IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received September 24, 2021, accepted October 18, 2021, date of publication November 2, 2021,
date of current version December 3, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3125262

Analysis and Design of an Integrated Magnetics
Planar Transformer for High Power
Density LLC Resonant Converter

CHUL-WAN PARK™ AND SANG-KYOO HAN

Power Electronics System Laboratory, POESLA, Kookmin University, Seoul 02707, South Korea

Corresponding author: Sang-Kyoo Han (djhan @kookmin.ac.kr)

This work was supported in part by the Ministry of Trade, Industry and Energy (MOTIE); in part by the Korea Institute of Energy,
Technology, Evaluation, and Planning (KETEP) under Grant 2018201010650A; and in part by the Ministry of Science and ICT (MSIT),

South Korea, through the Information Technology Research Center (ITRC) Support Program supervised by the Institute for Information
and Communications Technology Planning and Evaluation (II'TP) under Grant IITP-2021-2018-0-01396.

ABSTRACT Recent studies on compact and lightweight electronic devices have demonstrated that the
LLC resonant converter (LRC) can facilitate achieving high efficiency and high power density. Moreover,
employing a planar transformer can further improve the overall system power density. Although the planar
transformer can assist in reducing the size of the converter, its high magnetic coupling makes the leakage
inductance too small for a resonant inductor in the LRC. Therefore, an extra inductor must be employed
separately, leading a considerable decrease in the power density. From this reason, significant research
on integrated magnetics has been conducted to combine a transformer and external inductor into a single
core. However, they require additional wires or magnetic sheets, and their structures are complex and costly.
To overcome these limitations, the integrated magnetics planar transformer (IMPT) for a high power density
LRC is proposed in this paper. In the proposed approach, since the primary wire is split into each side
leg of the EE-type magnetic core and each operates as a transformer and a resonant inductor alternatively,
an external inductor or additional wires are unnecessary. In addition, since the magnetic flux density of
the IMPT is approximately equivalent to that of conventional transformer, the core size and the number
of turns are almost the same. Therefore, the proposed IMPT features higher efficiency and power density
without additional size and costs. To confirm the validity of the proposed IMPT, the operational principles,
theoretical analysis, design considerations, and experimental results from a 350 W prototype are presented.

INDEX TERMS LLC resonant converter, planar transformer, integrated magnetics, high frequency, high-
efficiency resonant converter, high power density.

NOMENCLATURE
Ao: Cross-sectional area of the side leg.

Ac: Cross-sectional area of the center leg.

Npi: Number of primary turns (i = 1, 2).

Ngi:  Number of secondary turns (i = 1, 2).

go:  Air gap of the side leg.

gc:  Air gap of the center legs.

lo: Effective magnetic path length of the side leg.
Ie: Effective magnetic path length of the center leg.
no:  Permeability of the free space.

Ut Relative permeability of the magnetic core.
Ro :  Magnetic reluctance of the outer leg.
M. : Magnetic reluctance of the center leg.
Loi:  Magnetizing inductance of the side leg (i = 1, 2).
L: Magnetizing inductance of the center leg.
ipri:  Resonant current of the primary side.
iLoi:  Current though Lyi(i = 1, 2).
iLc: Current though L.
ipoi:  Current though the output diode Dy; (i = 1, 2).
Ver: Voltage across the resonant capacitor.
fsw:  Switching frequency.
The associate editor coordinating the review of this manuscript and | Resonant frequency.
approving it for publication was Zhehan Yi . Qe: Quality factor.
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Teq: Equivalent turn ratio.

Input-to-output voltage gain.

Number of copper layers.

(5p* — 1) /15.

Thickness of the copper layer.

Skin depth of the copper layer.

Ratio of the copper thickness to skin depth.
Derivative of the root mean square current.
Magnetic flux density.

Maximum magnetic flux density.
Resistivity (= 2.3x107°[€/cm)]).

Mean length per turn of the core.

DC resistance of the wire.

Rt Effective resistance of the wire.

@, :  Magnetic flux of the left side leg.

®dr:  Magnetic flux of the right side leg.

®.:  Magnetic flux of the center leg
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I. INTRODUCTION

Today, most electronic devices and systems are not only
becoming compact and lightweight but their power con-
sumptions are also continuously increased. Therefore, high-
efficiency and high-power density converters have received
significant attention. For example, recent trends in the TV
market require thinner and lighter TV sets, despite the
demand for more power due to the increased number of pixels
up to tens of millions. In order to keep up with this trend,
higher-power density converters with higher efficiency are
essential.

