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PCB-Based Magnetic Integration and Design
Optimization for Three-Phase LLC

Rimon Gadelrab

Abstract—The LLC converter is the most efficient topology in
server and telecom applications. Furthermore, three interleaved
LLC converters have been shown to yield efficiency advantages at
power levels of several kilowatts. The magnetic components of a
multiphase LLC, on the other hand, are complex, laborious, and dif-
ficult to build cost-effectively. To solve these issues, a high-frequency
GaN-based three-phase LLC converter is used in this research. With
GaN working at 500 kHz, all magnetic components, including six
inductors and six transformers, can be housed in a single structure,
while all magnetic windings are accommodated in a four-layer PCB
with 3 oz. of copper. Furthermore, electromagnetic interference can
be improved by virtue of three-phase by 20 dB and an additional
two layers are added to gain an additional 20-30 dB reduction
from a low frequency up to 30 MHz. The proposed construction
is simple and economically mass-producible. A 6 kW 400V/48V
3-phase prototype is implemented, with a peak efficiency of over
99% and a power density of 1000 W/in3 (61 kW/L)

Index Terms—Data center, electromagnetic interference (EMI)
shielding, integrated magnetics, LLC resonant converter, planar
transformer, server, three-phase LLC, telecom power supply.

1. INTRODUCTION

OR a typical configuration, the AC/12 V power supply unit

for data center architecture will have a power output of
1 kW [1]. Power supplies for data center architecture with 48 V
buses, such as the one shown in Fig. 1(b), and. power supplies for
telecom equipment, on the other hand, are frequently designed
to have an output of 3—5 kW [2] to accommodate the expected
high electrical energy consumption as depicted in Fig. 1(a) [3].
Full-bridge design, as opposed to half-bridge configuration, may
be used for the primary side of the converter [4]. It will lead
to more power being output but also more current and voltage
ripples being produced. Multiple types of two-phase interleaved
LLC converters have been described in [4], [5], and [6], but in
order to accomplish current sharing, all two-phase interleaved
LLC converters need extra switches, components, and a control
algorithm. This raises the cost of the system and lowers its
efficiency.
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Fig. 1. Data center power architecture with narrow bus voltage range. (a) IT
electric power consumption trend. (b) Forty-eight volt power architectures with
narrow voltage range.

However, three-phase LLC can be used to improve the mag-
netic design of the LLC resonant converter by taking advantage
of the advantages of a three-phase system in terms of magnetic
integration and loss, electromagnetic interference (EMI) per-
formance, and smaller output voltage ripples [7], [8], [9], [10],
[11].

For a 6-9 kW power supply, roughly six transformers are
required for the dc—dc stage to handle the high-output current.
A three-phase LLC is proposed for the dc—dc stage of a 6-9 kW
power supply. The proposed solution can achieve high density
and high efficiency with a fully automated solution due to the
utilization of the PCB winding to integrate all the magnetics into
PCB.

With GaN devices running at hundreds of kilohertz have been
designed for different applications and significantly improved
power density has been demonstrated [12], [13], [14]. However,
these applications have low output voltage and smaller magnetic
size and the eddy loss inside the core is negligible.

Therefore, for higher output voltage by increasing bus voltage
in the data center from 12 to 48 V as shown in Fig. 1, magnetic
size is getting bigger, therefore, it is preferred to optimize the
switching frequency and the core shape as demonstrated in [15],
[16], and [17].

In this article, a novel three-LLC topology proposed with
an improved magnetic integration and a novel SRs’ technique
is proposed to significantly reduce the termination loss and
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asymmetry among three-phase rectifier termination loops. It also
focuses on the magnetics integration, design process, shielding
effectiveness, and light-load improvement of a three-phase LLC
for the dc—dc stage. A 6-kW prototype is demonstrated to verify
all the demonstrated analyses.

