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Integrated Magnetic Full Wave Converter With
Flexible Output Inductor

Liang Yan, Student Member, IEEE, Dayu Qu, Member, IEEE, and Brad Lehman, Member, IEEE

Abstract—A new integrated magnetic full wave dc/dc converter1
that provides flexible transformer design by incorporating an inde-
pendent output inductor winding is introduced. The transformer
is implemented on a traditional three-leg magnetic core. The in-
ductor winding can be separately designed to control the output
current ripple. The cross-sectional area of the inductor core leg
can be reduced dramatically. The operation and performance of
the proposed circuit are verified on a 100 W prototype converter.

Index Terms—Current doubler, dc–dc converter, full wave
topology, integrated magnetics.

I. INTRODUCTION

I NTEGRATED magnetic techniques combine transformers
and inductors into a single core in order to reduce the size

and cost of magnetic components in dc/dc converters. Prin-
ciples of modeling and designing integrated magnetics have
been widely published [3]–[10]. Historically, integrated dc/dc
converters were first developed for Forward converters [3], [4].
However, recently integrated magnetic full wave circuits have
been extensively studied [11]–[13]. These full wave circuits
have reported significant benefits, including high efficiency,
high power density and low switch stress. Applications of these
circuits are being proposed in 30 W100 W range, and have
great potential for telecommunication power supplies.

A “typical” 2 integrated magnetic full wave dc/dc converter
is shown in Fig. 1 [13], which uses a three-leg magnetic core.
This class of full wave integrated magnetic circuits exhibits a
common character that there is no winding on the inductor leg.
Instead, the secondary windings play the role of the equivalent
inductor winding, and hence, the secondary windings must sat-
isfy both power transfer and current ripple restrictions for dif-
ferent operating stages.

The elimination of the inductor winding comes from the mag-
netic integration methods [11], and, in applications, this is be-
lieved to reduce the copper loss and simplify the transformer
structure. However, optimum transformer design must keep the
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Fig. 1. Conventional integrated magnetic full wave circuit.

Fig. 2. Proposed integrated magnetic full wave circuit (Structure I).

balance between copper loss, ferrite loss and total size. In in-
tegrated magnetic transformers, such as those shown in Fig. 1,
the number of secondary winding turns influences the number
of primary winding turns, the magnetic core size and the output
current characteristics. This places a burden on the secondary
winding turn decision and complicates the transformer design.
As a result, the magnetic core often needs to be specially de-
signed and manufactured in order to satisfy both output current
ripple requirements and flux density constraints.

This paper presents a new integrated magnetic full wave
converter, as shown in Fig. 2. In this full wave circuit, the
inductor winding is retained and can be designed independently
from the secondary windings. The added flexibility allows the
use of commercial magnetic cores, and the transformer design
can be optimized. Specifically, the circuit has the following
characteristics.

i) Retains the original full wave buck mode circuit opera-
tion.

ii) Integrates an inductor winding into the transformer.
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(a)

(b)

Fig. 3. Operation modes.

iii) The inductor winding does not appear in the input-to-
output voltage transfer function.

iv) The output current is continuous.
v) The inductor can be designed specifically to satisfy the

current ripple restriction and the magnetic constraints.
vi) The cross-sectional area of the inductor leg can be much

smaller than that of the conventional integrated magnetic
circuit to achieve the same output current ripple.

vii) This circuit has been reported by [2] to achieve 92.9%
power efficiency at 100 W for a half-bridge dc/dc con-
verter on an E22 core and a 3 in2.74 in circuit board.
(However, in this paper we present a simple and rudimen-
tary full-bridge prototype, for proof of concept purposes
only, which achieves around 90% power efficiency.)

Section II presents the operation principle of the proposed
circuit. Section III introduces the transformer design approach.
Section IV provides some character comparisons between the
conventional and the proposed circuit. An alternative topology
of the proposed converter is also introduced. Section V shows
the simulation and experimental results for a design example.
Section VI gives the conclusion. Details of the transformer de-
sign are presented in the Appendix.

II. OPERATION PRINCIPLE

The basic operation principle of the proposed integrated mag-
netic full wave circuit in Fig. 2 is similar to the conventional in-
tegrated magnetic full wave circuit in Fig. 1. The new converter
has two basic operating modes within each half-cycle. The cur-
rent paths in each mode are illustrated in Fig. 3. In Fig. 4, the

magnetic states within each core leg are modeled by using the
capacitive modeling method [7]–[10].

