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Abstract—Full-bridge phase-shifted converters sometimesadd external resonant inductors to achieve zero-voltageswitching during light load conditions. The magnetic componentsin the circuit include a resonant inductor, transformer, andoutput inductor. These magnetic components occupy a sizableportion of the circuit volume, which results in low power density.To achieve higher power density, this paper analyzes themagnetic integration of these three magnetic components intoone core. This analysis derives the flux density and output ripplecurrent by calculating the dc-ac flux and equivalent outputinductance during operation intervals. The resonant inductor inthe traditional full-bridge phase-shifted converter is replaced byadjusting the distance between primary-side winding andsecondary-side winding. Finally, the prototype of a 500-W full-bridge phase-shifted converter which operates with 380-V inputvoltage and 12-V output voltage is implemented using integratedmagnetic technology.
Keywords—full-bridge phase-shifted converter; magneticintegration; zero voltage switching

I. INTRODUCTION
To meet the needs of modern products, many switch-mode power supplies require high power density and lowprofile. One of the ways to decrease the volume of a circuit isto increase the switching frequency. However, the efficiencywill decrease due to high switching loss. This problem can besolved using soft switching techniques, such as zero voltageswitching (ZVS) or zero current switching (ZCS) [1, 2].
Full-bridge phase-shifted converters [1-5] are widelyused at medium and high power. This topology sometimesuses an external resonant inductor, output inductor andswitching’s stray capacitor to allow the primary-sideswitching to achieve zero voltage switching (ZVS). The trade-off is that the magnetic components increase the volume anddecrease the converter power density. To solve the low powerdensity problem, some papers use an integrated magneticconcept [6-10] to integrate many magnetic components intoone core. This work integrates the magnetics in a full-bridge

phase-shifted converter with a center-tapped topology in orderto increase power density.Previous work used a magnetic integration technique fora current-doubler topology of a full-bridge phase-shiftedconverter [11-17]. Work in [18] investigates the full-bridgephase-shifted converter, but with a different integrationtechnique. Work in [19] uses a magnetic integration applied toa non-phase-shifted full-bridge converter. This paper utilizes asimilar approach as in [19] to integrate all the magneticcomponents into one core for a phase-shifted full-bridgetopology. By analyzing the dc-ac flux and equivalent outputinductance during each operation interval, the core fluxdensity and output ripple current can be derived. The resonantinductor is replaced by adjusting the distance betweenprimary- and secondary-side winding. Thus, the resonantinductor, transformer, and output inductor in the full-bridgephase-shifted converter can be integrated into one core. Itsperformance is verified using a 500-W experimental prototype.
II. INTEGRATED MAGNETIC STRUCTURE

Fig. 1 shows the topology of center-tapped full-bridgephase-shifted converter. The magnetic component in the circuitincludes resonant inductor, transformer and output inductor.

Before the magnetic integration, the circuit used two EEcores to wind the transformer and output inductor, separately.An external ring core is used to wind the resonant inductor.Thus, there were three magnetic components in the circuit.
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Fig. 1. Center-tapped full-bridge phase-shifted topology
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To reduce the size of the magnetic components in thecircuit, this paper proposes an integrated magnetic structure,shown in Fig. 2. To obtain lower leakage inductance, theprimary- and secondary-side windings are wound around thesame core. To prevent saturation due to high dc flux, theoutput inductor is wound on another core leg, with an air gap.The detailed calculation of the flux density and equivalentoutput inductance are explained in the next section.

The operation waveforms of the center-tapped full-bridgephase-shifted converter with magnetic integration are shown inFig. 3. The waveforms include resonant inductor current ip, thevoltage of primary-side vab, the voltage of the primary-sidewinding vp, the output inductor current iLo, and the fourswitching signals vgs,A, vgs,B, vgs,C, and vgs,D. The time intervalT1 to T10 is a switching cycle. The analysis of magneticintegration will use these waveforms to derive dc flux, ac fluxand equivalent output inductance.
III. INTEGRATED MAGNETIC CIRCUIT ANALYSIS

The diagram in Fig. 2 can be used to derive the equivalentreluctance model, as shown in Fig. 4. Terms R1 to R5 are theequivalent reluctance of core leg 1 to 5, respectively. Terms
ϕ1 to ϕ5 are the flux of core leg 1 to 5, respectively. The flux ϕincludes dc and ac flux.

The reluctance equation of the equivalent circuit is
e

r 0 e
lR A=

m m
(1)

where le is the length of magnetic path, μ0 is vacuumpermeability, μr is relative permeability, and Ae is the cross-sectional area of each core leg. The diagram of the core with leand Ae are represented in Fig. 5. The following derivation will
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Fig. 3. Waveform of center-tapped full-bridge phased-shifted converterwith magnetic integration
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use these parameters to calculate the dc/ac flux and theequivalent output inductance.
A. DC Flux Analysis

In the integrated magnetic full-bridge phase-shifted circuit,the dc flux is produced by the output inductor. The dc fluxequivalent circuit can be drawn as in Fig. 6, whereΦ is dcflux and NLIL is dc magnetic motive force.