II. REVIEW 3-KW PCB-BASED MAGNETICS DESIGN

A 3 kW LLC with the highest efficiency of 99% has been
presented in [17] where a matrix transformer of three elemental
transformers has been used to handle the 3-kW output as de-
picted in Fig. 2(a). In this article, impact of eddy loss in the ferrite
material has been discussed with proposed solutions to reduce
this loss including the impact of the core-legs arrangement, core
shape, and winding shape to optimize the core losses. To extend
this concept to higher power, following the design optimization
in [17], different number of transformers have been designed
and compared at the same footprint as shown in Fig. 2(b), where
three transformers give the best balance between core loss and
winding loss while maintaining minimum total loss. Fig. 2(c)
shows a 3-kW prototype of three-transformer, which can achieve
a peak efficiency of 99%, to achieve high-density, thermal vias
is utilized to eliminate the need of heatsink to achieve low
profile solution. Therefore, the optimum power per PCB-based
transformer is around 1-1.5 kW can be concluded as concluded
in Fig. 3. Hence, for a 6 kW or higher, six transformers are
required as shown in Fig. 4. However, for six transformers, three
phase can add additional benefits from the magnetic integration
point of view utilizing the benefit of flux cancellation for a
three-phase transformer leading to a more compact, simplified,
and efficient structure, in addition to other benefits as it will be
discussed in the following sections.

This article focuses on the magnetics integration, design
process, shielding effectiveness, and light load improvement of
three-phase LLC for dc—dc stage. A 6-kW prototype is demon-
strated to verify all the analyses done.

III. PROPOSED MAGNETIC INTEGRATION OF
THREE-PHASE LLC

Fig. 4 shows the proposed three-phase LLC topology with
six transformers and three resonant inductors for 6 kW 400-
48 V. The demonstrated single-phase magnetic design for LLC
resonant converter in [17] could well be readily expanded to a
greater power level by utilizing three magnetic cells each house
two transformers (as depicted in Fig. 5). A resonant inductor
is required to fulfill the hold-up time requirements [18]. For
a six-transformer structure, adding additional three resonant
inductors will make the structure. Fig. 4 proposes three-phase
LLC topology complex and is not cost-effective; therefore, in
this section, a proposed integrated leakage inductance is demon-
strated to create a leakage inductance within the transformers’
windings and legs without adding additional winding or legs for
the inductor.

However, for a perfect interleaved winding as shown in
Fig. 6(a), there will be no leakage inductance created because
the flux created by the primary winding (NNp17, or Ny2i,) for
each transformer (for instance 77 or 75) will be canceled by the
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Fig.2. PCB-based transformer power limit. (a) Matrix transformer schematic.
(b) Optimum power per transformer. (c¢) Three-transformer prototype.

flux created by the secondary winding (V51751 or Ngaiso) for
the same transformer:
Since Np1 = Npa , Ng1 = Ny and the primary winding is
in series, and hence 7,1 = 7,9 ; therefore
Npl ip:NpQ ip:Nsl 7;51 :Ns2 is2~ (1)
To create a leakage inductance, the balance between primary
and secondary side winding has to be broken [20], therefore, one
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Fig. 5. Integration of two transformers into one Ul-core.

primary turn from the transformer 75 is moved to the transformer
Ty and to ensure the current sharing among parallel secondary
winding (/N1 and N,2), the secondary is reconnected in series
first then in parallel as shown in Fig. 6(b); therefore

Nplip 7é Np2ip 7é Nyt 7é Nyots. (2)

And a leakage inductance has been created. From the reluc-
tance model, the magnetizing inductance and leakage inductance
equations can be derived as following under the assumption of
zero air gap for the side legs and hence: (see the appendix for

14039

Turn ratio
(Tl): Npl: Nsl (8:2)

(Tl): sz: NSZ (8'2)

8:2

Turn ratio
(Tl):Npl: Nsl (91)

(b)

Fig. 6. Integration of built-in leakage inductance. (a) Perfect interleaved
winding with no leakage. (b) Unbalanced primary winding to create leakage
inductance.

detailed derivation)

IN N,y
Ly= 22 3)
Rg1 (
Npi — Np2)?