The capacitive modeling method is briefly described here.
In this model, each current source or sink represents an active
winding; is the flux rate (i.e. the derivative of flux) within
each leg; is the magnetomotive force on the permeance;is
the permeance of the gap or each core leg. For a winding on a
core leg, two basic relations provide the interface between the
magnetic circuit and the electrical circuit

(1)

(2)

KCL and KVL rules control the variables in the magnetic cir-
cuit. Gap is abstracted as permeance

(3)

where
voltage on the winding;
number of winding turn;
current in the winding;
permeability of the air;
cross-sectional area of the core leg with gap;
gap length.

Fig. 5 illustrates the typical operating waveforms. To simplify
the analysis, all the devices are assumed to be ideal. The
magnetomotive forces on the permeances of the core legs are
neglected, i.e. these permeances are assumed to be infinite
compared with the permeance of the gap. The leakage energy,
which is a major implementation problem for most integrated
magnetic converters, is not considered at this moment. Let

be as in Fig. 5. The operation principle is explained as
follows.

Mode I: The input voltage is . The primary winding
initiates the flux rates and . The voltages activated on
the secondary windings force the rectifier to conduct. The
current on the secondary side flows through, , and
the load. The flux rate difference between and
causes flux accumulation in the center leg, which increases the
energy storage within the gap. The flux transitions for each leg
(I, II, and III) are shown in Fig. 5, where every flux has the
same polarity as its correspondingand .

From Fig. 3 and Fig. 4, the flux rates in each leg can be de-
termined from the magnetic path and the outer circuit. Assume
the voltage drop on winding is then, in the magnetic
circuit

(4)

(5)

(6)

is also controlled by winding and can be represented
as

(7)
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Fig. 4. Analysis models.

Fig. 5. Operation waveforms of the new integrated magnetic full wave circuit.

If , the flux rate in the center leg can then
be obtained from (4)–(7)

(8)

where
total primary winding turn on and ;
secondary winding turn on and ;
inductor winding turn on ;
input voltage;
desired output voltage.

Equation (8) indicates that the flux rate is constant. So the
magnetomotive force on the gap increases linearly. So, re-
ferring to (26) in the Appendix, the current in , or equiv-
alently, the current in , increases linearly as in Fig. 5.

Mode II : The input voltage is . The primary winding
is free. The energy within the gap will release and the entire

transformer behaves as an inductor. Both the secondary wind-
ings conduct. The two secondary output current paths share the
inductor winding. The magnetic state of the transformer is sym-
metric along the center leg. The flux in the center leg decreases.

Applying the same derivation method as in Mode I, the flux
rate in the center leg is obtained

(9)

In the next half-cycle, Mode I appears for the winding on the
other side. Mode II is exactly the same as in this half-cycle. To
derive the input-to-output voltage transfer relation, suppose the
duty ratio is equal to as in Fig. 5. Since the flux
change should be balanced on the gap in each half cycle

(10)

From (8)–(10), the ideal voltage transfer function is

(11)

Note that the inductor winding is not included in (11).
So, the design of input-to-output voltage transfer ratio and the
output current ripple of the integrated magnetic transformer can
be separated as in a typical discrete core full wave buck mode
circuit.

Equation (9) indicates that the flux rate is constant. The
magnetomotive force on the gap decreases linearly. So,
the current in decreases linearly. The currents in the
two secondary windings are half of the current in the inductor
winding, shown in Fig. 5.

III. D ESIGN APPROACH

Transformer design is vital to achieve favorable performance
in any converter, especially for a circuit with integrated mag-
netics, which is based on the tradeoff between output current
ripple, flux density and magnetic core size. For the design in
the newly proposed topology, the following constraints are set
in advance.

1) Commercial magnetic cores are available for selection.
2) Tolerable output current ripple is specified.
3) Allowable peak flux density in the core legs is defined.
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The purpose of the design is to select the transformer param-
eters to satisfy the electrical and the magnetic specifications.
Specifically, these parameters include

1) magnetic core type and size;
2) total primary winding turn ;
3) secondary winding turn ;
4) inductor winding turn .
In the design, the deterministic parameters are calculated first.

