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INTRODUCTION

The discussion in Chapter 4 showed that the four basic converter topologies have
their output conversions determined by the duty ratio, D, and that they consist of a
single input and a single output with a common reference point. For applications in
which the output voltage does not differ from the input voltage by a large factor,
those topologies can be used. However, for many applications the input voltage is
normally derived from an off-line half- or full-wave rectifier, and the output voltage
is a very small fraction of the rectified dc input voltage. As a result, transformers
must be added between the power stage and the output for the purpose of voltage
scaling. Unlike line-frequency transformers, these transformers are high frequency
and much smaller in size and weight. In addition, transformers are used in switched-
mode converters for electrical isolation between the input and output, reduction of
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stresses in switching devices, and provision of multi-output connections. With iso-
lation transformers, the output voltage polarity reversal does not become a design
restriction. Also, in some applications, system isolation may be required by the
regulatory body. However, the benefits obtained by adding isolation transformers
come with a price. The major drawbacks include high converter volume and weight,
reduced efficiency, and added circuit complexity to limit the effect of leakage induc-
tance and avoid core saturation.

In this chapter, we will discuss some widely used high-frequency switched-
mode dc-dc converters: the flyback, forward, push-pull, half-bridge, and full-bridge
converters. It will be shown that the flyback converter is based on the boost con-
verter, and the forward converter is based on the buck converter. In analyzing these
converters, we will use the transformer model by including the magnetizing induc-
tance. In all the dc-dc converters discussed in Chapter 4, the role of the inductor is
to store energy as it comes from the source in one portion of the switching cycle and
release it to the load in the other portion of the cycle. As the converter reaches the
steady state, the mechanism of energy storage and release reaches equilibrium and
the net energy stored in the inductor over one switching cycle is zero. In other
words, energy in the inductor does not build up from one cycle to the next. Other-
wise, if energy build-up in the inductor were allowed, soon the inductor would
reach saturation. The issue of saturation is important not only for the inductor, but
also for the transformer. Unlike converter topologies presented in Chapter 4, the to-
pologies in this chapter require more than one switch, since the transformer must be
magnetized and demagnetized repeatedly within a switching cycle, to avoid satura-
tion. The conversion can be done unidirectionally, in which the magnetization cur-
rent is positive, or bidirectionally, in which the magnetization current is positive and
negative. Finally, we consider only the continuous conduction mode of operation
for the isolated converters, since their dcm analysis is very similar to the dem anal-
ysis presented in the previous chapter.

5.1 TRANSFORMER CIRCUIT CONFIGURATIONS

Transformer Model

An ideal transformer has no leakage inductances, an infinite magnetizing inductance,
no copper and core losses, the ability to pass all signal frequencies without any
power loss, and the ability to provide any level of current and voltage ratio transfor-
mation. Figure 5.1(a) shows an ideal transformer with its current and voltage rela-
tions. Figure 5.1(b) shows the equivalent transformer circuit including only the
magnetic inductance, L,,, reflected in the primary side.
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Figure 5.1 (a) Ideal transformer model. (b) Transformer equivalent circuit including the

magnetizing inductance.
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Circuit Configurations

Throughout this chapter, as far as the primary side is concerned, two configurations of
transformers are used: non-center-tap and center-tap. The non-center-tap configura-
tion has three possible connections, known as single-ended, half-bridge, and full-
bridge, as shown in Fig. 5.2(a), (b), and (¢), respectively. The center-tap configuration
is known as push-pull and is shown in Fig. 5.3.

As far as the transformer’s secondary side is concerned, two configurations of
transformer-rectifier connections are normally used: center-tap full-wave and bridge
full-wave, as shown in Fig. 5.4(a) and (b), respectively. The center-tap arrangement
results in one diode forward voltage drop, compared to two diode voltage drops for
the bridge configuration.

These configurations are the most popular ones used in today’s switch-mode power
supply design. Since we have a dc source voltage across S; and S, of Figs. 5.2(b) and
5.3, the two switches are not allowed to close simultaneously. Hence, in a normal
operation, S, and S, in these two configurations switch alternately, each having the
same duty cycle. This will prevent transformer core saturation. In the full-wave bridge
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Figure 5.2 Transformer configurations: (a) single-ended,

(c (b) half-bridge, and (c) full-bridge.
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Dy Ds Figure 5.4 Transformer configurations in the secondary
(load) side: (@) center-tap full-wave, and (b) bridge full-
) wave.

configuration, S; and S are closed simultaneously in the first half cycle, and in the
second half cycle switches S, and S, are closed simultaneously.

The difference between the two-switch transformer connections of Fig. 5.2(b) and
Fig. 5.3 is that the switches in the former connection must be able to sustain a maxi-
mum voltage of Vi, compared to 2V, for the latter connection. However, in the push-
pull configuration, each switch carries the average input current, /;, , whereas in the
half-bridge configuration, each switch must carry twice the average input current.
This is why the push-pull configuration is chosen when the source voltage is low. In
the full-bridge case, each switch must be able to block V;, and allow a peak current
equal to 7, . This makes it attractive for high-power applications. The only disadvan-
tage of the full-bridge configuration is that it requires two floating driving circuits.

EXAMPLE 5.1

Consider the push-pull converter with a current source load shown in Fig. 5.5. If S| and S, are
turned on and off according to the waveforms shown, determine the current and voltage
stresses for S; and S, in terms of the average input current, /,,, and voltage V..

SOLUTION Consider the first half cycle, when | is closed. The input voltage is applied to the upper
primary winding of the transformer. An equal amount of voltage is also induced on the lower
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Figure 5.5 Circuit for Example 5.1.
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Table 5.1 Comparison between Transformer Configurations

Maximum Maximum
voltage current
Transformer stress across stress through ~ Core excitation and Power level
configuration each switch each switch reset mechanism applications
Single-ended
Forward 22V, * = =2[ * Unidirectional Low power
(1 +ny/n)Vy, 2I,/D complex reset <500 W
circuit
22V, 2L, Unidirectional and <200 W
Flyback =V, (1-D) >1./D core reset not
necessary
Half-bridge Vi 2I, Bidirectional and High input
=1, /D** core reset not voltage, medium
necessary power with low
source current
<800 W
Full-bridge Via I, Bidirectional and High power
21,/ D** core reset simple >800 W
Push-pull 2V, I, Bidirectional and Medium power
21,/ D** core reset simple with low source

voltage

*[, and V;, are average values.

** D < 0.5.

primary winding. The polarity of this voltage is in the direction of the input voltage. As a result,
S, is subjected to twice the input voltage, i.e., Vi,.s = 2V, S is also subjected to the same
voltage stress when S, is turned on.

Neglecting the transformer’s magnetizing current, the maximum switch current can be
obtained as I, = Liese > Ly ave” 2D = 1,1,/2n D (0 < D < 0.5). Depending on the value
of D, the current stress on each switch can be much larger than the average input current.

The primary-switch connections for the isolated switched-mode converters are
compared in Table 5.1.

5.2 BUCK-DERIVED ISOLATED CONVERTERS

Depending on the location at which the isolation transformer is inserted in the
power stage of the basic buck converter, and on the type of isolation transformer
configuration, several buck-derived converter topologies are possible. These topol-
ogies vary in complexity and features. In this section we will consider some of the
more popular buck-derived converters: single-ended forward, half- and full-bridge,
push-pull, and Weinberg converters. Other topologies are given as exercises at the
end of this chapter.

ac Transformer Insertion

Let us consider isolating the input and output voltages of the buck converter by in-
serting an ac transformer. Figure 5.6(a) shows four places where physical transformer
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insertion is possible. Locations 44" and DD’ are not possible since the trans-
former’s primary and secondary voltages would be dc V;, and V,, respectively. The
obvious location is either BB” or CC’ since the voltage at either location is an ac
squarewave voltage.

It is clear that the isolated buck-derived converter of Fig. 5.6(5) will not function
properly in steady state. This is because the average voltage across the transformer is
positive (nonzero), which results in a continuous increase in the magnetization current
that will eventually lead to transformer saturation. Let us further investigate the prob-
lem of transformer magnetizing inductance saturation.

When the switch is turned on at # = 0, the diode becomes reverse biased as
shown in Fig. 5.7(a). The magnetizing and output inductor currents are given by

%
Ipm = L—mt +1;,,(0)

m

n

2
_Vin_Vo
.y

. n
14g=#% t+1,(0)
2

where /;(0) and /;,,(0) are the initial output and magnetizing inductor currents,
respectively.

