
6 
Converter Circuits 

We have already analyzed the operation of a number of different types of converters: buck, boost, 
buck-boost, Cuk, voltage-source inverter, etc. With these converters, a number of different functions can 
be performed: step-down of voltage, step-up, inversion of polarity, and conversion of de to ac or vice­
versa. 

It is natural to ask, Where do these converters come from? What other converters occur, and 
what other functions can be obtained? What are the basic relations between converters? In this chapter, 
several different circuit manipulations are explored, which explain the origins of the basic converters. 
Inversion of source and load transforms the buck converter into the boost converter. Ca~cade connection 
of converters, and simplification of the resulting circuit, shows how the buck-boost and Cuk converters 
are based on the buck and the boost converters. Differential connection of the load between the outputs 
of two or more converters leads to a single-phase or polyphase inverter. A short list of some of the better 
known converter circuits follows this discussion. 

Transformer-isolated de-de converters are also covered in this chapter. Use of a transformer 
allows isolation and multiple outputs to be obtained in a de-de converter, and can lead to better converter 
optimization when a very large or very small conversion ratio is required. The transformer is modeled as 
a magnetizing inductance in parallel with an ideal transformer; this allows the analysis techniques of the 
previous chapters to be extended to cover converters containing transformers. A number of well-known 
isolated converters, based on the buck, boost, buck-boost, single-ended primary inductance converter 
(SEPIC), and Cuk, are listed and discussed. 

Finally, the evaluation, selection, and design of converters to meet given requirements are con­
sidered. Important performance-related attributes of transformer-isolated converters include: whether the 
transformer reset process imposes excessive voltage stress on the transistors, whether the converter can 
supply a high-current output without imposing excessive current stresses on the secondary-side compo­
nents, and whether the converter can be well-optimized to operate with a wide range of operating points, 
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Fig. 6.1 The basic buck converter. 2 
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that is, with large tolerances in V8 and P1oad' Switch utilization is a simplified figure-of-merit that mea­
sures the ratio of the converter output power to the total transistor voltage and current stress. As the 
switch utilization increases, the converter efficiency increases while its cost decreases. Isolated convert­
ers with large variations in operating point tend to utilize their power devices more poorly than noniso­
lated converters which function at a single operating point. Computer spreadsheets are a good tool for 
optimization of power stage designs and for trade studies to select a converter topology for a given appli­
cation. 

6.1 CIRCUIT MANIPULATIONS 

The buck converter (Fig. 6.1) was developed in Chapter 1 using basic principles. The switch reduces the 
voltage de component, and the low-pass filter removes the switching harmonics. In the continuous con­
duction mode, the buck converter has a conversion ratio of M =D. The buck converter is the simplest and 
most basic circuit, from which we will derive other converters. 

6.1.1 Inversion of Source and Load 

Let us consider first what happens when we interchange the power input and power output ports of a con­
verter. In the buck converter of Fig. 6.2(a), voltage V1 is applied at port 1, and voltage V2 appears at port 
2. We know that 

(6.1) 

This equation can be derived using the principle of inductor volt-second balance, with the assumption 
that the converter operates in the continuous conduction mode. Provided that the switch is realized such 
that this assumption holds, then Eq. (6.1) is true regardless of the direction of power flow. 

So let us interchange the power source and load, as in Fig. 6.2(b). The load, bypassed by the 
capacitor, is connected to converter port 1, while the power source is connected to converter port 2. 
Power now flows in the opposite direction through the converter. Equation (6.1) must still hold; by solv­
ing for the load voltage V1, one obtains 

(6.2) 

So the load voltage is greater than the source voltage. Figure 6.2(b) is a boost converter, drawn back­
wards. Equation 6.2 nearly coincides with the familiar boost converter result, M(D) = liD', except that D' 
is replaced by D. 

Since power flows in the opposite direction, the standard buck converter unidirectional switch 
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Fig. 6.2 Inversion of source and 
load transforms a buck converter + 
into a boost converter: (a) buck con-

VI verter, (b) inversion of source and 
load, (c) realization of switch. 
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realization cannot be used with the circuit of Fig. 6.2(b). By following the discussion of Chapter 4, one 
finds that the switch can be realized by connecting a transistor between the inductor and ground, and a 
diode from the inductor to the load, as shown in Fig. 6.2(c). In consequence, the transistor duty cycleD 
becomes the fraction of time which the single-pole double-throw (SPDT) switch of Fig. 6.2(b) spends in 
position 2, rather than in position 1. So we should interchangeD with its complement D' in Eq. (6.2), and 
the conversion ratio of the converter of Fig. 6.2( c) is 

(6.3) 

Thus, the boost converter can be viewed as a buck converter having the source and load connections 
exchanged, and in which the switch is realized in a manner that allows reversal of the direction of power 
flow. 



134 Converter Circuits 

Converter 1 + Converter 2 + 

vg vl v 
VI-M (D) ~=MiD) V- I VI 

g 

D 
Fig. 6.3 Cascade connection of converters. 

6.1.2 Cascade Connection of Converters 

Converters can also be connected in cascade, as illustrated in Fig. 6.3 [1,2]. Converter 1 has conversion 
ratio M1(D), such that its output voltage V1 is 

(6.4) 

This voltage is applied to the input of the second converter. Let us assume that converter 2 is driven with 
the same duty cycle D applied to converter 1. If converter 2 has conversion ratio M2(D), then the output 
voltage Vis 

(6.5) 

Substitution of Eq. (6.4) into Eq. (6.5) yields 

v V = M(D) = M I (D)M 2(D) 
g 

(6.6) 

Hence, the conversion ratio M(D) of the composite converter is the product of the individual conversion 
ratios M 1(D) and MiD). 

Let us consider the case where converter 1 is a buck converter, and converter 2 is a boost con­
verter. The resulting circuit is illustrated in Fig. 6.4. The buck converter has conversion ratio 

The boost converter has conversion ratio 

So the composite conversion ratio is 

j'_=_l_ 
VI 1-D 

(6.7) 

(6.8) 
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Fig. 6.4 Cascade connection of buck converter and boost converter. 
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Fig. 6.5 Simplification of the cascaded buck and boost converter circuit of Fig. 6.4: (a) removal of capacitor Cl' 
(b) combining of inductors L1 and L2 . 

(6.9) 

The composite converter has a noninverting buck-boost conversion ratio. The voltage is reduced when 
D < 0.5, and increased when D > 0.5. 

The circuit of Fig. 6.4 can be simplified considerably. Note that inductors L1 and L2 , along with 
capacitor Cl' form a three-pole low-pass filter. The conversion ratio does not depend on the number of 
poles present in the low-pass filter, and so the same steady-state output voltage should be obtained when 
a simpler low-pass filter is used. In Fig. 6.5(a), capacitor C1 is removed. Inductors L1 and L2 are now in 
series, and can be combined into a single inductor as shown in Fig. 6.5(b). This converter, the noninvert­
ing buck-boost converter, continues to exhibit the conversion ratio given in Eq. (6.9). 

The switches of the converter of Fig. 6.5(b) can also be simplified, leading to a negative output 
voltage. When the switches are in position 1, the converter reduces to Fig. 6.6(a). The inductor is con­
nected to the input source V8 , and energy is transferred from the source to the inductor. When the 
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Fig. 6.6 Connections of the circuit of Fig. 6.5(b): (a) while the switches are in position 1, (b) while the switches 
are in position 2. 
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Fig. 6.7 Reversal of the output voltage polarity, by reversing the inductor connections while the switches are in 
position 2: (a) connections with the switches in position 1, (b) connections with the switches in position 2. 

switches are in position 2, the converter reduces to Fig. 6.6(b). The inductor is then connected to the· 
load, and energy is transferred from the inductor to the load. To obtain a negative output, we can simply 
reverse the polarity of the inductor during one of the subintervals (say, while the switches are in position 
2). The individual circuits of Fig. 6.7 are then obtained, and the conversion ratio becomes 

V _ D 
vg -- 1-D (6.10) 

Note that one side of the inductor is now always connected to ground, while the other side is switched 
between the input source and the load. Hence only one SPDT switch is needed, and the converter circuit 
of Fig. 6.8 is obtained. Figure 6.8 is recognized as the conventional buck-boost converter. 

Thus, the buck-boost converter can be viewed as a cascade connection of buck and boost con­
verters. The properties of the buck-boost converter are consistent with this viewpoint. Indeed, the equiv­
alent circuit model of the buck-boost converter contains a 1 :D (buck) de transformer, followed by aD': 1 
(boost) de transformer. The buck-boost converter inherits the pulsating input current of the buck con­
verter, and the pulsating output current of the boost converter. 

Other converters can be derived by cascade connections. The Cuk converter (Fig. 2.20) was 
originally derived [1,2] by cascading a boost converter (converter 1), followed by a buck (converter 2). A 
negative output voltage is obtained by reversing the polarity of the internal capacitor connection during 
one of the subintervals; as in the buck-boost converter, this operation has the additional benefit of reduc­
ing the number of switches. The equivalent circuit model of the Cuk converter contains a D':l (boost) 

Fig. 6.8 Converter circuit obtained from the 
subcircuits of Fig. 6.7. 

2 + 

v 
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ideal de transformer, followed by a l:D (buck) ideal de transformer. The Cuk converter inherits the non­
pulsating input current property of the boost converter, and the non pulsating output current property of 
the buck converter. 

6.1.3 Rotation of Three-Terminal Cell 

The buck, boost, and buck-boost converters each contain an inductor that is connected to a SPDT switch. 
As illustrated in Fig. 6.9(a), the inductor-switch network can be viewed as a basic cell having the three 
terminals labeled a, b, and c. It was first pointed out in [1,2], and later in [3], that there are three distinct 
ways to connect this cell between the source and load. The connections a-A b-B c-C lead to the buck 
converter. The connections a-C b-A c-B amount to inversion of the source and load, and lead to the 
boost converter. The connections a-A b-C c-B lead to the buck-boost converter. So the buck, boost, and 
buck-boost converters could be viewed as being based on the same inductor-switch cell, with different 
source and load connections. 

A dual three-terminal network, consisting of a capacitor-switch cell, is illustrated in Fig. 6.9(b ). 
Filter inductors are connected in series with the source and load, such that the converter input and output 
currents are nonpulsating. There are again three possible ways to connect this cell between the source 
and load. The connections a-A b-B c-C lead to a buck converter with L-C input low-pass filter. The con­
nections a-B b-A c-C coincide with inversion of source and load, and lead to a boost converter with an 
added output L-C filter section. The connections a-A b-C c-B lead to the Cuk converter. 

Rotation of more complicated three-terminal cells is explored in [4]. 

(a) 

+ 

v 

(b) 

+ 

v 

Fig. 6.9 Rotation of three-terminal switch cells: (a) switch/inductor cell, (b) switch/capacitor cell. 
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Fig. 6.10 Obtaining a bipolar output by differential connection of load. 