Then, the combination of flexible variables is selected. The de-
sign may follow three steps.

Step 1) Select the primary-to-secondary winding turns ratio
.

The primary-to-secondary winding turns ratio
is determined by the input and output voltage
specification from (11). Normally, is selected
to be as large as possible to use the duty ratio
more efficiently and to reduce the number of sec-
ondary winding turns. However, the line loss and
the maximum duty ratio of the controller should
be considered to achieve full range input voltage
operation.

Step 2) Select the magnetic core.
Since the commercial magnetic core is used, it is

selected from the available core list according to the
output power specification.

Step 3) Select the winding turns.
The voltage transfer function is only determined

by . Once is selected, the winding turns are de-
termined by the transformer constraints. The step is
to select and . This may follow the well-es-
tablished traditional transformer design methods,
either by trial and error or by acquiring the optimum
combination from the entire parameter lists. The
important consideration is to calculate the output
current ripple and the peak flux density. The fol-
lowing formulas can be used to verify that these
results are within the tolerance. The derivation of
the formulas is presented in the Appendix.

1. Verify that the output current ripple is within the design
specification.

The maximum peak-to-peak output current ripple can be de-
rived as

(12)

where
switching frequency;
minimum duty ratio.

2. Verify that the peak flux density in the magnetic core is
below the saturation value.

The average flux density in the center leg is

(13)

where
average output current;
cross-sectional area of the center leg.

The average flux density in the outer legs is (identical in the two
legs)

(14)

The maximum flux swing in the center leg is

(15)

The maximum flux swing in the outer legs is

(16)

where, : the cross-sectional area of the outer legs. The peak
flux density in the center leg is

(17)

The peak flux density in the outer legs is

(18)

Both and must be below the saturation value.
The above design approach is based on ideal magnetic char-

acteristics, which assume the following.

1) The permeability of magnetic core is infinite.
2) The B-H curve is linear.
3) The stray capacitance and the leakage inductance are not

considered.
Because of the infinite permeability assumption, the magne-

tomotive force in the core is neglected compared with that of
the gap. However, because of this ideal assumption, the current
ripple will actually be larger than the above design value. On the
other hand, this also implies that the average flux density in the
center leg is smaller than the ideal case, since the average flux
produced from the average output current is divided between the
gap and the core leg. After the design, the finite permeability ef-
fect can be considered from simulation directly [7], [10].

The nonlinear B-H curve requires conservative design for
peak flux density. As the flux goes higher, the effective per-
meability is lower. The reduced permeance leads to larger
current ripple. A typical phenomenon is that the current wave-
form is no longer piecewise triangular, but exhibits nonlinear
characteristics.

Stray capacitance and leakage inductance are major para-
sitic parameters in magnetic components. They cause ringing on
switches and rectifiers. It is, therefore, important to have tight
coupling of the transformer windings. Section V also discusses
an electrical solution to this problem. Since the proposed circuit
can reduce the primary and secondary winding turns, it should
have smaller stray capacitance and leakage inductance than the
conventional circuit.

With the knowledge of average flux density and flux density
swing, it is also possible to estimate the power loss from avail-
able models [14], [15]. These extensive calculations are not in-
cluded in this paper due to their length.
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IV. TOPOLOGYCOMPARISONS

This section compares the previously known integrated mag-
netic full wave topology in Fig. 1 with the proposed circuit in
Fig. 2. An alternative structure of the proposed circuit is also
introduced.

A. Conventional Topology Versus Proposed Topology

1) Structure Difference:Compared with conventional inte-
grated magnetic full wave topologies (see Fig. 1), the proposed
topology has an additional inductor winding on the center leg. It
is obvious that when the inductor winding turn is equal to zero

, the proposed circuit is the same as that in Fig. 1.
From this point of view, the circuit in Fig. 1 is a special case of
the proposed topology.