Lk — ( PlR ) P2) (4)
g

L = L_m — (Np]- _ sz)z' (5)

" Ly 2Np1 Ny

Equations (3)—(5) show that the created leakage inductance
can be controlled by the unbalance of primary winding across
the two transformers of each phase.

To utilize the benefit of three-phase flux cancellation, the
three El-cores are integrated together into one entity as shown in
Fig. 7(a), this allows the three-phase flux to add together in the
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Fig. 7. Proposed magnetic integration with built-in leakage inductance.
(a) Based on three El-cores integrated. (b) Further improved magnetic inte-
gration.

side legs which will reduce the flux in the side legs and plates
due to the three-phase flux cancellation property. Therefore, the
magnetic structure can be taken one step forward to simply
the structure and hence further reduce the core loss and core
size as shown in Fig. 7(b) by rearranging the side legs and
save 20% of the footprint. In addition, rearranging the side legs
as proposed can yield extra benefits compared to the structure
in [17].

1) Uniform flux distribution in the plates and around the legs.

2) Symmetrical structure among the three-phase transformer
by providing symmetrical paths for the flux of each phase.

3) Smaller core loss due to better flux distribution.

4) Smaller tolerance for the leakage inductance and magne-
tizing inductance values among the three phases to ensure
symmetry.

Fig. 8(a) shows the impact of integrating leakage inductance
on the transformer winding structure by moving one turn from
one transformer leg to the other which will slightly break the
transformer perfect interleaving. The cost of adding this leakage
flux in the core is shown in Fig. 8(b) and (c), 3D simulation
is used to evaluate the core loss for both cases, with leakage
inductance and without leakage inductance. The results show
a 3.9 W core loss for case 1 (without leakage inductance) and
4.7 W for case 2 (with leakage inductance).
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Fig. 8.  Effect of integrating built-in leakage inductance (based on 500 kHz
and 180 mm? cross-sectional area for the middle legs). (a) Impact of integrating
leakage inductance on winding arrangement. (b) 3D simulation at the time instant
when the flux density of phase one (left two legs) is at its peak. (c) 3D simulation
at the time instant when the flux density of phase two (middle two legs) is at its
peak.

Therefore, the integration of six leakage inductors only adds
0.8 W or 20% additional core loss without the need to add
more winding and/or leg which will save additional loss and
footprint.

However, removing the side legs will create unsymmetric
paths for the three-phase flux, phase 1 and phase 3 are symmetric,
but phase 2’s flux path is different. This difference will create
asymmetric magnetizing inductances (L,,1, Ly,2,and L,,3) and
leakage inductances. In addition, the side legs will help for better
flux distribution in the plates as shown in Fig. 8 and hence reduce
the core loss.

Compared to three-single-phase interleaved with discrete
magnetic structure as shown in Fig. 9 and magnetic integration
in [19], the proposed magnetic integration has minimum core
loss with better symmetry among the three-phase compared to
[19] as summarized in Table I, the comparison is done using 3D
Ansys simulation under the same conditions.
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Fig. 9. Discrete three-phase LLC.

TABLE I

SUMMARIZED BENEFITS OF THE PROPOSED MAGNETIC STRUCTURE

Core Loss  Lml Lm2 Lm3
[19] 6.9 W 74 uH 80.2uH 74uH
Proposed 47 W 74 uH 76 uH 74 uH
Discrete 8W 74 uH 74 uH 74 uH

IV. DESIGN OF 6 KW 400V/48V THREE-PHASE LLC

In this section, the magnetic design of the proposed structure
is presented. However, the switching frequency fs is selected
500 kHz and the number of the elemental transformers is two
transformer per phase to follow the established modular design

of 1 kW per transformer.

