply. The de power supply converts the standard 120 V,

60 Hz ac voltage available at wall outlets into a constant dc voltage. The dc power sup-

ply is one of the most common circuits you will find, so it is important to understand

how it works. The voltage produced is used to power all types of electronic circuits

including consumer electronics (televisions, DVDs, etc.), computers, industrial con-

trollers, and most laboratory instrumentation systems and equipment. The dc voltage

level required depends on the application, but most applications require relatively low

voltages. ome foreign countries do use 110
A basic block diagram of the complete power supply is shown in Figure 2-19(a). | 1915y ateither 60 Hz or 50 Hz.

Generally the ac input line voltage is stepped down to a lower ac voltage with a trans-

former (although it may be stepped up when higher voltages are needed or there may be

no transformer at all in rare instances). As you learned in your dc/ac course, a

transformer changes ac voltages based on the turns ratio between the primary and sec-

ondary. If the secondary has more turns than the primary, the output voltage across the

secondary will be higher and the current will be smaller. If the secondary has fewer turns

than the primary, the output voltage across the secondary will be lower and the current

will be higher. The rectifier can be either a half-wave rectifier or a full-wave rectifier

(covered in Section 2-5). The rectifier converts the ac input voltage to a pulsating dc

voltage, called a half-wave rectified voltage, as shown in Figure 2—19(b). The filter elim-

inates the fluctuations in the rectified voltage and produces a relatively smooth dc volt-

age. The power supply filter is covered in Section 2—-6. The regulator is a circuit that

maintains a constant dc voltage for variations in the input line voltage or in the load.

Regulators vary from a single semiconductor device to more complex integrated circuits.

The load is a circuit or device connected to the output of the power supply and operates

from the power supply voltage and current.

Transformer

output voltage Half-wave

rectified voltage Filtered voltage Regulated voltage

/\—/\—/\ VDC T~ VDC —
0 0 0 0
120 V; 60 Hz

A— ‘ A— A— A—
0 Ve :i— Transformer ———— Rectifier ————  Filter ~————— Regulator ———0——
Load

L

(a) Complete power supply with transformer, rectifier, filter, and regulator

120V, 60 Hz
Half-wave rectified voltage

o U
0 — Rectifier 0

(b) Half-wave rectifier

FIGURE 2-19

Block diagram of a dc power supply with a load and a rectifier.
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GREENTECH NOTE

The Energy Star program was
originally established by the EPA as
a voluntary labeling program
designed to indicate energy-efficient
products. In order for power
supplies to comply with the Energy
Star requirements, they must have a
minimum 80% efficiency rating for
all rated power output. Try to
choose a power supply that carries
as 80 PLUS logo on it. This means
that the power supply efficiency has
been tested and approved to meet
the Energy Star guidelines. Not all
power supplies that claim to be high
efficiency meet the Energy Star
requirements.

Equation 2-3

Half-Wave Rectifier Operation

Figure 2-20 illustrates the process called half-wave rectification. A diode is connected to
an ac source and to a load resistor, R, forming a half-wave rectifier. Keep in mind that
all ground symbols represent the same point electrically. Let’s examine what happens dur-
ing one cycle of the input voltage using the ideal model for the diode. When the sinusoidal
input voltage (V;,,) goes positive, the diode is forward-biased and conducts current through
the load resistor, as shown in part (a). The current produces an output voltage across the
load Ry, which has the same shape as the positive half-cycle of the input voltage.
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(a) During the positive alternation of the 60 Hz input voltage, the output voltage looks like the positive
half of the input voltage. The current path is through ground back to the source.

2
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(b) During the negative alternation of the input voltage, the current is 0, so the output voltage is also 0.
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(c) 60 Hz half-wave output voltage for three input cycles

FIGURE 2-20

Half-wave rectifier operation. The diode is considered to be ideal.

When the input voltage goes negative during the second half of its cycle, the diode is
reverse-biased. There is no current, so the voltage across the load resistor is 0 V, as shown
in Figure 2-20(b). The net result is that only the positive half-cycles of the ac input voltage
appear across the load. Since the output does not change polarity, it is a pulsating dc volt-
age with a frequency of 60 Hz, as shown in part (c).

Average Value of the Half-Wave Output Voltage The average value of the half-wave
rectified output voltage is the value you would measure on a dc voltmeter. Mathematically, it is
determined by finding the area under the curve over a full cycle, as illustrated in Figure 2-21,
and then dividing by 277, the number of radians in a full cycle. The result of this is expressed
in Equation 2-3, where V), is the peak value of the voltage. This equation shows that Vayg is
approximately 31.8% of V), for a half-wave rectified voltage. The derivation for this equation
can be found in “Derivations of Selected Equations” at www.pearsonhighered.com/floyd.