2) Design Considerations:The transformer design for the
new circuit has the flexibility to select the number of inductor
winding turns, which can vary from zero to any reasonable
number. When the inductor winding turn is small, the secondary
winding turn has to be large enough to reduce the output current
ripple according to (12). Because the primary-to-secondary
turns ratio is fixed, the large secondary winding turn leads to
large primary winding turn. Both of them cause more copper
loss and may also be hard to fit into the magnetic core. On the
other hand, it is true that the inductor leg of the magnetic core
can be specifically designed to achieve the same performance
by large cross-sectional area. However, this increases the cost
of designing and manufacturing the specialized magnetic core.
At the same time, the additional ferrite volume also increases
the ferrite loss, especially in high frequency applications.

The effect of the inductor winding can be further investigated
from (3), (12), and (13). It is easy to find that

and . The winding
turn is proportional to However, it is a
quadratic factor to reduce the current ripple. So, if both

and are doubled, while maintaining the output current
ripple and the average flux density, the cross-sectional area
can be decreased to half.

An example of quantitative comparisons and choice of in-
ductor winding turns is shown in Section V.

B. Alternative Structure of Proposed Circuit

1) Structure Comparison:Fig. 6 shows an alternative struc-
ture (Structure II) of the proposed circuit. The connection of
the inductor winding is reversed compared with Structure I in
Fig. 2. The circuit characteristics can be derived by using the
same analysis method.

2) Characteristics Comparison:The operation principle of
Structure II is the same as Structure I. The inverse connection of
the inductor winding does not change the voltage transfer func-
tion. However, the magnetic states within the core are different
because the magnetizing direction of the center leg of Structure
II is reversed too.

In operation Mode I, primary winding of Structure I pro-
vides both the output power through the secondary winding
and the stored energy in the gap. However, in Structure II it is
the opposite primary winding that provides the energy.

Fig. 6. Alternative structure of proposed integrated magnetic full wave circuit
(Structure II).

Fig. 7. Equivalent inductor turn. Upper: structure I. Lower: structure II.

In operation Mode II, these two circuits exhibit different
equivalent inductor winding connections as shown in Fig. 7.
The equivalent inductor turns are

Structure I (19)

Structure II (20)

If comparing the integrated magnetic full wave circuit in
Fig. 1 with Structure II, the former is equivalent to the latter
when This can be verified by replacing with zero
in (19) and replacing with in (20). Both lead to the same
equivalent inductor turn , which is also the equivalent
inductor turn of the conventional circuit.

From another point of view, if “negative winding turn” is al-
lowed, the two proposed structures could be combined into one
form as in Fig. 2. The inductor winding turn is negative if the
connecting direction is reversed. Then the equivalent inductor
turns would be (19) with restriction that .
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Fig. 8. Experimental circuit.

V. SIMULATION AND EXPERIMENTAL RESULTS

A 100 W/3.3 V, 150 kHz full bridge dc/dc prototype module
is designed and built to verify the analysis. The circuit is shown
in Fig. 8 and the design specifications are shown in Table I.
Fig. 8 uses the full-bridge configuration only as an example.
The addition of inductor winding turn can be applied to other
topologies, such as half-bridge, push-pull, although the circuit
design may be reconsidered.

A. Design

The primary-to-secondary winding turns ratio can be calcu-
lated as . Commercial E22/A160 core is selected. Table II
compares the magnetic constraint values, where the inductor
winding varies from zero to three, and the secondary
winding turn varies from two to four. It is obvious that when

, only leads to the tolerable output current
ripple. This is the case of the conventional integrated magnetic
circuit. However, the primary winding turn will be .
As Table II shows, a reasonable choice of the inductor winding
turn is one, i.e. . Further increase of the inductor
winding turn will not reduce the current ripple much and the
flux density will be much higher. The secondary winding turn
can be two or three. To reduce the loss and size, two-turn is a
better choice. So, the winding turns are determined

The constraint values are tolerable in a 100 W dc/dc module.

Output current ripple .
Peak flux density in the center leg .
Peak flux density in the outer leg .

Further comparison with the conventional integrated mag-
netic transformer design shows that for the same E22 core, the
same output current ripple, and the same primary and secondary
winding turns, the flux densities for the conventional circuit
are twice the value of the newly proposed circuit. This could
cause higher core loss due to the increase of core loss coeffi-
cient. If both the primary and the secondary winding turns are
increased, the flux densities in the conventional circuit can be
reasonable. However, the added copper size is larger than the

TABLE I
CIRCUIT SPECIFICATIONS

TABLE II
TRANSFORMERDESIGNCONSTRAINTSFROM DIFFERENTWINDING TURNS

Fig. 9. Simulation results.

new circuit. Of course, the new circuit has a disadvantage of in-
ductor copper loss compared to the circuit in Fig. 1. So there are
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Fig. 10. Inductor current (Ch 1, Ch 2: Driving signal; Ch4: Inductor current).