6.1.4 Differential Connection of the Load 

In inverter applications, where an ac output is required, a converter is needed that is capable of producing 
an output voltage of either polarity. By variation of the duty cycle in the correct manner, a sinusoidal out­
put voltage having no de bias can then be obtained. Of the converters studied so far in this chapter, the 
buck and the boost can produce only a positive unipolar output voltage, while the buck-boost and Cuk 
converter produce only a negative unipolar output voltage. How can we derive converters that can pro­
duce bipolar output voltages? 

A well-known technique for obtaining a bipolar output is the differential connection of the load 
across the outputs of two known converters, as illustrated in Fig. 6.1 0. If converter 1 produces voltage V1, 

and converter 2 produces voltage V2, then the load voltage Vis given by 

(6.11) 

Although V1 and V2 may both individually be positive, the load voltage V can be either positive or nega­
tive. Typically, if converter 1 is driven with duty cycleD, then converter 2 is driven with its complement, 
D', so that when V1 increases, V2 decreases, and vice versa. 

Several well-known inverter circuits can be derived using the differential connection. Let's real­
ize converters 1 and 2 of Fig. 6.10 using buck converters. Figure 6.11(a) is obtained. Converter 1 is 
driven with duty cycleD, while converter 2 is driven with duty cycleD'. So when the SPDT switch of 
converter 1 is in the upper position, then the SPDT switch of converter 2 is in the lower position, and 
vice-versa. Converter 1 then produces output voltage V1 = DV8 , while converter 2 produces output volt-
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Fig. 6.11 Derivation of bridge inverter (H-bridge ): (a) differential connection of load across outputs of buck con­
verters, (b) bypassing load by capacitor, (c) combining series inductors, (d) circuit (c) redrawn in its usual form. 
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Fig. 6.11 Continued 

Fig. 6.12 Conversion ratio of the H-bridge inverter circuit. 
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age V2 = D'V8 • The differential load voltage is 

(6.12) 

Simplification leads to 

V=(2D-l)V8 
(6.13) 

This equation is plotted in Fig. 6.12. It can be seen the output voltage is positive forD> 0.5, and negative 
forD< 0.5. If the duty cycle is varied sinusoidally about a quiescent operating point of 0.5, then the out­
put voltage will be sinusoidal, with no de bias. 

The circuit of Fig. 6.ll(a) can be simplified. It is usually desired to bypass the load directly with 
a capacitor, as in Fig. 6.ll(b). The two inductors are now effectively in series, and can be combined into 
a single inductor as in Fig. 6.ll(c). Figure 6.ll(d) is identical to Fig. 6.ll(c), but is redrawn for clarity. 
This circuit is commonly called the H-bridge, or bridge inverter circuit. Its use is widespread in servo 
amplifiers and single-phase inverters. Its properties are similar to those of the buck converter, from which 
it is derived. 

Polyphase inverter circuits can be derived in a similar manner. A three-phase load can be con­
nected differentially across the outputs of three de-de converters, as illustrated in Fig. 6.12. If the three­
phase load is balanced, then the neutral voltage Vn will be equal to the average of the three converter out­
put voltages: 

v, = H VI + Vz + v3) (6.14) 

de source 3¢ac load 

Converter 1 + 

V1 =M(D 1) vg VI 

-vg . 
Converter 2 + 

V2 =M(D2) V8 
v2 -

. . 
Converter 3 + 

V3 =M(D3) V8 v3 

Fig. 6.12 Generation of dc-3<jlac inverter by differential connection of 3<jl load. 
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Fig. 6.13 Dc-3<jlac inverter topologies: (a) differential connection of 3<jlload across outputs of buck converters: 
(b) simplification of low-pass filters to obtain the dc-3<jlac voltage-source inverter; (c) the dc-3<jlac current-source 
inverter. 
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If the converter output voltages V1, V2 , and V3 contain the same de bias, then this de bias will also appear 
at the neutral point Vn. The phase voltages Van' Vbn' and Vcn are given by 

van= Vl- VII 

vbn= Vz- VII 

Vcn= V3- V" 

It can be seen that the de biases cancel out, and do not appear in van' vbn' and vcn" 

(6.15) 

Let us realize converters 1, 2, and 3 of Fig. 6.12 using buck converters. Figure 6.13(a) is then 
obtained. The circuit is re-drawn in Fig. 6.13(b) for clarity. This converter is known by several names, 
including the voltage-source inverter and the buck-derived three-phase bridge. 

Inverter circuits based on de-de converters other than the buck converter can be derived in a 
similar manner. Figure 6.13(c) contains a three-phase current-fed bridge converter having a boost-type 
voltage conversion ratio, also known as the current-source inverter. Since most inverter applications 
require the capability to reduce the voltage magnitude, a de-de buck converter is usually cascaded at the 
de input port of this inverter. Several other examples of three-phase inverters are given in [5-7], in which 
the converters are capable of both increasing and decreasing the voltage magnitude. 

6.2 A SHORT LIST OF CONVERTERS 

An infinite number of converters are possible, and hence it is not feasible to list them all. A short list is 
given here. 

Let's consider first the class of single-input single-output converters, containing a single induc­
tor. There are a limited number of ways in which the inductor can be connected between the source and 
load. If we assume that the switching period is divided into two subintervals, then the inductor should be 
connected to the source and load in one manner during the first subinterval, and in a different manner 
during the second subinterval. One can examine all of the possible combinations, to derive the complete 
set of converters in this class [8-10]. By elimination of redundant and degenerate circuits, one finds that 
there are eight converters, listed in Fig. 6.14. How the converters are counted can actually be a matter of 
semantics and personal preference; for example, many people in the field would not consider the nonin­
verting buck-boost converter as distinct from the inverting buck-boost. Nonetheless, it can be said that a 
converter is defined by the connections between its reactive elements, switches, source, and load; by how 
the switches are realized; and by the numerical range of reactive element values. 

The first four converters of Fig. 6.14, the buck, boost, buck-boost, and the noninverting buck­
boost, have been previously discussed. These converters produce a unipolar de output voltage. With these 
converters, it is possible to increase, decrease, and/or invert a de voltage. 

Converters 5 and 6 are capable of producing a bipolar output voltage. Converter 5, the 
H-bridge, has previously been discussed. Converter 6 is a nonisolated version of a push-pull current-fed 
converter [11-15]. This converter can also produce a bipolar output voltage; however, its conversion ratio 
M(D) is a nonlinear function of duty cycle. The number of switch elements can be reduced by using a 
two-winding inductor as shown. The function of the inductor is similar to that of the flyback converter, 
discussed in the next section. When switch 1 is closed the upper winding is used, while when switch 2 is 
closed, current flows through the lower winding. The current flows through only one winding at any 
given instant, and the total ampere-turns of the two windings are a continuous function of time. Advan­
tages of this converter are its ground-referenced load and its ability to produce a bipolar output voltage 
using only two SPST current-bidirectional switches. The isolated version and its variants have found 
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Fig. 6.14 Eight members of the basic class of single-input single-output converters containing a single inductor. 

application in high-voltage de power supplies. 
Converters 7 and 8 can be derived as the inverses of converters 5 and 6. These converters are 

capable of interfacing an ac input to a de output. The ac input current waveform can have arbitrary wave­
shape and power factor. 

The class of single-input single-output converters containing two inductors is much larger. Sev­
eral of its members are listed in Fig. 6.15. The Cuk converter has been previously discussed and ana-
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Fig. 6.14 Continued 

lyzed. It has an inverting buck-boost characteristic, and exhibits nonpulsating input and output terminal 
currents. The SEPIC (single-ended primary inductance converter) [16], and its inverse, have noninverting 
buck-boost characteristics. The Cuk and SEPIC also exhibit the desirable feature that the MOSFET 
source terminal is connected to ground; this simplifies the construction of the gate drive circuitry. Two­
inductor converters having conversion ratios M(D) that are biquadratic functions of the duty cycle D are 
also numerous. An example is converter 4 of Fig. 6.15 [17]. This converter can be realized using a single 
transistor and three diodes. Its conversion ratio is M(D) = D2. This converter may find use in nonisolated 
applications that require a large step-down of the de voltage, or in applications having wide variations in 
operating point. 
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Fig. 6.15 Several members ofthe basic class of single-input single-output converters containing two inductors. 

6.3 TRANSFORMER ISOLATION 

In a large number of applications, it is desired to incorporate a transformer into a switching converter, to 
obtain de isolation between the converter input and output. For example, in off-line applications (where 
the converter input is connected to the ac utility system), isolation is usually required by regulatory agen-
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Fig. 6.16 Simplified model of a multiple-winding transformer: (a) schematic symbol, (b) equivalent circuit con­
taining a magnetizing inductance and ideal transformer. 

cies. Isolation could be obtained in these cases by simply connecting a 50 Hz or 60Hz transformer at the 
converter ac input However, since transformer size and weight vary inversely with frequency, significant 
improvements can be made by incorporating the transformer into the converter, so that the transformer 
operates at the converter switching frequency of tens or hundreds of kilohertz. 

When a large step-up or step-down conversion ratio is required, the use of a transformer can 
allow better converter optimization. By proper choice of the transformer turns ratio, the voltage or cur­
rent stresses imposed on the transistors and diodes can be minimized, leading to improved efficiency and 
lower cost 

Multiple de outputs can also be obtained in an inexpensive manner, by adding multiple second­
ary windings and converter secondary-side circuits. The secondary turns ratios are chosen to obtain the 
desired output voltages. Usually only one output voltage can be regulated via control of the converter 
duty cycle, so wider tolerances must be allowed for the auxiliary output voltages. Cross regulation is a 
measure of the variation in an auxiliary output voltage, given that the main output voltage is perfectly 
regulated [18-20]. 

A physical multiple-winding transformer having turns ratio n1:n2 :n3: ... is illustrated in Fig. 
6.16(a). A simple equivalent circuit is illustrated in Fig. 6.16(b), which is sufficient for understanding the 
operation of most transformer-isolated converters. The model assumes perfect coupling between wind­
ings and neglects losses; more accurate models are discussed in a later chapter. The ideal transformer 
obeys the relationships 

v1(t) vit) v3(t) 
fll = n:;- = fi3 = 
0 = n 1i 1' (t) + n2i 2(t) + niit) + ... 

(6.16) 

In parallel with the ideal transformer is an inductance LM, called the magnetizing inductance, referred to 
the transformer primary in the figure. 

Physical transformers must contain a magnetizing inductance. For example, suppose we discon­
nect all windings except for the primary winding. We are then left with a single winding on a magnetic 
core-an inductor. Indeed, the equivalent circuit of Fig. 6.16(b) predicts this behavior, via the magnetiz­
ing inductance. 
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Fig. 6.17 B-H characteristics oftransformer core. 

