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Integrated Magnetic Full Wave Converter With
Flexible Output Inductor

Liang Yan Student Member, IEEBayu Qu Member, IEEEand Brad LehmarMember, IEEE

Abstract—A new integrated magnetic full wave dc/dc convertet  N_,=N_,=N, 21
that provides er>§ibIe transfprmer Qesign by incorporating aninde- N,i=N,,=N/2
pendent output inductor winding is introduced. The transformer D,
is implemented on a traditional three-leg magnetic core. The in- d_| <~) R °+
ductor winding can be separately designed to control the output Nss <~; i‘) N 7T A
current ripple. The cross-sectional area of the inductor core leg 9 3 o
can be reduceq dr_amatical_ly. The operation and performance of d -
the proposed circuit are verified on a 100 W prototype converter. + N §~> 4 N

Index Terms—Current doubler, dc—dc converter, full wave A = P
topology, integrated magnetics. vV, [ | m "

|. INTRODUCTION °
NTEGRATED magnetic techniques combine transformersy. 1. Conventional integrated magnetic full wave circuit.

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 ha N =N_=N, Z*
been widely published [3]-[10]. Historically, integrated dc/d N,,=N_,=N,/2 o
converters were first developed for Forward converters [3], [4 3 4| > o+
However, recently integrated magnetic full wave circuits hav Ny P 4 N, T o
been extensively studied [11]-[13]. These full wave circuit P T °
have reported significant benefits, including high efficiency o b+ §~> d | ° -
high power density and low switch stress. Applications of the: + Ny 4P Vier PN N,
circuits are being proposed in 30 VW00 W range, and have P — nd 4
great potential for telecommunication power supplies. Vi ’, | m ”—l

A “typical”2 integrated magnetic full wave dc/dc converte _

is shown in Fig. 1 [13], which uses a three-leg magnetic cor..o
This class of full wave integrated magnetic circuits exhibits a
common character that there is no winding on the inductor Iegg.]
Instead, the secondary windings play the role of the equivalent
inductor winding, and hence, the secondary windings must sa&lance between copper loss, ferrite loss and total size. In in-
isfy both power transfer and current ripple restrictions for ditegrated magnetic transformers, such as those shown in Fig. 1,
ferent operating stages. the number of secondary winding turns influences the number
The elimination of the inductor winding comes from the magaf primary winding turns, the magnetic core size and the output
netic integration methods [11], and, in applications, this is beurrent characteristics. This places a burden on the secondary
lieved to reduce the copper loss and simplify the transformeinding turn decision and complicates the transformer design.
structure. However, optimum transformer design must keep tAe a result, the magnetic core often needs to be specially de-
signed and manufactured in order to satisfy both output current
Manuscript received February 5, 2000; revised November 1, 2002. Tlﬂpple_ requirements and flux den_sny constraints. .
paper was presented in part at the IEEE Applied Power Electronics Conferencel his paper presents a new integrated magnetic full wave
(APEC); Dallas, TX, March 2002 [1]. Furthermore, an identical circuit waggnverter. as shown in Fig. 2. In this full wave circuit, the
independently developed and presented by J. &wed, at IEEE APEC, March . d i dingi ined and be desi dind 'd |
2002 [2]. Recommended by Associate Editor K. Ngo. inductor winding is retained and can be designed independently
The authors are with Department of Electrical and Computer Engineerifom the secondary windings. The added flexibility allows the
I'\"r’]”heagem U”iverdsn))" Boston, MA 02115 USA (e-mail: lyan@ece.neu.edyse of commercial magnetic cores, and the transformer design
enman@ece.neu.eau). L. ‘g . . .
Digital Object Identifier 10.1109/TPEL.2003.809357 can be optimized. Specifically, the circuit has the following
characteristics.

) _ , o _ i) Retains the original full wave buck mode circuit opera-
2This paper refers to an integrated magnetic full wave circuit as being “typ-

ical” or “conventional” only in the sense that there is no winding on the inductor tion. ) o
leg. i) Integrates an inductor winding into the transformer.

