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Abstract

To enhance the zero-voltage switching (ZVS) range and power density of the phase-shift full-bridge (PSFB) ZVS converter
used in geophysical exploration, an additional resonant inductor used as leakage inductance and a blocking capacitor which is
equivalent to interlayer capacitance are integrated into a novel integrated inductor-capacitor-transformer (L-C-T). The leakage

inductance and equivalent interlayer capacitance of the novel integrated L-C-T are difficult to determine by conventional
methods. To address this issue, this paper presents the accurate and efficient methods to compute the leakage inductance and
equivalent interlayer capacitance. Moreover, the accuracy of the methodology which is based on the electromagnetic energy and
Lebedev’s method is verified by experimental analysis and finite element analysis (FEA). Taking the problem of the novel
integrated L-C-T into consideration, the losses of the integrated L-C-T are analyzed and the temperature rise of the integrated
L-C-T are determined by FEA. Finally, a PSFB ZVS converter prototype with the novel integrated L-C-T is designed and tested.
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L INTRODUCTION

In soft-switching technology, the switching losses of
electronic devices can be reduced, so that the high-power
DC-DC high-frequency[1]-[3].
However, the primary windings of a transformer in the
soft-switching converter typically requires a series resonant
inductor and a blocking capacitor, which increase the size and
weight of the transformer[4]-[5]. Through the rational design
of the magnetic circuit and structure, the resonant inductor
and blocking capacitor can be integrated into the
transformer[6]-[8]. The integration of passive devices has
become one of the core technologies, which further improve
the power density of the DC-DC converter.

The proposed phase-shift full-bridge (PSFB) zero-voltage
switching (ZVS) converter, which is applied for electric
geological prospecting, is both required to reach ZVS under a
light-load and output 40 kW wunder a heavy-load.
Consequently, the integrated L-C-T in the proposed converter
should not only have enough stray capacitance to absorb the
DC harmonics, but also have enough leakage inductance to

converter can achieve

replace the resonant inductor. Various methods of integrating
capacitance and leakage inductance into a transformer, which
are based on the planar winding and the leakage layer, have
been described [9]-[12]. However, as the cross-section of the
planar windings is usually perpendicular to the leakage
magnetic flux of the transformer, the eddy current effect of
the planar windings is clearly enhanced[8]. Furthermore, the
planar windings and leakage layers are not suitable for
high-power, high-frequency transformers.

To overcome this drawbacks, the novel integrated L-C-T is
designed, consisting of copper foil primary windings and
separated windings[9]-[12]. At the same times, these parts
can ensure the integrity of the primary winding and facilitate
the integration of the blocking capacitor. The separated
secondary windings of the novel integrated L-C-T are used to
increase the leakage inductance. As the structure of the novel
integrated L-C-T is complex, it is difficult to determine the
leakage inductance and equivalent interlayer capacitance[4].
Additionally, as the resonant inductor and DC blocking
capacitor are integrated into the novel integrated L-C-T, the
loss density and temperature rise of the integrated
components seriously increases.

To address the above problems, the methods based on
electric field energy, magnetic field energy and Lebedev’s
equations are developed to determine the leakage inductance
and interlayer capacitance of the proposed integrated L-C-T
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are presented in this paper[13]-[15]. In addition, the
theoretical analysis is verified by finite element analysis
(FEA) and experimental measurement. Furthermore, the loss
of the novel integrated L-C-T is analyzed, and the actual
operating temperature is calculated by FEA. Finally, the
prototype of the novel integrated L-C-T is tested on the
proposed PSFB ZVS converter, and its performance is
verified.

II. THE STRUCTURE AND CHARACTERISTICS OF
THE NOVEL INTEGRATED L-C-T

The novel integrated L-C-T is used in a PSFB ZVS
converter for a geophysical equipment, which provides a
high-voltage, high current signal to earth. And the topology
of proposed converter is shown in Fig. 1. The conventional
transformer plays the roles of power transmitter and voltage
converter in the proposed converter. The resonant inductor
resonates with the parallel capacitor (C;-C,) across the
insulated-gate bipolar transistors (IGBTs), to ensure the
IGBTs achieve ZVS. The circuit configuration of proposed
converter is based on the conventional PSFB converter, and
C=C,, C;=C,, 0°Lyy>>Ly, where Ly, is output filter inductor,
Ly is the leakage inductance of the novel integrated L-C-T, o
is the turns ratio of the L-C-T. The blocking capacitor C, can
eliminate the DC bias of the transformer in the novel
integrated L-C-T. Through analysis and design, the resonant
inductor, blocking capacitor and transformer in the proposed
PSFB ZVS converter can be replaced by the novel integrated
L-C-T[16]-[20].