The magnetizing current iM(t) is proportional to the magnetic field H(t) inside the transformer 
core. The physical B-H characteristics of the transformer core material, illustrated in Fig. 6.17, govern 
the magnetizing current behavior. For example, if the magnetizing current iM(t) becomes too large, then 
the magnitude of .the magnetic field H(t) causes the core to saturate. The magnetizing inductance then 
becomes very small in value, effectively shorting out the transformer. 

The presence of the magnetizing inductance explains why transformers do not work in de cir­
cuits: at de, the magnetizing inductance has zero impedance, and shorts out the windings. In a well­
designed transformer, the impedance of the magnetizing inductance is large in magnitude over the 
intended range of operating frequencies, such that the magnetizing current iM(t) has much smaller mag­
nitude than i 1(t). Then i1'(t)"' i1(t), and the transformer behaves nearly as an ideal transformer. It should 
be emphasized that the magnetizing current iM(t) and the primary winding current i1(t) are independent 
quantities. 

The magnetizing inductance must obey all of the usual rules for inductors. In the model of Fig. 
6.16(b), the primary winding voltage v1(t) is applied across LM, and hence 

Integration leads to 

( ) -L diM(t) 
VI t - M dt 

(6.17) 

(6.18) 

So the magnetizing current is determined by the integral of the applied winding voltage. The principle of 
inductor volt-second balance also applies: when the converter operates in steady-state, the de component 
of voltage applied to the magnetizing inductance must be zero: 

(6.19) 

Since the magnetizing current is proportional to the integral of the applied winding voltage, it is impor·· 
tant that the de component of this voltage be zero. Otherwise, during each switching period there will be 
a net increase in magnetizing current, eventually leading to excessively large currents and transformer 
saturation. 
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The operation of converters containing transformers may be understood by inserting the model 
of Fig. 6.16(b) in place of the transformer in the converter circuit. Analysis then proceeds as described in 
the previous chapters, treating the magnetizing inductance as any other inductor of the converter. 

Practical transformers must also contain leakage inductance. A small part of the flux linking a 
winding may not link the other windings. In the two-winding transformer, this phenomenon may be 
modeled with small inductors in series with the windings. In most isolated converters, leakage induc­
tance is a nonideality that leads to switching loss, increased peak transistor voltage, and that degrades 
cross-regulation, but otherwise has no influence on basic converter operation. 

There are several ways of incorporating transformer isolation into a de-de converter. The full­
bridge, half-bridge, forward, and push-pull converters are commonly used isolated versions of the buck 
converter. Similar isolated variants of the boost converter are known. The ftyback converter is an isolated 
version of the buck-boost converter. These isolated converters, as well as isolated versions of the SEPIC 
and the Cuk converter, are discussed in this section. 

6.3.1 Full-Bridge and Half-Bridge Isolated 
Buck Converters 

The full-bridge transformer-isolated buck converter is sketched in Fig. 6.18(a). A version containing a 
center-tapped secondary winding is shown; this circuit is commonly used in converters producing low 
output voltages. The two halves of the center-tapped secondary winding may be viewed as separate 
windings, and hence we can treat this circuit element as a three-winding transformer having turns ratio 
1 :n:n. When the transformer is replaced by the equivalent circuit model of Fig. 6.16(b ), the circuit of Fig. 
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Fig. 6.18 Full-bridge transformer-isolated buck converter: (a) schematic diagram, (b) replacement of transformer 
with equivalent circuit model. 
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Fig. 6.19 Waveforms of the 
full-bridge transformer-isolated 
buck converter. 
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6.18(b) is obtained. Typical waveforms are illustrated in Fig. 6.19. The output portion of the converter is 
similar to the nonisolated buck converter-compare the vJt) and i(t) waveforms of Fig. 6.19 with Figs. 
2.l(b) and 2.10. 

During the first subinterval 0 < t < DTs, transistors Q1 and Q4 conduct, and the transformer pri­
mary voltage is vy = V8 . This positive voltage causes the magnetizing current iM(t) to increase with a 
slope of V/LM. The voltage appearing across each half of the center-tapped secondary winding is nV8 , 

with the polarity mark at positive potential. Diode D5 is therefore forward-biased, and D6 is reverse­
biased. The voltage v,(t) is then equal to n V8 , and the output filter inductor current i(t) flows through 
diode D5. 

Several transistor control schemes are possible for the second subinterval DTs < t < Ts. In the 
most common scheme, all four transistors are switched off, and hence the transformer voltage is vy = 0. 
Alternatively, transistors Q2 and Q4 could conduct, or transistors Q1 and Q3 could conduct. In any event, 
diodes D5 and D6 are both forward-biased during this subinterval; each diode conducts approximately 
one-half of the output filter inductor current. 

Actually, the diode currents i05 and i06 during the second subinterval are functions of both the 
output inductor current and the transformer magnetizing current. In the ideal case (no magnetizing cur­
rent), the transformer causes i05(t) and i06(t) to be equal in magnitude since, if i1'(t) = 0, then 
ni05(t) = ni06(t). But the sum of the two diode currents is equal to the output inductor current: 
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i05(t) +i06(t) = i(t) (6.20) 

Therefore, it must be true that i05 = i06 = 0.5i during the second subinterval. In practice, the diode cur­
rents differ slightly from this result, because of the nonzero magnetizing current. 

The ideal transformer currents in Fig. 6.18(b) obey 

i; (t)- ni 05(t) + ni 06(t) = 0 (6.21) 

The node equation at the primary of the ideal transformer is 

(6.22) 

Elimination of i/(t) from Eqs. (6.21) and (6.22) leads to 

(6.23) 

Equations (6.23) and (6.20) describe, in the general case, the transformer winding currents during the 
second subinterval. According to Eq. (6.23), the magnetizing current iM(t) may flow through the primary 
winding, through one of the secondary windings, or it may divide between all three of these windings. 
How the division occurs depends on the i-v characteristics of the conducting transistors and diodes, and 
on the transformer leakage inductances. In the case where i 1 = 0, the solution to Eqs. (6.20) and (6.23) is 

i 05(t) = ~ i(t)- 2~ i M(t) 

i 06(t) = ~ i(t) + 21n iM(t) 

Provided that iM < ni, then i05 and i06 are each approximately 0.5i. 

(6.24) 

The next switching period, T, < t < 2Ts, proceeds in a similar manner, except that the trans­
former is excited with voltage of the opposite polarity. During Ts < t < (T,. + DT,.), transistors Q2 and Q3 

and diode D6 conduct. The applied transformer primary voltage is Vr =- V8, which causes the magnetiz­
ing current to decrease with slope- V/LM. The voltage vs(t) is equal to nVg, and the output inductor cur­
rent i(t) flows through diode D6 . Diodes D5 and D6 again both conduct during (Ts + DTs) < t < 2T,., with 
operation similar to subinterval 2 described previously. It can be seen that the switching ripple in the out­
put filter elements has frequency fs = liT,.. However, the transformer waveforms have frequency 0.5fs. 

By application of the principle of inductor volt-second balance to the magnetizing inductance, 
the average value of the transformer voltage vr(t) must be zero when the converter operates in steady 
state. During the first switching period, positive volt-seconds are applied to the transformer, approxi­
mately equal to 

r vg- ( Q l and Q4 forward voltage drops) 1 ( Q l and Q4 conduction time) (6.25) 

During the next switching period, negative volt-seconds are applied to the transformer, given by 

-l V8 - ( Q2 and Q3 forward voltage drops) 1 ( Q2 and Q3 conduction time) (6.26) 
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The net volt-seconds, that is, the sum of Eqs. (6.25) and (6.26), should equal zero. While the full bridge 
scheme causes this to be approximately true, in practice there exist imbalances such as small differences 
in the transistor forward voltage drops or in the transistor switching times, so that ( vr) is small but non­
zero. In consequence, during every two switching periods there is a net increase in the magnitude of the 
magnetizing current. This increase can cause the transistor forward voltage drops to change such that 
small imbalances are compensated. However, if the imbalances are too large, then the magnetizing cur­
rent becomes large enough to saturate the transformer. 

Transformer saturation under steady-state conditions can be avoided by placing a capacitor in 
series with the transformer primary. Imbalances then induce a de voltage component across the capacitor, 
rather than across the transformer primary. Another solution is the use of current-programmed control, 
discussed in a later chapter. The series capacitor is omitted when current-programmed control is used. 

By application of the principle of volt-second balance to the output filter inductor L, the de load 
voltage must be equal to the de component of v/t): 

V = ( v,) (6.27) 

By inspection of the v/t) waveform in Fig. 6.19, ( vs) = nDVg. Hence, 

(6.28) 

So as in the buck converter, the output voltage can be controlled by variation of the transistor duty cycle 
D. An additional increase or decrease of the voltage can be obtained via the physical transformer turns 
ration. Equation (6.28) is valid for operation in the continuous conduction mode; as in the nonisolated 
buck converter, the full-bridge and half-bridge converters can operate in discontinuous conduction mode 
at light load. The converter can operate over essentially the entire range of duty cycles 0 :::; D < 1. 

Transistors Q1 and Q2 must not conduct simultaneously; doing so would short out the de source 
Vg, causing a shoot-through current spike. This transistor cross-conduction condition can lead to low 
efficiency and transistor failure. Cross conduction can be prevented by introduction of delay between the 
tum-off of one transistor and the turn-on of the next transistor. Diodes D1 to D4 ensure that the peak tran­
sistor voltage is limited to the de input voltage V8 , and also provide a conduction path for the transformer 
magnetizing current at light load. Details of the switching transitions of the full-bridge circuit are dis­
cussed further in a later chapter, in conjunction with zero-voltage switching phenomena. 

The full-bridge configuration is typically used in switching power supplies at power levels of 
approximately 750 W and greater. It is usually not used at lower power levels because of its high parts 
count-four transistors and their associated drive circuits are required. The utilization of the transformer 
is good, leading to small transformer size. In particular, the utilization of the transformer core is very 
good, since the transformer magnetizing current can be both positive and negative. Hence, the entire core 
B-H loop can be used. However, in practice, the flux swing is usually limited by core loss. The trans­
former primary winding is effectively utilized. But the center-tapped secondary winding is not, since 
each half of the center-tapped winding transmits power only during alternate switching periods. Also, the 
secondary winding currents during subinterval 2 lead to winding power loss, but not to transmittal of 
energy to the load. Design of the transformer of the full-bridge configuration is discussed in detail in a 
later chapter. 

The half-bridge transformer-isolated buck converter is illustrated in Fig. 6.20. Typical wave­
forms are illustrated in Fig. 6.21. This circuit is similar to the full-bridge of Fig. 6.18(a), except transis­
tors Q3 and Q4, and their antiparallel diodes, have been replaced with large-value capacitors ca and cb. 
By volt-second balance of the transformer magnetizing inductance, the de voltage across capacitor Cb is 
equal to the de component of the voltage across transistor Q2 , or 0.5Vg. The transformer primary voltage 
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Fig. 6.20 Half-bridge transformer-isolated buck converter. 