. 2. Proposed integrated magnetic full wave circuit (Structure 1).

Ipatent pending.
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N =N_=N D, magnetic states within each core leg are modeled by using the
NN =N /2 o capacitive modeling method [7]-[10].
P D, o The capacitive modeling method is briefly described here.
N,, :_, E: N4 In this model, each current source or sink represents an active
D P » Vo winding; @ is the flux rate (i.e. the derivative of flux) within
o _IE', 4 — O — each legiF is the magnetomotive force on the permeareés
+ 2t ? ‘-; the permeance of the gap or each core leg. For a winding on a
N, &PV | €PN g N . . i -
LA ey T ._T_> - p w2 core leg, two basic relations provide the interface between the
v, |- | o | magnetic circuit and the electrical circuit
- .V
b=— 1
o ¥ (1)
@ F=NI 2
N, =N_,=N, 21 KCL and KVL rules control the variables in the magnetic cir-
Ny1=N,=N,/2 o cuit. Gap is abstracted as permearite
2
ra g_, > T O+ B A
Ns1 ‘_’ ::, st I T Vu Pg = Mo Tg (3)
P D out
-
o +| O - where
+ N, E:> Vi ::; N, §:> N, V' voltage on the winding;
[ ;r> P N number of winding turn;
Vi | m " I current in the winding;
_ o  permeability of the air;
o A cross-sectional area of the core leg with gap;
(b) lg gap length.
Fig. 3. Operation modes. Fig. 5illustrates the typical operating waveforms. To simplify

the analysis, all the devices are assumed to be ideal. The
) o ) ) magnetomotive forces on the permeances of the core legs are
iii) The inductor winding does not appear in the iNput-topeglected, i.e. these permeances are assumed to be infinite
~ Output voltage transfer function. compared with the permeance of the gap. The leakage energy,
iv) The output current is continuous. _ which is a major implementation problem for most integrated
V) The inductor can be designed specifically to satisfy thgagnetic converters, is not considered at this moment. Let

current ripple restriction and the magnetic constraints.y. pe as in Fig. 5. The operation principle is explained as
vi) The cross-sectional area of the inductor leg can be mugdjows.

smaller than that of the conventional integrated magneticp;ode |: The input voltage i/, > 0. The primary winding
__ circuit to achieve the same output current ripple. initiates the flux rate®,; and®,,. The voltages activated on
vii) This circuit has been reported by [2] to achieve 92.9%e secondary windings force the rectifiBy to conduct. The
power efficiency at 100 W for a half-bridge dc/dc congyrrent on the secondary side flows throu§h, N,:, D; and
verter on an E22 core and a 3in2.74 in circuitboard. he |oad. The flux rate difference betwedag I and Leg IT
(However, in this paper we present a simple and rudimegyses flux accumulation in the center leg, which increases the
tary full-bridge prototype, for proof of concept purposegnergy storage within the gap. The flux transitions for each leg
only, which achieves around 90% power efficiency.) (1, I, and 111) are shown in Fig. 5, where every fluk has the
Section |l presents the operation principle of the proposg@dme polarity as its correspondifand® = FP.
circuit. Section lll introduces the transformer design approach.From Fig. 3 and Fig. 4, the flux rates in each leg can be de-
Section IV provides some character comparisons between tbemined from the magnetic path and the outer circuit. Assume
conventional and the proposed circuit. An alternative topologlie voltage drop on winding/,1 is Vvp1 then, in the magnetic
of the proposed converter is also introduced. Section V showiscuit
the simulation and experimental results for a design example.

. Vi
Section VI gives the conclusion. Details of the transformer de- ®, = % (4)
sign are presented in the Appendix. pl
(i) = ‘/L - V]\Tpl (5)
Il. O PR ' M2
. OPERATION PRINCIPLE b, =, — b, ©)

The basic operation principle of the proposed integrated mag- . I
netic full wave circuit in Fig. 2 is similar to the conventional in-(gL-I is also controlled by windingVy, and can be represented
tegrated magnetic full wave circuit in Fig. 1. The new converté®
has two basic operating modes within each half-cycle. The cur- <i>p1NS -V,

rent paths in each mode are illustrated in Fig. 3. In Fig. 4, the Cpr= N; @)
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Fig. 4. Analysis models.
: : : : : transformer behaves as an inductor. Both the secondary wind-
\V : : ‘ ings conduct. The two secondary output current paths share the
' : : | inductor winding. The magnetic state of the transformer is sym-
e D—>! ; metric along the center leg. The flux in the center leg decreases.