Among various power converter topologies, the LLC res-
onant converter (LRC) is an excellent candidate to satisfy
high efficiency and high power density due to its favor-
able merits, such as the zero voltage switching (ZVS) of
all power switches, zero current switching (ZCS) of all out-
put rectifiers, good electromagnetic interference, and other
aspects [5]-[10]. As a result, many approaches aimed at
further increasing power density of the LRC have been the
scope of many studies, considering these advantages.

Generally, magnetic components, such as a transformer
and an inductor, are critical because they occupy a large
amount of space in electronic systems. Therefore, many
researches have tried to reduce the size of magnetic compo-
nents, which are essential in achieving a high power density
converter. Among them, increasing the switching frequency
can be a good approach [1]. However, the switching losses of
power semiconductors are increased in proportion to switch-
ing frequency. Although power switches with excellent per-
formance (i.e., small parasitic capacitors, high on and off
speed, small turn on resistance) have been steadily released,
a limitation is still existed in reducing the size of a magnetic
device by increasing only the switching frequency [2]-[4].

Meanwhile, to further reduce the size of converter, employ-
ing a planar transformer can be a good approach. In a planar
transformer, the wires and bobbins can be replaced by a
printed circuit board (PCB); thus, the size and thickness of a
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converter can be considerably reduced. However, the number
of PCB layers must be increased in proportion to the number
of turns. Therefore, for a large number of turns, the volume
and cost may be significantly increased.

To reduce the number of PCB layers, conventional studies
have proposed an integrated dual transformer (IDT) [10].
Namely, the primary wire is split in half, and each wire is
placed on each side leg of the EE- or UU-type magnetic core.
Thus, the separated primary turns reduce the thickness as well
as the number of PCB layers [11]. However, since the high
magnetic coupling of a planar transformer makes leakage
inductance too small to be used as a resonant inductor in the
LRC, an extra inductor must be employed and it considerably
decreases the power density.

To overcome this problem, several types of integrated mag-
netics transformers have been proposed to integrate an exter-
nal inductor into a transformer [12]-[17]. In [12], the resonant
inductor is integrated with the transformer in a single mag-
netic core using the decoupling integration method. However,
this method requires additional windings for the resonant
inductor except for the main transformer, which may signifi-
cantly increase the size and volume of the integrated magnet-
ics. Moreover, since the copper wire must be wound around
all legs of the magnetic core, the large number of turns can be
required to achieve sufficient resonant inductance. Therefore,
implementing this method with the planar transformer can
significantly increase the number of PCB layers, the size
of the PCB, and the magnetic core. In [13], primary wires
are constructed at a spatial distance from secondary wires to
obtain sufficient leakage inductance required to function as
a resonant inductor. However, the spatial distance between
the primary and secondary wires increases the height of the
transformer. Moreover, its complex structure may not be suit-
able for a planar transformer. In [14], a resonant inductor and
transformer are physically integrated into a single magnetic
core (i.e., each one is placed on each side leg of the EE-type
magnetic core, respectively). Although this approach has the
advantage of a single magnetic core, it has the disadvan-
tages of a magnetic flux imbalance in each leg and the large
number of PCB layers. Namely, the primary and secondary
wires of the transformer must be wound on only one of the
three legs. As a result, the many PCB layers are required
to implement the planar transformer. Moreover, since the
flux density (B) of the resonant inductor generated by the
resonant current is high, the cross-sectional area and core loss
may be significantly increased. In [15], resonant inductor and
transformer wires are placed together on the center leg and
magnetically divided by the I-core inserted between the upper
and lower E-cores of the EE-type magnetic core. Since the
magnetic fluxes in the I-core generated by the transformer
and resonant inductor are cancelled with each other, the flux
density and subsequent core loss of the additional I-core can
be reduced. However, the large number of PCB layers are
still required, and additional loss and larger size from the
inductor are inevitable. Especially, due to the existence of the
I-core between EE-core, at least two PCBs are required to
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implement a planar transformer. In [16] and [17], a magnetic
sheet is inserted between the primary and secondary wires
to increase the leakage inductance as a resonant inductor.
Therefore, additional wire for an inductor is unnecessary, and
it is easy to secure sufficient inductance for a resonant induc-
tor. However, it is not only difficult to insert the magnetic
sheet into the PCB, but there also exists a concern of high
manufacturing costs.