From Fig. 6, the equivalent total resistance can be derivedas following:
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The dc flux of every core leg can also be derived from Fig.6, which results in the following equations (3) to (7):
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From the dc flux of every core leg and its equivalent circuit,the third core leg which winds the output inductor has thelargest dc flux. Thus, the third core leg needs to be preventedfrom saturating due to high dc flux. In general, the third core

leg has an air gap to solve the problem as mentioned above.The dc flux of every core leg has been derived, the ac flux willbe introduced in the next section.
B. AC Flux Analysis

The ac flux can be derived from the equation of Faraday’slaw which is as follows:
dv N Ndt
j

= ´ = ´j (8)
where v is the voltage on the winding, N is the number of
winding turns, j is the magnitude of ac flux, and j is thederivative of the magnitude of ac flux.

To calculate the ac flux, the voltage on the winding mustbe known. Thus, the result cannot be derived directly using atraditional reluctance model. From (8), the slope of ac flux ispositive if the voltage on the winding is positive. On thecontrary, the slope of ac flux is negative if the voltage on thewinding is negative. This paper will analyze the ac flux ofevery time interval. To simplify the analysis, this paper ignoresthe interval of first resonant interval (T2, T7) and secondresonant interval (T4, T9).

1) Stage 1 [T1]: Energy transfer interval of positive cycleIn this stage, switches QA and QD (shown in Fig. 1) turn onand the synchronous rectifier QE turns on. The waveform forthis stage is shown in Fig. 3. Based on the voltage on thewinding, the slope of ac flux at the second core leg and thirdcore leg are shown as follows:
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2) Stage 2 [T3, T5]: Free-wheeling interval of positivecycleWhen the circuit is at the free-wheeling interval, thesynchronous rectifier QE and QF turn on. For the T3 and T5interval, the waveforms can be seen in Fig. 3. The slope of theac flux at the second core leg and third core leg during thistime interval are as follows:
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3) Stage 3 [T6]: Energy transfer interval of negative cycleDuring this time interval, switches QB and QC turn on andthe synchronous rectifier QF turns on. The resulting waveformscan be seen in Fig. 3, the slope of the ac flux at the second coreleg and third core leg are as follows:
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4) Stage 4 [T8, T10]: Free-wheeling interval of negativecycleThis stage is where the circuit is free-wheeling and thesynchronous rectifiers QE and QF turn on. At the T8 and T10interval, they have the same equivalent diagram of the winding.The waveforms for these intervals are also shown in Fig. 3.The slope of the ac flux at the second core leg and third coreleg during this time interval are as follows:
2 _ T8 2 _T10 0j = j = (15)
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C. Flux Density Result

The dc/ac flux of each core leg has been derived in SectionIII.A and III.B. The total flux f is the sum of the dc flux Φ andac flux j . Thus, the total flux of the second core leg and thirdcore leg can be determined based on the given equations andan appropriate initial condition. The total flux in the other corelegs can be derived using the circuit diagram in Fig. 4 asfollows:
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1 5 2f = f -f (18)
4 3 5f = f -f (19)

Knowing the total flux of each core leg and the cross-sectional area of the core, the flux density diagram for eachcore leg is shown in Fig. 7.

D. Equivalent Ouput Inductance Analysis
In a full-bridge phase-shifted converter with non-integratedmagnetics, the output inductance can be derived from thevoltage on the output inductor and expected output currentripple. However, the output inductance cannot be derived inthe same way with the integrated magnetic structure. Thereason is that the output inductor under the integrated magneticstructure is a coupled inductor. The flux through the third coreleg (the output inductor) is influenced by the variation of thetransformer’s flux. Thus, the equivalent output inductance willbe different during each operation interval. To simplify theanalysis, this paper ignores the first and second resonantinterval. The equivalent reluctance circuit of the positive andnegative cycle are shown in Fig. 8.
According to the Fig. 8, superposition is used to derive therelationship between the magnetic motive force and flux ofeach core leg, using the magnetic permeance to represent thesevariables. For example, variable P32 represents the relationshipbetween the third core leg’s magnetic motive force and thesecond core leg’s flux. These variables are as follows:

22
3 4 5 13 42 3 4 5 13 4

1P R R R RR RR R R R RR R

=
æ ö

+ç ÷+è ø+
+ +

+

(20)

4 132 1 2 1 21 2 5 45 4 1 21 23 1 2 5 41 2

R R1P R R R RR R R RR R R RR RR R R R RR R

=
+æ ö + ++ç ÷ ++è ø+

+ +
+

(21)

1 423 3 4 3 43 4 5 15 1 3 43 42 3 4 5 13 4

R R1P R R R RR R R RR R R RR RR R R R RR R

=
+æ ö + ++ç ÷ ++è ø+

+ +
+

(22)

33
1 2 5 41 23 1 2 5 41 2

1P R R R RR RR R R R RR R

=
æ ö

+ç ÷+è ø+
+ +

+

(23)T1 T3 T5 T6 T8 T10

t

FluxDensity

B1

B2
B3

B4

B5

Fig. 7. Flux density of each core leg

R1

R2

R3 R4
Npip

N2i2

N1i1
NLiL

R5

ψ3ψ2 ψ4ψ1

ψ5

R1

R2

R3 R4
N2i2

N1i1
NLiL

R5

ψ3ψ2 ψ4ψ1

ψ5

Npip

(a) (b)Fig. 8. Equivalent reluctance circuit, (a) Positive cycle, (b) Negative cycle