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

Vo

NL+A275'

In the next half-cycle, Mode | appears for the winding on the
other side. Mode Il is exactly the same as in this half-cycle. To
derive the input-to-output voltage transfer relation, suppose the
duty ratio is equal td (D < 0.5) as in Fig. 5. Since the flux
change should be balanced on the gap in each half cycle

O 1=

©)

®p_ 1D =y 17(0.5— D). (10)
From (8)—(10), the ideal voltage transfer function is
; L L % = QD%. (11)
Mode A P i P

Note that the inductor windingvy, is not included in (11).
Fig.5. Operation waveforms of the new integrated magnetic full wave circu§o’ the design _Of mput—to-t_)utput voltage tran.Sfer ratio and the
output current ripple of the integrated magnetic transformer can

be separated as in a typical discrete core full wave buck mode
If N1 = Np2 = N,/2, the flux rate in the center leg can thergircuit.

be obtained from (4)—(7) Equation (9) indicates that the flux rate is constant. The
magnetomotive forcel, on the gap decreases linearly. So,

b, ;= (Ns/Np) Vi =V, ) the current/; in Ny decreases linearly. The currents in the

Np + N, /2 two secondary windings are half of the current in the inductor

winding, shown in Fig. 5.
where

N, total primary winding turn orLegl andLeglI;

- Ill. DESIGN APPROACH
N, secondary winding turn obegl andLegl[;

Nz inductor winding turn orLegIII; Transformer design is vital to achieve favorable performance
V;  input voltage; in any converter, especially for a circuit with integrated mag-
V, desired output voltage. netics, which is based on the tradeoff between output current

Equation (8) indicates that the flux rate is constant. So tfi@ple, flux density and magnetic core size. For the design in
magnetomotive force on the gdfy increases linearly. So, re-the newly proposed topology, the following constraints are set
ferring to (26) in the Appendix, the curref in N, or equiv- in advance.
alently, the curreni,; in N,1, increases linearly as in Fig. 5. 1) Commercial magnetic cores are available for selection.

Mode II': The input voltage i3/; = 0. The primary winding 2) Tolerable output current ripple is specified.
is free. The energy within the gap will release and the entire 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 parahite average flux density in the outer legs is (identical in the two
eters to satisfy the electrical and the magnetic specificatiomhesys)
Specifically, these parameters include

1) magnetic core type and size; By o = Be av (14)
2) total primary winding turnV, = 2N,; = 2N,; 2
3) secondary winding turV, = Ng; = No; The maximum flux swing in the center leg is
4) inductor winding turnvy,. ,
Inthe design, the deterministic parameters are calculated first. B . (Np+ 82) I aPy (15)
Then, the combination of flexible variables is selected. The de- ed = A, )
sign may follow three steps. . _— .
g y . P - The maximum flux swing in the outer legs is
Step 1) Select the primary-to-secondary winding turns ratio
TL:N])/NS. ‘/o(&'f'l_Dmin)
The primary-to-secondary winding turns ratio By 4= .N : = (16)
is determined by the input and output voltage 2f A, (N + &)

specification from (11). Normallyn is selected ) .
to be as large as possible to use the duty rat%;:jeeﬁsoi.t;r:r? fr:gscse_z'?ecrtﬁgailsarea of the outer legs. The peak

more efficiently and to reduce the number of sec-
ondary winding turns. However, the line loss and B. 4
the maximum duty ratio of the controller should Bep = Beav + 9 a7

be considered to achieve full range input voltage
g P gThe peak flux density in the outer legs is

operation.
Step 2) Select the magnetic core. By a
Since the commercial magnetic core is used, it is Bo p = Bo_av 5 (18)

selected from the available core list according to the .
output power specification. Both B._, and B,_, must be below the saturation value.