Fig. 6.21 Waveforms of the 
half-bridge transformer-isolated 
buck converter. 
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vT(t) is then 0.5V8 when transistor Q1 conducts, and- 0.5V8 when transistor Q2 conducts. The magnitude 
of vT(t) is half as large as in the full-bridge configuration, with the result that the output voltage is 
reduced by a factor of 0.5: 

V=0.5nDV8 
(6.29) 
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The factor of 0.5 can be compensated for by doubling the transformer turns ration. However, this causes 
the transistor currents to double. 

So the half-bridge configuration needs only two transistors rather than four, but these two tran­
sistors must handle currents that are twice as large as those of the full-bridge circuit. In consequence, the 
half-bridge configuration finds application at lower power levels, for which transistors with sufficient 
current rating are readily available, and where low parts count is important. Utilization of the transformer 
core and windings is essentially the same as in the full-bridge, and the peak transistor voltage is clamped 
to the de input voltage V8 by diodes D1 and D2• It is possible to omit capacitor Ca if desired. The current­
programmed mode generally does not work with half-bridge converters. 

6.3.2 Forward Converter 

The forward converter is illustrated in Fig. 6.22. This transformer-isolated converter is based on the buck 
converter. It requires a single transistor, and hence finds application at power levels lower than those 
commonly encountered in the full-bridge and half-bridge configurations. Its nonpulsating output current, 
shared with other buck-derived converters, makes the forward converter well suited for applications 
involving high output currents. The maximum transistor duty cycle is limited in value; for the common 
choice n1 = n2 , the duty cycle is limited to the range 0 :s; D < 0.5. 

The transformer magnetizing current is reset to zero while the transistor is in the off-state. How 
this occurs can be understood by replacing the three-winding transformer in Fig. 6.22 with the equivalent 
circuit of Fig. 6.16(b ). The resulting circuit is illustrated in Fig. 6.23, and typical waveforms are given in 
Fig. 6.24. The magnetizing inductance LM, in conjunction with diode D 1, must operate in the discontinu­
ous conduction mode. The output inductor L, in conjunction with diode D3 , may operate in either contin­
uous or discontinuous conduction mode. The waveforms of Fig. 6.24 are sketched for continuous mode 
operation of inductor L. During each switching period, three subintervals then occur as illustrated in Fig. 
6.25. 

During subinterval!, transistor Q1 conducts and the circuit of Fig. 6.25(a) is obtained. Diode D2 

becomes forward-biased, while diodes D1 and D3 are reverse-biased. Voltage V8 is applied to the trans­
former primary winding, and hence the transformer magnetizing current iM(t) increases with a slope of 
V/LM as illustrated in Fig. 6.24. The voltage across diode D3 is equal to V8 , multiplied by the turns ratio 
n3/n 1• 

The second subinterval begins when transistor Q1 is switched off. The circuit of Fig. 6.25(b) is 

+ 

c R v 
+ 

Fig. 6.22 Single-transistor forward converter. 
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Fig. 6.24 Waveforms of the forward 
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then obtained. The transformer magnetizing current iM(t) at this instant is positive, and must continue to 
flow. Since transistor Q1 is off, the equivalentcircuit model predicts that the magnetizing current must 
flow into the primary of the ideal transformer. It can be seen that n1 iM ampere-turns flow out of the polar­
ity mark of the primary winding. Hence, according to Eq. (6.16), an equal number of total ampere-turns 
must flow into the polarity marks of the other windings. Diode D2 prevents current from flowing into the 
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Fig. 6.25 Forward converter circuit: (a) during subinterval!, (b) during subinterval2, (c) during subinterval3. 

polarity mark of winding 3. Hence, the current iMn1/n2 must flow into the polarity mark of winding 2. So 
diode D1 becomes forward-biased, while diode D2 is reverse-biased. Voltage V8 is applied to winding 2, 
and hence the voltage across the magnetizing inductance is- V8n/n2 , referred to winding 1. This nega­
tive voltage causes the magnetizing current to decrease, with a slope of- V8n/n2LM. Since diode D2 is 
reverse-biased, diode D3 must tum on to conduct the output inductor current i(t). 

When the magnetizing current reaches zero, diode D1 becomes reverse-biased. Subinterval 3 
then begins, and the circuit of Fig. 6.25( c) is obtained. Elements Q 1, D 1, and D2 operate in the off state, 
and the magnetizing current remains at zero for the balance of the switching period. 

By application of the principle of inductor volt-second balance to the transformer magnetizing 
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Fig. 6.26 Magnetizing current 
waveform, forward converter: 
(a) DCM, D < 0.5; (b) CCM, D > 0.5. 

inductance, the primary winding voltage v1(t) must have zero average. Referring to Fig. 6.24, the average 
of v 1 (t) is given by 

(6.30) 

Solution for the duty cycle D2 yields 

(6.31) 

Note that the duty cycle D3 cannot be negative. But since D + D2 + D3 = 1, we can write 

(6.32) 

Substitution ofEq. (6.31) into Eq. (6.32) leads to 

(6.33) 

Solution for D then yields 

(6.34) 

So the maximum duty cycle is limited. For the common choice n1 = ~· the limit becomes 

(6.35) 

If this limit is violated, then the transistor off-time is insufficient to reset the transformer magnetizing 
current to zero before the end of the switching period. Transformer saturation may then occur. 

The transformer magnetizing current waveform iM(t) is illustrated in Fig. 6.26, for the typical 



158 Converter Circuits 

case where n1 = n2 . Figure 6.26(a) illustrates operation with D < 0.5. The magnetizing inductance, in 
conjunction with diode D1, operates in the discontinuous conduction mode, and iM(t) is reset to zero 
before the end of each switching period. Figure 6.26(b) illustrates what happens when the transistor duty 
cycleD is greater than 0.5. There is then no third subinterval, and the magnetizing inductance operates in 
continuous conduction mode. Furthermore, subinterval2 is not long enough to reset the magnetizing cur­
rent to zero. Hence, there is a net increase of iM(t) over each switching period. Eventually, the magnetiz­
ing current will become large enough the saturate the transformer. 

The converter output voltage can be found by application of the principle of inductor volt-sec­
ond balance to inductor L. The voltage across inductor L must have zero de component, and therefore the 
de output voltage Vis equal to the de component of diode D3 voltage v m(t). The waveform v mCt) is illus­
trated in Fig. 6.24.1t has an average value of 

(6.36) 

This is the solution of the forward converter in the continuous conduction mode. The solution is subject 
to the constraint given in Eq. (6.34). 

It can be seen from Eq. (6.34) that the maximum duty cycle could be increased by decreasing 
the turns ratio n2/n1. This would cause iM(t) to decrease more quickly during subinterval 2, resetting the 
transformer faster. Unfortunately, this also increases the voltage stress applied to transistor Q1 . The max­
imum voltage applied to transistor Q1 occurs during subinterval 2; solution of the circuit of Fig. 6.25(b) 
for this voltage yields 

(6.37) 

For the common choice n1 = n2 , the voltage applied to the transistor during subinterval 2 is 2Vg. In prac­
tice, a somewhat higher voltage is observed, due to ringing associated with the transformer leakage 
inductance. So decreasing the turns ratio n2/n1 allows increase of the maximum transistor duty cycle, at 
the expense of increased transistor blocking voltage. 

A two-transistor version of the forward converter is illustrated in Fig. 6.27. Transistors Q1 and 
Q2 are controlled by the same gate drive signal, such that they both conduct during subinterval 1, and are 
off during subintervals 2 and 3. The secondary side of the converter is identical to the single-transistor 
forward converter; diode D3 conducts during subinterval l, while diode D 4 conducts during subintervals 
2 and 3. During subinterval 2, the magnetizing current iM(t) forward-biases diodes D1 and D2. The trans-

+ 

+ c R v 

Fig. 6.27 Two-transistor forward converter. 
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former primary winding is then connected to V8 , with polarity opposite that of subinterval 1. The magne­
tizing current then decreases, with slope- V/LM. When the magnetizing current reaches zero, diodes D 1 

and D2 become reverse-biased. The magnetizing current then remains at zero for the balance of the 
switching period. So operation of the two-transistor forward converter is similar to the single-transistor 
forward converter, in which n1 = n2 . The duty cycle is limited to D < 0.5. This converter has the advan­
tage that the transistor peak blocking voltage is limited to V8 , and is clamped by diodes D 1 and D2 • Typi­
cal power levels of the two-transistor forward converter are similar to those of the half-bridge 
configuration. 

The utilization of the transformer of the forward converter is quite good. Since the transformer 
magnetizing current cannot be negative, only half of the core B-H loop can be used. This would seem­
ingly imply that the transformer cores of forward converters should be twice as large as those of full- or 
half-bridge converters. However, in modern high-frequency converters, the flux swing is constrained by 
core loss rather than by the core material saturation flux density. In consequence, the utilization of the 
transformer core of the forward converter can be as good as in the full- or half-bridge configurations. Uti­
lization of the primary and secondary windings of the transformer is better than in the full-bridge, half­
bridge, or push-pull configurations, since the forward converter requires no center-tapped windings. Dur­
ing subinterval!, all of the available winding copper is used to transmit power to the load. Essentially no 
unnecessary current flows during subintervals 2 and 3. Typically, the magnetizing current is small com­
pared to the reflected load current, and has negligible effect on the transformer utilization. So the trans­
former core and windings are effectively utilized in modern forward converters. 

6.3.3 Push-Pull Isolated Buck Converter 

The push-pull isolated buck converter is illustrated in Fig. 6.28. The secondary-side circuit is identical 
with the full- and half-bridge converters, with identical waveforms. The primary-side circuit contains a 
center-tapped winding. Transistor Q1 conducts for time DTs during the first switching period. Transistor 
Q2 conducts for an identical length of time during the next switching period, such that volt-second bal­
ance is maintained across the transformer primary winding. Converter waveforms are illustrated in Fig. 
6.29. This converter can operate oven the entire range of duty cycles 0 ~ D < 1. Its conversion ratio is 
given by 

(6.38) 

This converter is sometimes used in conjunction with low input voltages. It tends to exhibit low primary-

Fig. 6.28 Push-pull isolated 
buck converter. 
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Fig. 6.29 Waveforms of the 
push-pull isolated buck converter. 
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side conduction losses, since at any given instant only one transistor is connected in series with the de 
source Vg. The ability to operate with transistor duty cycles approaching unity also allows the turns ratio 
n to be minimized, reducing the transistor currents. 

The push-pull configuration is prone to transformer saturation problems. Since it cannot be 
guaranteed that the forward voltage drops and conduction times of transistors Q1 and Q2 are exactly 
equal, small imbalances can cause the de component of voltage applied to the transformer primary to be 
nonzero. In consequence, during every two switching periods there is a net increase in the magnitude of 
the magnetizing current. If this imbalance continues, then the magnetizing current can eventually 
become large enough to saturate the transformer. 