V.
p
Vave = -


www.pearsonhighered.com/floyd
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FIGURE 2-21

Average value of the half-wave
rectified signal.

*
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EXAMPLE 2-2 What is the average value of the half-wave rectified voltage in Figure 2-22?

FIGURE 2-22

Vo 50V
Solution Vavg = ;p il 159V

Notice that Vayg is 31.8% of V),

Related Problem  Determine the average value of the half-wave voltage if its peak amplitude is 12 V.

Effect of the Barrier Potential on the Half-Wave Rectifier Output

In the previous discussion, the diode was considered ideal. When the practical diode model
is used with the barrier potential of 0.7 V taken into account, this is what happens. During
the positive half-cycle, the input voltage must overcome the barrier potential before the
diode becomes forward-biased. This results in a half-wave output with a peak value that is
0.7 V less than the peak value of the input, as shown in Figure 2-23. The expression for the
peak output voltage is

Voouty = Vpny — 0.7V Equation 2-4

0.7V

+ -
V/')“”) H v/r(nul) = V/r(in) -0.7V

FIGURE 2-23

The effect of the barrier potential on the half-wave rectified output voltage is to reduce the peak value
of the input by about 0.7 V.

It is usually acceptable to use the ideal diode model, which neglects the effect of
the barrier potential, when the peak value of the applied voltage is much greater than the
barrier potential (at least 10 V, as a rule of thumb). However, we will use the practical
model of a diode, taking the 0.7 V barrier potential into account unless stated otherwise.
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EXAMPLE 2-3 Draw the output voltages of each rectifier for the indicated input voltages, as shown in
Figure 2-24. The 1N4001 and 1N4003 are specific rectifier diodes.

+5V———5 +100V ———~
/\ /\ vml/ /\ /\ vml/
Vi, 0

vin 0 in
\/ \/ IN4001 \/ \/ IN4003
SV-—=———= R, -100V-=-==—-= R,

1.0kQ 1.0kQ

(a) (b)

FIGURE 2-24

Solution  The peak output voltage for circuit (a) is

Vp(out) = Vp(in) —07V=5V-—-07V =430V

The peak output voltage for circuit (b) is

Vp(out) s Vp(in) — 07V =100V — 0.7V =993V

The output voltage waveforms are shown in Figure 2-25. Note that the barrier po-
tential could have been neglected in circuit (b) with very little error (0.7 percent); but,
if it is neglected in circuit (a), a significant error results (14 percent).

0 0
(a) (b)

FIGURE 2-25

Output voltages for the circuits in Figure 2-24. They are not shown on the same scale.

Related Problem  Determine the peak output voltages for the rectifiers in Figure 2—24 if the peak input
in part (a) is 3 V and the peak input in part (b) is 50 V.

Open the Multisim file E02-03 in the Examples folder on the companion website.
For the inputs specified in the example, measure the resulting output voltage wave-
forms. Compare your measured results with those shown in the example.

Peak Inverse Voltage (PIV)

The peak inverse voltage (PIV) equals the peak value of the input voltage, and the diode
must be capable of withstanding this amount of repetitive reverse voltage. For the diode in
Figure 2-26, the maximum value of reverse voltage, designated as PIV, occurs at the peak
of each negative alternation of the input voltage when the diode is reverse-biased. A diode

should be rated at least 20% higher than the PIV.

Equation 2-5 PIV = Vi,
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FIGURE 2-26

The PIV occurs at the peak of each half-cycle of the input voltage when the diode is reverse-biased. In
this circuit, the PIV occurs at the peak of each negative half-cycle.

Transformer Coupling

As you have seen, a transformer is often used to couple the ac input voltage from the
source to the rectifier, as shown in Figure 2-27. Transformer coupling provides two advan-
tages. First, it allows the source voltage to be stepped down as needed. Second, the ac source
is electrically isolated from the rectifier, thus preventing a shock hazard in the secondary
circuit.
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The amount that the voltage is stepped down is determined by the turns ratio of the
transformer. Unfortunately, the definition of turns ratio for transformers is not consistent
between various sources and disciplines. In this text, we use the definition given by the
IEEE for electronic power transformers, which is “the number of turns in the secondary
(Nygec) divided by the number of turns in the primary (N,,,).” Thus, a transformer with a
turns ratio less than 1 is a step-down type and one with a turns ratio greater than 1 is a step-
up type. To show the turns ratio on a schematic, it is common practice to show the numer-
ical ratio directly above the windings.