At t = DT, S is switched off (Fig. 5.7(b)), and D turns on. Hence, the magnetiz-
ing current stays constant at /;,,(DT'), which is given by

ILm(DT) = ?Vin + ILm(O)

m

The diode current is given by
ip(t) =i (6) +1,,(DT)
The inductor current i;(¢) for t 2 DT is given by

_ Vo

(= DT)+ 1,(DT)

ip(t) =
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where

Y-,
}’l— in 0
1,(DT) = ZTDT+ 1,(0)

At ¢t = T, when the switch is turned on again, it causes i;,, to increase starting at
a higher initial value, /,,,(DT), as shown for three cycles in Fig. 5.7(c).

One way to avoid the problem of transformer saturation is to add another
diode as shown in Fig. 5.8 to produce a negative voltage across the primary side
when the switch is switched off. However, this converter as shown provides a
path for the magnetizing current to reset to zero when the switch is open. As a result, a
third winding, known as “catch” winding, is added to allow i;,, to discharge to
zero, preventing magnetic flux build-up from one cycle to the next. This con-
verter is known as a single-ended forward converter, to be discussed in the next
section.

The isolation of the buck-boost converter can be carried out in a similar manner.
Figure 5.9(a) shows the buck-boost converter with a transformer insertion as shown
in Fig. 5.9(b). Depending on the transformer windings, negative or positive output
polarities can be obtained as shown in Fig. 5.9(b) and (c), respectively. Figure
5.9(c) is known as a single-ended flyback converter, which will be discussed later in
the chapter.

a
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Figure 5.7 Equivalent circuit model. (@) Switch on. (b) Switch off. (¢) Magnetizing inductor current.
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: Figure 5.8 Isolated buck-derived
S z converter known as a single-ended
forward converter.
} D
s _
Vin Vo
+
s _
Vin Vo
+
Ky ¢ +
Vin Vo  Figure 5.9 (a) Buck-boost converter.
_ (b) Isolated converter with negative output
voltage. (¢) Isolated converter with positive
() output voltage.

5.2.1 Single-Ended Forward Converter

In this section we will analyze Fig. 5.8, which shows the simplest isolated dc-to-dc
converter utilizing one switch and two diodes. As stated earlier, this circuit is com-
monly referred to as a forward converter. It can be shown that the design of Fig. 5.8
will not work properly since its magnetizing current will not be allowed to reset to
zero, causing the magnetizing current to continuously increase linearly until it finally
saturates the core. A more practical forward converter must include a transformer
core-resetting circuit as shown in Fig. 5.10(a). The additional winding 7, is known as
tertiary winding. Figure 5.10(b) and (c) shows two alternative ways to draw Fig. 5.10(a).

To allow for a zero average voltage across the transformer primary winding, the
maximum duty cycle is 50%. However, if the winding ratio n,./n, < 1, then it is pos-
sible to have a duty cycle that exceeds 50%. This will result in a voltage stress across
the switch that exceeds 2V,

For illustration purposes, we will analyze the converters of Figs. 5.8 and 5.10(a).
If an ideal transformer is assumed in Fig. 5.8, then the steady state is quite simple.
Assume the switch is turned on for the period DT and off for the period (1 -D)T,
resulting in the two modes of operation shown in Fig. 5.11(a) and (b), respectively.
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n
X D,

f

Figure 5.10 Three ways to draw a single-ended forward converter with a core reset circuit.

When the switch is turned on initially at # = 0, the initial inductor current is
1,(0), and v, is given by
_Mm
Vp = — Vin - Vo
n
_ . dig
dt

The inductor current is given by

}EV -V
i,(f) = ant+IL(O) 0<t< DT

At t = DT, the switch turns off, forcing D, to reverse-bias and D, to become for-
ward biased, resulting in the inductor current given by

_V"(thT) +1,(DT)

i(t) = 7
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nyp:inp Dl L iL
o0V
+e ot I o -
121 V) Dy CT R V,
1

(®)
Figure 5.11 Modes of operation. () Mode 1: S'is on. () Mode 2: S'is off.

where [; (DT) is the inductor current at # = DT, when the switch is turned off. From
the above equations, we obtain the following voltage gain relation:

Vo _mp

Vie  n
Sketches of the waveforms for vy, v,, v;, i;, ipy;, and ip, are shown in Fig. 5.12.

For proper operation that will allow the inductor current to reach steady state, the
relation (n,/n,)V;, > V, must hold, which provides a step-down operation. The
capacitor voltage ripple is similar to that for the nonisolated buck converter.

Next we carry out the analysis by assuming the transformer has a finite magnetizing
inductance, L,,, as shown in the equivalent circuit given in Fig. 5.13. With careful investi-
gation of the circuit, it is clear that the magnetizing current i, (¢) has no place to discharge
its value when the switch is off. This will cause the converter to fail. As a result, a core-
resetting mechanism as mentioned above must be used. Figure 5.14 shows the equivalent
circuit for the forward converter by including the core reset circuit given in Fig. 5.10(5).

The operation of this converter can be easily explained by assuming that before the
switch is turned on again in a new cycle, the magnetizing current, i,,, has reached zero, i.e.,
the transformer core is being reset. The energy is delivered to the load during the period
the switch is on, and the core resetting takes place during the off time. It will be shown that
D <50% for n,2n, to allow time for the magnetic core flux to reset during the off’
switch time. In steady state, this converter has three modes of operation, as follows.

The first mode starts when S is turned on at ¢ = 0, causing voltage across the pri-
mary equal to V;,. This will force D, to turn on and D, to reverse-bias. Since the reset
winding has the opposite polarity of the primary, the diode D, becomes reverse biased
as shown in Fig. 5.15(a).

From Fig. 5.15(a), the following voltage equations are obtained:

_ _ _ n2 _ nr _ nr
V==V vy =V, vy ==v, v, ==V, vp, =| 1+ =V, (5.1
n ny ny
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Figure 5.12 Current and voltage waveforms for the forward converter.
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Figure 5.13 Single-ended forward converter with the magnetizing
inductance.
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Figure 5.14 Forward converter with core reset circuit n,—D,, including the magnetizing
inductance.

R V,
Vin Ct) + e -
(a)
i irny:ny Di L lj
4 Lny:np o =L
+ vy — +
Dy C=]<= R V,
)
L
- o} Y Y YA
tm . .
ny Ly } C= R2V,
O " ~
+
T Vsw S

(©)

Figure 5.15 Modes of operation. (¢) Mode 1: 0<¢ < DT.(b) Mode 2: DT < t< D,T.
(¢c) Mode3: D\ T <t<T.

The current equations are given by

di
_n=y 5.2
m dt mn ( a)
di n
L L = _2V -V 5.2b
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i, =0 (5.2¢)

i =", (5.2d)
n

i, =iyt (5.2¢)

From Egs. (5.2a) and (5.2b), the following relations are obtained:

V.
| () = B¢ 5.3
i,(t) I (5.3)
@Vin_Vo
. n
i(t) = ITIHLIL(O) (5.4)

where /;(0) is the initial output inductor current and 7,(0) = 0 since the core has
been reset prior to turning on the switch. Since L,, >> L, the slope of the magnetizing
current is much smaller than the slope of 7;, as shown in Fig. 5.16. At t = DT, the
switch is turned off and the circuit enters mode 2, shown in Fig. 5.15(b). At the instant
S opens, the transformer primary current, i,, becomes zero, turning off D, and forcing
i; to go through D,. At this point, i,, now is forced to flow in the »; winding, which
forces D, to turn on to carry the reflected current through #,..

The voltage equations in this mode are given by
n n
= Vv = Vs vy = 2y, Vi, =0, v, = (1 + —’jVi (5.5)
. n

7 1 ny

and the current equations are as follows:

di n
D — "1y _
i (560)
di
Y-y 5.6b
dt [ ( )
i=" (5.6¢)
nr
i =i (5.6d)

The waveforms are shown in Fig. 5.16. At ¢ = D,7, the magnetizing inductor current
becomes zero, since it represents the smaller portion of i,. The magnetizing and in-
ductor currents in this time interval are given by

Vi (t—DT
i(1) = Jﬂ¥ +1,(DT) (5.7)
. V,
i(t) = —f(t—DT) +1,(DT) (5.8)
where [,(DT) = (V,/L,)DT. Setting Eq. (5.7) to zero at t = D,, we obtain
nr
D, = (1 + —]D (5.9
ny

Att = DT, i, = 0, causing D, to become reverse biased, as shown in Fig. 5.15(c).

—®
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Figure 5.16 Typical voltage and current waveforms.