The primary windings n,,; are all wound around the center
leg, as shown in Fig. 2. The EPCOS dielectric films are
applied between the primary windings, while the blocking
capacitor can be replaced by the equivalent interlayer
capacitance between the primary windings and EPCOS films.
The secondary windings are separated into two parts to
reduce the voltage stress of the secondary rectifier diodes.
Additionally, the secondary windings ng;; and ng,; are wound
around the center column, while the secondary windings 7,
and ng,, are wound around the side column. As the primary
and secondary windings are not around in the same column,
the leakage inductance of the novel integrated L-C-T is
sufficient to replace the resonant inductor.
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Fig. 1. Main parameters of the PSFB ZVS converter.
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Fig. 2. The main structure of the novel integrated L-C-T.
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Fig. 3. The structure of the primary winding for the novel
integrated L-C-T.

III. INTEGRATION OF THE BLOCKING CAPACITOR

In order to integrate the blocking capacitor into the primary
windings of the transformer, the primary windings of the
novel integrated L-C-T are made of the flexible multi-layer.
The detailed structure of the proposed primary windings is
shown in Fig. 3. As shown in Fig. 3(b), a lumped capacitance
can be formed between the two primary layers, particularly
considering that the EPCOS dielectric layer is sandwiched
between the two primary layers. While terminals 2 and 3 are
floating and terminals 1 and 4 are used as the primary
windings of the transformer, the stray capacitance C; of the
primary windings forms a series relation with the excitation
inductance L,,, as shown in Fig. 3(c).

A. Calculation of static interlayer capacitance
To obtain the equivalent interlayer capacitance C," of the
primary windings, it is necessary to calculate the static
interlayer capacitance C,. The static interlayer capacitance C,
of the novel integrated L-C-T is composed of capacitances
Cins and Cyi., as expressed in equation (1), where the static
capacitance Ci,s between the insulating layer and copper layer
is given by the equation (2), and the static capacitance
between the dielectric layer and the copper layer Cy;, is given
by the equation (3). Due to the air gaps between the flexible
multi-layer foils, the actual permittivities are different from
the permittivities of the dielectric and insulating layers, and
the equivalent methods are stated as shown in equations (4)
and (5)[21,22].
C,=C, +Cy (1
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where, ¢4 represents the equivalent permittivity of the
dielectric film, &, denotes the equivalent permittivity of
insulating film, &, indicates the permittivity of the vacuum, /,;
is the average length of the primary turns, ny, is the turns of
the primary, w,,; is the average width of the foil windings, t4
is the average thickness of the dielectric films, #,, is the
average thickness of the insulating layer, ¢, is the equivalent
thickness of the air gap.

B. Calculation of the equivalent interlayer capacitance.

The static interlayer capacitance is related to the winding
structure and winding materials, but not to the voltage
distribution of windings. Besides, the actual distribution of
the charges depends on the voltage distribution of windings.
Accordingly, the equivalent interlayer capacitance of the
novel integrated L-C-T primary windings is dependent on
both the structure and the voltage distribution of winding.
The corresponding stored electrostatic energy between the
primary layers is given by the following equation:

L s
W, W (6)

die ins

lC V2+1C Ve

die ins

where, Wy is the stored electric energy in the dielectric films,
Wi 1s the stored electric energy in the insulating films.