Step 3) Select the winding tumns. The above design approach is based on ideal magnetic char-

The voltage transfer function is only determine@cteristics, which asstume the follgwing. -
by n. Oncen is selected, the winding turns are de- 1) The permeability of magnetic core is infinite.
termined by the transformer constraints. The step is 2) The B-H curve is linear.
to selectN, and Ny,. This may follow the well-es-  3) The stray capacitance and the leakage inductance are not
tablished traditional transformer design methods, ~ considered. N _
either by trial and error or by acquiring the optimum Because of the infinite permeability assumption, the magne-
combination from the entire parameter lists. Théomotive force in the core is neglected compared with that of
important consideration is to calculate the outpdfie gap. However, because of this ideal assumption, the current

current ripple and the peak flux density. The folfipple will actually be larger than the above design value. On the
lowing formulas can be used to verify that thes€ther hand, this also implies that the average flux density in the

results are within the tolerance. The derivation dgenter leg is smaller than the ideal case, since the average flux
the formulas is presented in the Appendix. produced from the average output current is divided between the

1. Verify that the output current ripple is within the desigr@ap and the core leg. After the design, the finite permeability ef-
specification fect can be considered from simulation directly [7], [10].

The maximum peak-to-peak output current ripple can be de-The nonlinear B-H curve requires conservative design for
rived as peak flux density. As the flux goes higher, the effective per-

meability is lower. The reduced permeance leads to larger
‘/0(05 - Dmin)

I, 4= . (12) currentripple. A typical phenomenon is that the current wave-
fsPy (NL + ]‘;) form is no longer piecewise triangular, but exhibits nonlinear
characteristics.
where Stray capacitance and leakage inductance are major para-
fs switching frequency; sitic parameters in magnetic components. They cause ringing on
D ni minimum duty ratio. switches and rectifiers. It is, therefore, important to have tight
2. Verify that the peak flux density in the magnetic core i{gupling of the transformer windings. Section V also discusses
below the saturation value an electrical solution to this problem. Since the proposed circuit
The average flux density in the center leg is can reduce the primary and secondary winding turns, it should
Ny + X have smaller stray capacitance and leakage inductance than the
Beaw = ———21I1_auvpy (13) conventional circuit.
A With the knowledge of average flux density and flux density
where swing, it is also possible to estimate the power loss from avail-
I1_., average output current; able models [14], [15]. These extensive calculations are not in-

A, cross-sectional area of the center leg. cluded in this paper due to their length.
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IV. TOPOLOGY COMPARISONS N,,=N,=N, D,
: . . . N, =N,=N,/2
This section compares the previously known integrated ms D, ot
netic full wave topology in Fig. 1 with the proposed circuit in N <~; EF, N" L
Fig. 2. An alternative structure of the proposed circuit is als ! :*, <:; * Vo
introduced. I o —
o q
5 ] P q_|
. N, 4_P L DN 4P N,
A. Conventional Topology Versus Proposed Topology 4 D <:|4 b P
1) Structure Difference:Compared with conventional inte- Y I‘ I T I

grated magnetic full wave topologies (see Fig. 1), the propos
topology has an additional inductor winding on the center leg. .¢
is obvious that when the inductor winding turn is equal to zero
(N = 0), the proposed circuit is the same as that in Fig. @?
From this point of view, the circuit in Fig. 1 is a special case of

the proposed topology.

ol

.6. Alternative structure of proposed integrated magnetic full wave circuit
ructure 11).