The secondary voltage of a transformer equals the turns ratio, n, times the primary
voltage.

Vsec = anri

If n > 1, the secondary voltage is greater than the primary voltage. If n < 1, the second-
ary voltage is less than the primary voltage. If n = 1, then V,,. = V,,,;.
The peak secondary voltage, V) (sc), in a transformer-coupled half-wave rectifier is the

same as V), in Equation 2—4. Therefore, Equation 2—4 written in terms of V) is

Vp(out) = Vp(sec) - 07V

and Equation 2-5 in terms of V() is

PIV = Vp(sec)

Turns ratio is useful for understanding the voltage transfer from primary to secondary.

However, transformer datasheets rarely show the turns ratio. A transformer is generally
specified based on the secondary voltage rather than the turns ratio.
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FIGURE 2-27

Half-wave rectifier with transformer-
coupled input voltage.
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EXAMPLE 2-4 Determine the peak value of the output voltage for Figure 2-28 if the turns ratio is 0.5.
FIGURE 2-28
F 2:1
170V > \$ i
1N4002 +
vin 0 RL
| | S0k Vo
Solution Vp(pri) = Vp(in) =170V

The peak secondary voltage is

Vp(sec) = an(pri) = 05(170 V) =85V

The rectified peak output voltage is
Vp(out) T Vp(sec) —07V=8V —-07V =843V
where V) 18 the input to the rectifier.
Related Problem  (a) Determine the peak value of the output voltage for Figure 2-28 if n = 2 and
Vp(in) = 312 V.

(b) What is the PIV across the diode?
(c) Describe the output voltage if the diode is turned around.

Open the Multisim file E02-04 in the Examples folder on the companion website.
For the specified input, measure the peak output voltage. Compare your measured
result with the calculated value.

2-5

At what point on the input cycle does the PIV occur?

For a half-wave rectifier, there is current through the load for approximately what per-
centage of the input cycle?

What is the average of a half-wave rectified voltage with a peak value of 10 V?

What is the peak value of the output voltage of a half-wave rectifier with a peak sine
wave input of 25 V?

What PIV rating must a diode have to be used in a rectifier with a peak output voltage
of 50 V?

FuLL-WAVE RECTIFIERS

Although half-wave rectifiers have some applications, the full-wave rectifier is the most
commonly used type in dc power supplies. In this section, you will use what you learned
about half-wave rectification and expand it to full-wave rectifiers. You will learn about
two types of full-wave rectifiers: center-tapped and bridge.
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After completing this section, you should be able to

o Explain and analyze the operation of full-wave rectifiers

2 Describe how a center-tapped full-wave rectifier works

+ Discuss the effect of the turns ratio on the rectifier output ¢ Calculate the
peak inverse voltage

Describe how a bridge full-wave rectifier works

+ Determine the bridge output voltage ¢ Calculate the peak inverse voltage

(]

A full-wave rectifier allows unidirectional (one-way) current through the load during
the entire 360° of the input cycle, whereas a half-wave rectifier allows current through the
load only during one-half of the cycle. The result of full-wave rectification is an output
voltage with a frequency twice the input frequency and that pulsates every half-cycle of the
input, as shown in Figure 2-29.

JANVANVA NN NN
o0V Full-wave v 0V

out

17
\/ \/ \/ " rectifier
o——o —o0

FIGURE 2-29

Full-wave rectification.

The number of positive alternations that make up the full-wave rectified voltage is twice
that of the half-wave voltage for the same time interval. The average value, which is the
value measured on a dc voltmeter, for a full-wave rectified sinusoidal voltage is twice that
of the half-wave, as shown in the following formula:

2V, Equation 2-6
Vave = —

Vavg is approximately 63.7% of V), for a full-wave rectified voltage.

*
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EXAMPLE 2-5 Find the average value of the full-wave rectified voltage in Figure 2-30.
FIGURE 2-30
15V ———-
ov
| 2V, 2(15V)
Solution Vavg = — = =955V

VAVG is 63.7% of Vp.

Related Problem  Find the average value of the full-wave rectified voltage if its peak is 155 V.
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FIGURE 2-31

A center-tapped full-wave rectifier.

