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Abstract: In this study, an optimization procedure was proposed for the magnetic component of an
integrated transformer applied in a center-tap phase-shifted full-bridge converter. To accommodate
high power—density Odemand, a transformer and an output inductor were integrated into a magnetic
component to reduce the volume of the magnetic material and the primary and secondary windings
of the transformer were wound on the magnetic legs to reduce conduction loss attributable to the
alternating-current resistor. With a focus on the integrated transformer applied in a phase-shifted
full-bridge converter, circuit operation in each time interval was analyzed, and a design procedure
was established for the integrated magnetic component. In addition, the manner in which output
inductance was affected by the mutual inductance between the transformer and the output inductor
in the integrated transformer during various operation intervals was discussed and, to minimize
circuit loss, a design optimization procedure for the magnetic core was proposed. Finally, the
integrated transformer was applied in a phase-shifted full-bridge converter to achieve an input
voltage of 400 V, an output voltage of 12 V, output power of 1.7 kW, an output frequency of 80 kHz,

and a maximum conversion efficiency of 96.7%.

Keywords: phase shift full-bridge converter; magnetic integration; high power density

1. Introduction

Rapid technological advancements have greatly increased the demand for cloud
servers, which calculate and store data, increasing the demand for electricity. To accommo-
date converter design requirements for reduced loss and volume, improving the efficiency
of electric power conversion and increasing power density have become prominent consid-
erations in current technological development. Most power supplies for servers adopt a
two-stage circuit topology. The first stage comprises power factor correction equipment
for conversion from alternating current (AC) to direct current (DC) and the second stage
an isolated DC-DC converter with high-voltage DC as the input and low-voltage DC
the output.

The typical types of isolated converters used in server power supplies are phase-
shifted full-bridge converters and resonant converters. LLC resonant converters [1-3]
achieve wide-range zero-voltage switching (ZVS) on the primary side and ZVS on the
secondary side and are thus suitable for application in high-wattage and high-frequency
devices. The disadvantage of LLC resonant converters is the absence of output induc-
tors at the output end. Therefore, when used in low-voltage high-current devices, LLC
resonant converters require more capacitors connected in series to meet output voltage
ripple specifications.

For a phase-shifted full-bridge converter [4-8], the switch on the primary side does
not achieve full-range ZVS, and the synchronous rectifier on the secondary side exhibits
high switch stress. However, the converter structure features an output inductor, which
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reduces the number of output capacitors. In addition, the ZVS on the primary side of
the converter and switching current that exhibits an approximately square wave on the
secondary side effectively reduce the primary and secondary-side currents; this reduces the
switch conduction loss and thus facilitates high efficiency for applications in high-wattage
devices. When this structure is used in devices with a high-current output, a center-tap or
current-doubler rectifier is typically adopted for rectification on the secondary side of a
transformer. Compared with a center-tap structure, a current-doubler structure reduces the
conduction loss in the secondary winding of a transformer by half. In a circuit, a magnetic
component comprises a transformer and two output inductors, which increases the volume
of the circuit. As the number of magnetic components increases, the number of joints in the
circuit design also increases; therefore, when a large current is present, integration between
windings and circuit components reduces the conduction loss and contact loss.

Relevant literature features the use of integrated magnetic components to integrate
transformers and output inductors into one magnetic component, thereby reducing the
number of magnetic components in a circuit and improving circuit power density [9-22].
Figure la depicts a structure proposed by [11] (hereafter, “Structure 1”), in which the
transformer winding is wound on the center leg and the output inductor windings on
the two outer legs. The number of windings in the structure is similar to that in the
conventional current-doubler structure. As the currents on the two outer legs are the
original output inductor currents and possess a DC component, air gaps must be added
to the outer legs to prevent magnetic core saturation. In such structures, the transformer
and inductor windings are separated, and the inductor design is therefore easier to use
and more flexible, which prevents the number of turns of the primary winding from being
affected by the turns ratio of the converter. In addition, the current in each winding is
half of the output current, contributing to a low conduction loss; however, the small self-
inductance in the primary winding results in large primary-side current ripples, in turn
increasing loss from primary-side components.
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Figure 1. Structures and winding layout of five integrated magnetic components: (a) structure I, (b) structure I, (c) structure
III, (d) structure IV, and (e) structure I-IV.