A. Optimization Process

1) Identify the Design Variables: In this step, the design
variables are identified based on the magnetic dimensions as
shown in Fig. 10, and the design variables can be identified as 7,

c, Lrect; Pvc-
Middle legs cross-sectional area

A = 72 4 29 Lyegy.
Outer legs cross-sectional area
Aez = Aer = bW
Plate thickness

A
Pplae = Wel ,suchthat By, .. =B,

Footprint : = 2(2r 4+ 2¢ + Lyeot) (67 + 6¢ + 2b) .

(6)

(N

®)
(C))

Side view

Footprint

Fig. 10. Magnetic structure dimensions.

2) Set Pyc = 200 kW /m3: Based on the Py/c, B, can be
calculated and hence the core cross sections area as follows:

Vo

Bp = —2%—
4fSAel

= 68mT (10)

Aq = 180 mm?
Aeg = Ael = 180 me

3) Reduce Design Variables to v and c: For a given cross-
sectional area, L and b can be expressed as a function of r

From (5)

Aey — wr?
Liea = =55 . (11)

From (9)

O.5Ael’l"

b = )
Agl — mr2 +4r2 4 4er

12)

Therefore, magnetic loss, core loss, and winding loss can be
calculated as a function of r and c.

4) Calculate Core Loss and Winding Loss: Finite element
analysis (FEA) is utilized to account for nonuniform flux/current
distribution as shown in Fig. 11.

1) Winding loss using 2D FEA simulation; winding thickness

= 3 o0z, skin depth @ 500 kHz, plotted in Fig. 11(a).

2) Core loss using 3D FEA simulation, plotted in Fig. 11(b).
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5) Trade-Between Total Loss Versus Footprint: As a result,
the total magnetic loss as well as the footprint can be computed
as a function of the core’s radius r and the winding’s width c,
as illustrated in Fig. 12. And the total versus footprint is given
in Fig. 13. Fig. 14 is a plot of the least magnetic loss versus the
footprint for the proposed magnetic integration structure. This

(b)

Lrect
(mm)

Magnetic loss calculation. (a) Core loss. (b) Winding loss.
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data was obtained after all of the optimal design points for a
specific footprint range had been swept.

6) Sweep Pyc = 100-1000kW/m?: Inthis step Py ¢ is swept
and the steps from 2 to 5 have been repeated and the results are
plotted in Fig. 15. The design region is selected between 4000
and 8000 mm? to achieve low loss with high density.
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Fig. 16. Three-phase LLC versus three-single phase LLC. (a) Magnetic struc-

ture. (b) Magnetic loss comparison.

TABLE I
DESIGN DIMENSIONS

Dimensions Three Phase Three single phase
r 6.5 mm 7 mm
c 7 mm 6 mm
Lyeer 7.5 mm 10 mm
Plate thickness 3.3 mm 5 mm

The design steps are repeated for three-single phase inter-
leaved and the same footprint is chosen to compare the three-
single phase LLC and three-phase LLC as shown in Fig. 16(a)
and the magnetic dimensions are listed in Table II, and magnetic
loss are shown in Fig. 16(b).

Three-phase LLC has less both core and winding loss, in ad-
dition due to the smaller volt-second applied to the transformer,
refer to the transformer voltage waveform in the phase shedding
section, the three-phase has:

1) 46% core loss reduction;

2) 249% winding loss;

3) 34% Plate thickness reduction;

4) 30% higher power density.

V. PROPOSED DISTRIBUTED SRS FOR BETTER TERMINATION

For single-phase LLC with a matrix transformer, the sec-
ondary side consists of multiple sets of outputs to handle the
high current. Each output set has its dedicated rectifier, either a
center-tapped rectifier or a full-bridge rectifier, as discussed in
[17]. Therefore, the secondary side termination loop is very short
and symmetrical across all the outsets’ rectifiers. However, in the
case of the three-phase LLC, there are interconnections between
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Fig. 17.  SRs termination layout. (a) Conventional termination for three-phase
LLC. (b) Proposed distributed SRs termination. (¢c) Thermal verification of SRs
current sharing.

the output rectifiers as shown in Fig. 18(a), which introduces
some challenges in the termination loop.