The voltage and current equations are given by

vi==V,,v,=v=v,=0,vp. =V,

0> Vr m’vsw_Vin

iy =1, =1, =i, =0,andi/(?) is the same as given in Eq. (5.8).

For the core to be fully magnetized, i,, must reach zero; therefore, D, must not be
greater than 1.

D, <1
Hence, from Eq. (5.9) we restrict D by the following relation:

1 _ M
nyt+n,

D<
n

1+-<

n

The maximum duty cycle of 50% occurs when n, = n, .
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EXAMPLE 5.2

Consider the forward converter of Fig. 5.14 with an input voltage of 50 V, an output voltage of
35V,and n,/n, = 1 and n,/n, = 0.25. With a frequency of 35 kHz, an inductance of 180 uH,
and a minimum inductor current of 1.1 A, calculate the duty cycle and the maximum inductor
current in this converter.

SOLUTION The duty cycle is given in the following equation:

p=le _3V_,s
V. 50V
r=1o_1 _—s86x107s
7 o 35kHz

Calculating for the maximum inductor current,

Vin -7,
. _ 0 .
lL,max - T DT+ ZL,min

_50V-35V
180 wH
=277 A

(0.7)(2.86 x 10-5) + 1.1

EXERCISE 5.1

Figure E5.1 shows a two-switch forward converter.

Dy Sy

Figure E5.1 Two-switch forward converter.

(a) Show that the voltage gain expression is given by

S, and S, are switched simultaneously.

(b) Find the critical inductor value (L) to maintain a continuous conduction mode of opera-
tion. Assumen; =n, = 1,V,, =80V, V, =45V@I, = 5A, f, = 50 kHz.

(¢) Compare the one-switch, single-ended topology with this two-switch topology.

ANSWER (b) 39.4 uH
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EXERCISE 5.2

Find the rms current values for diodes D5 and D, in Fig. E5.1 using the values of part (b) of
Exercise 5.1 with L = 10L

crit *

ANSWER 3.76 A,331 A

EXERCISE 5.3

Determine the efficiency of the converter described in Exercise 5.1 by assuming that the output
rectifier diodes have a 1 V forward voltage drop and a 1.5 () conduction resistance.

ANSWER 84.1%

EXERCISE 5.4

Determine the rms value of the inductor current i, for Example 5.2.

ANSWER 199 A

5.2.2 Half-Bridge Converter

Another way to avoid the transformer saturation problem is to use half- and full-
bridge converter topologies to generate symmetrical ac waveforms at the primary side
of the transformer. In this way the core flux is excited bidirectionally, resulting in a
better utilization of the core, which in turn results in an increased power rating.

Figure 5.17(a) shows the circuit topologies for the half-bridge converter with the
center-tap output rectifier configuration. The filtering capacitors are relatively large
and used as voltage dividers, resulting in a ¥}, /2 applied voltage across each primary
winding. As stated before, in the half-bridge converter, S, and S, are switched on and
off in complementary fashion but with equal conduction periods. Since the input volt-
age is not allowed to be shorted, S; and S, are normally designed such that there exists
a dead time during which both switches are off. This results in a duty ratio less than
50%. Key current and voltage waveforms are shown in Fig. 5.17(b).

The voltage gain for the half-bridge converter is the same as the gain for the push-pull
converter, to be discussed in a later section. The filtering capacitors C; and C, are used to
divide the input voltage, so each has V., /2 . Unlike the push-pull converter, the maximum
blocking voltage for each switch of the half-bridge converter is V', , rather than 2V, .

Finally, the switches S| and S, are implemented using bidirectional semiconduc-
tor devices (i.e., MOSFETs with anti-parallel diodes) to provide conduction paths for
the inductor leakage currents that exist due to the nonideal transformers.

EXERCISE 5.5

(a) Show that the voltage gain for the half-bridge converter of Fig. 5.17(a) is given by
V n,

7. o

m

(b) Find the expression for the maximum diode current.

g
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Figure 5.17 (a) Half-bridge buck-derived converter. (5) Current and voltage waveforms.

ANSWER () V,(1-D)T,
R
L

EXERCISE 5.6

Determine the average load current and the rms inductor current for the half-bridge converter
of Fig. 5.17(a) with the following specifications:
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V,=135V,V, =12V, f,=100kHz, R =2 Q,

n,=13,n, =39, L =20 uH

ANSWER 6 A, 6.01 A

5.2.3 Full-Bridge Converter

Figure 5.18 shows the buck-derived full-bridge converter with a full-wave center-tap
output transformer.

We must note that the push-pull, half-bridge, and full-bridge converters can use
the full-bridge rectifier at the output side. Unlike the half-bridge converter, the full-
bridge converter is used in high-input-voltage applications, since the power switching
devices are required to block only V..

EXAMPLE 5.3

Design the full-bridge dc-dc converter with the center-tap output transformer as shown in
Fig. 5.18 with the following specifications: V;,, =480V, V, =600V @ I,=10A,
fs =50kHz.

SOLUTION The load resistor is obtained from R =7V,/I = 600/10 =60 (). If we choose
n, =2n,,then

Vv
p=_20 =001 _ s
Vian, 4802
Since L for the buck converter is expressed as
1-D
Lcrit = (T)RT
we have L_; = 112.5 uH. Choose L > 10L_; = 1.125 mH. If output ripple is less than 1%,

according to
Av, 1-D

v,  8LC(2f)?
C can be determined as C = 0.42 uF . We can choose C = 10 uF.

6
N
2([ ny:ny L
) ]
]

+ v - M
D LCTR v,

[ ]
D,

o

. )

O T

5
g

Figure 5.18 Full-bridge converter.

>
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5.2.4 Push-Pull Converter

The circuit configuration for the push-pull converter is shown in Fig. 5.19(a). The
circuit uses two active switches. It uses the transformer for voltage scaling and
electrical isolation, and the output inductor is used for energy storage. Hence, un-
like the design of the transformer for the single-ended converter, where care must
be taken in selecting the core material and geometry to design for proper magnetiz-
ing inductance, in the push-pull the transformer is used as an ideal element. Since
S, and S, share the current, the push-pull converter is used for higher-power appli-
cations compared to the single-ended converters. Figure 5.19(b) illustrates the
switching waveforms for S| and S, with a dead time during which both switches
are open.

During this dead time, the load current is carried by the two output diodes, D,
and D,. The maximum duty cycle for both switches is 0.5. As can be noticed, the
switching frequency of the converter is twice the switching frequency of each
switch acting alone. The converter’s basic operation is straightforward and similar
to the analysis of the half-bridge converter. When S, is on, the possible primary
voltage causes D, to conduct and D, to turn off, resulting in the equivalent circuit
shown in Fig. 5.20(a).

The converter voltages are given by

n

— )
Vst = V2 = _Vin

n

pl =~ Vp2 =+Vin (510)

<
|

_m
Vi = _Vinf Vo
n

L +
. ° Dl C T R Va

D12

§; —| |

D172

O I /)

ax
v

®)
Figure 5.19 (a) Push-pull converter. (b) Switching waveforms for S; and S;.
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ip1 t VL -
> A +
12 3][§ v - c-L RV,
iin Vgl Vil T o
> +03(|ge +
Vp2 Vs2
-~ & .
C_)Vin by o—-
Sz i S14
(a)
+ v —
A

L,—O o
+ o o t
iin Vpl 5 Vs1
> +olce +
Vp2 Vs2
O | Wi
D2

L
So 3 Sl?
. ~YY

.g .?Dl L :II: R?‘Z;

L] [}
¥ ip2
O
o

(©)

Figure 5.20 (a) Equivalent circuit when S| is on and S, is off. (b) Equivalent circuit when S| is
off and §, is on. (¢) Equivalent circuit when S| is off and S, is off.

)

A
a

This circuit is equivalent to a buck converter with a dc input of (n,/n,)V;,. All volt-
age and current waveforms are similar to those for the buck converter.

Similarly, when S, is off and S, is on, the equivalent circuit is shown in Fig.
5.20(b). The voltages are given by

ny
v = v = — V.
sl 52 n in (511)

v = v, -V, =2y _y (5.12)

Notice that for both modes, whether S| or S, is on, the circuit is similar to the buck
converter when the main switch is on.




%
%\é | $ BatChapter5.fm Page 229 Monday, February 24, 2003 5:35 PM

5.2 Buck-Derived Isolated Converters 229

Finally, consider the case when both §; and S, are off. The equivalent circuit is
shown in Fig. 5.20(c). The voltages v; and v, are both zero, and the inductor voltage
is —V,. Hence, the inductor current starts discharging with a slope of —V,/L. This
mode is similar to the buck converter when the main switch is off. Therefore, the
voltage gain of the push-pull converter is given by

Vo _m
7 ”_1D (5.13)
where D is the duty cycle for either switch, which ranges between 0 and 0.5.