Current-programmed control can be employed to mitigate the transformer saturation problems. 
Operation of the push-pull converter using only duty cycle control is not recommended. 

Utilization of the transformer core material and secondary winding is similar to that for the full­
bridge converter. The flux and magnetizing current can be both positive and negative, and therefore the 
entire B-H loop can be used, if desired. Since the primary and secondary windings are both center­
tapped, their utilization is suboptimal. 
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6.3.4 Flyback Converter 

The flyback converter is based on the buck-boost converter. Its derivation is illustrated in Fig. 6.30. Fig­
ure 6.30(a) depicts the basic buck-boost converter, with the switch realized using a MOSFET and diode. 
In Fig. 6.30(b ), the inductor winding is constructed using two wires, with a 1:1 turns ratio. The basic 
function of the inductor is unchanged: and the parallel windings are equivalent to a single winding con­
structed of larger wire. In Fig. 6.30(c), the connections between the two windings are broken. One wind­
ing is used while the transistor Q1 conducts, while the other winding is used when diode D1 conducts. 
The total current in the two windings is unchanged from the circuit of Fig. 6.30(b ); however, the current 
is now distributed between the windings differently. The magnetic fields inside the inductor in both cases 
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Fig. 6.31 Flyback converter circuit: 
(a) with transformer equivalent circuit 
model, (b) during subinterval I, 
(c) during subinterval 2. 
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are identical. Although the two-winding magnetic device is represented using the same symbol as the 
transformer, a more descriptive name is "two-winding inductor." This device is sometimes also called a 
jiyback transformer. Unlike the ideal transformer, current does not flow simultaneously in both windings 
of the fly back transformer. Figure 6.30(d) illustrates the usual configuration of the flyback converter. The 
MOSFET source is connected to the primary-side ground, simplifying the gate drive circuit. The trans­
former polarity marks are reversed, to obtain a positive output voltage. A 1 :n turns ratio is introduced; 
this allows better converter optimization. 

The flyback converter may be analyzed by insertion of the model of Fig. 6.16(b) in place of the 
flyback transformer. The circuit of Fig. 6.31(a) is then obtained. The magnetizing inductance LM func­
tions in the same manner as inductor L of the original buck-boost converter of Fig. 6.30(a). When transis­
tor Q1 conducts, energy from the de source Vg is stored in LM. When diode D1 conducts, this stored 
energy is transferred to the load, with the inductor voltage and current scaled according to the 1:n turns 
ratio. 

During subinterval 1, while transistor Q1 conducts, the converter circuit model reduces to Fig. 
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6.3l(b). The inductor voltage Vv capacitor current ic, and de source current ig are given by 

VL = V8 
0 v 
zc=-R 

ig = i 
(6.39) 

With the assumption that the converter operates in the continuous conduction mode, with small inductor 
current ripple and small capacitor voltage ripple, the magnetizing current i and output capacitor voltage v 
can be approximated by their de components, I and V, respectively. Equation (6.39) then becomes 

VL= V8 

0 v 
zc=-R 

i8 =I 

(6.40) 

During the second subinterval, the transistor is in the off-state, and the diode conducts. The equivalent 
circuit of Fig. 6.3l(c) is obtained. The primary-side magnetizing inductance voltage vv the capacitor 
current ic, and the de source current ig for this subinterval are: 

vL=-* 
0 i v 
1c=n-f? 
ig = 0 

(6.41) 

It is important to consistently define vL(t) on the same side of the transformer for all subintervals. Upon 
making the small-ripple approximation, one obtains 

VL=-* 

. I V 
zc=n-7[ 

ig=O 

(6.42) 

The vL(t), ic(t), and igCt) waveforms are sketched in Fig. 6.32 for continuous conduction mode operation. 
Application of the principle of volt-second balance to the primary-side magnetizing inductance 

yields 

Solution for the conversion ratio then leads to 

_ V _ D 
M(D)-v-n D' 

g 

(6.43) 

(6.44) 

So the conversion ratio of the fly back converter is similar to that of the buck-boost converter, but contains 
an added factor of n. 

Application of the principle of charge balance to the output capacitor C leads to 

(6.45) 
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Fig. 6.32 Flyback converter waveforms, 
continuous conduction mode. 
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This is the de component of the magnetizing current, referred to the primary. The de component of the 
source current ig is 

(6.47) 

An equivalent circuit that models the de components of the flyback converter waveforms can 
now be constructed. Circuits corresponding to the inductor loop equation (6.43) and to node equations 
(6.45) and (6.47) are illustrated in Fig. 6.33(a). By replacing the dependent sources with ideal de trans­
formers, one obtains Fig. 6.33(b ). This is the de equivalent circuit of the fly back converter. It contains a 
l:D buck-type conversion ratio, followed by a D':l boost-type conversion ratio, and an added factor of 
1 :n arising from the fly back transformer turns ratio. By use of the method developed in Chapter 3, the 
model can be refined to account for losses and to predict the converter efficiency. The flyback converter 
can also be operated in the discontinuous conduction mode; analysis is left as a homework problem. The 
results are similar to the DCM buck-boost converter results tabulated in Chapter 5, but are generalized to 
account for the turns ratio 1 :n. 

The flyback converter is commonly used at the 50 to 100 W power range, as well as in high­
voltage power supplies for televisions and computer monitors. It has the advantage of very low parts 
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Fig. 6.33 Flyback converter equivalent circuit model, CCM: (a) circuits corresponding to Eqs. (6.43), (6.45), and 
(6.47); (b) equivalent circuit containing ideal de transformers. 

count. Multiple outputs can be obtained using a minimum number of parts: each additional output 
requires only an additional winding, diode, and capacitor. However, in comparison with the full-bridge, 
half-bridge, or two-transistor forward converters, the flyback converter has the disadvantages of high 
transistor voltage stress and poor cross-regulation. The peak transistor voltage is equal to the de input 
voltage Vg plus the reflected load voltage Vln; in practice, additional voltage is observed due to ringing 
associated with the transformer leakage inductance. Rigorous comparison of the utilization of the fly­
back transformer with the transformers of buck-derived circuits is difficult because of the different func­
tions performed by these elements. The magnetizing current of the flyback transformer is unipolar, and 
hence no more than half of the core material B-H loop can be utilized. The magnetizing current must 
contain a significant de component. Yet, the size of the flyback transformer is quite small in designs 
intended to operate in the discontinuous conduction mode. However, DCM operation leads to increased 
peak currents in the transistor, diode, and filter capacitors. Continuous conduction mode designs require 
larger values of LM, and hence larger fiyback transformers, but the peak currents in the power stage ele­
ments are lower. 

6.3.5 Boost-Derived Isolated Converters 

Transformer-isolated boost converters can be derived by inversion of the source and load of buck-derived 
isolated converters. A number of configurations are known, and two of these are briefly discussed here. 
These converters find some employment in high-voltage power supplies, as well as in low-harmonic rec­
tifier applications. 

A full-bridge configuration is diagrammed in Fig. 6.34, and waveforms for the continuous con­
duction mode are illustrated in Fig. 6.35. The circuit topologies during the first and second subintervals 
are equivalent to those of the basic nonisolated boost converter, and when the turns ratio is 1:1, the induc­
tor current i(t) and output current i0 (t) waveforms are identical to the inductor current and diode current 
waveforms of the nonisolated boost converter. 

During subinterval 1, all four transistors operate in the on state. This connects the inductor L 
across the de input source Vg, and causes diodes D1 and D2 to be reverse-biased. The inductor current i(t) 
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Fig. 6.34 Full-bridge transformer-isolated boost converter. 
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Fig. 6.35 Waveforms of the transformer-isolated full-bridge boost converter, CCM. 
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increases with slope V/L, and energy is transferred from the de source Vg to inductor L. During the sec­
ond subinterval, transistors Q2 and Q3 operate in the off state, so that inductor L is connected via transis­
tors Q1 and Q4 through the transformer and diode D1 to the de output. The next switching period is 
similar, except that during subinterval 2, transistors Q1 and Q4 operate in the off state, and inductor Lis 
connected via transistors Q2 and Q3 through the transformer and diode D2 to the de output. If the transis­
tor off-times and the diode forward drops are identical, then the average transformer voltage is zero, and 
the net volt-seconds applied to the transformer magnetizing inductance over two switching periods is 
zero. 

Application of the principle of inductor volt-second balance to the inductor voltage waveform 
vL(t) yields 

(6.48) 

Solution for the conversion ratio M(D) then leads to 

M (D) = J::_ = _!1_ 
V D' 

g 

(6.49) 

This result is similar to the boost converter M(D), with an added factor of n due to the transformer turns 
ratio. 

The transistors must block the reflected load voltage V/n = V/D'. In practice, additional voltage 

(a) .J.£1 
+ 

c R v 

(b) 

+ 

c R v 

Fig. 6.36 Push-pull isolated converters: (a) based on the boost converter, (b) based on the Watkins-Johnson con­
verter. 
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is observed due to ringing associated with the transformer leakage inductance. Because the instantaneous 
transistor current is limited by inductor L, saturation of the transformer due to small imbalances in the 
semiconductor forward voltage drops or conduction times is not catastrophic. Indeed, control schemes 
are known in which the transformer is purposely operated in saturation during subinterval 1 [13, 15]. 

A push-pull configuration is depicted in Fig. 6.36(a). This configuration requires only two tran­
sistors, each of which must block voltage 2VIn. Operation is otherwise similar to that of the full-bridge. 
During subinterval I, both transistors conduct. During subinterval 2, one of the transistors operates in the 
off state, and energy is transferred from the inductor through the transformer and one of the diodes to the 
output. Transistors conduct during subinterval 2 during alternate switching periods, such that transformer 
volt-second balance is maintained. A similar push-pull version of the Watkins-Johnson converter, con­
verter 6 of Fig. 6.14, is illustrated in Fig. 6.36(b). 

6.3.6 Isolated Versions of the SEPIC and the Cuk Converter 

The artifice used to obtain isolation in the flyback converter can also be applied to the SEPIC and 
inverse-SEPIC. Referring to Fig. 6.37(a), inductor L2 can be realized using two windings, leading to the 
isolated SEPIC of Fig. 6.37(b). An equivalent circuit is given in Fig. 6.37(c). It can be seen that the mag-
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Fig. 6.37 Obtaining isolation in the SEPIC: (a) basic nonisolated converter, (b) isolated SEPIC, (c) with trans­
former equivalent circuit modeL 
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netizing inductance performs the energy-storage function of the original inductor L2 . In addition, the 
ideal transformer provides isolation and a turns ratio. 