For the three-phase LLC, each half-bridge rectifier on the
secondary sides is shared among two phases, for instance, the
red half-bridge in Fig. 17(a) is shared between phase 1 and
phase 3, therefore from the termination loop drawings, the red
and cyan loops, phase 1 and phase 3 termination loops are
unsymmetrical with different leakage inductance among the
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TABLE III
SPECIFICATIONS OF THE PROPOSED THREE-PHASE LLC CONVERTER

M3mpy, ~ =

Thickness =9 mm

(2)

Component Parameters
Resonant Frequency 500 kHz
Dead Time 100 ns
Transformer turns ratio 16:2
Primary devices PGA26E07BA
Secondary devices EPC 2029
Primary Driver Si8273GBD
Secondary Drivers LM5113
Resonant Capacitor 33.8 nF
Resonant Inductance 3uH
Magnetizing Inductance 72 uH

Top side Bottom side

Secondary
80V GaN SRs» ‘

Primary

(b)

Fig. 18.  Hardware 6 kW 400 V/48 V prototype. (a) 3D View of prototype with
the core assembled. (b) Top and bottom view of the PCB with magnetic core.

two phases. In addition, the long termination loop at this high
switching frequency will generate tremendous termination loop
loss due to parasitic inductances. For high output current, two
parallel SRs are required to handle the output current as shown in
Fig. 17(a). These parallel SRs will reduce the device conduction
loss but termination is still the same for conventional way of
paralleling the SRs.

Fig. 17(b) shows the proposed distributed SRs, where the
parallel SRs are relocated in a way to minimize the termination
loop as well as single-phase LLC with negligible parasitic in-
ductances and to ensure the symmetry among all the three-phase
termination loops. Fig. 17(c) provides the thermal performance
of the proposed distributed SRs which verify a good current
sharing among the parallel SRs.

VI. PROTOTYPE AND EXPERIMENTAL RESULTS

The 500 kHz 6 kW 400 V/48 V LLC converter prototype with
the proposed integrated transformers and resonant inductors is
shown in Fig. 18. An output power of 6 kW at such a dimension
is equivalent to a power density of around 1000 W/inch?® and the
prototype specifications are given in Table III.

In Fig. 19, we can see the experimental waveforms for both
full- and light-load scenarios. Here, it is shown that ZVS may
be attained for both the primary side and secondary side devices
in both full-load and light-load scenarios. In addition, since

VDSSRZ
30V/div

ipri
(5A/div)

VDSSRZ
30V/div

ipri
(5A/div)

(b)

Fig. 19. Testing waveforms. (a) Light load. (b) Heavy load.

secondary leakage is kept to a minimal, the V;s5r does not
exhibit any ringing.

A. Tested Efficiency

Fig. 20 shows the three-phase LLC in comparison with par-
alleling two of the prototypes with three elemental transformers
presented in [17]. The proposed three-phase LLC converter with
a built resonant inductor for regulation has a peak efficiency
of 99.11%, a full-load efficiency of 98.6%, and a light-load
(10% load) efficiency of 96.48%, which clearly highlights the
benefits of three-phase LLC versus three interleaved LLC. The
efficiency of the proposed LLC converter is much higher than
the state-of-the-art high-frequency LLC converters and almost
the same efficiency as state-of-art three-phase LLC with way
better and simplified magnetic structure and at least five times
higher power density.
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Fig. 20.  Six kilowatt three-phase LLC versus 2 x 3 kW single-phase LLC.
(a) Hardware prototypes. (b) Tested efficiency.

Fig. 21.

Thermal performance at full load (6 kW).

Full load, 25 degrees Celsius ambient temperature, and 200
linear feet per minute fan speed were used to conduct thermal
tests on the proposed LLC converter, the results of which are
shown in Fig. 21. Secondary devices may go up to 90 degree
Celsius hotter. There is no risk of overheating with any of the
two primary and secondary devices. Both the primary side and
secondary side FET's operate within the acceptable temperature
range.