FIGURE 2-32

Basic operation of a center-tapped
full-wave rectifier. Note that the cur-
rent through the load resistor is in
the same direction during the entire
input cycle, so the output voltage
always has the same polarity.

Center-Tapped Full-Wave Rectifier Operation

A center-tapped rectifier is a type of full-wave rectifier that uses two diodes connected to
the secondary of a center-tapped transformer, as shown in Figure 2-31. The input voltage is
coupled through the transformer to the center-tapped secondary. Half of the total secondary
voltage appears between the center tap and each end of the secondary winding as shown.

CT v
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For a positive half-cycle of the input voltage, the polarities of the secondary voltages are
as shown in Figure 2-32(a). This condition forward-biases diode D and reverse-biases
diode D,. The current path is through D; and the load resistor R;, as indicated. For a nega-
tive half-cycle of the input voltage, the voltage polarities on the secondary are as shown in
Figure 2-32(b). This condition reverse-biases D and forward-biases D,. The current path
is through D, and Ry, as indicated. Because the output current during both the positive and
negative portions of the input cycle is in the same direction through the load, the output
voltage developed across the load resistor is a full-wave rectified dc voltage, as shown.
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(a) During positive half-cycles, D, is forward-biased and D, is reverse-biased.
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(b) During negative half-cycles, D, is forward-biased and D, is reverse-biased.

Effect of the Turns Ratio on the Output Voltage If the transformer’s turns ratio is 1,
the peak value of the rectified output voltage equals half the peak value of the primary
input voltage less the barrier potential, as illustrated in Figure 2-33. Half of the primary
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voltage appears across each half of the secondary winding (V(sec) = Vp(priy)- We will begin
referring to the forward voltage due to the barrier potential as the diode drop.
In order to obtain an output voltage with a peak equal to the input peak (less the diode

drop), a step-up transformer with a turns ratio of n = 2 must be used, as shown in Figure

V'

p(pri)

pri)

A 5

2-34. In this case, the total secondary voltage (V) is twice the primary voltage (2V,,,;), so
the voltage across each half of the secondary is equal to V.
D
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In any case, the output voltage of a center-tapped full-wave rectifier is always one-half
of the total secondary voltage less the diode drop, no matter what the turns ratio.
VSEC
2

Vour = - 07V

Peak Inverse Voltage Each diode in the full-wave rectifier is alternately forward-biased
and then reverse-biased. The maximum reverse voltage that each diode must withstand is the
peak secondary voltage V). This is shown in Figure 2-35 where D, is assumed to be
reverse-biased (red) and D is assumed to be forward-biased (green) to illustrate the concept.
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FIGURE 2-33

Center-tapped full-wave rectifier with
a transformer turns ratio of 1. V,(y)
is the peak value of the primary
voltage.

FIGURE 2-34

Center-tapped full-wave rectifier with
a transformer turns ratio of 2.

Equation 2-7

FIGURE 2-35

Diode reverse voltage (D, shown
reverse-biased and Dy shown
forward-biased).
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When the total secondary voltage V.. has the polarity shown, the maximum anode volt-
age of Dy is +V,(5ec)/2 and the maximum anode voltage of D is —V,,(s)/2. Since D is
assumed to be forward-biased, its cathode is at the same voltage as its anode minus the
diode drop; this is also the voltage on the cathode of D,.

The peak inverse voltage across D, is

PIV = <V” 69 _ 07 V> - (— i (m)> _ Vreeo + Vrteo 07V
2 2 2 2

= Vp(sec) - 07V
Since Vyioury = Vpseey/2 — 0.7V, then by multiplying each term by 2 and transposing,

V (sec) = ZVP(OW) + 14V

p
Therefore, by substitution, the peak inverse voltage across either diode in a full-wave center-
tapped rectifier is
Equation 2-8 PIV = 2V,uy + 0.7V
EXAMPLE 2-6 (a) Show the voltage waveforms across each half of the secondary winding and across

R; when a 100 V peak sine wave is applied to the primary winding in Figure 2-36.

(b) What minimum PIV rating must the diodes have?

FIGURE 2-36 D
F 2:1 !
P
1N4001
e O
Vl)llf
| |
RL
= b, 10 kQ
o D> =
1N4001
Solution  (a) The transformer turns ratio n = 0.5. The total peak secondary voltage is
Vp(sec) = an(p”') = 05(100 V) =50V
There is a 25 V peak across each half of the secondary with respect to ground. The
output load voltage has a peak value of 25 V, less the 0.7 V drop across the diode.
The waveforms are shown in Figure 2-37.
(b) Each diode must have a minimum PIV rating of
PIV = 2V, oun + 0.7V = 2(243V) + 0.7V = 493V
FIGURE 2-37
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Related Problem ~ What diode PIV rating is required to handle a peak input of 160 V in Figure 2-36?