Figure 1b presents a structure proposed by [12] (hereafter, “Structure I1”), in which the
primary and secondary windings are wound on different magnetic legs. When conduction
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occurs on one single side, the primary-side magnetic flux flows to the other leg and
generates inductance; accordingly, these transformer windings result in large leakage
inductance and thus increase voltage stress on the components. As the output inductance is
associated with the turns ratio of the converter, adjustments in the output inductance may
involve the number of turns selected for the primary winding in the structure, rendering
such adjustments difficult. Moreover, Structure II, in which the self-inductance of the
primary winding is the same as that in Structure I, also exhibits large current ripples in the
primary winding and hence high losses from primary-side components.

Figure 1c demonstrates a structure developed by [13] (hereafter, “Structure II1”), which
is an improved version of Structure II. In this structure, the primary winding is separated
from the secondary winding; the magnetic flux generated from the primary winding
is cancelled out at the center leg and thus can be coupled completely to the secondary
winding. This greatly reduces the leakage inductance problem observed in Structure II. In
this winding structure, self-inductance on the primary side is related to magnetic reluctance
of the outer legs; therefore, this structure alleviates the problem of excessive current ripples
in the primary winding. Similarly, to Structure II, the output inductance of Structure III
is associated with the converter turns ratio; accordingly, adjustments in the equivalent
inductance may require more turns in the primary winding and thus increase loss on the
primary side. The total loss for Structure IIl is in the middle of the total loss values for the
three structures.

Figure 1d depicts a structure proposed by [14] (hereafter, “Structure IV”), which
has one winding more than Structure III does, providing a more flexible design with
equivalent output inductance; this resolves the difficulty in adjusting output inductance
for an integrated transformer. Unlike Structure III, Structure IV does not require the
number of primary winding turns to be increased for the equivalent output inductance to
be increased, and it thus reduces conduction loss. Its total loss is the lowest among the first
four structures.

Figure 1le is a structure developed by [15] (hereafter, “Structure V"), in which an EE
core transformer and a Ul core inductor are integrated into a four-leg core and applied in
a phase-shifted full-bridge converter with a center-tap secondary side. This four-leg core
is composed of two center legs, one of which is an ungapped second magnetic leg, or left
center leg, used for the primary and secondary windings of the transformer; the other is an
air-gapped third magnetic leg, or right center leg, used for inductor winding and for the
prevention of core saturation. Compared with the aforementioned three-leg-core integrated
transformers and inductors, Structure V provides reduced losses from the primary and
secondary windings and an intermediate core loss. It thus has the lowest total loss among
the five core structures.

For a power output of 1.2 kW, Figure 2 illustrates the total losses of five transformer
structures in the same output inductance condition. Among Structures I-1V, Structures I
and II exhibit relatively low self-inductance on the primary side and thus larger current
ripples on the primary side. In addition, because interleaved winding cannot be used to
reduce the amplitude of the magnetomotive force in winding layers for Structure II, it
has the highest conduction loss among the first four structures. The winding method in
Structure III alleviates the problem observed in Structure II but requires more turns to
achieve high output inductance, which contributes to the additional conduction loss in
Structure III. Structure IV increases the number of windings to facilitate a flexible output
inductance design. Although it yields lower total loss than the first three structures do,
it exhibits a high level of conduction loss. Structure V, compared with the other four
structures, has relatively high primary-side self-inductance and, thus, smaller current
ripple, reducing the AC conduction loss through the interleaved windings; in addition,
Structure V facilitates flexible inductor design because of its additional winding and, due
to its low magnetic flux density, has a lower hysteresis loss compared with Structure IV.
Analysis of and comparison among the five magnetic components reveals that the lowest
loss is in Structure V.
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Figure 2. Comparison of the losses from five integrated magnetic components.