The use of planar magnetic cores, as opposed to the more
traditional, cylindrical magnetic cores, contributes to the sug-
gested design’s superior thermal performance. This is because
the high-efficiency design incorporates both a high surface area
to volume ratio and a high-efficiency design. In comparison to
traditional wire-wound components, the planar magnetics are
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Fig. 22. Phase shedding for light load efficiency improvements. (a) Three-

phase operation. (b) Single-phase operation. (c) Tested efficiency.

superior in their ability to dissipate heat, which results in far
lower temperature increases.

B. Phase Shedding for Improving the Light Load Efficiency

Atlight load condition, the dominant loss is load-independent
loss which is the device switching loss, especially for high
switching frequency design, and the magnetic core loss which
only depends on the volt-second; therefore, it depends on the
output voltage, however, it does not depend on the output current.
Hence, to further improve the light load efficiency, two phases
can be shut off and only one phase provides the power to the
load as shown in Fig. 22 [20].

From Fig. 23, the volt-second can be derived under the as-
sumption of ignoring the commutation time as follows:

13)

Ts/3 1
Volt-second |3 ppae = / Vo = 3 VoTs
0
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(b) Single-phase operation.

TABLE IV
BENEFIT OF PHASE SHEDDING

Loss (W) Three-Ifhase Single Phase
operation operation
Core Loss 4.8 32
PI:lIl’la.I'y Side 26 17
switching loss
Primary Side

1.1 14
conduction loss

T./3 1
Volt-second |5 ppace = / V, = gVOTS. (14)
0

Hence, single-phase operation increases the transformer volt-
second by 33.33%. Table IV shows the benefit of phase shedding
in reducing the core loss and switching loss, however, the reduc-
tion of core loss is not very significant due to the 33% increase
of the volt-second applied to the transformer by changing from
three-phase operation to a single-phase operation as shown in
Fig. 23.
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Fig.25. CM current path with the shielding layers.

VII. SHIELDING AND EMI PERFORMANCE

For the PCB magnetics, there are large overlapping areas
between the primary side and secondary side windings which
will create a large inter-winding capacitance, as shown in Fig. 24,
and hence large CM currents will flow from the primary side
to the secondary. To solve this issue, two layer shieldings are
inserted between the primary winding and secondary winding
to block the CM current from flowing into the secondary and
provide an alternative path for the CM current to return to the
primary ground as shown in Fig. 25 [21].

Fig. 26 shows the benefit of the added shielding layers. A total
of 20-28 dB reduction has been achieved from the fundamental
frequency up to 40 MHz which demonstrates the effectiveness
of shielding layers up to very high frequencies. In addition to the
EMI benefits from the shielding, three-phase LLC has naturally
better EMI performance due to the cancellation effect of the
harmonics as follows: theoretically

CM current (icm)~ C’Epc(dst1 + dc'lf + %3) =~ 0 V harmon-
ics except third order and its multiples.
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Fig. 27. Tested EMI (benefit of three-phase LLC).

Fig. 27 shows the tested EMI for three-phase LLC and single-
phase LLC with shielding, hence, 20 dB reduction for funda-
mental frequency and better overall EMI performance >8 dB
for up to 40 MHz.

The single-phase EMI testing is done on the same prototype
of the three-phase LLC with phase shedding to ensure the
same conditions among both cases with similar interwinding
capacitance, hence, the difference between the tested EMI for
both cases is from the circuit difference.

VIII. CONCLUSION

Since the LLC converter is very efficient and can handle a lot
of power, it is widely used as a dc/dc converter in data center
and telecommunications equipment. Additional advantages of
a three-phase interleaved LLC converter include higher output
power, lower input and output current ripples, and automated
current sharing across phases. However, there are a lot of
magnetic parts in a three-phase LLC converter, which causes
problems. Reducing the size of the magnetics is made possible
by increasing the switching frequency using GaN devices to
several hundreds of kilohertz. Six inductors and six transformers
are combined into a single magnetic core in this unique magnetic
construction proposed in this research. In addition, a four-layer
PCB winding may be used for all the magnetics at switching
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Fig. 28. Influence of GaN-PCB-based integrated magnetics. (a) Proposed
solution. (b) Proposed aspects of improvements compared to the SOA.

frequencies of less than 500 kHz, and extra two-layer shielding
can be included to lower CM noise. Both the main and secondary
sides of the proposed three-phase LLC converter use delta-
connected resonant networks. The procedure for optimizing the
design of the suggested magnetic structure is also presented.