Open the Multisim file E02-06 in the Examples folder on the companion website. For
the specified input voltage, measure the voltage waveforms across each half of the sec-
ondary and across the load resistor. Compare with the results shown in the example.
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Bridge Full-Wave Rectifier Operation

The bridge rectifier uses four diodes connected as shown in Figure 2-38. When the input
cycle is positive as in part (a), diodes D; and D, are forward-biased and conduct current in
the direction shown. A voltage is developed across R; that looks like the positive half of
the input cycle. During this time, diodes D3 and D, are reverse-biased.

F FIGURE 2-38

oL 3¢

(a) During the positive half-cycle of the input, D; and D, are forward-biased and conduct current.
D5 and D, are reverse-biased.

Operation of a bridge rectifier.

F

S\ »

L gE

(b) During the negative half-cycle of the input, D5 and D, are forward-biased and conduct current.
D, and D, are reverse-biased.

Vour 0

When the input cycle is negative as in Figure 2-38(b), diodes D3 and D, are forward-
biased and conduct current in the same direction through R; as during the positive half-cycle.
During the negative half-cycle, D| and D, are reverse-biased. A full-wave rectified output
voltage appears across R; as a result of this action.

Bridge Output Voltage A bridge rectifier with a transformer-coupled input is shown in
Figure 2-39(a). During the positive half-cycle of the total secondary voltage, diodes D and D,
are forward-biased. Neglecting the diode drops, the secondary voltage appears across the load
resistor. The same is true when D5 and D, are forward-biased during the negative half-cycle.

Vpouy = Vpsec)

As you can see in Figure 2-39(b), two diodes are always in series with the load resistor
during both the positive and negative half-cycles. If these diode drops are taken into ac-
count, the output voltage is

Voouy = Vpseey — 14V Equation 2-9
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Equation 2-10
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(b) Practical diodes (Diode drops included)

FIGURE 2-39

Bridge operation during a positive half-cycle of the primary and secondary voltages.

Peak Inverse Voltage Let’s assume that D and D, are forward-biased and examine the
reverse voltage across D3 and Dy. Visualizing D; and D, as shorts (ideal model), as in
Figure 2-40(a), you can see that D3 and D4 have a peak inverse voltage equal to the peak
secondary voltage. Since the output voltage is ideally equal to the secondary voltage,

PIV = Vp(out)

If the diode drops of the forward-biased diodes are included as shown in Figure 2—-40(b),
the peak inverse voltage across each reverse-biased diode in terms of V), is
PIV = V,ouy + 0.7V

The PIV rating of the bridge diodes is less than that required for the center-tapped config-
uration. If the diode drop is neglected, the bridge rectifier requires diodes with half the PIV
rating of those in a center-tapped rectifier for the same output voltage.

+ s ° +
V/)(/)r'i) % | | Vplsw’)
+
p(out) T

=
=

plout)

(a) For the ideal diode model (forward-biased diodes D; and D, are (b) For the practical diode model (forward-biased diodes D and D, are

shown in green), PIV.= V.

shown in green), PIV=V,,,, + 0.7 V.

FIGURE 2-40

Peak inverse voltages across diodes D3 and D, in a bridge rectifier during the positive half-cycle of the
secondary voltage.
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EXAMPLE 2-7 Determine the peak output voltage for the bridge rectifier in Figure 2—41. Assuming the
practical model, what PIV rating is required for the diodes? The transformer is speci-
fied to have a 12 V rms secondary voltage for the standard 120 V across the primary.

FIGURE 2-41

1%

plout)

Solution  The peak output voltage (taking into account the two diode drops) is

Voseey = 1414V, = 1.414(12V) = 17V

Voous) T Vpsecy = 1.4V = 17V — 14V = 15.6 V

The PIV rating for each diode is
PIV = V,ouy + 0.7V =156V + 0.7V = 163V

Related Problem  Determine the peak output voltage for the bridge rectifier in Figure 2—41 if the trans-
former produces an rms secondary voltage of 30 V. What is the PIV rating for the diodes?

Open the Multisim file E02-07 in the Examples folder on the companion website.
Measure the output voltage and compare to the calculated value.