In this study, an integrated transformer in a phase-shifted full-bridge converter with a
center-tap secondary side was applied. A transformer and an inductor were integrated into
one core to reduce volume, but the mutual inductance between them caused the inductance
to vary across switching modes. In Section II of this study, the inductance formula for
each time interval is derived, a method is proposed for minimizing the variation of current
ripples in core inductors to a level approaching that before the integration, and design steps
are consolidated for optimizing loss by selecting an appropriate core volume. Section III
reveals the experimental results; describes the application of the integrated core in a phase-
shifted full-bridge converter with an input voltage of 400 V, output voltage of 12 V, and
output wattage of 1.7 kW; provides an analysis of the loss distribution in the circuit; and
verifies the theoretical analyses with the experimental results. Finally, Section IV concludes
the study.

2. Operating Theory

Figure 3 illustrates the circuit of a phase-shifted full-bridge converter that has a four-
leg-core integrated magnetic component applied in its center-tap secondary side. The
section analyzes the equivalent inductance in various intervals during the circuit operation.
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Figure 3. Application of an integrated magnetic component in a phase-shifted full-bridge converter.

Figure 4a depicts the side view of the magnetic component on which parameters
are marked, and Figure 4b presents the equivalent magnetic path model. Each of A;—
As represents the effective cross-sectional area of a magnetic leg; Ry,1—Rps represent the
reluctance corresponding to each of the respective magnetic legs, and Ryys is the reluctance
between the transformer and inductor, which affects the coupling effect of the two and
thus greatly influences the overall magnetic path analysis. To simplify the production
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and design of a magnetic core, the outer legs are usually designed symmetrically, and the
effective cross-sectional area is designed to be half the cross-sectional area of the second
leg to satisfy Rm1 = Rma = Rm and Ry = 0.5Ry. @1—Ps5 is the magnetic flux in each leg.
The transformer and output inductor windings are wound around the second and third
legs, which correspond to A, and As, respectively; magnetomotive force is represented by
voltage source symbols; N, refers to the number of turns in the converter primary winding
P; Ng is the number of turns in each of the secondary windings, S; and Sy; and N, is the
number of turns in the inductor winding L.
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Figure 4. Integrated magnetic component: (a) Schematic and (b) Equivalent reluctance model.

In a duty cycle of the phase-shifted full-bridge converter shown in Figure 3, the
switches must be switched in turn to transfer the energy of the input voltage source Vi,
to the output voltage source V,,; the converter contains six switching modes, which are
marked as modes 1-6 in Figure 5a—f. By marking the corresponding duty interval of
each switching mode as intervals 1-6 and the corresponding switching time point as fo—t,
we produced the voltage and current waveforms of the equivalent circuit (Figure 5) in a
duty cycle, as shown in Figure 6. For comparison, the corresponding waveform before
the transformer and inductor were integrated into one core represented as a dotted line
along the i;, waveform. Subsequently, the corresponding magnetic flux waveforms for the
magnetic paths in Figure 4b in a duty cycle are presented in Figure 6. The various slopes
of i}, waveforms in time intervals 1-6 reveal that the equivalent inductance differs across
intervals, which was attributable to the mutual effects, namely mutual inductance, between
the transformer and inductor in the integrated magnetic component. The equivalent
inductance of L in intervals 1-6, namely switching modes 1-6, was presented using Leqx,
with the x value in the subscript ranging from 1 to 6.

Vin C

(a) (b)

Figure 5. Cont.
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Figure 5. Six switching modes of the phase-shifted full-bridge converter: (a) Mode 1, (b) Mode 2, (c) Mode 3, (d) Mode 4, (e)
Mode 5 and (f) Mode 6.
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Figure 6. Voltage waveform, current waveform, and magnetic flux waveform of each magnetic path
during a duty cycle.

The following sections analyze the circuit operation during the six intervals.