Based on Fig. 28, it is clear that an efficient, power-dense, and
easily manufacturable GaN-based three-phase interleaved LLC
converter with integrated magnetics is suggested. This study
makes a significant academic advance by allowing us to develop
a converter with more than 10 times the switching frequency and
power density of current practice utilizing silicon devices while
retaining a greater efficiency. The suggested magnetic structure
is used to create a 500 kHz 6 kW, 400 V/48 V three-phase LLC
converter with a peak efficiency of 99.1% and a power density
of 1000 W/inch?.

APPENDIX

Fig. 29(a) shows the proposed integrated magnetics for six el-
emental transformers and six resonant inductors, and Fig. 29(b)
shows the corresponding reluctance model. Under the assump-
tion that the core reluctance is negligible, and the airgaps re-
luctances are dominant, therefore, the reluctance model can be
simplified. Based on the reluctance model, the flux in each leg
can be calculated as follows:

(5Np1 — Npg) Ry +6Np1 Ryo i
GRZI + 9R91R92 P

$1 =

 (Np1 + Ny2) Ryr + 3N, Ryo
6R2, + 9Ry1 Ry

(Zp2+ip3 )

(5Ng1 — Ng2) Rg1 + 6N51Rg2i )
6R§1 + 9R91 Rgg s
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Fig. 29.

two elemental transformers.

(Nsl + NSQ) Rgl + 3Nisg2

6R§1 + 9Rg1 Rgg

(5Np2 — Np1) Rg1 + 6Np2 R0

p1 =
6RZ, + 9Ry1 Ryo

_ (Np1+ Np2) Ryt + 3N, Ry

6R2, + 9Ry1 Ry

(is2 + Z‘5:3)

p1

(in + ip3)

(5Ns2 - Nsl) Rg1 + 6N52Rg2 .

6R2, + 9Ry1 Ry

N (Nsl + Ns2) Rgl + 3N51Rg2

6R2, + 9Rg1 Ryp

From symmetry
P2 =1 = @3
P4 =¥5 = P6-
From Faraday’s Law

dp
L = N-*
di

151

(iSQ + is3) .
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Integrated magnetics of one phase (two transformers and two resonant
inductors). (a) Integrated two elemental transformers. (b) Reluctance model of

s)

(16)

a7
(18)

19)

Ny d
Lt = < 50

N p2 d(P4 )
di,)

di,

is=0

_ Rg1 (5NZ1 + 2Np1 Ny + 5N) + Rga (6N + 6N,)

M

(20)
_ (NpldsOl B Np2d902>
di dig ip1=0
_RglNpl(N32_5N51)_R91Np2(N31_5Ns2)_Rg2(6Np1Nsl_GNp2N52)
6R2,+9Ry1 Ry2 :
21
Under the assumptions
Nsl :Ns2 =1 (22)
Ry =0 (23)
[ Np1 + sz _ 2Np1Np2 (24)
" Nsl + NsZ Rgl
Ny — Np»)?
Ly, = Lyatt — Ly = % (25)
9
2
Ly =Lfm _ Qo =N (26)
Ly 2Np1 Npo

6R2, + 9Ry1 Rys

From (26), the ratio between the magnetizing inductance to
the leakage inductance is a function of the difference between the
primary winding of the leftleg (/V1) and primary winding of the
right leg (IVp2), therefore, for a symmetrical primary winding,
the controllable leakage inductance cannot be created as shown
in Fig. 29(b), therefore we have to break the symmetry of the
primary winding to create a controllable leakage inductance.
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