To facilitate the calculation, we can assume that the
transformer magnetic field distribution is uniform and the
voltage in the winding is evenly distributed. As the two plates
of Cyi. belong to the same number of turns, the voltage across
Ciic 18 V. The palates of C,s belong to the different turns of
primary windings, so the voltage across Cs 1is
Vst (Vin-Veo)/nyi. According to the winding structure in Fig
3(a), the electric fields of Cg. and Ci,s are given by the
equation:

Ve
dl(’( ) =
tdte + 2tair (7)
.+t =DV,
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where, Ve, is the voltage across blocking capacitance, Vin is
the input voltage.
Thus, Wy is also given by the equation:
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where, Ci,s" is the equivalent interlayer capacitance of
insulation and Cy;,” is the equivalent interlayer capacitance of
the dielectric.

Based on the stored electric energy, the equivalent
interlayer capacitance of the novel integrated L-C-T primary

layers can be expressed as follows:
Cc;ie = Cdie
Vvt wa] 00

Ct'ns = - 2 2 ins
pHV
Assuming that the voltage across blocking capacitance Ve
= 0.1V}, as previously those described[23], then the

equivalent capacitance is as follows:

n . +9
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The equivalent interlayer capacitance is expressed as:
C,=C,, +C,

die ins
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IV. INTEGRATION OF THE RESONANT INDUCTOR

The novel integrated L-C-T with separated secondary
windings is presented in Fig. 2. As the primary and secondary
windings are not wound around the same column, the linkage
of the windings decreases and the leakage flux increases. The
flux distribution of the novel integrated L-C-T is presented in
Fig. 4, where @), @, and @, are the main fluxes, @, is the
inner leakage flux, @, is the equivalent leakage flux and @,
is the yoke leakage flux. Half of the leakage inductance
consists of three components, namely the inner leakage
inductance L;,, the yoke leakage inductance L,, and the
equivalent leakage inductance L., Due to the symmetry of
novel integrated L-C-T, the leakage inductance of the novel
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integrated L-C-T is expressed as follows:

w=2(L,+L,+L,) (13)

A. Calculation of inner leakage inductance

As the novel integrated L-C-T is not designed by the
conventional methods, the empirical formula is not suitable
for calculating the L;, of the novel integrated L-C-T. In
addition, as the prototype is needed to obtain L;, through
measurement, the designing process of the novel integrated
L-C-T is slowed down. Consequently, the stored magnetic
energy is used to determine inner leakage inductance L,
which is simpler and more accurate than the other methods.

The inner leakage flux density of the half-core window is
shown in Fig. 5, where H(x) is the magnetic flux density of
the inner leakage field, H(max) is the maximum flux density
of the inner field, H(mid) is the middle flux density of the
inner field. At stage #,-,, the flux density increases from zero
to H(max), because the n,; are turned around the center leg of
core. At stage t,-13, the flux density is kept at H(max), because
of the insulation between the primary and secondary
windings of the transformer. At stage t-f4, as some of
secondary windings (ny; and ng;) are turned around the
center leg of core, H(x) decreases quickly. At stage #4-ts, the
magnetic field remains at H(mid), because of the air between
the center and side leg of the core. At stage ts-t5, H(x)
decreases to zero, due to the ny, being around the side leg of
core. According to the principle of magnetic energy, a plenty
of energy is stored in the leakage magnetic field at stage #,-z.
And the magnetic energy storage of the inner leakage field
increases with the number of #ng),.
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Fig. 4. The flux distribution of the novel integrated L-C-T.
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Fig. 5. The inner leakage flux density of the half-core

window.
TABLE I
CALCULATION OF THE STORED MAGNETIC ENERGY IN THE INNER
LEAKAGE FIELDS
Internal The stored energy
2
1 t)-t, n I .
t-t, W, =—ul.h, J LT x| dx
- 2 0 (Zz - tl)hw
U sl
-3 VVin72 = E hl . (t,—1,)
2
ty—t3 _ Mo x
ty-ts W, ﬂolw v f {LJ dx
1 nod =g, ’
ly-ts ij = Eﬂolwhw /17 (t—1,)
ngo I
1 e (x
Isls Wi s :3,“0[ h J.|: L):| dx
ts w

The energy of the inner leakage field W, can be expressed
as follows:

_ M
W= [Hxydv (14)

As the magnetic field distribution is shown in Fig. 5, the
stored magnetic W, can be
follows[12]-[13]:

, ﬂolw wZjH(x) d

=l

energy calculated as

(15)

where, 14 is the permeability of the vacuum, /, is the width of
the core window along the z axis, A, is the height of the core
window.