Interval 1 (tp < t<ty)

In this interval, the voltage between the two bridge arms on the primary side (V ap) is
the input voltage (V). If the equivalent inductance mapped to the primary side from the
output inductance is posited to be much higher than the additional resonant inductance,
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the voltage of the primary winding of the transformer can be assumed to be the input
voltage. At this time, the magnetic flux in the second leg is increasing; in addition, because
the primary and secondary windings are wound on the same leg, satisfactory coupling
between the primary and secondary sides can be assumed. On the basis of this relationship,
the voltage of the winding on the third leg (V1) is calculated as in Equation (1). As the
voltage of the third-leg winding is greater than 0 in this interval, the magnetic flux in the
third leg is also increasing.

=L i o Vin _ V. (1)

L eql at ~ n o

Interval 2 (13 < t < fy)

The voltage between the two bridge arms on the primary side is —V;,. The magnetic
flux variation in the third-leg winding during this interval and that in the positive energy
transfer interval are both positive. However, the second-leg winding voltage changes
from a positive value to a negative one, indicating a slight difference in the equivalent
inductance.

Interval 3 (t; < t < tp)

The voltage between the two bridge arms is short-circuited by the primary-side
switches, and the primary winding voltage and the magnetic flux variation in the second
leg are therefore both assumed to be zero. Due to the satisfactory coupling between the
windings on the second leg, the primary winding voltage is assumed to be zero. According
to the loop on the secondary side, the voltage of the third-leg winding is —V; in this
interval, the magnetic flux variation in the third leg is negative.

Vo= Vo @

Interval 4 (t; < t < t5)

Interval 4 is mostly identical to interval 3, except that the current of the third-leg
winding is changed from the current of winding S; to that of winding 2. Therefore, the
equivalent output inductance in this interval is the same as that in the positive energy
transfer interval.

Interval 5 (t, < t < £3)

The current between the two bridge arms on the primary side changes from a short-
circuit state to —Vj,. Deduction shows that the transformer winding voltage approaches
zero and that the magnetic flux variation in the second leg is zero. Voltage across the
additional resonant inductance and the leakage inductance of the transformer, and the
third-leg winding voltage is — V.

Interval 6 (t5 < t < tg)

Interval 6 is identical to Interval 5 except for the change in the primary winding voltage.

In this study, following operation analysis for each interval, the equivalent inductance
and magnetic flux corresponding to each interval were investigated. To prevent saturation,
the magnetic flux in each magnetic path must be obtained. As a magnetic flux comprises
both DC and AC, they can be calculated separately and the total calculated to determine
the magnetic flux in each magnetic path. As DC is present only in the third leg, the DC
magnetic fluxes in all windings are provided by the third leg. Accordingly, a reluctance
model reveals the DC magnetic flux in each magnetic path; Rs, particularly, exerts a major
influence on the distribution of DC magnetic fluxes.

An AC magnetic flux, due to its characteristics, can be assumed to provide a current
source. The size of such a current source is determined by the volt-second balance of
the winding, namely the magnetic flux variation of the winding, and the direction of the
current source is determined by the voltage and current directions determined by the
winding. Figure 7a—d shows four different AC magnetic flux models. Subsequently, the
total of the AC and DC components is calculated to obtain the total magnetic flux of each
magnetic path.
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Figure 7. Definition of AC magnetic flux models.

To analyze the equivalent inductance in each interval, the reluctance model in Figure 4b
is first used to obtain the magnetic flux formulae for the second and third legs:

& — Npip (t) + Nsisa (t) — Nsisi (t) Npip(t) Ria R 3)
2 Rmz + (Rm3//Rm4 + RmS)//le RmS + (le//Rm2 + RmS)//Rm4 Rm4 + Rm5 + le//RmZ le + RmZ
Npip(t) + Ngigp(t) — Nsigp (¢ j
oy = Noip(t) + Neico(t) =~ Nofin (1) R R Nyt (1) W

RmZ + (Rm3//Rm4 + Rm5)//Rm1 le + Rm5 + Rm3//Rm4 Rm3 + Rm4 RmB + (le//RmZ + Rm5)//Rm4

Subsequently, per Figure 7, a relationship formula between winding voltage and
magnetic flux is established:

Ve Np 0 )
D
Va | _ Ns 0 thz 5)
Ve —Ns 0 s
153 0 Np

According to the definition of inductance, Equation (5) can then be expressed as a
relationship formula between inductance and current:

di
Yo Lop  Mps, Mps, Mpr d‘Tf
Va1 _ Msl,p le,sl M51,52 Msl,L 75 (6)
Va2 Msz,p Msz,sl Lsz,sz Msz,L ;StZ
13 My, Mrs, Mrs, LpL %

where Ly, and M.y refer to self-inductance and mutual inductance, respectively, and the x
and y in the subscript is the code for each winding presented in Figure 4.