(b)

FIGURE 1. Proposed integrated magnetic planar transformer (IMPT):
(a) magnetic structure, (b) reluctance model.

To overcome these limitations of prior approaches, the
integrated magnetic planar transformer (IMPT) is proposed
in this paper. As shown in Fig. 1(a), the split primary wire
is placed on each side leg of the EE-type magnetic core, and
two secondary center-tap wires are also placed on each side
leg one by one. Thus, Np1 and N are coupled and work as a
transformer during positive half switching cycle. Further, N,
functions as an inductor, because no current flows through
Nsp due to the output rectifier. During the negative half
switching cycle, the operation is inverted. Therefore, since
each primary wire alternatively operates as a transformer and
a resonant inductor, an external inductor or additional wires
for the resonant inductor are unnecessary. Specifically, as a
large resonant current flows directly through the external
inductor in conventional approaches, the core loss and maxi-
mum flux density (Bp,) of the inductor are high. Nevertheless,
the IMPT requires no external inductor. As aresult, the above-
mentioned problem can be overcome. Moreover, because the
flux density of the IMPT is similar to that of a conventional
transformer, the core size of the transformer and its number
of turns are also almost the same. Therefore, the proposed
IMPT features higher efficiency and power density without
additional size, cost, and power loss.

Il. PROPOASED IMPT FOR THE LRC
A. EQUIVALENT INDUCTANCE MODEL OF THE PROPOSED
IMPT
Fig. 1(a) illustrates the magnetic structure of the proposed
IMPT, and the structure is symmetric with the air gap go1 =
802 = o, primary number of turns Np1 = Np2 = Np, and
secondary number of turns Ng; = Ng» = Nj. For the circuitry
analysis, the physical magnetic structure can be converted
into an equivalent inductance model through a reluctance
model.

As depicted in Fig. 1(b), there are three magnetic paths
and each path can be represented to the reluctance [18], [19].
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Here, the reluctances of the side leg (R,) and center leg (9i.)
can be determined as follows:

lO + 8o lC + 8c

o=——+——, Re=—— -
HritoAo  HoAo HrtoAc  (oAc
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FIGURE 2. LRC configured with the equivalent inductance model of the
proposed IMPT.

Generally, since u, is much larger than u, the reluctance
is mainly determined by the air gap. Then, according to the
duality theory, an equivalent inductance model of the IMPT
can be finally obtained and applied to the LRC as shown in
Fig. 2. Each parameter of the equivalent inductance model
can be determined as follows:

N2 N2
Lo =Lo2=L0=m_vac=gpa (2)
0 c

where all the inductances can be adjusted by the number of
primary turns and air gap.
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FIGURE 3. Key waveforms of the proposed IMPT LRC.

B. PRINCIPLES OF OPERATION
Fig. 2 presents the LRC configured with the equivalent
inductance model of the IMPT. The key waveforms and
circuit operations during one switching period are depicted
in Figs. 3 and 4. The converter is operated in four modes
according to the state of M| and M>. Here, the M| is turned on
and off in a complementary to M3, and the duty ratio is fixed
at about 50%. For the convenience of analysis, the following
assumptions are made:

« All operations are considered in the steady state.

« The switching frequency f;y is almost equal to the reso-

nant frequency f;.
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FIGURE 4. Mode operations of the proposed IMPT LRC: (a) - (d) correspond to modes 1 - 4.

« All parasitic components except those specified in Fig. 2
are neglected.

« The output capacitor C, is large enough to be considered
as a constant voltage source.

o The dead time between M| and M is very short com-
pared to one switching period.

° LOl = L02 = LO? Npl = sz = Np, aIld

Ngi = Nga = N.
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FIGURE 5. Equivalent resonant network of the IMPT: (a) mode 1 (f, - t;)
(b) mode 3 (t, - t3).