The stored magnetic energy in each stage of the inner
leakage field can be expressed as shown in Table 1, where
is the peak current of the primary windings, /. is the peak
current of the secondary windings.

In summary, the inner leakage inductance of the novel
integrated L-C-T is as follows:
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Lo (16)

B. Calculation of the yoke leakage inductance

The yoke leakage inductance is proportional to the square
of the ng; [15]. As shown in Equation (17), the yoke leakage
inductance L, , at the secondary windings is calculated by
Lebedev’s method[24], then the yoke leakage inductance L,
at the primary windings can be calculated by Equation (18):

L _ /‘lonslzzbclw (17)
T 6h,
L,=a’L, (18)

v
where, b, is the width of the core along x axis, /4, is the height
of the core, a is the turns ratio of the novel integrated L-C-T.

C. Calculation of the equivalent leakage inductance

The equivalent leakage inductance of the secondary L; 4 is
related to the turns of g, the average length i, of ng,, the
width of the core window along the x axis b,, and the height
of the core window #4,[25]. Also, while the core structure is
determined, the equivalent leakage inductance L., is only
proportional to the square of ng,. Consequently, L, . is
converted to the primary to get L. As is shown in the
following equations:

L _ Hoyo'lisb, (19)
s_eq 3hw
L,=a’L, (20)

Based on the stored magnetic energy method and
Lebedev’s method, the leakage inductance of the novel
integrated L-C-T can be calculated using Equation (13). The
proposed methods are more suitable for the integrated L-C-T
with complex structure.

V. LOSSES OF NOVEL INTEGRATED L-C-T

As the blocking capacitor, the resonant inductor and the
transformer are integrated into the novel integrated L-C-T, the
size and weight of the proposed devices are reduced. In
contrast, the loss density and the temperature of the novel
integrated L-C-T are increased. To solve the overheating
problem of the integrated components, the losses of these
components are analyzed in paper. Considering the serious
overheating of the novel integrated L-C-T, the necessary
cooling measures are adopted. The thermal design is one
of the most important parts for the novel integrated
L-C-T, and the losses of the proposed L-C-T are discussed in
parts A-C.

A. Dielectric losses
P, =271f-C,-V} -tand (21)
The dielectric loss of the equivalent capacitance is

associated with the following factors: the operating frequency
£, the voltage across capacitor Ve, the equivalent capacitance
of primary C," and the small-signal loss factor (tand). The
tano of the dielectric is known by measurement at 20 kHz.

B. Core losses

The core losses of the transformer include hysteresis loss,
anomalous eddy current loss and eddy current loss. The core
losses in the full-bridge circuit are expressed as follows:

B, =0+, +F,
=B +kB) [ +kB.f’

where, P, denotes the hysteresis loss, P, represents the
anomalous eddy current loss, P, is the eddy current loss, £, is

(22)

the coefficient of the anomalous eddy current loss, k. is
coefficient of the eddy current loss and B, is the maximum
magnetic flux density.

The k, and £, of different materials are different, The &, and
k. for each sample are shown in Table 2. The maximum
magnetic flux density of the integrated L-C-T is expressed by
the following equations, as previously reported [26]:

Bm = Btm + Bind (23)
Py — (24)
2 AL'Kfnprif
L o (25)
ind K A J

u’’p!
where, By, is the maximum magnetic flux density of the
transformer, B, is the maximum magnetic flux density of the
inductor, J is the current density of the primary, 4. is the
sectional area of the core center leg, 4, is the area product of
the core, K; is the coefficient of the square waveform, K|, is
the occupied area of the core window.

C. Winding losses

The general winding losses of the transformer can be
expressed as:
+12.R

sec” “sec

P,=I1'R

priv " pri

2 O-lpn'npri [Rm j (26)
pri

pri
A pri Rdc

sec A

sec

+[2 o-l.yecnse(‘ [Rac ]
sec

dc

where, o represents the conductivity of copper, [ is the
average length of primary turns, /. is the average length of
secondary turns, ng. denotes the turns of the secondary
windings, 4, is the equivalent sectional area of the primary
windings, Ag. is the equivalent sectional area of the
secondary windings.