1. How does a full-wave voltage differ from a half-wave voltage?
2. What is the average value of a full-wave rectified voltage with a peak value of 60 V?

3. \Which type of full-wave rectifier has the greater output voltage for the same input
voltage and transformer turns ratio?

4. 'For a peak output voltage of 45 V, in which type of rectifier would you use diodes with
a PIV rating of 50 V2

5. What PIV rating is required for diodes used in the type of rectifier that was not
selected in Question 4?

2-6 POWER SuPPLY FILTERS AND REGULATORS

A power supply filter ideally eliminates the fluctuations in the output voltage of a half-
wave or full-wave rectifier and produces a constant-level dc voltage. Filtering is neces-
sary because electronic circuits require a constant source of dc voltage and current to
provide power and biasing for proper operation. Filters are implemented with capaci-
tors, as you will see in this section. Voltage regulation in power supplies is usually
done with integrated circuit voltage regulators. A voltage regulator prevents changes in
the filtered dc voltage due to variations in input voltage or load.
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SAFETY NOTE

When installing polarized
capacitors in a circuit, be sure to
observe the proper polarity. The
positive lead always connects to
the more positive side of the
circuit. An incorrectly connected
polarized capacitor can explode.

After completing this section, you should be able to

o Explain and analyze power supply filters and regulators

u Describe the operation of a capacitor-input filter
+ Define ripple voltage + Calculate the ripple factor ¢ Calculate the output
voltage of a filtered full-wave rectifier ¢ Discuss surge current

o Discuss voltage regulators
+ Calculate the line regulation ¢ Calculate the load regulation

In most power supply applications, the standard 60 Hz ac power line voltage must be
converted to an approximately constant dc voltage. The 60 Hz pulsating dc output of a
half-wave rectifier or the 120 Hz pulsating output of a full-wave rectifier must be filtered to
reduce the large voltage variations. Figure 2—42 illustrates the filtering concept showing a
nearly smooth dc output voltage from the filter. The small amount of fluctuation in the fil-
ter output voltage is called ripple.

o—— —0
viu
0V Full—yvave OVl V V \
rectifier
o—— —F©O0

(a) Rectifier without a filter

o—— — - o Ripple
Vi, Vour M~~~
Full-wave .
ov rectifier Filter 0
o—— _ ——0

(b) Rectifier with a filter (output ripple is exaggerated)

FIGURE 2-42

Power supply filtering.

Capacitor-Input Filter

A half-wave rectifier with a capacitor-input filter is shown in Figure 2—43. The filter is sim-
ply a capacitor connected from the rectifier output to ground. R represents the equivalent
resistance of a load. We will use the half-wave rectifier to illustrate the basic principle and
then expand the concept to full-wave rectification.

During the positive first quarter-cycle of the input, the diode is forward-biased, allowing
the capacitor to charge to within 0.7 V of the input peak, as illustrated in Figure 2—43(a).
When the input begins to decrease below its peak, as shown in part (b), the capacitor re-
tains its charge and the diode becomes reverse-biased because the cathode is more positive
than the anode. During the remaining part of the cycle, the capacitor can discharge only
through the load resistance at a rate determined by the R;C time constant, which is nor-
mally long compared to the period of the input. The larger the time constant, the less the
capacitor will discharge. During the first quarter of the next cycle, as illustrated in part (c),
the diode will again become forward-biased when the input voltage exceeds the capacitor
voltage by approximately 0.7 V.
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(a) Initial charging of the capacitor (diode is forward-biased) happens only once when power is turned on.

{ I
/ o — | b
+
0= n 5 @Vm ==V, §RL
L 0 ) Iy 5] -

(b) The capacitor discharges through R; after peak of positive alternation when the diode is reverse-biased.
This discharging occurs during the portion of the input voltage indicated by the solid dark blue curve.
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(c) The capacitor charges back to peak of input when the diode becomes forward-biased. This charging occurs
during the portion of the input voltage indicated by the solid dark blue curve.

FIGURE 2-43

Operation of a half-wave rectifier with a capacitor-input filter. The current indicates charging or
discharging of the capacitor.

Ripple Voltage As you have seen, the capacitor quickly charges at the beginning of a
cycle and slowly discharges through R; after the positive peak of the input voltage (when
the diode is reverse-biased). The variation in the capacitor voltage due to the charging and
discharging is called the ripple voltage. Generally, ripple is undesirable; thus, the smaller
the ripple, the better the filtering action, as illustrated in Figure 2—44.