2113



In the derivation process, first, derive the total flux of thesecond and third core leg using (20) to (23). Second, useFaraday’s law to derive the relationship between the voltage onthe winding and the total flux. After the substitution andcalculation, the equivalent output inductance can be derived.The equivalent output inductance during each operationinterval is summarized in Table I.
TABLE I. EQIVALENT OUTPUT INDUCTOR

Operation Interval Equivalent Output Inductance
Stage 1 [T1]Energy transfer intervalof positive cycle

1 22 1
2

eff 1

M ML L M1 11 n 1 d L
-

-
-

Stage 2 [T3, T5]Free-wheeling intervalof positive cycle
1 22 1

M ML L-

Stage 3 [T6]Energy transfer intervalof negative cycle
1 22 1

2
eff 1

M ML L M1 11 n 1 d L
-

+
-

Stage 4 [T8, T10]Free-wheeling intervalof negative cycle
2 33 1

M ML L-

The variables L1, L2, L3, M1, M2, and M3 represent are definedas follows:
21 22 pL P N= (24)

( )2 L 33 L 23 sL N P N P N= - (25)
( )3 L 33 L 23 sL N P N P N= ´ + (26)
( )1 p 32 L 22 sM N P N P N= - (27)

2 L p 23M N N P= (28)
( )3 p 32 L 22 sM N P N P N= ´ + (29)

IV. EXPERIMENT RESULT
The integrated magnetics of the full-bridge phase-shiftedconverter is developed with input voltage at 380 V, outputvoltage at 12 V, output current at 41.6 A, and switchingfrequency at 100 kHz. The primary-side winding is 14 turnsand the secondary-side winding is 1 turn. For the lagging legto achieve ZVS, the resonant inductor must be at least 20 μH.In this paper, the resonant inductor is replaced by thetransformer’s leakage inductor, achieved by adjusting thedistance between the primary-side winding and secondary-side winding. The distance between two windings was chosenas 10 mm, such that the leakage inductance is 22 μH.The output inductor winding is 3 turns which has ±7Aoutput ripple current. From the previous derivation, the fluxdensity of the core under full load conditions is shown in Fig. 9.Variables B1 to B5 are the flux density of core legs 1 to 5,respectively. The unit of flux density is tesla (T). In Fig. 9, the

maximum flux density of the core is 0.18 T. The derivationresult can be used to check whether or not the flux densityexceeds the maximum saturation flux density of the core.

Fig. 9. Flux density of integrated magnetic core

The integrated magnetic circuit’s primary-sidecurrent ip and output inductor current iLo waveform under full-load condition are shown in Fig. 10. The waveforms of theoutput inductor current ripple are shown in Fig. 11. Oneswitching cycle goes from interval 1 to interval 4. From thewaveform, the equivalent output inductance can be derivedfrom the slope of the current ripple during each operationinterval. The comparison between the theoretical andexperimental equivalent output inductance is give in Table II,where the experiments results are similar to the theoremderivation.
VDS,D(250V/div) VDS,C(250V/div)

iLO(10A/div)

iP(10A/div) 4μs/div
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(vDS,C/vDS,D：250 V/div、ip：5 A/div、iLo：10 A/div、Time：4 μs/div)
Fig. 10. Key waveforms under full load conditions
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The integrated magnetic core and the center-tapped full-bridge phase-shifted circuit is shown in Fig. 12. The length,width, and height are 16 cm, 11 cm, and 3 cm, respectively.

(a)

(b)
Fig. 12. Integrated magnetic (a) core structure and (b) circuit board

TABLE II. THEORTICAL AND EXPERIMENTAL COMPARISON
Operation Interval Theorem Result Actual Result

Interval 1: Energy transfer intervalof positive cycle 2.7 μH 2.904 μH
Interval 2 : Free-wheeling intervalof positive cycle 2.599 μH 2.825 μH
Interval 3 : Energy transfer intervalof negative cycle 2.505 μH 2.75 μH
Interval 4 : Free-wheeling intervalof negative cycle 2.599 μH 2.825 μH
The efficiency curve of the integrated magnetic circuit isshown in Fig. 15. The circuit achieves efficiency of about91% at half load and about 90% at full load.

V. CONCLUSION
This paper proposes a new magnetic integration techniquefor a center-tapped full-bridge phase-shifted converter. Usingthis technique to integrate all the magnetic components intoone core. The dc and ac flux during each operation intervalwas analyzed to derive the flux density, which is used toprevent saturation of the core. The equivalent outputinductance was derived based on the output ripple current.The resonant inductor in the traditional circuit is replaced byadjusting the distance between the primary-side winding andsecondary-side winding. Finally, a 500-W prototype center-tapped full-bridge phase-shifted converter, operating with380-V input voltage and 12-V output voltage wasimplemented to prove the feasibility of the magneticintegration technique.
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