We observe that because of the presence of the transformer, each of S| and S, should
be able to withstand a reverse voltage of at least 2V;,. Also, a peak reverse diode voltage
for each of D, and D, is 2(n,/n,)V;, . One disadvantage of the push-pull converter is
the imbalance of the voltages applied across the transformer primaries, resulting in un-
equal switch current. This in turn results in a nonzero magnetizing inductance current at
the end of each switching cycle. This eventually will lead to a transformer saturation
problem. This problem is caused by a mismatch in the transistor characteristics, such as
switching times and voltage drops. To avoid this problem, push-pull converters are de-
signed with not only a voltage control loop (duty cycle control), but also a current loop
(current-programmed control) that prevents the transformer from reaching saturation.

Key waveforms for the push-pull converter are shown in Fig. 5.21 with no mag-
netizing inductance included.

EXAMPLE 54

Another boost-derived converter that uses an isolation transformer is the push-pull arrange-
ment shown in Fig. 5.22(a).

The input inductor, L, is very large so that the input current, 7, , is assumed constant. These
types of converters are useful in high-output-voltage applications. Since /;, is continuous, there
should be an overlap in the conduction times of S, and S, as shown in the switching wave-
forms in Fig. 5.19(b), where 0 is the overlapping conduction time. Derive the voltage gain ex-
pression for the converter and compare it with the push-pull converter shown earlier. Figure

5.22(c) shows the waveforms for the primary voltage and input current.

SOLUTION Let us assume the first mode begins at = 0, when both S, and S, are on, resulting in

the transformer primary voltage equaling zero since D, and D, are off. The voltage across L
equals the input voltage,

diy,
= in
dt

while 7;, is given by
V.
i (1) = ZLt+ (0
lln( ) L In( )

I1;,(0) is the initial inductor current value in L.
At t =1¢, S, is turned off, forcing D, to conduct. The voltage across the inductor is given by

_ ny
Vp = Vin = Va
n,
_ Ldiin
dt
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Figure 5.21 Voltage and current waveforms for the push-pull converter of Fig. 5.19(a).
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Figure 5.22 (a) Current-fed push-pull converter. (b) Switching waveforms.
(c) Converter waveforms.

The inductor current is given by

n
Vinf—Vo
n
i (1) = ——"Z'z—(t*tl)"']in(tl)

The inductor current discharges at a rate of (V;,— (n,/n,)V,)/L. At t =t¢,, S, turns on again,
resulting in v, = 0. The next two modes are similar to the first two modes, except that when S,
is on, D conducts.




%
%\é | /éﬁ BatChapter5.fm Page 232 Monday, February 24, 2003 5:35 PM

A

232 Chapter 5 Isolated Switch-Mode dc-to-dc Converters

The gain equation is obtained by applying the volt-second balance to L as follows:
ny
Vialiy == Vin ==V, |(1,— 1)
ny

Since ty, =0T and 1, =T/2,

Solving for V,/V;, , we obtain

in >

EXERCISE 5.7

Calculate the diode rms and average current values for the push-pull converter of Fig. 5.19(a) whose
current £, is given in Fig. E5.7. Determine the average output power if the load resistance is 10 ).

i A
4AF-————— | -
/'\/\/

I I

2A | T | T
I I I I
S

0 DT T (L+2D)T . Figure ES.7 Waveform for i; of

22 2 Fig. 5.19(a).

ANSWER
6D+1Z§A, %(1 +2D), 90 W

5.3 BOOST-DERIVED ISOLATED CONVERTERS

In this section we will discuss several well-known boost-derived isolated converters.
All of these converters have the same function of the basic boost converter discussed
in Chapter 4. We begin with the simplest: the single-ended one-switch boost-derived

converter known as the flyback converter.

5.3.1 Single-Ended Flyback Converter

The circuit topology for the flyback converter is shown in Fig. 5.23(a). This converter
is one of the most common isolated switch-mode converters.

g
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(b)

Figure 5.23 (a) Single-ended basic flyback converter. (b) Flyback converter with magnetizing
inductor.

The transformer shown in this topology serves as a step-up/step-down to the input
voltage, reverses output voltage polarity, provides electrical isolation, and provides
energy storage during the operation. Since all the energy obtained from the source is
first stored in the transformer and then passed on to the load, this converter is also known
as an energy storage converter. Commercial flyback converters are normally designed
with several multicoil output transformers. During the turn-on period, energy is stored in
the magnetic inductor and transferred to the output side during the turn-off period. In
order for the diode to conduct only during the off period in which energy is transferred
to the output, the polarities of the transformer windings are reversed, as shown in the
figure. One popular application for the flyback converter is in television screens, in
which high output voltage is required. This can be obtained by using a high transformer
turn ratio, n,/n, . Unlike the forward converter, the flyback converter doesn’t need an
output inductor; it uses only one diode and does not suffer from a core saturation prob-
lem. When operated in dcm, it uses a relatively small, magnetizing inductance. To un-
derstand the role of the magnetizing inductance, we replace the transformer by a simple
model that includes the magnetizing inductor, as shown in Fig. 5.23(b).

Typical waveforms for the flyback converter of Fig. 5.23(b) operating in the continu-
ous conduction mode are shown in Fig. 5.24. When the transistor is turned on, the pri-
mary voltage v, becomes equal to the source voltage V;,, and the diode D is turned off by
the negative polarity of (n,/n,)V,, + V,. The magnetizing inductance, L,,, starts charg-
ing linearly with slope V;,/L,,. Note that this mode of operation is like the boost con-
verter, in which the inductor L stores energy during the on time. When S is turned off, the
diode is forced to carry the magnetizing inductor current through the secondary winding.
The drawback of this topology is the transformer's primary-side leakage inductance,
whose energy must be dissipated when the transistor is turned off. For this reason, in or-
der to reduce the stress on the switching transistor, a snubber circuit is normally added.

The analysis of this circuit consists of two modes of operation as follows.

Mode 1 (S'is turned on at ¢ = 0 and D is off). The on-state equivalent circuit model is
shown in Fig. 5.25(a). The voltage across L,, is V;,, yielding the following equation for i, (¢):

i,(t) = ?t-klm(O) (5.14)

m
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Figure 5.24 Current and voltage
waveforms for the flyback converter.

where /,,(0) is the initial value of the magnetizing current when the transistor is turned
on. From this equation, we notice that the inductor current, i,,, will linearly charge to
t = DT when the transistor is turned off to enter mode 2.

Mode 2 (S is turned off and D is on). This mode of operation starts at t = DT,
when the transistor is turned off. To maintain the continuity of i,, the diode D turns
on. The equivalent circuit model is shown in Fig. 5.25(b).

The voltage across the magnetizing inductance is nV,, where n is n,/n, . In terms
ofi,, we have

Integrating this equation from DT to ¢, we obtain

-V, n

i ()= (t—DT)+1,(DT) (5.15)

m
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o o
+ D +
Vg C= RV,
. - —
nyinp
(@)
o o~
S + o + D +
Vin Vp Vg C= R V,
int ~ . - _ .
Figure 5.25 Modes of operation.
npsny (@) Mode 1: S'is on and D is off.
) (h) Mode 2: Sis off and D is on.

where /,,(DT) is the magnetizing current value at + = DT, when the diode D starts
conducting. Evaluating Eq. (5.15) at 1= DT and at ¢t = T, respectively, and using
i,,(T) =1,(0), we obtain the following relations:

nv,

1,(DT)~1,,(0) = —=(1-D)T (5.16a)
V.
1,(DT)~1,(0) = 7°DT (5.16b)

Equating Egs. (5.16a) and (5.16b), we obtain the following conversion ratio:

v, _ D
I—/-—_n(lfD) (5.17)

m

This gain equation is similar to the buck-boost converter gain when n = 1. All rele-
vant current and voltage waveforms are shown in Fig. 5.24. The average output cur-
rent is the same as the average diode current, which is given

_n(£,(DT) +1,(0))

1 1-D
o 2 ( )
and the average input current is given by
1 (DT)+1 (0
I, = —m( )2 n )D

Hence, the current conversion ratio is given by

I, n(1-D)

7 5 (5.18)

This equation can also be obtained by equating the average input and output powers
by replacing /, = V,/R ; thus we obtain the following relation:
2V,

1,(DT)+1,(0) = nR(1-D)

>
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From the above relation, we obtain the minimum and maximum current values of i,

as follows:
1 (0) = V.D V.DT 5.19
m T AR(1-D) 2L, 194)
I (DT) = VD | VDT 5.19b
m 2R(1_D)? 2L, (5.195)

When setting /,(0) = 0, we obtain the critical value of the magnetizing induc-
tance for the continuous conduction mode of operation.