N /N\\/-\\/\
\ \ \ \ fo /A I I\
\ \ \ \ / /
I \ i \ i [ \ I \
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\ | \ I ! \ | \ | !
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I \ I \ ! \ h \ I \ I ! ! \ | \
0-——- R | | — L [ 0-——- —_ | L ——
(a) Larger ripple (blue) means less effective filtering. (b) Smaller ripple means more effective filtering. Generally, the larger the
capacitor value, the smaller the ripple for the same input and load.
FIGURE 2-44

Half-wave ripple voltage (blue line).

*
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FIGURE 2-46

Comparison of ripple voltages for
half-wave and full-wave rectified volt-
ages with the same filter capacitor
and load and derived from the same
sinusoidal input voltage.

Equation 2-11

FIGURE 2-47

V, and Vpc determine the ripple
factor.

For a given input frequency, the output frequency of a full-wave rectifier is twice that of
a half-wave rectifier, as illustrated in Figure 2—45. This makes a full-wave rectifier easier
to filter because of the shorter time between peaks. When filtered, the full-wave rectified
voltage has a smaller ripple than does a half-wave voltage for the same load resistance and
capacitor values. The capacitor discharges less during the shorter interval between full-
wave pulses, as shown in Figure 2—46.

FIGURE 2-45
The period of a full-wave rectified J\ /\ /\ /\
voltage is half that of a half-wave 0

rectified voltage. The output () Half-waveT
frequency of a full-wave rectifier is
twice that of a half-wave rectifier.
0 _
f— T >

(b) Full-wave

Same slope (capacitor
Ripple discharge rate)

\
\
0--- ‘
(a) Half-wave

(b) Full-wave

Ripple Factor The ripple factor (r) is an indication of the effectiveness of the filter and
is defined as

_ Vron)

Vbc
where V() is the peak-to-peak ripple voltage and Vp is the dc (average) value of the fil-
ter’s output voltage, as illustrated in Figure 2—47. The lower the ripple factor, the better the
filter. The ripple factor can be lowered by increasing the value of the filter capacitor or in-
creasing the load resistance.

V

p(rect

) Vbe

ot |

For a full-wave rectifier with a capacitor-input filter, approximations for the peak-to-
peak ripple voltage, V,(,), and the dc value of the filter output voltage, Vpc, are given in
the following equations. The variable V), is the unfiltered peak rectified voltage. Notice
that if R; or C increases, the ripple voltage decreases and the dc voltage increases.
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_1 -

Vr(pp) = ([RLC)Vp(rect) Equation 2-12
—~ 1 » 1

Vpc=(1 - 2fR,C Vp(rect) Equation 2-13

The derivations for these equations can be found in “Derivations of Selected Equations” at
www.pearsonhighered.com/floyd.
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EXAMPLE 2-8 Determine the ripple factor for the filtered bridge rectifier with a load as indicated in
Figure 2-48.
FIGURE 2-48 F
10:1
S\ X
) Dy
120 V rms Output
60 Hz V/)(pri) | | V/)(\('r)

D, 1000uF

T |

Solution  The transformer turns ratio is n = 0.1. The peak primary voltage is

Voriy = 1414V, = 1.414(120 V) = 170V

All diodes are 1N4001.

The peak secondary voltage is
Visee) = BVpriy = 0.1(170 V) = 17.0V
The unfiltered peak full-wave rectified voltage is
Vowee) = Vpiee) — 14V = 170V — 14V =156V

The frequency of a full-wave rectified voltage is 120 Hz. The approximate peak-to-
peak ripple voltage at the output is

1
Vi ={ —— =
r(pp) < fRLC> Vitreen ((120 Hz)(220 Q)(1000 uF)

The approximate dc value of the output voltage is determined as follows:

)15.6V = 0.591V

1 1
Voc=11——— Ve = 1 — 156V = 153V
o ( 2fRLC> prect) < (240 Hz)(220 Q)(1000 ,uF))

The resulting ripple factor is

. Viiop) 3 0.591V — 0.039
Vbe 153V )

The percent ripple is 3.9%.

Related Problem  Determine the peak-to-peak ripple voltage if the filter capacitor in Figure 2—-48 is in-
creased to 2200 uF and the load resistance changes to 2.2 k().

Open the Multisim file E02-08 in the Examples folder on the companion website.
For the specified input voltage, measure the peak-to-peak ripple voltage and the dc
value at the output. Do the results agree closely with the calculated values? If not,
can you explain why?
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FIGURE 2-49

Surge current in a capacitor-input
filter.