Generally, a Litz line is used to replace conventional line to
eliminate the skin effect. Since the secondary of the novel
integrated L-C-T is made of a Litz line, the skin effect of the
secondary windings is not considered. In contrast, the skin
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effect of the foil windings must be considered. Therefore, the
AC factor of the secondary resistance (R,/Ry.)sec= 1, and the
AC factor of primary resistance is as follows:

R. 2 2
( 2 J =y[M(y)+§(n,,,ﬁl)D(y)} (27)

dc / pri

where, y denotes dyy;/ 0, dy,; is the foil thickness (m), o is the
skin depth at 20 kHz, M©y) is
(sinh(2y)+sin(2y))/(cosh(2y)-cos(2y)) and D(y) is
(sinh(y)-sin(y))/(cosh(y)+cos(y)).

VI. FEA VERIFICATIONS AND EXPERIMENTAL
RESULTS

The main parameters of the novel integrated L-C-T are
presented in Table 3. Accordingly, the FEA software (ANSYS
Maxwell) is adopted to simulate the magnetic field of the
novel integrated L-C-T, as shown in Fig. 8. The magnetic
field distribution of the novel integrated L-C-T in chapter 2 is
verified by FEA, and the leakage inductance of the novel
integrated L-C-T is calculated, as shown in Fig.6. Moreover,
in this paper, a prototype of the novel integrated L-C-T is
used to verify the theory. The LCR meter is used to measure
the leakage inductance and the interlayer capacitance. A
comparison of the leakage inductances determined by the
three different methods is presented in Fig.6, and a
comparison of the interlayer capacitances determined by
measurement and calculation is shown in Fig. 7. The
comparisons in Fig.6 and Fig.7, revealed that the formulas of
the leakage inductance and equivalent interlayer capacitance
are accurate and suitable for the novel integrated L-C-T.

To ensure the proposed PSFB ZVS converter with
integrated L-C-T to achieve soft-switching under light load,
the leakage inductance of the novel integrated L-C-T is more
than 20 ¢H. Moreover, to ensure that the DC magnetic bias of
novel integrated L-C-T is eliminated, the equivalent
interlayer capacitance is about 37uF. As shown in Fig.6 and
Fig.7, the prototype of the novel integrated L-C-T is designed
to have 12 turns of n, 4 turns of ng, 22 turns of ng,. In
addition, as shown in Fig.9, the comparison of the
conventional separated components and the proposed
integrated L-C-T indicates that the size and weight of the
novel integrated L-C-T is half of the conventional
components.

TABLE III

INTEGRATED L-C-T PARAMETERS
Parameter Value
Primary winding Foil
Secondary winding Litz line
Dielectric material Polyimide
Core material Nanocrystal
Turns ratio(a) 1.25
Area of center leg(4.) 25cm’
Area of side leg(4;) 12.5cm?
window height(/,) 10cm
window width along x axis(by,) 3cm
width along z axis(/y) 4cm
Mean turn length in primary(/,) l4cm
Mean turn length in secondary(/,) 20cm
Dielectric thickness 0.2mm
Insulator thickness(/,) 0.2mm

TABLE II
FITTING COEFFICIENTS OF THE PROPOSED MODEL
Material K, K.
Nanocrystalline 1.2:10° 1.8:107
Amorphous 5.7-10° 7.2:107
6.5% silicon steel sheet 1.1-10* 4.4-10°

3% grain-oriented silicon steel sheet 2.8-10* 1.3-10°
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Fig. 6. Comparison of the leakage inductances by three different

methods.
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methods.
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Fig. 9. Comparison of the conventional separated components
and the novel integrated L-C-T. (a) Conventional separated
components. (b) The novel integrated L-C-T.
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Fig. 10. Thermal analysis of the novel integrated L-C-T. (a) The
novel integrated L-C-T with natural air cooling. (b)The novel
integrated L-C-T with forced air cooling.