Through substitution of the voltage condition for each interval into Equation (6) and
use of the definitions for transformer turns ratio (Np/Ns = n) and input voltage ratio
(k =nV,/Vin), the winding equivalent inductance in each interval is derived.

= NLRZ, RZ +2RmRm3 + RmRms + Rm3Rms
Np (R%+2Rm Rz + Rin Rins -+ Reng R )
NZ(2Rm + Rpms
Leq3 = L< m m ) (8)

RZ, + 2R R + RmRms + Rm3Rms
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L k Nf (2Rm + Rms) ©)
eqd o NLR2, R%n 4+ 2RmRm3 + RmRis + R3Rns
Np (R%+2Rm Ring + Ren R+ Rin3 Rens )

Legz = Lok NL(Rm + Ro) (10)

eq| 1_k+n , NLR%, Rzm 4+ 2RmRm3 + RmRims + Rz Rims

Np (RZ+2Rm Ren3 +Rin Rins + Rin3 Rens )
i N]%(ZRm + Rm5)
Leq4 - 12 (11)
RZ, + 2RmRm3 + RmRms + Rm3Rms
Lo k N]% (2Rm + Rms) (12)
eq6 P N, RZ, RZ + 2RmRm3 + RmRms + Rm3Rms

n
Np (RZ+2Rm Rn3+ R Rins + R Rin )

The common term in Equations (7)—(12) is substituted with a single variable to obtain

Equation (13).
NLR3,

n=n
Np(R2, + 2Ry Ry + RinRyns + Rz Rs)

(13)

Leqs (represented as Leqx,Nor) is then normalized and Equations (7)—(12) are reorga-

nized as Equations (14)—(19).
1—k
Leql,Nor = 1—k—=a
Leq3,Nor =1
k
LeqS,Nor = k—a
1—k
Lqu,Nor = 1—k+a
Leq4,Nor =1
k

Leq6,N0r = m

(14)
(15)
(16)
(17)
(18)

(19)

Because k and « are both positive, according to Equations (14)—(19), the smaller «
is, the closer the inductance values from after integration and before integration are in
each interval. When « = 0, the inductance in each interval is identical before and after
integration. This result is also verified with the sensitivity curves of Lego,Nor in relation to k

and « (Figure 8).

R ———= f I T
~ \
0.8 \
0.7
N\
0.6 .\_
0.5 f——m e = 001
[ty = 0. ]
0.4
03 Il 1 1 1

1
01 02 03 04 05 06 07 08 09
k

eq2_Nor

Figure 8. Sensitivity curves of Leqo,Nor to k and a.
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The inductor current waveform in each interval (Figure 6) shows that the inductor
current is the largest in Interval 2; therefore, the equivalent inductance in Interval 2 (Legp)
can be adopted as the design inductance (L, _f), as illustrated in Equations (20) and (21).

L — uk (20)
o_eff — AL 2 fs
Lofeff = Lqu (21)

where A} is the inductor ripple current, and f is the switching frequency of the converter.
For design requirements, Leq is simplified. As an air gap is added to the third leg,
meaning that Ry,3 >> Rm and Rpy,5, Equation (8) can be simplified to Equations (22) and (23):

Loy — NZ(2Rm + Rpns) ~ NE(2Rm + Rins) )
a3 = ~
T Ruo (R + 2R Bphas 4 Rpyg)  R(2Rm + Rivs)

Therefore, Equation (23) can be obtained from Equation (17).

Lo Lk N?