Mode 1 (¢tg - t1): During #o - t;, M; is conducting
and ipyi flows to the dot terminal of the transformer as shown
in Fig. 4(a). Therefore, Dy; is blocked, and the input power
is transferred to the output through Dy;. At the same time,
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the reflected voltage (Vp1/Ns1)V, is applied to Npy of the first
ideal transformer; thus, series-connected L. and (Np1/Ns1)Vo
are connected in parallel to Ly, through the second ideal trans-
former with the turn ratio Np; : Np. Then, the circuit inside
the dashed box on the left side of Fig. 5(a) can be simplified
to Thevenin’s equivalent circuit, comprising a voltage source
(Np1/Ns1)VoLoz2 /(Loz + Lc) and inductor Lyz || L as shown on
the right side in Fig. 5(a). In the simplified circuit, Np; and
Ns1 work as a transformer, whereas Ly || L acts as a resonant
inductor. At this point, i o1 is increased linearly with the slope
of (Np1/Ns1)Vo/Lo1, and Loz || L resonates with Cy. Here, the
currents and voltages are determined as follows:

i (1) = ——2—2"% cos (wt) + oo gin (wt) (3)
P Ns4Lo Vin '
N VO S O OTS
D= Ve — —2P ) — cos (wt) ,
Ve () = VR = G oLy S (@) = 5y cos (@)
@
, NVl | Np Ve
iy, (1) = +——@—1), ©)
! Ns4Lol Ns Lol
Lo2
i, (1) = {ipg () —iL, ()} ——, 6
LC() {prl() LOI()}L02+LC ()
iy (1) =~ i (0 + —2 i1 (1) 7
Lo L + L pri Loz n Lc Lol s
_ — LopLc —
where w = 2nfy = 1/\/725-C, V& = Vi —

N, Ly
le) V (1 + LoZ'ﬁLc
Assuming that fyw is equal to f;, the following relationship

is satisfied according to Kirchhoff’s voltage law (KVL):

& _ Vin _ Vin (8)
N
sy, (1 ) 2ve (1)
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Here, (8) can be utilized in the design of the transformer
turn ratio. When iy equals i1, after resonance, this mode
ends.

Mode 2 (¢1 - t2): When iy equals iro1, Dop is blocked,
and M; is turned off. Therefore, L,; and L, are con-
nected in series and resonate with C;, as shown in Fig. 4(b).
However, since t; - t» is very short from the assumption,
Ipri = iLol = iLo2 can be considered as a constant current
source during this mode. Therefore, iy starts to charge Cgs1
from 0 V to Vi, and discharges Cqs» from Vi, to 0 V. When
vds2 equals 0 V at 1, M> can be turned on, with ZVS in the
next mode.

Mode 3 (f2-t3): When M5 is turned on, iy flows to the
nondot terminal of the transformer, as shown in Fig. 4(c).
Therefore, Dy is blocked and the input power is transferred
to the output through Dy;. Unlike the mode 1, the reflected
voltage (Np2/Ns2)V, is applied to the winding Ny of the
second ideal transformer; thus, the series-connected L. and
(Np2/Ns2)V, are connected in parallel to Lo through the first
ideal transformer with the turn ratio of Np1.Npi. Then, the
circuit inside the dashed box on the left side in Fig. 5(b) can be
simplified to Thevenin’s equivalent circuit, comprising a volt-
age source (Np2/Ns2)VoLo1/(Lo1 + L) and inductor Lo ||Lc,
as shown on the right side in Fig. 5(b). In the equivalent
circuit, Np> and Ny, work as a transformer, whereas Lo ||Lc
acts as a resonant inductor. Therefore, if o> is increased lin-
early with the slope of (Np2/Ns2)Vo/Lo2, and Lo || Lc resonates
with C;. Here, the currents and voltages are determined as
follows:

ot (1) = V005 ooy — TV G o ©)
ipg (1) = cos (wt) — sin (wt) ,
pr N¢4Lo» Vin
N,V T . VoloTs
b= Ve — wVols oy - YoloTs oy
Ve (0 = VR = g el S @D — oy cos (@h)
(10)
N, VT, N, V.
i, (1) = L2220 ¢ gy, (11)
Ns4L02 Ns Lo]
i1, (0) = {ipst (1) —ian(D)) —2— (12)
‘ P L01+Lc
L, () = —= i () + —2 i (1) (13)
Lo1 Lot + Le pri Lol + Lo Lo2 s
where 0 = 2nf, = 1/ /Li‘lﬁlficcr, VR = Vi —

N, Lo
FSvin (l + Lol‘iELc>'

Meanwhile, considering the same assumption at mode 1,
the following relationship is also satisfied according to KVL:

ﬁ _ Vin . Vin
Ny Lo\ L\’
s (1+gr) 2V (14 )
When i, equals i after resonance, this mode ends.
Mode 4 (¢3 - t4): When iy equals i1z, Doz is blocked
and M, is turned off. Therefore, L,; and Ly, are connected
in series and resonate with C, as shown in Fig. 4(d). How-

ever, since #3 - t4 is very short, from the earlier assumption,
Ipri = iLol = ILo2 can be considered as a constant current

(14)
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source during this mode. Therefore, i starts to charge Cys2
from 0 V to Vi, and discharges Cqs1 from Vi, to O V. When
vds1 equals O V at t4, M1 can be turned on, with ZVS in follow-
ing mode. From the abovementioned operations, whereas Ly
works as a magnetizing inductor and Ly, || L. acts as a resonant
inductor at mode 1, Ly1||L. operates as a resonant inductor,
and L, functions as a magnetizing inductor at mode 3. As a
result, since the separated primary wire alternately operates
as a transformer and an inductor, any external inductor or
additional wires are unnecessary.

— ~
L] L]
N1 DT__“4+F <t N3 DT .
S ——1Tgo1 o7 | | 802 DT - external inductor
No pr_ 1+ E' Ng4 ipT >

-‘- Next
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FIGURE 6. Magnetic structures of the IDT and external inductor.

equivalent inductance model
A
G SIE Nt | Do
M ILOUDT E SE g. e
1 : g Ng or I D, |
Vin _"__DJ | | Co== Ro
M, | L N o i. Ng o1 | Do3
| Lo2_IDT p2 DT 3| % I
,LY;\ | f g N4 o1 D$4

FIGURE 7. LRC configured with the equivalent inductance model of the
IDT and external inductor.

C. EQUIVALENT PARAMETERS OF THE CONVENTIONAL
IDT AND PROPOSED IMTP
Fig. 6 shows the magnetic structure of the conventional IDT,
and Fig. 7 presents the LRC configured with the equivalent
inductance model of the IDT, where go1_IDT = go2_IDT =
80_IDT> Lo1_ipT = Lo2_iDT = Lo_pTs Np1_IDT = Np2_IDT =
Np_1pT, and Ngi_pT - Nsa_ipT = Ny pT. In the IDT, the
number of primary turns is split into half in each side leg; thus,
the height of the transformer can be decreased, and the power
density can be improved [10]. As shown in Fig. 6, each wind-
ing on the side leg is decoupled by the center leg of the core,
and its wire connection is configured with series-input and
parallel-output. Thus, the equivalent magnetizing inductance
and turn ratio become Ly, = 2L, pr and neq = 2Np_pT:
N, 1pT, respectively. However, if the IDT is implemented
using a planar transformer to achieve a lower profile, its
leakage inductance is too small to be used as a resonant induc-
tor. Thus, an additional external inductor must be employed.
However, the IMPT requires no additional inductor because
Lo||L¢ of the IMPT acts as a resonant inductor (L, = Lo||L¢).
Meanwhile, while the equivalent turn ratio of the IDT is
determined as neq = 2Np_pT/Ns_IDT, and that of the IMPT
i neq = (Np/Ns) {1 + Lo/(Lo + Lc)}. Namely, the turn ratio
of the IMPT can be roughly set to Np/Ns and finely tuned by
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Lo/(Lo + Lc). For example, assuming that Vipimax) = 390 V
and V, = 20.5V, the required turn ratio of the IDT should be
0.5 Vin(max)/Vo:1 =9.5:1 to ensure operation at fs, = f;. Thus,
since the number of turns must be an integer, the IDT should
have Ny = 4 k [turns] and N, = 19k [turns] (k = 1,2,3...).
Consequently, the number of turns and core size of the IDT
may become larger, regardless of the handled power.

However, in the proposed IMPT, various turn ratios can be
implemented using L, and L.. Namely, when Ny = k [turns]
(k = 1,2,3...), the turn ratio can be set precisely to 9.5:1
by setting N, = m [turns] (m = an integer greater than or
equal to 9.5 k/2) and adjusting L, and L to (Np/Ng){1 + Lo/
(Lo + Lc)} = 9.5. Therefore, the proposed IMPT can have as
many turns as required, and its size can be optimally designed
in any input/output (I/O) specifications.