The losses of the novel integrated L-C-T are analyzed in
chapter 5, then the FEA software (ANSYS Icepak) is used to
simulate the temperature rise of the integrated L-C-T under
high power (40 kW). As the temperature simulation of
proposed L-C-T is shown in Fig. 10(a), the novel integrated
L-C-T without the heat—sinks seriously overheats, the
maximum temperature reaches 157°C(the point on the foil
windings of the primary), the minimum temperature reaches
80°C(Litz line of the side column). To avoid the serious
overheating, two heat-sinks (Aluminum alloy 6063) are
installed at the upper and lower of novel integrated L-C-T.
Moreover, natural air cooling is instead of the forced air
cooling in the novel integrated L-C-T. The temperature rise of
the novel integrated L-C-T with forced air cooling is shown
in Fig. 10 (b). After the improvement, the maximum
temperature is 85.8 C, which is below the maximum
permissible temperature for each material of the novel
integrated L-C-T.

Finally, to verify the performance of the PSFB ZVS
converter with the proposed L-C-T, a prototype with constant
current, variable voltage and 40 kW power is developed, as

shown in Fig. 11. The prototype is implemented with
following specifications: input voltage V= 340—420 V,
output voltage V,,= 200—1000 V, output current /,,= 40 A4,
switching frequency f= 20 kHz, primary switches O,—Q,=
FF300R 12KE4, transformer leakage inductance Ly= 23.28 uH,
high-frequency rectifiers DR,—DRg= DSEI 2x101, output
inductor L,,=1.6mH, output capacitor Co,= 990uF, and Fan=
DB 1238B24H(12V, 21.6W, r/min= 6000). As the lagging
switch is more difficult to reach ZVS than leading switch, the
ZVS of lagging switch is implied the ZVS of the proposed
converter. Fig. 13 shows the waveforms of lagging switch,
where Vg is the collector-emitter voltage of lagging switch,
Vgs 1s the gate charge of lagging switch. As the lagging
switch turns on after Vg drops to zero, and turns off before
Vg increases from zero, the lagging switch reaches ZVS. Fig.
14(a) shows the waveforms of V), I, and Voy,, and Vy o is
zero when V, becomes 540 V. Apparently, the L of proposed
L-C-T resonates with the parallel capacitors(C;-Cy) at that
time. I, flows through the freewheeling diodes of IGBTs and
the primary winding of the L-C-T, and the voltage across
lagging switches is clamped to zero. In addition, 7, is 50 A
when ¥, and V,,, become zero. In this interval, /, flows
through primary winding and the freewheeling diodes of
IGBTs, and the leading switch can reach ZVS. There is a
certain voltage distortion of the novel integrated L-C-T
during the rising phase, but the proposed converter still
achieved soft-switching at light-load. The waveforms of the
proposed converter at heavy-load are shown in Fig. 14(b).
The duty loss of the secondary voltage is within the
acceptable range. Fig. 12 shows the power density
comparisons of the proposed PSFB ZVS converter with the
novel integrated L-C-T and conventional PSFB ZVS
converter with separated magnetic components. Therefore,
the novel integrated L-C-T can completely replace the
separated components in the proposed PSFB ZVS converter,
and further improves the power density of the converter.
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Fig. 11. The prototype of the proposed PSFB ZVS converter.



8 Journal of Power Electronics,

476
500
386
400
276

300 237

200

100 40 40

Power Power density Power density
(kW) (Wikg) (kW/m"3)

m Conventional converter ™ Proposed converter

Fig. 12. The power density comparisons of conventional
converter with separated magnetic components and proposed
conventer with the novel integrated L-C-T.
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Fig. 14. Waveforms of the proposed IM transformer. (a)
light-load condition. (b) 100% load condition.

VII. CONCLUSIONS

A novel integrated L-C-T, which is suitable for the PSFB
ZVS converter with high power and high voltage has been
proposed and developed in paper. The calculation methods
for the equivalent interlayer capacitance and leakage
inductance of the novel integrated L-C-T are presented and
verified by measurement and FEA. By simply setting the
turns of the primary and secondary windings, the equivalent
interlayer capacitance and leakage inductance of the proposed
L-C-T can be easily designed. After the comparison with
conventional transformer, the novel integrated L-C-T is found
to decrease the size and weight by half. Additionally, through
suitable thermal design, the temperature rise of the novel
integrated L-C-T is limited to an acceptable range. Therefore,
the novel integrated L-C-T in paper is very appropriate for
the high power, high power density PSFB ZVS converter.
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