Typical primary and secondary winding current waveforms iP(t) and iJt) are portrayed in Fig. 
6.38, for the continuous conduction mode. The magnetic device must function as both a flyback trans­
former and also a conventional two-winding transformer. During subinterval 1, while transistor Q1 con­
ducts, the magnetizing current flows through the primary winding, and the secondary winding current is 
zero. During subinterval 2, while diode D1 conducts, the magnetizing current flows through the second­
ary winding to the load. In addition, the input inductor current i 1 flows through the primary winding. This 
induces an additional component of secondary current i 1 In, which also flows to the load. So design of the 
SEPIC transformer is somewhat unusual, and the rms winding currents are larger than those of the fly­
back transformer. 

By application of the principle of volt-second balance to inductors L1 and LM, the conversion 
ratio can be shown to be 

M(D) = _y_ = nr; 
V D g 

(6.50) 

Ideally, the transistor must block voltage V/D'. In practice, additional voltage is observed due to ringing 
associated with the transformer leakage inductance. 
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Fig. 6.39 Isolated inverse-SEPIC. 

An isolated version of the inverse-SEPIC is shown in Fig. 6.39. Operation and design of the 

transformer is similar to that of the SEPIC. 
Isolation in the Cuk converter is obtained in a different manner [18]. The basic nonisolated Cuk 

converter is illustrated in Fig. 6.40(a). In Fig. 6.40(b), capacitor C1 is split into two series capacitors C1a 

and Clb' A transformer can now be inserted between these capacitors, as indicated in Fig. 6.40(c). The 

polarity marks have been reversed, so that a positive output voltage is obtained. Having capacitors in 

series with the transformer primary and secondary windings ensures that no de voltage is applied to the 

transformer. The transformer functions in a conventional manner, with small magnetizing current and 

negligible energy storage within the magnetizing inductance. 
Utilization of the transformer of the Cuk converter is quite good. The magnetizing current can 
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be both positive and negative, and hence the entire core B-H loop can be utilized if desired. There are no 
center-tapped windings, and all of the copper is effectively utilized. The transistor must block voltage 
V/D', plus some additional voltage due to ringing associated with the transformer leakage inductance. 
The conversion ratio is identical to that of the isolated SEPIC, Eq. (6.50). 

The isolated SEPIC and Cuk converter find application as switching power supplies, typically at 
power levels of several hundred watts. They are also now finding use as ac-dc low-harmonic rectifiers. 

6.4 CONVERTER EVALUATION AND DESIGN 

There is no ultimate converter perfectly suited for all possible applications. For a given application, with 
given specifications, trade studies should be performed to select a converter topology. Several 
approaches that meet the specifications should be considered, and for each approach important quantities 
such as worst-case transistor voltage, worst-case transistor rms current, transformer size, etc., should be 
computed. This type of quantitative comparison can lead to selection of the best approach, while avoid­
ing the personal biases of the engineer. 

6.4.1 Switch Stress and Utilization 

Often, the largest single cost in a converter is the cost of the active semiconductor devices. Also, the con­
duction and switching losses associated with the semiconductor devices often dominates the other con­
verter losses. This suggests evaluating candidate converter approaches by comparing the voltage and 
current stresses imposed on the active semiconductor devices. Minimization of the total switch stresses 
leads to minimization of the total silicon area required to realize the power devices of the converter. 

So it is useful to compare the total active switch stress and active switch utilization of candidate 
converter approaches. In a good design, the voltages and currents imposed on the semiconductor devices 
is minimized, while the load power is maximized. If a converter contains k active semiconductor devices, 
the total active switch stress Scan be defined as 

k 

S= LVI 
j= l J 1 

(6.51) 

where V1 is the peak voltage applied to semiconductor switch j, and 11 is the rms current applied to 
switchj. Peak rather than rms current is sometimes used, with qualitatively similar results. If the con­
verter load power is P1oad• then the active switch utilization U can be defined as 

U _ pload 
- s (6.52) 

The switch utilization is less than one in transformer-isolated converters, and is a quantity to be maxi­
mized. 

For example, consider the transistor utilization in the CCM flyback converter of Fig. 6.30(d). 
The peak transistor voltage occurs during subinterval 2, and is equal to the de input voltage Vg plus the 
reflected load voltage V/n: 

v vg 
v Ql,pk = vg + n = u (6.53) 
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The transistor current waveform coincides with the input current waveform igCt), which is sketched in 
Fig. 6.32. The rms value of this waveform is 

I I /l5 p/oad 
QI.nn.< = = V /l5 

g 

(6.54) 

So the total active switch stress is 

(6.55) 

The load power Pload can be expressed in terms of V and I by solution of the equivalent circuit model, 
Fig. 6.33(b ). The result is 

p/oad= D'V h (6.56) 

Use of Eq. (6.44) to eliminate V8 from Eq. (6.55), and evaluation of Eq. (6.52), leads to 

U=D'/l5 (6.57) 

The transistor utilization U tends to zero at D = 0 and at D = 1, and reaches a maximum of U = 0.385 at 
D = 113. 

For given values of Vg, V, and the load power, the designer can arbitrarily choose the duty cycle 
D. The turns ratio is then chosen to satisfy Eq. (6.44), as follows: 

V D' 
n= V, D (6.58) 

At low duty cycle, the transistor rms current becomes large because the transformer turns ratio must be 
large. At a duty cycle approaching one, the transistor peak voltage is large. So the choice D = 113 is a 
good one, which minimizes the product of peak transistor voltage and rms transistor current. In practice, 
the converter must be optimized to meet a number of different criteria, so a somewhat different duty 
cycle may be chosen. Also, the converter must usually be designed to operate with some given range of 
load powers and input voltages; this can lead to a different choice of D, as well as to reduced switch uti­
lization. 

For a simple comparison between converters, the switch utilizations of a number of isolated and 
nonisolated converters are collected in Table 6.1. For simplicity, the formulas assume that the converter 
is designed to function at a single operating point, that is, with no variations in Vg, V, or Pload· 

It can be seen that the nonisolated buck and boost converters operate most efficiently when their 
conversion ratios M(D) are near one. In the case of the boost converter, the switch utilization is greater 
than one forD < 0.382, and approaches infinity as D tends to zero. The reason for this is that, at D = 0, 
the transistor is always off and hence its rms current is zero. But at D = 0, V = Vg, so the output power is 
nonzero. All of the load power flows through the diode rather than the transistor. Of course, if it is desired 
that V = Vg, then it would be best to eliminate the boost converter, and directly connect the load to the 
input voltage. But it is nonetheless true that if the output voltage Vis not too much greater than Vg, then a 
large amount of power can be controlled by a relatively small transistor. Similar arguments apply to the 
buck converter: all of the load power must flow through the transistor and hence U:::; 1, yet converter effi­
ciency and cost per watt are optimized when the output voltage Vis not too much smaller than the input 
voltage. 
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Table 6.1 Active switch utilizations of some common de-de converters, single operating point 

Converter 

Buck 

Boost 

Buck-boost, flyback, nonisolated SEPIC, 
isolated SEPIC, non isolated Cuk, isolated Cuk 

Forward, n1 = n2 

Other isolated buck-derived converters 
(full-bridge, half-bridge, push-pull) 

Isolated boost-derived converters 
(full-bridge, push-pull) 

U(D) 

D' 
.fl5 

D' .fl5 

lm 
2 

D' 
2JI +D 

max U(D) 

33J = 0.385 

- 1-=0.353 
2.f2 

2)z = 0.353 

I 
2 

max U(D) 
occurs at D = 

0 

I 
3 

I 
2 

0 

Incorporation of an isolation transformer leads to reduced switch utilization. In general, trans­
former-isolated buck-derived converters should be designed to operate at as large a duty cycle as other 
considerations will allow. Even so, the switch utilization is reduced to U ~ 0.353, meaning that the switch 
stress is increased by a factor of approximately 2.8 as compared with the nonisolated buck converter at 
D = l. On the other hand, the transformer turns ratio can be chosen to match the load voltage to the input 
voltage and better optimize the converter. For example, in a full-bridge buck-derived converter operating 
with Vg = 500 V and V = 5 V, the turns ratio could be chosen to be nearly 100:1, leading to a duty cycle 
close to one and switch utilization of approximately 0.35. To obtain a 1 kW output power, the total tran­
sistor stress would be 1 kW/0.35 = 2.86 kVA. By comparison, the nonisolated buck converter would 
operate with a duty cycle of0.01 and a switch utilization ofO.l. Its total switch stress would be 1 kW/0.1 
= 10 kVA; transistors with larger rated currents and lower on-resistances would be needed. Similar argu­
ments apply to the transformer-isolated boost-derived converters: these converters are better optimized 
when they operate at low duty cycles. 

The nonisolated buck-boost, nonisolated SEPIC, nonisolated Cuk converter, and the isolated 
SEPIC, flyback, and Cuk converters have similar switch utilizations. In all of these converters, 
U ~ 0.385, which is approximately the same as in the isolated buck-derived converters. So the noniso­
lated versions of these converters tend to have lower switch utilizations than the buck or boost convert­
ers; however, isolation can be obtained with no additional penalty in switch stress. Switch utilization of a 
single-operating-point design is maximized when the turns ratio is chosen such that D = 1/3. 

The cost of the active semiconductor devices of a converter approach can be estimated using the 
converter switch utilization, as follows: 

( ) 
( semic~~~~~~~~ t~~e cost) 

semiconductor cost _ ,--'----------------'~ 

per kW output power - (voltage)( curr~nt )( con~erter) 
deratmg deratmg sw1tch 
factor factor utilization 

(6.59) 

The semiconductor device cost per rated kVA is equal to the cost of a semiconductor device, divided by 
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the products of its maximum voltage rating and its maximum rms current capability, expressed in $/kVA. 
This figure depends on a variety of factors, including the device type, packaging, voltage and power lev­
els, and market volume. A typical U.S. value in 2000 is less than $1/kVA. Voltage and current derating is 
required to obtain reliable operation of the semiconductor devices. A typical design guideline is that the 
worst-case peak transistor voltage (including transients, voltage spikes due to ringing, and all other antic­
ipated events) should not exceed 75% of the rated transistor voltage, leading to a voltage derating factor 
of (0.75). Hence, the cost of the active semiconductor switches in a 2000 isolated de-de converter is typ­
ically in the range $1 to $10 per kW of output power for medium to high-power applications. 

6.4.2 Design Using Computer Spreadsheet 

Computer spreadsheets are a useful tool for performing converter trade studies and designs. Given speci­
fications regarding the desired output voltage V, the ranges of the input voltage Vg and the load power 
Pload• the desired output voltage ripple dv, the switching frequency f,., etc., various design options can be 
explored. The transformer turns ratio and the inductor current ripple di can be taken as design variables, 
chosen by the engineer. The range of duty cycle variations and the inductor and capacitor component val­
ues can then be computed. Worst-case values of the currents and voltages applied to the various power­
stage elements can also be evaluated, as well as the sizes of the magnetic elements. By investigating sev­
eral choices of the design variables, a good compromise between the worst-case voltage stresses and cur­
rent stresses can be found. 