2) Design ConsiderationsThe transformer design for the N
new circuit has the flexibility to select the number of inducto ° S
winding turns, which can vary from zero to any reasonabl N Y YL
number. When the inductor winding turn is small, the seconda L
winding turn has to be large enough to reduce the output curre e
ripple according to (12). Because the primary-to-seconda.—’_m— N —®
turns ration is fixed, the large secondary winding turn leads t L S
| YT

large primary winding turn. Both of them cause more coppe
loss and may also be hard to fit into the magnetic core. On tl
other hand, it is true that the inductor leg of the magnetic co
can be specifically designed to achieve the same performar
by large cross-sectional area. However, this increases the ¢
of designing and manufacturing the specialized magnetic co

At the same time, the additional ferrite volume also increas: . NS
the ferrite loss, especially in high frequency applications. N YL
The effect of the inductor winding can be further investigate L
from (3), (12), and (13). It is easy to find th&t. _,, « ((Ng + g
(N,/2))/1,) andI; s o (I,/(A(Ny + N,)2)). The winding ~ @——— ¥ ¥ N —e
turn N, + (N,/2) is proportional toB._,, However, it is a g o
YT

guadratic factor to reduce the current ripple. So, if bdth+
(.NS/Z) andlg are doubled, while mamtammg the oufcput Currer]‘Eig. 7. Equivalent inductor turn. Upper: structure |. Lower: structure Il.
ripple and the average flux density, the cross-sectional drea
can be decreased to half.
An example of guantitative comparisons and choice of in- In operation Mode I, these two circuits exhibit different
ductor winding turns is shown in Section V. equivalent inductor winding connections as shown in Fig. 7.
The equivalent inductor turns are

B. Alternative Structure of Proposed Circuit

N,
1) Structure Comparisonfig. 6 shows an alternative struc- Structure | Ny, + 9 (19)
ture (Structure Il) of the proposed circuit. The connection of N, Ny
the inductor winding is reversed compared with Structure | in Structure Il Ny — o <NL = 7) ‘ (20)

Fig. 2. The circuit characteristics can be derived by using the
same analysis method. If comparing the integrated magnetic full wave circuit in

2) Characteristics ComparisonThe operation principle of Fig. 1 with Structure I, the former is equivalent to the latter
Structure Il is the same as Structure |. The inverse connectiondiien Ny = N, This can be verified by replacinyz, with zero
the inductor winding does not change the voltage transfer funn-(19) and replacingv;, with N, in (20). Both lead to the same
tion. However, the magnetic states within the core are differegduivalent inductor turnVs/2, which is also the equivalent
because the magnetizing direction of the center leg of Structumeluctor turn of the conventional circuit.

Il is reversed too. From another point of view, if “negative winding turn” is al-

In operation Mode I, primary winding/,,» of Structure | pro- lowed, the two proposed structures could be combined into one
vides both the output power through the secondary windig)g form asin Fig. 2. The inductor winding tuf¥, is negative if the
and the stored energy in the gap. However, in Structure Il it é@@nnecting direction is reversed. Then the equivalent inductor
the opposite primary winding/,,; that provides the energy.  turns would be (19) with restriction thaf;, # —(N,/2).
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Fig. 8. Experimental circuit.
V. SIMULATION AND EXPERIMENTAL RESULTS TABLE |
CIRCUIT SPECIFICATIONS
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 Input Voltage 36 V~T75V

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 Maximum Output 100 W
topologies, such as half-bridge, push-pull, although the circuit
design may be reconsidered.

Output Voltage 33V

Switching Frequency 150 kHz

A. Design
TABLE I

The primary-to-secondary winding turns ratio can be calCu-TRANSFORMERDESIGN CONSTRAINTS FROM DIFFERENTWINDING TURNS
lated as: = 9. Commercial E22/A160 core is selected. Table Il
compares the magnetic constraint values, where the inductor

NL=0 NLzl NL:2 NL:3

winding Ny varies from zero to three, and the secondary Ns=2 | 41.7354 | 10.4339 | 4.6373 | 2.6085
winding turn N, varies from two to four. It is obvious that when
N; = 0, only N, = 4 leads to the tolerable output current Ns=3 | 185491 | 6.6777 | 3.4070 | 2.0610

ripple. This is the case of the conventional integrated magnetic
circuit. However, the primary winding turn will b&/, = 36.