_ n2(1-D)’RT

Lcrit - 2 (520)

If the inductor current is allowed to reach zero, i.e., L,, < L, then the converter will
operate in dcm and the core becomes fully demagnetized in each cycle.

EXAMPLE 5.5

Sketch the waveform for i, and determine the expression for the output voltage ripple for the
flyback converter of Fig. 5.23(b).

SOLUTION The capacitor current equals the ac ripple in the diode current, ij,. So i, is the same as the
diode current minus the average output current:

i,=ip—1,

The current i, is obtained by simply shifting i, down by /, as shown in Fig. 5.24. It is clear
that the waveform is similar to the buck-boost capacitor current. The total charge, AQ, during
the DT interval is given by

AQ- =(DD)(,)
CAV,=(DT)(I,)

DTI,
LAV, = c
AV, D
7RGy
The peak capacitor current is given by
]c,max = ILm(DT) 710

Substitute for /,,,(DT) from Eq. (5.19b) and simplify to obtain

I -7 1fn(17D)+nTR(1fD)
emax ol p(1-D) 2L,

EXERCISE 5.8

Determine the voltage gain V', /V,, for the flyback converter operating in the discontinuous con-
duction mode. Compare this expression with the voltage gain for the continuous conduction mode.
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ANSWER RT

2nL,,

Yolp
Vin

EXERCISE 5.9

Consider the flyback converter of Fig. 5.23(b) with ¥V, =48V at I, =1A, V,, =18V,
f=150 kHz, n = 0.3 . Find the maximum L,, so that the converter operates in dem.

ANSWER 4.44 uH

5.3.2 Half-Bridge Converter

Because of the presence of an input inductance in series with the dc voltage source,
the circuit implementation of the half-bridge converter requires a center-tap trans-
former. Figure 5.26(a) and (b) shows a discrete inductor and a center-tap transformer
implementation of the half-bridge boost-derived converter.

(a)

i
SY
-
.

L]
\AANS
L]
- )
°<

o
e
®)

Figure 5.26 Half-bridge boost-derived converter. (a) Single-inductor implementation.
(b) Center-tap transformer implementation.
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Because switches S, and S, are switched alternately, the topology of Fig. 5.26(a)
is not suitable due to the abrupt change in the primary current. This problem does not
exist for Fig. 5.26(b), in which a center-tap transformer is added. It can be shown that
the voltage gain is given by

Vo _1(my\ 1
Zo1 _ 521
V., 2(n1)1 D (5:21)

5.3.3 Full-Bridge Converter

Figure 5.27 shows the full-bridge boost-derived converter with a full-wave rectifier in
the output side. This converter is also known as a double-ended converter.

The main advantage of the full-bridge configuration is that its core material is better
utilized compared to the single-ended case, in which the magnetic field density changes
from 0 to +Bg,. For the full-bridge configuration the core excitation varies between
+B,,. and —B,,,. There are several switching sequences for Fig. 5.27 that will result in a

sat sat*
duty cycle above 50%. Figure 5.28 shows two possible switching sequences.

+ vy — iy

. L e
i l l
SIS J ; . )SD1 Dy
14 nping s

O :
Sy { S5 ‘j{ Zﬁm )‘s D3

Figure 5.27 Full-bridge boost-derived converter with full-wave output rectifier.
S5 |5 |_ J
! |
| | ! |
T T H |
SRRl s B N
| |
I ! |

>
T

(@)

Figure 5.28 Two possible switching
() sequences for the full-bridge converter of
Fig. 5.27.

—®

.
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In Fig. 5.28(a), each of the two diagonal pairs of switches are switched simulta-
neously with D > 0.5 for each switch. With this switching sequence, there exist two
intervals during which all four switches are on at the same time. During these inter-
vals, the inductor current is divided almost equally between the switch legs S,-S, and
S,-S5, reducing their rms current values. In the switching sequence of Fig. 5.28(b),
two of the switches operate with a fixed duty cycle and the other two switches operate
with a varying duty cycle. Of course, the driving circuit for Fig. 5.28(a) is more com-
plex since unlike Fig. 5.28(b), where only two switches are controlled, the switching
sequence of Fig. 5.28(a) is required to control four switches. Next we consider the
analysis of the circuit shown in Fig. 5.27 when operated under the switching sequence
of Fig. 5.28(a). It can be shown that there are four modes of operation during one
switching period, as shown in Fig. 5.29.

The inductor current during mode 1 is given by

i (1) = %‘HIL(O) (5.22)
where /;(0) is the initial inductor current when S, and S; are turned on, while S, and S,
were on initially. This current is divided equally through S-S, and S,-S;, with
vg=v,=0andi,=0.

At t =1t¢,, S, and §, are turned off simultaneously, forcing #;(#) to flow through
the primary, through diodes D, and D;, and then to the load. The equivalent circuit is
shown in Fig. 5.29(b).

The inductor current is obtained from v, :

m
vL(t)=Vin—n—V 0<t<t

o
2

Therefore, the inductor current is given by

ny
Vin - _Vo
ny

ip(t) = 7 (t—1)) +1(2)) (5.23)

In this mode v, and v, are given by
n
v.=V v, = v
ny

Mode 3 starts at ¢ = ¢,, when S, and S, are turned on again, resulting in a similar
equivalent circuit to that in mode 1. The current equation is given by

. Vin
i(t) = T(Z_ ) +1,(t,) (5.24)
At t = t;, we have
Vin
I,(t;) = f(ts —1)) + (1)

Finally, mode 4 starts at ¢ = ¢;, when S| and S, are turned off simultaneously.
The voltages are given as follows:

v =Vintv, v, = —V v, ==V

—®
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(c)

Figure 5.29 Modes of operation. (¢) Modes 1 and 3: All switches are on. (b) Mode 2: S| and S;
are on. (c) Mode 4: S, and S, are on.

Hence, the currents are given as

Vin - rﬂVo
) n
ip(t) = TZ(I* t3) +1,(3)

i,() =—i,
. ny.
1.(t) = —1
0=

The current and voltage waveforms are shown in Fig. 5.30.
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Figure 5.30 Current and voltage waveforms for
Fig. 5.27.

From the volt-second principle, we have

0V = (4 _tZ)(Vin_}ﬂVoJ
n

2

From Fig. 5.29, ¢, = (D - %)T and (z,—t;) = (1 —D)T; hence, we have
(D-HTV, =-(1 —D)T(Vm—’ﬂVoJ (5.25)
)

Solving Eq. (5.25) for the voltage gain, we obtain

Vo ny 1
2=2__ - 5.26

EXAMPLE 5.6

(a) Derive the voltage gain expression for Fig. 5.27 by using the switching sequence given in
Fig. 5.28(b).
(b) What is the rms current in each switch?

>

.
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SOLUTION

(a) Although there is a change in the switching sequence between Fig. 5.28(«) and (b) in
switches S; and S, careful investigation of the circuit operation modes indicates that conditions
governing the charging and discharging of the inductor are exactly the same for both switching
sequences. Therefore, the expression according to the volt-second balance as obtained above
also applies here, and the voltage gain expression for the switching sequence given in
Fig. 5.28(b) is the same as that given in Eq. (5.26).

(b) I ms = I—z + ﬁ (5.27)
5 2 24
where
_m A,
* n2(1-D)
is the average inductor current and
Al = %I(D - %)T (5.28)

is the inductor current ripple.

EXERCISE 5.10

Derive the expressions for 7,(0) and i,(DT) in Fig. 5.30 and determine the inductor’s critical

value, L .

n, Io Vin 1 ny Io Vin 1
ANSWER Qm)=—————f—(D7Jﬂ IADT%=————~+—{D70Z
m2(1-D) 2L\ 2 nm2(1-D) 2L\ 2

2
L _2;2 R(1-D)3|D lT
crit n, (7 ) 72

EXERCISE 5.11

Show that the primary rms current of Fig. 5.27 is given by the following equation:

— 1
L s = 20 -D)(13 + LDP)

5.4 OTHER ISOLATED CONVERTERS!

In addition to the circuits presented thus far, there are many other isolated converters
that are covered in the open literature. Here we will consider two examples: the Cuk
and the Weinberg converters.