A short spreadsheet example is given in Table 6.2. The converter operates from a de voltage 
derived by rectifying a 230 V ± 20% ac source voltage. The converter de input voltage Vg is therefore 
230J2 V ± 20%. The load voltage is a regulated 15 V de, with switching ripple dv no greater than 0.1 V. 
The load power can vary over the range 20 W to 200 W. It is desired to operate with a switching fre­
quency of fs = 100 kHz. These values are entered as specifications, at the top of the spreadsheet. The 
design of a forward converter, Fig. 6.22, and of a ftyback converter, Fig. 6.30(d), to meet these specifica­
tions is investigated in the spreadsheet. Continuous conduction mode designs are investigated: the induc­
tor current ripple di is chosen small enough that the converter operates in CCM at full load power. 
Depending on the choice of di, the converter may operate in either CCM or DCM at minimum load 
power. 

For the single-transistor forward converter, the turns ratios n 2/n 1 and n/n1, as well as the induc­
tor current ripple di, can be taken as design variables. For this example, the reset-winding turns ratio 
n2/n1 is chosen to be one, and hence the duty cycle is limited to D < 0.5 as given by Eq. (6.35). The max­
imum duty cycle is computed first. The output voltage of the forward converter, in continuous conduction 
mode, is given by Eq. (6.36). Solution for the duty cycleD leads to 

(6.60) 

The maximum value of D occurs at minimum Vg and at full load, and is given in Table 6.2. The minimum 
CCM value of D, occurring at maximum Vg, is also listed. 

The value of the inductance Lis computed next. The magnitude of the inductor current ripple di 
can be computed in a manner similar to that used for the nonisolated buck converter to obtain Eq. (2.15). 
The result is 

A._ D'VT, 
LJ.l--u 

(6.61) 



Table 6.2 Spreadsheet design example 

Specifications 

Maximum input voltage V8 

Minimum input voltage V8 

Output voltage V 
Maximum load power Pload 

Minimum load power Pload 

Switching frequency fs 
Maximum output ripple ~v 

Forward converter design, CCM 

Design variables 
Reset winding turns ratio n2/n 1 

Turns ratio n/n1 

390V 
260V 
15V 
200W 
20W 
lOOkHz 
0.1 v 

1 
0.125 
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Fly back converter design, CCM 

Design variables 
Turns ratio n2/n 1 

Inductor current ripple ~i 
0.125 
3 A ref to sec 

Inductor current ripple ~i 2A ref to sec 

Results 
Maximum duty cycle D 
Minimum D, at full load 
Minimum D, at minimum load 
Inductance L 
Capacitance C 

Worst-case stresses 
Peak transistor voltage v QI 

Rms transistor current 
Transistor utilization U 
Peak diode voltage v02 

Rms diode current i02 

Peak diode voltage v03 

Rms diode current i03 

Rms output capacitor current ic 

0.462 
0.308 
0.251 
261J.H 
251J.F 

780V 
1.13A 
0.226 
49V 
9.1 A 
49V 
11.1 A 
1.15 A 

Results 
Maximum duty cycle D 
Minimum D, at full load 
Minimum D, at minimum load 
Inductance L 
Capacitance C 

Worst-case stresses 
Peak transistor voltage v Ql 

Rms transistor current 
Transistor utilization U 
Peak diode voltage v01 

Rms diode current im 
Peak diode current im 

Rms output capacitor current ic 

0.316 
0.235 
0.179 
19 IJ.H ref to sec 
210 !J.F 

510V 
1.38A 
0.284 
64V 
16.3A 
22.2A 

9.1 A 

The worst-case maximum ripple occurs in CCM at minimum duty cycle. Solution for L yields 

L= D'VTs 
2~i 

(6.62) 

This equation is used to select L such that the worst-case ripple is equal to the specified value of lli. The 
required value of L is listed in Table 6.2. The required value of C that leads to the specified voltage ripple 
llv is also computed, using Eq. (2.60). Since Eq. (2.60) neglects capacitor esr, a larger value of C may be 
required in practice. 

If the converter operates in the discontinuous conduction mode at light load, then the controller 
must reduce the duty cycleD to maintain the required output voltage V. The conversion ratio M(D, K) of 
the DCM forward converter can be found analytically, using the method developed in the previous chap­
ter. Alternatively, the nonisolated buck converter solution, Eq. (5.29), can be applied directly if all ele­
ment values are referred to the transformer secondary side. Herice, the output voltage in DCM is given by 
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(6.63) 

with K = 2URT,, and R = V2/P1oad· Solution for the duty cycleD yields 

(6.64) 

The actual duty cycle is the smaller of Eqs. (6.60) and (6.64). The minimum duty cycle occurs at mini­
mum load power and maximum Vg, and is given in Table 6.2. 

Worst-case component stresses can now be evaluated. The peak transistor voltage is given by 
Eq. (6.37). The rms transistor current is calculated with the help of Appendix 1. With the assumption that 
the transformer magnetizing current can be neglected, the transistor current is equal to the reflected 
inductor current i(t)n3/n 1 during subinterval!, and is equal to zero during subintervals 2 and 3. The rms 
transistor current is therefore 

(6.65) 

where I= Ploa/V. The worst-case value of !Ql-rms occurs at maximum load power and at maximum duty 
cycle. Expressions for the worst-case stresses in the diodes and output capacitor, as well as for the fly­
back converter, are found in a similar manner. Their derivation is left as an exercise for the student. 

The designs of Table 6.2 are good ones which illustrate the tradeoffs inherent in selection of an 
isolated converter topology, although some additional design optimization is possible and is left as a 
homework problem. Both designs utilize a turns ratio of 8:1. The rms transistor current is 22% higher in 
the flyback converter. This current could be reduced, at the expense of increased transistor voltage. The 
flyback converter imposes only 510 Von the transistor. A transistor rated at 800 V or 1000 V could be 
used, with an adequate voltage derating factor and some margin for voltage ringing due to transformer 
leakage inductance. The 780 V imposed on the transistor of the forward converter is 53% higher than in 
the flyback converter. Power MOSFETs with voltage ratings greater than 1000 V are not available in 
1997; hence, when voltage ringing due to transformer leakage inductance is accounted for, this design 
will have an inadequate voltage design margin. This problem could be overcome by changing the reset 
winding turns ratio n2/n 1, or by using a two-transistor forward converter. It can be concluded that the 
transformer reset mechanism of the fly back converter is better than that of the conventional forward con­
verter. 

Because of the pulsating nature of the secondary-side currents in the fly back converter, the rms 
and peak secondary currents are significantly higher than in the forward converter. The flyback converter 
diode must conduct an rms current that is 47% greater than that of forward converter diode D3 , and 80% 
greater than the current in forward converter diode D2 . The secondary winding of the fly back transformer 
must also conduct this current. Furthermore, the output capacitor of the flyback converter must be rated 
to conduct an rms current of 9.1 A. This capacitor will be much more expensive than its counterpart in 
the forward converter. It can be concluded that the nonpulsating output current property of the forward 
converter is superior to the pulsating output current of the fly back. For these reasons, flyback converters 
and other converters having pulsating output currents are usually avoided when the application calls for a 
high-current output. 
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SUMMARY OF KEY POINTS 

The boost converter can be viewed as an inverse buck converter, while the buck-boost and Cuk converters 
arise from cascade connections of buck and boost converters. The properties of these converters are consis­
tent with their origins. Ac outputs can be obtained by differential connection of the load. An infinite num­
ber of converters are possible, and several are listed in this chapter. 

2. For understanding the operation of most converters containing transformers, the transformer can be mod­
eled as a magnetizing inductance in parallel with an ideal transformer. The magnetizing inductance must 
obey all of the usual rules for inductors, including the principle of volt-second balance. 

3. The steady-state behavior of transformer-isolated converters may be understood by first replacing the 
transformer with the magnetizing-inductance-plus-ideal-transformer equivalent circuit. The techniques 
developed in the previous chapters can then be applied, including use of inductor volt-second balance and 
capacitor charge balance to find de currents and voltages, use of equivalent circuits to model losses and 
efficiency, and analysis of the discontinuous conduction mode. 

4. In the full-bridge, half-bridge, and push-pull isolated versions of the buck and/or boost converters, the 
transformer frequency is twice the output ripple frequency. The transformer is reset while it transfers 
energy: the applied voltage polarity alternates on successive switching periods. 

5. In the conventional forward converter, the transformer is reset while the transistor is off. The transformer 
magnetizing inductance operates in the discontinuous conduction mode, and the maximum duty cycle is 
limited. 

6. The flyback converter is based on the buck-boost converter. The flyback transformer is actually a two­
winding inductor, which stores and transfers energy. 

7. The transformer turns ratio is an extra degree-of-freedom which the designer can choose to optimize the 
converter design. Use of a computer spreadsheet is an effective way to determine how the choice of turns 
ratio affects the component voltage and current stresses. 

8. Total active switch stress, and active switch utilization, are two simplified figures-of-merit which can be 
used to compare the various converter circuits. 
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PROBLEMS 

6.1 Tapped-inductor boost converter. The 
boost converter is sometimes modified as 
illustrated in Fig. 6.41, to obtain a larger 
conversion ratio than would otherwise 
occur. The inductor winding contains a 
total of (n1 + n2) turns. The transistor is 
connected to a tap placed n1 turns from the 
left side of the inductor, as shown. The 
tapped inductor can be viewed as a two­
winding (n1: n2) transformer, in which the 
two windings are connected in series. The 
inductance of the entire (n1 + n2) turn 
winding is L. 

Fig. 6.41 
6.1 

ni n2 
turns turns 

,......-_,,......-_, 

+ 

R V 

Tapped-inductor boost converter, Problem 

(a) Sketch an equivalent circuit model for the tapped inductor, which includes a magnetizing induc­
tance and an ideal transformer. Label the values of the magnetizing inductance and turns ratio. 

(b) Determine an analytical expression for the conversion ratio M = V!V8 • You may assume that the 
transistor, diode, tapped inductor, and capacitor are lossless. You may also assume that the con­
verter operates in continuous conduction mode. 

(c) Sketch M(D) vs. D for n1 = n2, and compare to the nontapped (n2 = 0) case. 

6.2 Analysis ofthe DCM flyback converter. The flyback converter of Fig. 6.30(d) operates in the discontinu­
ous conduction mode. 

(a) Model the fly back transformer as a magnetizing inductance in parallel with an ideal transformer, 
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and sketch the converter circuits during the three subintervals. 

(b) Derive the conditions for operation in discontinuous conduction mode. 

(c) Solve the converter: derive expressions for the steady-state output voltage V and subinterval 2 
(diode conduction interval) duty cycle D2 . 