As Table 1l shows, a reasonable choice of the inductor winding
turn is one, i.e.N;, = 1. Further increase of the inductor
winding turn will not reduce the current ripple much and th ariveia [ 1 !—L_In;\__l_ﬂ

flux density will be much higher. The secondary winding turi®™e=* [ 1 I

can be two or three. To reduce the loss and size, two-turn i 0.0 @) : Us)

better choice. So, the winding turns are determined PN N NG NG aN Kndueton:

N 20.0 4
Npp=Np===9No=2N, =1

Ng=4 | 10.4339 | 4.6373 | 2.6085 | 1.6694

G

. . (A) : t(s)
The constraint values are tolerable in a 100 W dc/dc module i(primary)

Output current rippld,_4 = 10.4 A. |

Peak flux density in the center ldg). , = 144 m1'.

Peak flux density in the outer le,_, = 154 mT". o - s
60.0

Further comparison with the conventional integrated ma 4901

netic transformer design shows that for the same E22 core, 20.0 Ll }k
same output current ripple, and the same primary and seconc o0l . - .
winding turns, the flux densities for the conventional circui 0-00487 000998 ey 100 0-0048

are twice the value of the newly proposed circuit. This could

cause higher core loss due to the increase of core loss coéfifi-9- Simulation results.

cient. If both the primary and the secondary winding turns are

increased, the flux densities in the conventional circuit can Ibew circuit. Of course, the new circuit has a disadvantage of in-

reasonable. However, the added copper size is larger than diietor copper loss compared to the circuitin Fig. 1. So there are

®
=]
i

wvds
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Tek SEIH 25.0MS/s

87 ACQS

LS |

C1 Fre

4155.2685kHz

Low signal
amplitude

C1 +Duty
35.28 %
Low signal
amplitude
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Tek 25.0MS/s

1{3 Achs}

C1 Fre:
155.2336kH2
Low signal
amplitude

C1 +Duty
35.28 %
Low signal
amplitude

Chi TRz oV

SR T TN U TN SO DN SO T 00V 0.0V & M 2.005s Chi 7
Hi 100V 5(1)0021398»,““00“5 T F 430V SE 500V  Cha 10.0mve
Fig. 10. Inductor current (Ch 1, Ch 2: Driving signal; Ch4: Inductor currentf'g 12. Primary current and J/ of switch with active leakage energy

recovery circuit (Chl, Ch2: Driving signal; Ch3:4VY of the primary switch;
Ch4: Primary current).

Tek 25.0MS/s

92 . —

S \ 9 ciFre 91
- 1 155.2393kHz -

Low signal
amplitude

C1 +Duty
24.38 %
Low signal
amplitude

C4 Mean
460uV

Efficiency (%)

: X I : : . 85 .
HEP I P ST SN PN 10 15 20 25 30

Chi 700V & Ch2 ]goowg “M2.00ps Chi 7 4.40V Output Current (A)
Fig. 11. Primary current and Y of switch (Ch1: Driving signal; Ch2: ¥, of  Fig. 13. Total efficiency versus output current (input voltage 48V / output

the primary switch; Ch 4: Primary current). voltage 3.3 V).

design trade-offs. Both circuits in Fig. 1 and Fig. 2 have corr 92
sponding advantages and disadvantages. | o o !

91 f--mmq---

B. Simulation 90|

In Fig. 9, driva, and drivgs are the driving signal of the & — —~— 1
switches on the primary side,.}m.ry is the current waveform 3 e s H AN ]
in the primary winding. hauctor is the current waveforminthe 8 g oo N ]
inductor winding. \; is the drain-source voltage waveform or i i ‘ 3
the primary switches. This figure shows the operationwhent 87—~~~
input voltage is 48 V and the output current is 30 A. i j
C. Experiment 85 f

To build the circuit, a Philips 3F3 E22/6/16 planar core i om N e ™

selected. Four Si4480 MOSFET’'s are used as the primary

switches. Three parallel Si4466 synchronous rectifiers are usegl 14. Total efficiency versus input voltage (output current 30 A / output

for each rectification path on the secondary side. The secondeg{gge 3.3 V).