5.4.1 Isolated Cuk Converter

Figure 5.31 shows the isolated Cuk converter. The converter storage capacitor is split
into two series capacitors, C, and C,, as shown. The output voltage remains negative
since the transformer’s primary and secondary windings have the same polarity. Let

IThis section may be omitted without loss of continuity.
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us derive the expression for the voltage gain. Assume the converter operates in the
continuous conduction mode. Like the push-pull and bridge converters, the entire
core B-H loop is utilized in both directions.
Figure 5.32(a) and (b) shows the two equivalent circuits for mode 1 when S is on
and mode 2 when S is off.
Mode 1 (during DT interval):
v =V,
n
Vip = Vo=Ver— e Vei
n

Mode 2 (during (1 —D)T interval):

Applying the volt-second principle to v;; and v,,, we obtain

n
DVin = 7(1 D)|:Vm + Vcl + _V62:|
n
-D n
Viie——==V,t V., +t=V,
11’11 _D mn c n2 c
- n
Vin_l = Vcl + _1ch
1-D n, (5:29)
Ll Cl n1:n2 C2 L2
] ]
Vin s D C3== RV,
+  Figure 5.31 Isolated Cuk
¢ converter.
Ve - iLl - Vcl +fl12l’l2_ VCZ + iLZ —vip t
L _I { L -
! C; YCe ¢ 2
Vin S ] C3== RV,
+
(@)
v t iLl 7Vc‘1+nl:n27 V62+ —vi2 t iLZ
Y Y,
L = L, -
C1 *Q|ICe &2
Vin [ D G== RV,
+  Figure 5.32 Isolated Cuk
converter. () Mode 1.
(b) (b) Mode 2.

—®

.
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VLZ .

D[—Vo— ch—’QVd} —+(1-D)7V,
n

fD(ch +%V01) = [+(1-D)- D]V,
1

n 7V0
+ _= =
Vc2 n Vcl D
v
Vot 2y, =-21e (5.30)
n, n, D
From Egs. (5.29) and (5.30), we obtain
v, D n
Vm 1- Dn—l

EXERCISE 5.12

Consider the Cuk converter shown in Fig. E5.12, which provides a positive output voltage. As-
sume ideal components to derive the voltage gain equation ¥,/ V,,, and sketch the waveforms
for iy |, i5, ip, Vew Vp» and v,,.

C
L1 1 niinp

Cy + Vo — i
Ll + ° + L2 *
J Vsw YD D G R Vo
o
Figure ES.12

In this section, the basic topology and operation of another buck-derived push-pull
converter, known as the Weinberg converter, will be discussed. There are several ver-
sions of this topology that perform the same function. The steady-state analysis will
be presented in this section for the converter operating in ccm. The original proposed
Weinberg dc-to-dc topology is shown in Fig. 5.33(a). A more simplified equivalent
circuit can be obtained. In this analysis we will assume the n-turn-ratio transformer
has a magnetizing inductance, L,,, and the m-turn-ratio transformer is ideal.

The switching waveforms are similar to those for the push-pull converter and are
shown in Fig. 5.33(b). When switches S; and S, are turned on and off alternately, the
following cases are investigated:

1. Mode 1: S, on, S, off
2. Mode 2: S, off, S, on
3. Mode 3: S, off, S, off

v — g

5.4.2 Weinberg Converter

Mode 1: S, on, S, off (0 < t<DT)

In this case, the current from Vi, flows through the magnetizing inductor of the input
transformer, causing v, > 0; hence, D, and D, are turned off. With S, on, v ;- >0
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iO
. T
. c=R2W
1:n T _
. —_
+ vy - =
Vin
M On Off On Off On
1 1
| I | | I
| | | | |
| | | | I
| | |
| | |
Sy | Off | On | Off On Off
| | |
0 DT T2 (12+D)T T

(®)
Figure 5.33 The Weinberg dc-dc converter. (a) Circuit topology. (b) Switching waveforms for
the power switches S, and S,.

and v;; < 0, causing D; to reverse-bias and D, to be forward biased. The equivalent
circuit model is shown in Fig. 5.34(a).
From Fig. 5.34 we have v, = V;, — V /m , yielding the following equation for i;:

v/
i,(t) = WHJL(O) (5.31)

where 1, (0) = I; .;, is the initial inductor current at # = 0 . Since the center-tap trans-
former has the same ratio, m, diode D5 blocks twice the output voltage, i.e.,

Vp3 = -2 Vo

Mode 2: S, off, S, on (T/2 < ¢t<(0.5+D)T)

At t=1T/2,8,is turned on while S, is kept off (S; is turned off in the previous inter-
val at t = DT). In this case since the current from V;, flows through the magnetizing
inductor, diodes D, and D, are turned off. The output diode, D,, is off because S, is
on, while D5 is conducting to carry the inductor current.
From Fig. 5.34(b), the inductor voltage is v, = V;, — V,/m and i, is given by
Vi.—V,/
i) =M 1y 1,(1/2) (5.32)
The blocking voltage of D, is =2V, and this case is identical to the case in mode 1.
Since we have a symmetric circuit operation, these two modes are similar when either
switch is on and the other one is off.

.
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CJI: R2Vo
+ _
iO
CJI: R Vo
+ _
D2 io
0 04 +
C T R Vo
=
D3
0 O
L ip2
+ ® +
L vy Ve C=X RV,
_ e _ -
lin =
(d)

Figure 5.34 Modes of operation. (a) Equivalent circuit for mode 1, when S, is on and S, is off.
(b) Equivalent circuit for mode 2, when S, is on and S| is off. (¢) Equivalent circuit for mode 3,
when both S| and S, are off. (d) Simplified equivalent circuit of mode 3.

Mode 3: S, off, S, off (DT < t<T/2 and (0.5+D)T < t<T)

In this case, since the two switches are turned off, D, and D, are turned on, while D,
and Dj are turned off. The equivalent circuit is shown in Fig. 5.34(c), and the simpli-
fied equivalent circuit is shown in Fig. 5.34(d).
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From Fig. 5.34(d), the inductor voltage is —V,/n , and the inductor current for the

first interval is given by
vV
i () =——Z(t—(DT))+IL(DT) (5.33)
n
is the initial inductor current at ¢t = DT.

where I, (DT) = I} 1.«

EXERCISE 5.13
Show that the average output and input currents for the Weinberg converter of Fig. 5.33(a) are

(5.34)

given by Egs. (5.34) and (5.35), respectively.
_ (ILmax +1Lmin)(9 + 1 _D)

Io,ave - B m n
1 +1, .)D
( Lin) (5.35)

Lmax

Iin,ave = 2

EXAMPLE 5.7
It can be shown that the two-switch Weinberg converter of Fig. 5.33(a) can be simplified by us-
ing a one-switch equivalent circuit model as shown in Fig. 5.35. Derive the inductor current

and voltage gain equation, and draw the key current and voltage waveforms for the simplified

converter of Fig. 5.35.
SOLUTION Figure 5.36(a) and (b) shows the two equivalent circuit modes. Figure 5.36(c) shows the

switching waveforms for the simplified circuit of Fig. 5.35.
The inductor currents for the two modes are given by
) Vin—V,/m
ip(t)= Tt-i-[L(O) 0<t<DT (5.36a)
. v,
i1(1) = = =2(1= (DT)) + 1,(DT) DT < t<T (5.36b)
n
It can be shown that the voltage gain equation is

V

oD (5.37)
V. D_1-D

=+
m n
—o o
S
A iin
w0
lU
+
C T R Vo
4 _
Figure 5.35 Simplified one-switch equivalent circuit model.
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pl
+
C= RV,
(a) =
'L 1:n p2
+ + ® +
73 L vy ) C=< R V,
_ e _ ~
(b) =
Iy,

A
Tpmaxm—1,

Irmax/n—Io 7=~ 74\ Figure 5.36 Equivalent circuits
Imin/m—1, DT, ’N.i/ for Fig. 5. 35. (a) Mode 1: The
Iyminn—1I, f——=—=—=———=—==—————=——=== switch is on. (b) Mode 2: The
switch is off. (¢) Converter
() waveforms.

v
~
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If m = n, then the voltage gain becomes the gain of the buck converter. Therefore,

E =D (5.38)
Vin

It can be also shown that /, . and [, are given by

V
1 =2 _+_°(1-D)T 5.39
Lmax RD Vin an( ) ( a)

V2 V
[, . =—2___°(1-D)T 5.39b
Lmin RDVin 2}1L( ) ( )

For ccm operation, [, ;. > 0, and to obtain the critical inductance set 7, ;, = 0:

RDV,,
un>2nV(1—Dﬂ‘ (5.40)

o

L

The normalized output capacitor ripple voltage is given by
2 2

AV — nzTn In,max_l + mD 1_[n,min (5 41)
270l 1 n(l1-D) m '

/1

where V,, = V./Vy, 7, = 7/T = L/RT, Tpc = RC/T,], = I/ Lyand o0 =1 .

nc c i n,max ,min

EXAMPLE 5.8

Consider a de-de converter unit system that uses the Weinberg converter with an input dc equal
to 125 V and an output of 48 V. The design has the following specifications:
Output power P, =2 kW
Switching frequency f'= 40 kHz
Output ripple voltage AV,/V, = 0.2%
Determine the following:
(a) The value of n where D = 0.7 and m = 0.5
(b) The critical inductance value
(¢) The maximum and minimum inductor currents
(d) The average input and output currents

(e) The capacitor current value

SOLUTION
(a) From the gain relation, we have
Ve
Vo D,1-D
m n
4 _ 07
125 0.7 . 1-0.7
0.5 n
n=0.7
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(b) The critical inductance value is given by
DV,
crit > nv

o

L (1-D)T,

R=V12/P=1.152 Q and T, = 1/f= 25 us; therefore,

o (1.152)(0.7)(125)(1 B
ert 2(48)(0.7)

Loy = 1125 uH

0.7)(25 us)

Select L = 30 uH.

(¢) The maximum inductor current is

V
Lo = =—=——+—2(1-D)T,
Lmax RDVin an( ) K

= (48)? 48 -
Timex = T T52)00.7)(125) | 200730 ,LH)(1 0.7)(25 ps)
L. =314 A

and the minimum value is given by

1 _—Vg 7 1-D)T
Lmin_RDVin_Z—;Z( - )5

I

Lmin

=143 A
(d) From Equation (5.34) we have

(Ime+1Lmin) D 1-D
[o,ave = - P (l’l_/l+ n )

7 _ (31.4+14.3)(&Z+1—0.7)
o.ave 2 0.5 0.7

1 =41.78 A

0,ave
and from Equation (5.35) we have

+17

Lmin

(I

_ \"Lmax
in,ave 2

)D

Lo = (lA+143) 0

in,ave b}

I

in,ave

=16 A
(e) The times at which the capacitor current becomes zero are given by

_ (Io 71Lmin/m)

t -
’ 1 Vin Vo
Lim m?

_ (41.78-14.3/0.5)

(345

30 pH\05  0.52

t,=6.83 us

X

>
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and
nL
ty = I—/—(ILmax _nlo) + DTS
o
1= W(MA 0.7 41.78) + (0.7)(25 pus)
t,=18.44 us
Recall
T L/R RC
’T” == FA = T == 104 and TnRC = —7::
Therefore,

Multi-Output Converters

AV — I’lz’T” (In,maxil)z_i_( mD
" 27|\ n n(l-D)

0.2 _ (0.7)2(1.04)(25 ps)
100 2(1.152)C

The value for the capacitor is obtained as

C = 476.6 uF

[4.9%10° + (0.67)(0.25)]

251

5.5 MULTI-OUTPUT CONVERTERS

As stated earlier, one of the advantages of using an isolated transformer is to allow for
multiple outputs at the secondary side of the output transformer. This is very common in
today’s power supplies used in components to provide several voltage levels at different
currents and polarities. Figure 5.37(a) and (b) shows three-output examples of a half-
bridge buck-derived converter and a single-ended flyback converter, respectively.

EXERCISE 5.14

Design the half-bridge converter of Fig. 5.37(a) to provide three output voltages with
Voy=5Vat6A, V,,=37V at05A,and V_ ;=12 V at 2 A. Design the transformer turn
ratio and the converter components such that the voltage ripple for any output does not exceed
0.1%. Assume V;, = 160 VDC and a switching frequency of 100 kHz.

EXERCISE 5.15

Determine the rms currents for the power switches and transformer windings of Example 5.6.

ANSWER 0.877 A, 124 A,3.24 A,0534A,134A

EXERCISE 5.16

Design the multi-output converter of Fig. 5.37(b) for the following output specifications:
=+5Vat4A, V,,=+12Vat05A, V,; =-12V at 0.3 A. The ripple voltage does not

v

ol

exceed 100 mV peak-to-peak for each output. Use V;, = 185V, f, =50 kHz,and D = 0.5.

1

g
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|
)
+
e
o, O
. {7 o
%3

=~
+

o
n_L. 52{

.
uk

C3=R V,
ng 3 3§ 03

\4

NI o °
Tl -
Vo2

G= R

.
p
ng
Vin Ci) .

S ng3
B

C3 == R3 Vo3
1 T o

()

Figure 5.37 (a) Three-output half-bridge buck-derived converter. (b) Three-output flyback converter.

ANSWER ny/n,=1/37, n,/n, =n;/n, = 12/185, L, > 2925 mH, C, > 400 uF, C, > 50 4uF,

C, > 30 uF

In practice, normally the output voltage with the highest power is controlled, with
the other outputs using linear regulators to stabilize their voltages. This is why the
open-loop outputs are designed for a higher voltage than specified.

PROBLEMS

Forward Converter

5.1 Consider the single-ended forward converter
of Fig. P5.1 including a leakage inductance of the
power transformer. Discuss the effect of L, on the
circuit operation.

DS5.2 Design the forward converter of Fig. 5.8 that
needs to supply 400 W at 15 A load current. The
output ripple should not exceed 1%.

5.3 Derive the expression for the output ripple
voltage for the forward converter of Fig. 5.8.
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ni:iny Ly Dy L
+
L]
ns Dy = v,
Vin <+> ° -
S
Figure P5.1
Sy { %Dz
i (0 et
e
Dy S
Y
e
y L
Dy *
D, C== RV,

Figure P5.4

5.4 The circuit given in Fig. P5.4 is another type
of forward converter. Sketch the primary voltage
and diode current waveforms for the circuit.

5.5 Replace D, and D, by S; and S, respectively, in
Problem 5.4. Derive the voltage gain if the four
switches have the switching waveforms in Fig. P5.5.

s [T L
s LI

Figure P5.5

ip1 Dy

5.6 Consider the single-ended forward converter
given in Fig. P5.6, which uses a regular and a ze-
ner diode to provide a negative voltage damp
across the primary in order to reset the core to
avoid transformer saturation.

(a) Discuss the operation of the circuit.

(b) Sketch the current waveforms iy, ip,, iy, ips,
gy, and i,

Full-Bridge

DS.7 Design a full-bridge dc-dc converter with a
center-tap output transformer with the following

p nyiny i,
lm L] ]
L, Dy Vo
ipn
. + .
m _ lswi ZD3
Dj
S
Dy
77
Figure P5.6
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ip1 tov -
+ +
e p |y D CTR v,
+ . — -
Vin C_) g4 ry
D,
o
S4 S5
Figure PS.8
- |
S —'D=05
b |
— | | |
S1=8— i _I_
I e >
: D=05
Lo |
— I | |
i) — ! —
| |
| T
[ |
| |
S4 ID] | IDl |
| |
| |
L I e
—
| T |
Figure P5.9

specifications: V;, =480V, V, =240Vatl, = 20 A,
f, =75 kHz.

5.8 Sketch the labeled current and voltage wave-
forms for the double-ended buck-derived con-
verter shown in Fig. P5.8. Assume the switching

sequence for S-S5 and S5-S, is the same as that in Fig.
5.19(b). Assume RC >>T.

5.9 Repeat Example 5.6 by using the switching
sequence in Fig. P5.9. Derive the voltage gain in
terms of the phase shift period D,.

Push-Pull Converter

5.10 Derive the output voltage ripple for the push-
pull converter.
€

n:1

Vin

'f

Isolated SEPIC and Cuk Converter

5.11 Derive the voltage gain equation for the iso-
lated SEPIC converter shown in Fig. P5.11.

C

f

5.12 Derive the voltage gain expression for the
isolated Cuk converter shown in Fig. P5.12.

L 1:n

Vin

Figure P5.11

G Ly

+

NS

11l
Al

Figure P5.12
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Weinberg Converter

5.13 Repeat Problem 5.3 for the Weinberg con-
verter.

5.14 Show that the voltage gain equation for the
Weinberg converter of Fig. 5.35 is given by

v, D

m n

5.15 Show that 7, and 7, of Fig. 5.36 are given by
I, =1} in/ M)

po=20 ~mm 7
’ 1 Vi Vo
Llm m?