6.3 Analysis of the isolated inverse-SEPIC of Fig. 6.39. You may assume that the converter operates in the 
continuous conduction mode, and that all inductor current ripples and capacitor voltage ripples are 
small. 

(a) Derive expressions for the de components of the magnetizing current, inductor current, and 
capacitor voltages. 

(b) Derive analytical expressions for the rms values of the primary and secondary winding currents. 
Note that these quantities do not simply scale by the turns ratio. 

6.4 The two-transistor flyback converter. The converter of Fig. 6.42 is sometimes used when the de input 
voltage is high. Transistors Q1 and Q2 are driven with the same gating signal, such that they turn on and 
off simultaneously with the same duty cycle D. Diodes D1 and D2 ensure that the off state voltages of the 
transistors do not exceed V8 . The converter operates in discontinuous conduction mode. The magnetiz­
ing inductance, referred to the primary side, is LM. 

Fig. 6.42 Two-transistor fly­
back converter, Problem 6.4. + 

(a) Determine an analytical expression for the steady-state output voltage V. 

c 

(b) Over what range of duty cycles does the transformer reset properly? Explain. 

+ 

R v 

6.5 A nonideal fly back converter. The fly back converter shown in Fig. 6.30( d) operates in the continuous 
conduction mode. The MOSFET has on-resistance Ron, and the diode has a constant forward voltage 
drop Vv. The flyback transformer has primary winding resistance RP and secondary winding resistance 
R,. 

(a) Derive a complete steady-state equivalent circuit model, which is valid in the continuous con­
duction mode, and which correctly models the loss elements listed above as well as the converter 
input and output ports. Sketch your equivalent circuit. 

(b) Derive an analytical expression for the converter efficiency. 

6.6 A low-voltage computer power supply with synchronous rectification. The trend in digital integrated cir­
cuits is towards lower power supply voltages. It is difficult to construct a high-efficiency low-voltage 
power supply, because the conduction loss arising in the secondary-side diodes becomes very large. The 
objective of this problem is to estimate how the efficiency of a forward converter varies as the output 
voltage is reduced, and to investigate the use of synchronous rectifiers. 

The forward converter of Fig. 6.22 operates from a de input of V8 = 325 V, and supplies 20 A to 
its de load. Consider three cases: (i) V = 5 V, (ii) V = 3.3 V, and (iii) V = 1.5 V. For each case, the turns 
ratio n/n1 is chosen such that the converter produces the required output voltage at a transistor duty 
cycle of D = 0.4. The MOSFET has on-resistance Ron = 5 Q. The secondary-side schottky diodes have 
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forward voltage drops of VF = 0.5 V. All other elements can be considered ideal. 

(a) Derive an equivalent circuit for the forward converter, which models the semiconductor conduc­
tion losses described above. 

(b) Solve your model for cases (i), (ii), and (iii) described above. For each case, determine numeri­
cal values of the turns ratio n/n1 and for the efficiency TJ. 

(c) The secondary-side Schottky diodes are replaced by MOSFETs operating as synchronous recti­
fiers. The MOSFETs each have an on-resistance of 4 mQ. Determine the new numerical values 
of the turns ratio n3/n1 and the efficiency TJ, for cases (i), (ii), and (iii). 

6.7 Rotation of switching cells. A network containing switches and reactive elements has terminals a, b, and 
c, as illustrated in Fig. 6.43(a). You are given that the relationship between the terminal voltages is 
VbJVac = p,(D). 

(a) A a b B 

(b) 

Fig. 6.43 Rotation of three-terminal switching cells, 
Problem 6.7 

(c) 

+ 

v 

1: n 

+ 

(a) Derive expressions for the source-to-load conversion ratio V/Vg = M(D), in terms of p,(D), for the 
following three connection schemes: 

(i) a-A b-B c-C 

(ii) a-B b-C c-A 

(iii) a-C b-A c-B 

(b) Consider the three-terminal network of Fig. 6.43(b). Determine p,(D) for this network. Plug your 
answer into your results from part (a), to verify that the buck, boost, and buck-boost converters 
are generated. 

(c) Consider the three-terminal network of Fig. 6.43(c). Determine p,(D) for this network. Plug your 
answer into your results from part (a). What converters are generated? 

6.8 Transformer-isolated current-sense circuit. It is often required that the current flowing in a power transis­
tor be sensed. A noninductive resistor R placed in series with the transistor will produce a voltage v(t) 
that is proportional to the transistor drain current iv(t). Use of a transformer allows isolation between the 
power transistor and the control circuit. The transformer turns ratio also allows reduction of the current 
and power loss and increase of the voltage of the resistor. This problem is concerned with design of the 
transformer-isolated current-sense circuit of Fig. 6.44. 
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Fig. 6.44 Transformer-isolated circuit for sensing 
the transistor switch current, Problem 6.8 

R 

+ 

v(t) 

The transformer has a single-turn primary and an n-turn secondary winding. The transistor 
switches on and off with duty cycleD and switching frequency!,. While the transistor conducts, its cur­
rent is essentially constant and is equal to /. Diodes D 1 and D2 are conventional silicon diodes having 
forward voltage drop VD. Diode D2 is a zener diode, which can be modeled as a voltage source of value 
V2 , with the polarity indicated in the figure. For a proper design, the circuit elements should be chosen 
such that the transformer magnetizing current, in conjunction with diode D2, operates in discontinuous 
conduction mode. In a good design, the magnetizing current is much smaller than the transistor current. 
Three subintervals occur during each switching period: subinterval!, in which Q1 and D1 conduct; sub­
interval 2, in which D2 and D2 conduct; subinterval3, in which Qp D1 and D2 are off. 

(a) Sketch the current sense circuit, replacing the transformer and zener diode by their equivalent 
circuits. 

(b) Sketch the waveforms of the transistor current iv(t), the transformer magnetizing current iM(t), 
the primary winding voltage, and the voltage v(t). Label salient features. 

(c) Determine the conditions on the zener voltage V2 that ensure that the transformer magnetizing 
current is reset to zero before the end of the switching period. 

(d) You are given the following specifications: 

Switching frequency 

Transistor duty cycle 

!,=100kHz 

D50.75 

Transistor peak current max i D (t) 5 25 A 

The output voltage v(t) should equal 5 V when the transistor current is 25 A. To avoid saturating 
the transformer core, the volt-seconds applied to the single-tum primary winding while the tran­
sistor conducts should be no greater than 2 volt-p,sec. The silicon diode forward voltage drops 

are Vv = 0.7 V. 
Design the circuit: select values of R, n, and V2 . 

6.9 Optimal reset of the forward converter transformer. As illustrated in Fig. 6.45, it is possible to reset the 
transformer of the forward converter using a voltage source other than the de input V8 ; several such 
schemes appear in the literature. By optimally choosing the value of the reset voltage V,, the peak volt­
age stresses imposed on transistor Q1 and diode D2 can be reduced. The maximum duty cycle can also be 
increased, leading to a lower transformer turns ratio and lower transistor current. The resulting improve­
ment in converter cost and efficiency can be significant when the de input voltage varies over a wide 
range. 

(a) As a function of V8 , the transistor duty cycleD, and the transformer turns ratios, what is the min­
imum value of V, that causes the transformer magnetizing current to be reset to zero by the end 
of the switching period? 

(b) For your choice of V, from part (a), what is the peak voltage imposed on transistor Q1? 

This converter is to be used in a universal-input off-line application, with the following specifications. 
The input voltage V8 can vary between 127 and 380 V. The load voltage is regulated by variation of the 
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R v 

+ 

Fig. 6.45 Forward converter with auxiliary reset winding, Problem 6.9 

duty cycle, and is equal to 12 V. The load power is 480 W. 

(c) Choose the turns ratio n3/n 1 such that the total active switch stress is minimized. For your choice 
of n3/n 1, over what range will the duty cycle vary? What is the peak transistor current? 

(d) Compare your design of Part (c) with the conventional scheme in which n1 = n2 and V, = V8 • 

Compare the worst-case peak transistor voltage and peak transistor current. 

(e) Suggest a way to implement the voltage source V,. Give a schematic of the power-stage compo­
nents of your implementation. Use a few sentences to describe the control-circuit functions 
required by your implementation, if any. 

6.10 Design of a multiple-output de-de flyback converter. For this problem, you may neglect all losses and 
transformer leakage inductances. It is desired that the three-output fly back converter shown in Fig. 6.46 
operates in the discontinuous conduction mode, with a switching frequency off,= 100kHz. The nomi­
nal operating conditions are given in the diagram, and you may that there are no variations in the input 
voltage or the load currents. Select D3 = 0.1 (the duty cycle of subinterval 3, in which all semiconductors 
are off). The objective of this problem is to find a good steady-state design, in which the semiconductor 
peak blocking voltages and peak currents are reasonably low. 

vg + 
165 V de 

Fig. 6.46 Three-output fly back converter design, Problem 6.1 0. 
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(a) It is possible to find a design in which the transistor peak blocking voltage is less than 300 V, and 
the peak diode blocking voltages are all less than 35 V, under steady-state conditions. Design the 
converter such that this is true. Specify: (i) the transistor duty cycle D, (ii) the magnetizing 
inductance LM, referred to the primary, (iii) the turns ratios n/np and n3/nP. 

(b) For your design of part (a), determine the rrns currents of the four windings. Note that they don't 
simply scale by the turns ratios. 

6.11 Spreadsheet design. 

(a) Develop the analytical expressions for the "Results" and "Worst-case stresses" of the forward 
converter spreadsheet design example of Table 6.2. 

(b) Enter the formulas you developed in part (a) into a computer spreadsheet, and verify that your 
computed values agree with those of Table 6.2. 

(c) It is desired to reduce the forward converter peak transistor voltage to a value no greater than 
650 V. Modify the design numbers to accomplish this, and briefly discuss the effect on the other 
component stresses. 

(d) For these specifications, what is the largest possible value of the transistor utilization of the 
CCM forward converter? How should the spreadsheet design variables be chosen to attain the 
maximum transistor utilization? 

6.12 Spreadsheet design of an isolated Cuk converter. The isolated Cuk converter of Fig. 6.40( c) is to be 
designed to meet the specifications listed in Table 6.2. The converter is to be designed such that it oper­
ates in continuous conduction mode at full load. 

(a) Develop analytical expressions for the following quantities: 

• The maximum and minimum duty cycles, for CCM operation 

• The peak voltages and rms currents of both semiconductor devices 

• The ripple magnitudes of the capacitor voltages and inductor currents 

• The rms capacitor currents 

• The transistor utilization U 

(b) Enter the formulas you developed in part (a) into a computer spreadsheet. What are the design 
variables? 

(c) For the specifications listed in Table 6.2, select the design variables to attain what you believe is 
the best design. Compare the performance of your design with the fl yback and forward converter 
designs of Table 6.2. 