3. Design Optimization

According to the theoretical analyses in Section II, in this study, a design optimization
procedure (Figure 9) was proposed, in which formulae established by this study were
imported to a mathematical software package for calculations. Table 1 lists the output speci-
fications; Vi =400 Vpc, Vo =12 Vpc, output current = 141.6 A, and output power = 1.7 kW,
and a PC95 ferrite core were used in the design of an integrated magnetic component.

Table 1. Phase shift full-bridge converter specification.

Component Parameters
Output power 1700 W
Input voltage 400 Vpc

Output voltage 12 Vpc
Output current 141.6 A

Switching frequency 80 kHz
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Figure 9. Design optimization procedure for an integrated magnetic component.
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On the basis of the design procedure in Figure 9, the integrated ferrite component
design was divided into the following five steps.

Step 1:

First, Equation (21) is used for calculation of the inductance before integration that
is required for the current ripple requirement to be satisfied. For example, given the
specifications fs = 80 kHz, Al =26 A, Ny =1, and Np = 24 in this study, we can calculate
thatn =24 and L, o = 0.8 pH.

Step 2:

The equivalent inductance in each interval (Figure 6) is calculated using Equations (7)—(12).
To maintain the ripple current (ip) within the upper limit, because the equivalent output
inductance in a duty cycle is Leqp, we let Lega = Ly_er- In addition, the air gap is assumed
to be added to the third leg such that R3 >> R and Rs, and « can thus be seen to have an
extremely small value; therefore, Legz & Leq2 = Lo _eff- Inductance loss caused by the duty
cycle must also be prevented from becoming excessively close to « in the design. By the
end of Step 2, the equivalent inductance in each interval is obtained.

Step 3:

Reluctance Ry1—Rms (Figure 4b) in the respective magnetic paths is calculated. As
mentioned in Section II, to simplify the design, we define Ry,1 = Rna = Rm, Rm2 = 0.5Rm,, and

Rm5

p= Ron (24)

By substituting these definitions into Equations (8) and (9), we obtain the follow-
ing Equations.

_ N2[1- - (1+p)]

m3 LeqS (25)
Lqu

Step 4:

The cross-sectional area of each leg is calculated. As the reluctance of each magnetic path
is known by this step, the method for calculating AC and DC, separately described in Section II,
is used to determine the magnetic flux in each magnetic path of the ferrite core at full load. As
the values of DC and voltage across the windings are known, the calculation of the magnetic
flux for each path also involves only Ny, and . Furthermore, to initiate the design from the
third leg and to prevent ferrite core saturation, we obtain Equations (27) and (28).

D

A3 min = 5= (27)
max

lg = poA3Rm3 (28)

where A3 mip, is the minimum value required for Az, @3 _max is the maximum working value
for @3, Bmax is the saturated magnetic flux density specified in the material specifications
of the ferrite core, Iy is the air gap length in the third leg, and j is the permeability of free
space. Substituting different N, and B values into Equations (27) and (28) reveals that A3
and [g are affected mainly by Ny, and only slightly by B, as depicted in Figure 10a,b. In this
study, in which the feasibility of ferrite core volume and air gap length were considered,
N, = 2. Accordingly, B was the only variable whose value was undetermined.
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Figure 10. (a) Curve of A3 in relation to Ni and § (b) Curve of g in relation to N, and 8.

For the design of the effective cross-sectional area of each leg, two factors should be
considered: preventing saturation and hysteresis loss in the ferrite core. Let the subscript y,
ranging from 1 to 5, denote the leg; the minimum cross-sectional area required to prevent
ferrite core saturation is obtained using Equation (29).

P
Ay_min = g_max (29)
max
A _ A%y 30
y_loss — 2By_max ( )

where A®y is the magnetic flux variation in each leg; this variation can be calculated
according to the magnetic density variation with a given loss, which is determined using
the curve for ferrite core loss volume density (Pcv) against magnetic flux density (By_max;
Figure 11). Whichever of Equations (27) and (28) has the greater value is determined as Ay.