_nL
1, = T/—(ILmaX—nIa) +DT
o

For the special case when 7, .,./n = 1, show that
1, = DT, t, is the same as above, and AV, is
given by

AV = nzTn mD 1,1”"“"‘
" 270ln(1-D) m

Design Problems

2

Multi-Output Converters

DS5.16 Design the four-output buck-boost con-
verter shown in Fig. P5.16 to operate in ccm with
the following specifications: V.. =28V,
Viomax =48V, Vippom =36V, V, =5V at
I,=10A,V,=5Vatl,=1AV,;=12Vat
I,=2A,V,,=-12Vatl, =3 A, f. =70 kHz,
and AV,/V, = 1% for each output.

g 3
I b L

Y

Figure P5.16

255

Problems

DS5.17 Design the two-output forward converter
shown in Fig. P5.17 to operate in ccm with the fol-
lowing specifications: V; ., =78 V, Vi .0 =
1OV, Vippom =92V, ¥V, =5V at [, =15 A,
Vy,=12V at [, =5A, f,=70kHz, and
AV,/V,=1.5% for each output.

nj3 C) = Voo

Figure P5.17

D5.18 Design the two-output, two-switch forward
converter shown in Fig. P5.18 to operate in ccm with
the following specifications:  V;, iy =210V,
Viemax = 480V, Vi iom =370V, V,; =5V at
I,=15AV,=28Vatl =5A,f =85kHz,
AV, /V, = 0.1%, AV, /V,, =0.5%,
AL/1,, =15%, Al,/1,, = 10%.

Single-Output Converters

D5.19 Design the simplified Weinberg converter
shown in Fig. P5.19 to operate in ccm with the fol-
lowing specifications: V;, o, =48V, V, =22V
at [,=3A to 03A, f, =120 kHz, and
AV, /V,=1%.

D5.20 Design the single-ended forward converter
of Fig. 5.8 to operate in ccm with the following
specifications: Vy, jom =28V, V, = 12Vatl, =4A

tolA, f,=125kHz,and AV, /V, = 1% . Assume
the diode forward voltage drop is 1 V.

D5.21 Redesign Problem 5.20 using the push-pull
converter of Fig. 5.19(a).

D5.22 Design the full-bridge converter of Fig. 5.18
to operate in ccm with the following specifica-
tions: Vi hom =150V, V, =12V at [, =2 A,
f.=50kHz, AV, /V,=05%, Al /I, = 5%.

D5.23 Design the half-bridge converter of Fig. 5.17(a)
to operate in ccm with the following specifica-
tions: ¥, =185V, V,=28V at I, =2A,

in,nom

f.=100 kHz, AV,/V, = 0.1%, AL /I, = 5%.
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l Ll Iol
Dl% M J +
[}
1 ny Cl Rl Vo
- T
+ _
Vin C_) nj L v .,
02
+
L]
(&) R v
o, n 2
S5 { DQZE 3 T ’
Figure P5.18
D3
NI
1
1:m

WA

L&J

m

Y Y Y\ 4
Lm

O

a
-

=
AW
IS+

Figure P5.19

D5.24 Design the forward converter that uses a
tertiary winding shown in Fig. 5.14 with the fol-
lowing specifications: V;, o, = 285 V.£20%, V, =
12 V at I,=2A to 200 mA, f, =120 kHz,
AV, =100 mV. Determine the diode and transis-

tor voltage and current ratings.

D5.25 Repeat Problem 5.24 with the same speci-
fications except for an additional output voltage
with the following specifications: V,, =5V at4
A to 500 mA and the output voltage ripple does
not exceed 50 mV. The circuit configuration is
shown in Fig. P5.25.

D, Ly
+
[ ]
° 1 Dy 12V
ny _
Ly
° +
" ) Ds 1% 5V
02 =

Figure P5.25
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D
nypinp 1 L 2
>
S | .
Vin a5 = R§ v,
. T -
(@)
S
nying Dy ,2 L
S
° +
Vin = C D, C, == R§ Vo
R _
®)
L 51
Y, oo
S S
S )
€
Vin <+>
P
(©
Figure P5.26
Additional Topologies (a) Sketch the current and voltage waveforms la-
5.26 For the three circuits given in Fig. beled on the figure.

P5.26(a), (b), and (c), show that the voltage
gains are given by the following equations, re-
spectively. Assume S, and S, are switched simul-
taneously for (a) and (b), and S; and S, are
switched complementarily for (¢). Assume C,
and C, are very large.

(a) Yo__D ™
in I,D)Zn]
) o=_D2 ™
Ve ((1-D)n,

© 3 M

. (1-D)(1-2D)n,

5.27 The converter shown in Fig. P5.27(a) is an-
other version of the forward converter. Assume
ideal diodes. L,, is the transformer magnetizing
inductance. The switching waveforms for S|, S,,
S;, and S, are shown in Fig. P5.27(b). Assume
RC>>T.

(b) Derive the voltage gain expression, V, /' V..
5.28 Draw the waveforms for the branch cur-
rents and voltages for the push-pull converter
including a finite magnetic inductance as shown
in Fig. P5.28.

5.29 Show that if the single-ended flyback con-
verter of Fig. 5.23(b) is operating in dem (magne-
tizing current is discontinuous), then the voltage
conversion ratio is given by

v, _
7=

m

where 7, =L/RT.

n,

"2 F
2T

n

5.30 Consider the circuit given in Fig. P5.30(a)
with the switching sequence given in Fig. P5.30(b).
(a) Sketch the waveforms for i, v, iy, and ip,.
(b) Derive the expression for V /V; .

(¢) What is the expression for the critical value of
L to maintain ccm operation?
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h
v

S1, 83 DT, !
I I I
I I I
I I I
I [ Pe——
sp5 — 1 orL
I I I
0 Ty
(b)
Figure P5.27
ip1 L ir,
N v
. C
i " T k3™
ip2

O,
Sl{

5.31 There are several core reset schemes avail-
able in today’s dc-dc converters. Figure P5.31(a)
and (b) shows two possible core-resetting circuits
used in high-power applications. The winding n, is
the reset winding.

Figure P5.28

(a) Discuss the operation of each of the circuits
and compare them to each other.

(b) Draw the waveforms for i;,, vy, i,, v,, and ip,.

5.32 Derive the voltage gain equation for the iso-
lated double-switch, single-ended dc-dc converter
in Fig. P5.32. S| and S, are switched simulta-
neously.

5.33 Consider the current-fed push-pull converter
given in Fig. P5.33. Derive the current gain ex-
pression I,/ I;,.

5.34 The converter shown in Fig. P5.34 is an iso-
lated version of a converter given in Chapter 4.
Assume the magnetizing inductance, L,,, is finite.
Derive the expression for V,/V,, .

5.35 Figure P5.35 shows the isolated version of the
SEPIC converter, where a transformer is inserted in
place of L,. Assume the transformer has a magnetiz-
ing inductance, L,,, and a turn ratio of n;:n, .

(a) Sketch the waveforms for i, i;,(magnetiz-

ing inductance), iy, ip, V,, v,, and vy,

(b) Show that the voltage gain is given by
Vo _m D

Vi n1-D

m

where D is the duty cycle of the switch.
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Figure P5.31
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Figure P5.32

Dy
. .
Iin ni np
__@_ L] [}
ny ny
S] ° SQ D2
Figure P5.33

5.36 The converter in Fig. P5.36(«) and (b) is known
as the isolated Watkins-Johnson converter. Assume S;
and S, are switched on and off as shown in Fig.
P5.36(c). Assume finite magnetizing inductance. De-
rive the expressions for V,/ V;, for each converter.

5.37 Draw the waveforms for the voltage and cur-
rent variables in the push-pull converter shown in
Fig. P5.37. Unlike Fig. 5.16(a), this converter is
assumed to have finite magnetizing inductance.

Figure P5.34

D5.38 Consider a flyback converter that draws
its input current from a dc voltage source varying
between 185 V and 275 V and that produces an
output voltage of +12 V at an average load cur-
rent of 10 A.

(a) Determine the value of the transformer ratio
and magnetizing inductance L,,.

(b) Determine the range of the duty cycle
needed to maintain a constant output voltage.
Assume f'= 85 kHz and a maximum duty cy-
cle of 0.6.

D5.39 Repeat the design in Problem 5.38 by assum-
ing the power switch and diode have 3 Vand 0.7 V
voltage drops when conducting, respectively.

4

IS +e

Figure P5.35
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npiny i

D1
+ ) )
Vp2 & Ly é Dy
+ . .
Vp1 ¢ Lina D,
D s
ju 9 + Vpy —
S S

Figure P5.37