Meanwhile, the following relationship from (14) should be
satisfied to make the same voltage conversion ratios of the
traditional single transformer (TST) and the proposed IMPT
equal to each other:

Vin/2 Np Lo
== = -— 1 . 15
rao=yo = Ut (1>

Moreover, since the current slope of the magnetizing
inductor also should be the same as the TST, following rela-
tionship should also be satisfied.

o _ Mot Vo _ N Vo
L N, sl Lol N Lo

Therefore, the equivalent magnetizing inductor of the pro-
posed IMPT is represented by Lo{1 + Lo/(L, + L¢)}. As a
result, the equivalent parameters of the TST, conventional
IDT, and proposed IMPT can be summarized in Table 1.

(16)

TABLE 1. Comparison of equivalent parameters.

Parameters TST IDT IMPT
Vot L mw L)
s L ndtor Lo L
N, N. L
Turn ratio Neg 2 ﬁ WZ (1 + o -:LC)

lll. DESIGN CONSIDERATIONS

A. TURN RATIO OF THE IMPT

In the mode analysis, the turn ratio of the IMPT was deter-
mined as (8) and (14). By defining the ratio of L, and L; as
Ly (= Lo/L; = Lo/(Lo||Lc)), the turn ratio can be expressed
again as follows:

Np Vin(max) Vin(max)

N~ L) " o 7
s v, (1 + LOJgLC) 2V, (2 _ E)
where the turn ratio is determined by L.
As L, and L. are always greater than 0, Ly/(Lo+ L) in (17)
has a value between 0 and 1. Thus, the range of the turn ratio
is considered to be 0.5Vinmax)/Vo t0 0.25Vinmax)/Vo.
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B. VOLTAGE GAIN OF THE PORPOSED IMPT LRC

Using the equivalent parameters described in Table 1, the
IMPT LRC can be converted into the equivalent TST LRC.
Therefore, the voltage gain of the IMPT LRC can be derived
by performing the same process as the TST LRC. Assuming
that the fundamental components of all alternating voltages
and currents in the LRC are dominant, the I/O voltage
gain H(s) can be easily obtained using the fundamental
harmonic approximation (FHA) as follows [20], (18) as
shown at the bottom of the next page, where Lneq =
Ln/Ly = 2Ly — LLF = fw/fi./r = 1/ (ZNM),
Qc = Req/VIL/Ci, Reqg = n*\/8/m2 32, 0 = 2mf;, and
Neq = n{1 + Lo/( Lo + L¢)}.

0.=0.12 (P,=40%)
0.=0.08 (P.=60%)
0.0.06 (P.=80%)
0.=0.04 (P,=100%)

0.5 f — 1 — f;
svm 2”\/(Lm + Lc)Cr \/(1 + Lneq)
00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
[F=falfi]

FIGURE 8. Voltage gain as a function of Qe (Vipmax) =390V, Vo =19.5V,
Po =350 W, Ly =5.9 uH, C; = 6.6 nF, fr = 800 kHl, Lneq =5, and
Negq = 10).

Based on (18), the H(s) is a function of the normalized
switching frequency, and Q. is shown in Fig. 8. The Fig. 8
indicates that as Q. increases, the minimum switching fre-
quency fmin for peak voltage gain approaches the asymptotic
frequency fasym, which is determined by Ly, + L and C; [5],
[20]. Since the voltage gain at fsym is not only always lower
than at fi,i, but also similar to each other, the fi,i, that guar-
antees the required peak voltage gain can be assumed to be
equal to fasym as follows:

f . 2f = ! = fr
min = Jasym = T+ L) C, V14 Laeg
fr
kL 19
T (19)

To ensure the required peak H(s) at the minimum input
voltage Vin(min), the converter is operated in fmin and Fin =
Jmin/fr- Thus, the range of L, can be determined from (16)
and (17) as follows, (20) as shown at the bottom of the
next page.

In addition, L and C; can be determined from the relation-
ship among L, Ly, and f; as follows:

L, LoLc

= , 21
Ly Lo+ Lc @D

Ly
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FIGURE 9. Mode 1 operation at v¢r = Vi, (tg - £)-
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From (20), (21), and (23), the range of C; that ensures the
required peak voltage gain can be determined as follows:

C;
A

1
Fmin - Frin

2
1—(2"V0 )2 {1+ ! (1—L>}
Vinmin 2Lp—1 Fr%lin

(24)

v

Sfr Vinmin nR,

C. RESONANT CAPACITOR FOR ENSURING NORMAL
OPERATION

As described in Section II-B, Dy is turned off and the input
power is transferred to the output through D, during mode 1
because iy flows to the dot terminal of the transformer.
At the same time, v, increases while vy o; decreases accord-
ing to v¢r. However, if v exceeds Vi, at 74 in Fig. 10, vy o1 and
VLo2 become nV, and -nV,, respectively. Then, v, is clamped
on Vjy. Thus, as shown in Figs. 9 and 10, i,; becomes 0 A
during 74 - 18, and ipe1 and ipyy flow through Dy and Dy as
follows:

. Ny . )
ipo1 (1) = A (iLc (7)) — iLo1 (1)), (25)

| Ny
ipo2 (1) = F (iLe (1) +iLo2 (1)), (26)

The fact that iy equals O A indicates that the I/O voltage
gain is reduced because the input power is not transferred to
the output. To overcome this problem and guarantee normal

FIGURE 10. Key waveforms at v¢r = Vi, in mode 1 (tg - t;).

operation for the IMPT, v, should be kept lower than Vj, until
the resonance is over.

Meanwhile, the peak value of v occurs when Vi, =
Vinmin) and fsw = fmin. Considering the FHA mentioned in
Section III-B, the peak value of v, can be easily obtained
from (4). Therefore, the C; that guarantees the normal opera-
tion can be obtained as follows:

P
C, > ° (27)
2

fminVin(min)2 ‘1 - <4LZ—2) ‘

The value of C; affects normal operation as well as the I/O
voltage gain of the IMPT. Therefore, C; should be selected
by considering (24) for the maximum required voltage gain
and (27) for normal operation. For example, assuming that
Vin(max) = 390 V, Vin(min) = 320 V, Vo = 19.5 V, and
P, =350 W, the available range of turn ratio can be obtained
from (17) as 5 < Np/N; < 10. Considering the available turn
ratio, the range of C; as a function of Np/Ng and f; is shown
in Fig. 11. It can be observed that overlapping areas represent
the available values for C; which satisfy both the required
peak voltage gain and the normal operation.

Zneqvo 1
—y | (18)
n \/{1+1/Lneq(1_1/F2)} —|—{1/Qe(F—1/F)}2
; 2
L 2LnVin(min)neqR° | — (21’1qu0> :1 n 1 <1 _ 1 ) } (20)
~ .
A — — 2y — 1 Flin
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FIGURE 11. Range of C; as a function of Np/Ns and f;.

Meanwhile, the larger turn ratio requires smaller L, and L.
from (17); thus, the circulating current and current stress may
be increased. Furthermore, the number of turns and layers in
the planar transformer are also increased. Therefore, these
points should be considered when designing circuit param-
eters. Finally, the appropriate resonant frequency should be
selected to achieve the highest efficiency through loss analy-
sis, which is considered later.

IV. OPTIMAL PARAMETERS DETERMINATION

A. LOSS ANALYSIS FOR THE OPTIMAL PARAMETERS

The overall efficiency of the converter is mainly determined
by critical components, such as the main switches, magnetic
devices, and output rectifiers. Since the main switch is turned
on under the ZVS condition, its turn-on switching loss can be
ignored. In the output rectifier, the synchronous rectifier FET
is generally used instead of a diode to reduce the conduction
loss in high-current applications.

In magnetic devices, power losses are divided into core
and copper loss. The core loss is greatly affected by magnetic
materials at high frequency as high as 800 kHz. Thus, the core
loss densities at 800 kHz of four different magnetic materials
as a function of the flux density are shown in Fig. 12. Here,
the ML90S exhibits the lowest core loss.

Meanwhile, in the copper loss, it is also greatly affected
by the AC resistance of the conductor at high frequency.
Therefore, the thickness of the layer in the planar transformer
should be optimally designed to minimize the copper loss
caused by the effective resistance. From [21], the effective
resistance is given by:

N - MLT
C
W i 2
Reft = Rac !1 + —A* (—’") }[sz]. (29)
3 Wy lyms

Based on the abovementioned points, the loss analy-
sis equations are summarized in Table 2. In this table,
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FIGURE 12. Core loss density as a function of flux density of different
core materials at 800 kHz.

tr and Rgs(on) are the FET turn-off time and turn-on resistance,
and V. is the volume of the magnetic core. Additionally,
the core loss coefficients of ML90S and the key currents
equations are given in Tables 3 and 4, respectively.

Meanwhile, performance and efficiency of the LRC are
greatly affected by resonant parameters. Thus, it is desirable
to design the circuit parameters to have the highest efficiency
within the range, ensuring a sufficient voltage gain and nor-
mal operation of the LRC.