—PC47]

— PCY0|
—PCY3|

10° F 4

Core loss Pcv (kW/m3)

10° L 1 L L
100 200 300 400 3500

Bm (mT)

Figure 11. Curve for Pcv against magnetic flux density.

Step 5:

The volume parameters and ferrite core loss values are substituted into the formulae.
Figure 12 presents the top and side views of the ferrite core marked with geometric
dimension variables. Let the geometric dimension parameters of the core be as depicted in
Figure 12: L, W, and H are the length, width, and height of the ferrite core, respectively,
including the windings; a and b are the length and width of the outer legs in the ferrite
core, respectively; c is the width of the second and third legs; d is the length of the second
and third legs; p is the distance between an outer leg and the nearest center leg; and
2W is the distance between the two center legs. These parameters were used to obtain
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the area occupied by ferrite core. In this study, H = 30 mm, and according to Figure 12,
A1 =A4=As5=a X b,and Ay = A3 =c x d. The area of the ferrite core was calculated using
Equation (31).

area = W X L = [d 4 2min(w, p)][2(p+c+ Db+ w)] (31)

where min(w,p) refers to the smaller value of w and p. To calculate the volume parameters
and the total ferrite core loss, an auxiliary variable v was required. We assumed that
=w/c, selected a core loss density (Pcv), and substituted  and «y into the calculation to
obtain the total size and loss of the ferrite core. Figure 13a presents the results obtained for
Pcv = 400 kW/m3 and with the substitution of various B and <y values into the calculation.
When the area is constant, each  value corresponds to one 7 value, and § is therefore
represented on the x-axis. With different total areas, the minimum loss corresponds to
different B values. Hence, the j values corresponding to the minimum loss for various
Pcv values were plotted in Figure 13b. In this manner, the appropriate total area and the
Pcv, B, and v values for the area were determined. With the total size and loss of the
circuit considered, the magnetic component parameters were determined as follows for the
experiment in this study: area = 1300 mm? and Pcv = 400 kW /m?.

(a) (b)

Figure 12. Geometric dimensions of the ferrite core: (a) top view and (b) side view.

36 — . rs e 0 el e o e
frmm 1121 1000 MM | 355 \ 300kW/m' ]
35 + 4 /—areazl 100mm’}—4 :jg — 400k W/m ]
—area=1200mm; 34.0 | ____SOOkW-‘ﬂ ]
34 - i arca:]](](]mm: - 315 \ 4
N /—an:a=1400mm: — 330 \\ \
= NG ! area=1500mm ¥ = 325
N
Z < a0 N
- w NN
v 32 P | | = w315 N
& S 30
- =
A 305 F 1 1 1 T 5
3 - 30.0 + . T —— L !
\\ / 20sF \ 1 I 3
30 29.0
N — 285 \_
S ] . g L LTS
< 0.8 0.9 10 1.1 1.2 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
P
B area(mm’)
(a) (b)

Figure 13. Core loss graph with B and vy substituted into the calculation: (a) curve representing loss
according to B value for various core areas; (b) curve representing loss according to area for various
Pcv values.

4. Experimental Verification

This section details the application of Structure V, an integrated four-leg magnetic
component, in a center-tap phase-shifted full-bridge converter with an input voltage of
400 Vpc, output voltage of 12 Vpc, and output power of 1.7 kW; an analysis on the loss
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of the converter; and a test on parameters, including efficiency. Table 2 illustrates the
geometric dimensions of the ferrite core designed in accordance with the aforementioned

five steps.

Table 2. Design Parameters of Proposed Transformer Structure.

Parameter Names Specifications

25 mm
4 mm

10 mm
13 mm
6 mm

12 mm
30 mm
25 mm
52 mm

20,520 mm?>

sSesSI¥sanos

Figure 14a presents the phase-shifted full-bridge converter in which the ferrite core
was used for the experiment, Figure 14b shows the integrated ferrite core for the converter,
and Table 3 lists the specifications used in the converter design.

(a) (b)

Figure 14. Phase-shifted full-bridge converter with an integrated transformer: (a) Physical circuit; (b) Ferrite core.