stage uses the controlled synchronous rectification scheme

[16], [17]. To keep the flux balance, an isolation capacitor is iof the primary switch and the current waveform in the primary

series with the primary winding of the transformer. winding. The results verify the analysis. It also shows that the
Fig. 10 is the experimental result of the inductor currentinging exists due to the leakage inductance. To eliminate the

Fig. 11 shows the experimental drain-source voltage waveforinging, either phase shift technique or additional active clamp



YAN et al: INTEGRATED MAGNETIC FULL WAVE CONVERTER 677

circuit can be used. Fig. 12 shows the result by using an acNow integrating (9) in Mode Il (or time duratiai®.5—D)T),
tive clamp circuit. The waveform is clean. However, in lowhe peak-to-peak flux ripple in the gap is

power dc/dc converters, the power loss in the additional circuit _

is often larger than the loss from the ringing. Furthermore, in a Oy 4= M (27)
full bridge circuit, the voltage on primary switches is naturally Is (NL + ]\2)

clamped by input voltage. The circuit works safely without the _.
clamp circuit and achieves the efficiency as shown in Fig. 13 and>NCe®L_a = Fy_al, from (26) and (27), the peak-to-peak
Fig. 14. It is important to point out that the experiments in th@:UtpUt current ripple is derived as
paper focus on proof-of-concept for the operating principle. In V,(0.5— D)
[2], by using superior manufacturing techniques, 92.9% power It a=
efficiency is achieved for a 100W, half-bridge converter on a Js
3in x 2.74 in circuit board.

. (28)
P, (NL + ATS)Z

This gives the criteria (12).

VI. CONCLUSION B. AverageFlux Density in The Center Leg

A new integrated magnetic full wave topology is presented. Consider the average magnetomotive force on the gap
The inductor winding is independent from the circuit voltage
1 i i Bc_a'UAc
transfer function. The transformer can be designed to achieve a Fy gy = —2202¢ (29)
compromise between the number of inductor winding turns and - Py
the magnetic core size. The operation principle of the circuit is
analyzed and the design relations are presented. Simulations an'gom (26) and (29)

experiments verify the circuit analysis. Ny + 1\2
Bc_a'u = TIL_a'UPg~
APPENDIX ¢
TRANSFORMERDESIGN FORMULA DERIVATION C. Flux Swing

A. Output Current Ripple In the center leg

The relation between the output currdptand the magneto- _ B.qA.
. : ; ) - Fpo=——. (30)
motive force on the gap}, is derived first. Mode |, as in Fig. 4, P,
implies

From (26) and (30)
Foo=Fg—-Fr—Frir—Fy+ Fr1.

(NL + J\;S ) I _aPy

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

In the outer leg, from (4—(6)
FI ~ 0, FIII ~ 0.

ViNy | Vo
This leads to b, i i 31
p2 = N (31)
NP NL + 23
Fpo=Fa—F,+ Fr 1. (21) _ _ . _ _
Integrating (31) in Mode | (or time duration DT) and consid-
For the same reason ering (11) leads to
Fpo=F, — Fr_1. (22) ‘/0(1]\{_5+1_D)
SinceN,; = N3, and the currents in winding¥,,;, N, are Boa= 2F A N.)° (32)
fs o (NL + 2 )
the same, and therefore
This gives the criteria (16).
Fpr = Fye. 23) g (16)
Also, from windingsN,; and Ny, ACKNOWLEDGMENT
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Fi;=N.Iy. (25) professional ethics and courtesy in helping them avoid a poten-

tially difficult situation, particularly for a graduate Ph.D. student
From (21)—(25) (together with his colleagues Dr. Sun simultaneously and inde-
N pendently developed the proposed circuit of this paper). After
F, = (NL + 7“) Ir. (26) realizing that the circuits were the same, Dr. Sun immediately
informed the authors and encouraged them to publish these re-
By using the same method, (26) can also be derived in Modelts in both the IEEE RANSACTIONS and in L. Yan’s Ph.D.
Il. So, (26) holds in the entire operating cycle. thesis.
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