FIGURE 2-50

A voltage regulator with input and
output capacitors.

Surge Current in the Capacitor-Input Filter Before the switch in Figure 2-49 is
closed, the filter capacitor is uncharged. At the instant the switch is closed, voltage is con-
nected to the bridge and the uncharged capacitor appears as a short, as shown. This pro-
duces an initial surge of current, /., through the two forward-biased diodes D and D.
The worst-case situation occurs when the switch is closed at a peak of the secondary volt-
age and a maximum surge current, Ly, eemax), 1$ produced, as illustrated in the figure.

The capacitor appears as

<
-

{ [&'mg(’(wax) [)3

+ an instantaneous short.

In dc power supplies, a fuse is always placed in the primary circuit of the transformer,
as shown in Figure 2—49. A slow-blow type fuse is generally used because of the surge cur-
rent that initially occurs when power is first turned on. The fuse rating is determined by
calculating the power in the power supply load, which is the output power. Since P;,, = P,,,
in an ideal transformer, the primary current can be calculated as

I = P in
P20V
The fuse rating should be at least 20% larger than the calculated value of 1,,;.

Voltage Regulators

While filters can reduce the ripple from power supplies to a low value, the most effective ap-
proach is a combination of a capacitor-input filter used with a voltage regulator. A voltage
regulator is connected to the output of a filtered rectifier and maintains a constant output volt-
age (or current) despite changes in the input, the load current, or the temperature. The capac-
itor-input filter reduces the input ripple to the regulator to an acceptable level. The combina-
tion of a large capacitor and a voltage regulator helps produce an excellent power supply.

Most regulators are integrated circuits and have three terminals—an input terminal, an
output terminal, and a reference (or adjust) terminal. The input to the regulator is first fil-
tered with a capacitor to reduce the ripple to <10%. The regulator reduces the ripple to a
negligible amount. In addition, most regulators have an internal voltage reference, short-
circuit protection, and thermal shutdown circuitry. They are available in a variety of volt-
ages, including positive and negative outputs, and can be designed for variable outputs
with a minimum of external components. Typically, voltage regulators can furnish a con-
stant output of one or more amps of current with high ripple rejection.

Three-terminal regulators designed for fixed output voltages require only external ca-
pacitors to complete the regulation portion of the power supply, as shown in Figure 2-50.
Filtering is accomplished by a large-value capacitor between the input voltage and ground.
An output capacitor (typically 0.1 uF to 1.0 wF) is connected from the output to ground to
improve the transient response.

Input
Voltage

from o o reaulator Output
rectifer &
Gnd
T n
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A basic fixed power supply with a +5 V voltage regulator is shown in Figure 2-51.
Specific integrated circuit three-terminal regulators with fixed output voltages are covered
in Chapter 17.

Voltage

+5.0V
regulator
I 1

D,—D, are 1N4001 rectifier diodes. = =

SWI1 120V ac

FIGURE 2-51

A basic +5.0 V regulated power supply.

Percent Regulation

The regulation expressed as a percentage is a figure of merit used to specify the performance
of a voltage regulator. It can be in terms of input (line) regulation or load regulation.

Line Regulation The line regulation specifies how much change occurs in the output
voltage for a given change in the input voltage. It is typically defined as a ratio of a change
in output voltage for a corresponding change in the input voltage expressed as a percentage.

. . _ (AVour .
Line regulation = ( ———— |100% Equation 2-14

Load Regulation The load regulation specifies how much change occurs in the output
voltage over a certain range of load current values, usually from minimum current (no
load, NL) to maximum current (full load, FL). It is normally expressed as a percentage and
can be calculated with the following formula:

Var — VrL

Load regulation = ( )100% Equation 2-15

VrL

where V. is the output voltage with no load and Vi is the output voltage with full (max-
imum) load.

EXAMPLE 2-9 A certain 7805 regulator has a measured no-load output voltage of 5.18 V and a full-
load output of 5.15 V. What is the load regulation expressed as a percentage?

VaL =V, 518V — 5.15V
Solution  Load regulation = (NLFL>100% = ()100% — 0.58%
Vi 5.5V

Related Problem If the no-load output voltage of a regulator is 24.8 V and the full-load output is 23.9 V,
what is the load regulation expressed as a percentage?

1. When a 60 Hz sinusoidal voltage is applied to the input of a half-wave rectifier, what
is the output frequency?

2. |\When a 60 Hz sinusoidal voltage is applied to the input of a full-wave rectifier, what is
the output frequency?
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