Table 3. Design parameters of phase shift full-bridge converter.

Component Parameters
Transformer turns ratio 24:1
Transformer material PC95
Primary devices GS66516T
Secondary devices FDMS86300DC
Equivalent output inductance 0.8 uH
External resonant inductance 20 uH
Magnetizing inductance 1.7 mH
Output capacitance 4400 uF

Figure 15 depicts the experimental efficiency of the novel phase-shifted full-bridge
converter with an integrated transformer; the curve peaks at 96.7% in the half-load con-
dition. Although wide band gap components greatly reduced the hard switching loss in
the light-load condition, switching loss and ferrite core hysteresis loss remained the main
sources of loss in the light-load condition. The integrated ferrite core reduced the distance
between the center tap and the inductor contact, which reduced loss along the path in the
half-to-full-load condition.
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Figure 15. Efficiency curve for the phase-shifted full-bridge converter with an integrated transformer.

Figure 16 depicts the loss distribution in 20%, 50%, and 100% load conditions. A model
was used to calculate losses, including the hysteresis loss of the transformer and conduction
loss in the copper wire, according to the experimental measurements. According to the
calculation results, the secondary winding loss of the transformer accounted for most of
the total loss.

100

T
I [ other

90 |- -1
- o 4
80 Transformer winding i

L - External Resonant Inducotr
70 |- | Snubber Circuit - i
F -Sync. Rectifier(Q[ , Qr)
i B aciing leg switching(Q, , Q)
50 | - Leading leg switching(Q[ , QD) -
[ Pri. MOSFET Cond.(Q, - Q)

60

Loss (W)

20% 50% 100%

Output load
Figure 16. Loss distribution.

Figure 17a depicts the switching waveforms of the leading bridge arm switch in
various load conditions. When the output load was greater than 45 A, the leading bridge
arm switch achieved ZVS, and no Miller plateau was observed in the switch gate voltage.
Figure 17b reveals the switching waveforms of the lagging bridge arm switch in various
load conditions. As seen in Figure 17a, hard switching was implemented; to improve
efficiency, the dead time was designed to occur between the switch series resonance and
the wave trough to reduce the loss incurred from hard switching. When the load current
was greater than 80 A, the lagging bridge arm switch achieved ZVS, and no Miller plateau
was observed in the switch gate voltage. Figure 17c presents the waveforms of the novel
converter with an integrated transformer in the full-load condition. A measurement of the
current ripples in the output inductor revealed waveforms similar to the analysis result
proposed in Section II. The actual equivalent inductance was determined from the slope of
the current.
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Figure 17. Measured waveforms: (a) Turn on transient of low side switch of leading leg at 30 and 45 A output load. (b)
Turn on transient of low side switch of lagging leg at 45 and 80 A output load (c) output capacitor current ripple at full
output load.

In the full-load condition, the temperatures of the main components were as shown
in Figure 18. The temperature of the bridge arm switch was approximately 43 °C (Figure 18a);
the highest temperature was observed in the secondary winding of the transformer at 94 °C
(Figure 18b).

(a) (b)

Figure 18. Measured temperatures: (a) primary-side switch and (b) secondary winding of the transformer.
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5. Conclusions

This study involved the application of a four-leg ferrite core that integrated a trans-
former and an inductor on a center-tap phase-shifted full-bridge converter and the analysis
of the integrated transformer and formulae in six switching modes. Subsequently, a method
was proposed for determining the dimensions of the ferrite core and, according to the
resultant core volume, a design procedure was established for optimizing component loss.
A converter was used to verify the performance of the proposed integrated transformer;
analyze the loss distribution of the transformer; and measure relevant parameters includ-
ing the waveform and efficiency to validate the proposed design procedure. Finally, in
accordance with the design optimization procedure, an integrated magnetic component
was designed and applied in a phase-shifted full-bridge converter to achieve an input
voltage of 400 Vpc, output voltage of 12 Vpc, output power of 1.7 kW, and switching
frequency of 80 kHz. The highest conversion efficiency achieved by the converter was
96.7%, and the power density was 150 W/ inch3.
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