Fig. 11. Primary current and V of switch (Ch1: Driving signal; Ch2: V of
the primary switch; Ch 4: Primary current).

design trade-offs. Both circuits in Fig. 1 and Fig. 2 have corre-
sponding advantages and disadvantages.

B. Simulation

In Fig. 9, drive and drive are the driving signal of the
switches on the primary side. I is the current waveform
in the primary winding. I is the current waveform in the
inductor winding. V is the drain-source voltage waveform on
the primary switches. This figure shows the operation when the
input voltage is 48 V and the output current is 30 A.

C. Experiment

To build the circuit, a Philips 3F3 E22/6/16 planar core is
selected. Four Si4480 MOSFET’s are used as the primary
switches. Three parallel Si4466 synchronous rectifiers are used
for each rectification path on the secondary side. The secondary
stage uses the controlled synchronous rectification scheme
[16], [17]. To keep the flux balance, an isolation capacitor is in
series with the primary winding of the transformer.

Fig. 10 is the experimental result of the inductor current.
Fig. 11 shows the experimental drain-source voltage waveform

Fig. 12. Primary current and V of switch with active leakage energy
recovery circuit (Ch1, Ch2: Driving signal; Ch3: V of the primary switch;
Ch4: Primary current).

Fig. 13. Total efficiency versus output current (input voltage 48V / output
voltage 3.3 V).

Fig. 14. Total efficiency versus input voltage (output current 30 A / output
voltage 3.3 V).

of the primary switch and the current waveform in the primary
winding. The results verify the analysis. It also shows that the
ringing exists due to the leakage inductance. To eliminate the
ringing, either phase shift technique or additional active clamp
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circuit can be used. Fig. 12 shows the result by using an ac-
tive clamp circuit. The waveform is clean. However, in low
power dc/dc converters, the power loss in the additional circuit
is often larger than the loss from the ringing. Furthermore, in a
full bridge circuit, the voltage on primary switches is naturally
clamped by input voltage. The circuit works safely without the
clamp circuit and achieves the efficiency as shown in Fig. 13 and
Fig. 14. It is important to point out that the experiments in this
paper focus on proof-of-concept for the operating principle. In
[2], by using superior manufacturing techniques, 92.9% power
efficiency is achieved for a 100W, half-bridge converter on a
3 in 2.74 in circuit board.

VI. CONCLUSION

A new integrated magnetic full wave topology is presented.
The inductor winding is independent from the circuit voltage
transfer function. The transformer can be designed to achieve a
compromise between the number of inductor winding turns and
the magnetic core size. The operation principle of the circuit is
analyzed and the design relations are presented. Simulations and
experiments verify the circuit analysis.

APPENDIX

TRANSFORMERDESIGN FORMULA DERIVATION

A. Output Current Ripple

The relation between the output currentand the magneto-
motive force on the gap is derived first. Mode I, as in Fig. 4,
implies

Using the assumption that magnetomotive forces on the perme-
ances of the core legs are neglected, i.e.

This leads to

(21)

For the same reason

(22)

Since , and the currents in windings , are
the same, and therefore

(23)

Also, from windings and

(24)

(25)

From (21)–(25)

(26)

By using the same method, (26) can also be derived in Mode
II. So, (26) holds in the entire operating cycle.

Now integrating (9) in Mode II (or time duration ),
the peak-to-peak flux ripple in the gap is

(27)

Since , from (26) and (27), the peak-to-peak
output current ripple is derived as

(28)

This gives the criteria (12).

B. AverageFlux Density in The Center Leg

Consider the average magnetomotive force on the gap

(29)

From (26) and (29)

C. Flux Swing

In the center leg

(30)

From (26) and (30)

In the outer leg, from (4–(6)

(31)

Integrating (31) in Mode I (or time duration DT) and consid-
ering (11) leads to

(32)

This gives the criteria (16).
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