For these reasons, based on the efficiency analysis
according to the turn ratio and f;, the design process of
optimal circuit parameters is presented as follows. The effi-
ciency analysis is performed under the I/O specifications in
Section III-C (Vipmax) = 390V, Vo = 19.5 V, P, = 350 W)
as an example. Moreover, fiy is set equal to f; to minimize
circulating current and variation of fg,, according to load.

First, from the I/O voltage specifications, the range of turn
ratio can be derived as 5 < Np/Ng < 10 by (17). Assuming
that fsw is high enough to ensure that the magnetic core is
not saturated, the available number of turns to minimize the
transformer size can be determined as follows. Considering
the fact that the number of turns in the transformer should be
an integer, the number of primary and secondary turns can be
implemented as N, = 6T, 7T, 8T, 9T, and Ny = 1. And, L, in
each case can also be determined from (17).

Next, the fmin according to the given f; can be determined
from (19), and the range of L, to satisfy the enough voltage
gain can also be derived from (20). At this point, it is desirable
to select L, as the maximum value within the range satisfy-
ing the voltage gain because lower L, can cause the larger
switching and conduction losses, listed in Table 2 to Table 4.

Finally, L;, L., and C; can be determined from (21) - (23),
respectively. At this point, it must be checked whether C;
satisfies the conditions (24) and (27) to ensure the voltage
gain and normal operation. If both conditions above are not
met due to the small C;, L;, and L., then C; should be
reselected by reducing L.

Through the abovementioned process, Fig. 13 shows the
power conversion efficiency according to the f; and turn ratio.
It can be observed that the highest efficiency can be achieved
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TABLE 2. Equations for loss analysis.

Parameter Equation
1 .

Turn off Pum of = E te Vgs lLo_peak fwv [W]
Switch Conduction  Pgnguon = isw_m s~ Ras(on) [W]

Ces Py = Cgs Vg™ fow [W]

Core k By fon B VL [W]
Transformer Re i ipi_ms’
Pattern ) i ,
+ Ref _sec lsec _ms [VV]
Conduction 2 Rys(on) isec_m s [W]
Output
Rectifier Ces Py = Cos Vgs” fow [W]

TABLE 3. Material loss coefficients of ML90S.

material temp.(°C) k (o4 B
20 1.862E-04 2.857 1.667
ML90S
100 3.939E-04 2.972 1.958

TABLE 4. Key current equations.

Parameter Equation
; N, V,
Lo,peak Ns 4L0 S
. 1 [(NyVoTo\? P\
w6
24 \Ng 4L, Vi
2 2
Transformer lpri m's £ (NP @) + (T[P )
\/i NS 4L0 Vl‘l
. T
lec m's Io Z
. , T
leec s lo T
2 2
Switch faw s 1 (EVOTS) + (”P )
- 2 J\Ng 4L, Vi

in Np/Ns = 6, f; = 800 kHz, which is originated from the fact
that rms currents in the circuit and total losses become small
at the low turn ratio because lower turn ratio requires larger
L,. Therefore, the optimal parameters of the proposed IMPT
LRC can be finally designed as Np: Ny = 6:1, L, = 18 uH,
Ly =5.9uH, L. = 89 uH, and C; = 6.6 nF at f; = 800 kHz.
Additionally, the optimal thickness of the PCB layer can be
determined to minimize copper losses. In Table 2, the copper
loss of the planar transformer is affected by the rms currents
and Re¢r of the PCB. From (28) and (29), it can be observed
that Refr is mainly affected by the copper thickness, number
of layers and switching frequency. Based on the determined
parameters, the conduction losses of primary, secondary, and
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overall wires according to the copper thickness are calculated
under full load conditions, as shown in Fig. 14.

96.5
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94.5
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93.5

Efficiency [%]

Turn ratio
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92.5
0 03 05 07 09 11 13 15 17
Resonant frequency [MHz]|

1.9 21

FIGURE 13. Power conversion efficiency according to the f; and turn ratio.

Pattern loss [W]

—e— pri sec total

Thickness of the layers [oz]

FIGURE 14. Calculated copper losses according to the thickness of the
layer at fsw = 800 kHz.

From these results, it can be observed that the 2 oz layer can
minimize the total copper losses and it can be the optimum

thickness of the layer at f;,, = 800kHz.

BL:BR

0.15 0.06
= - 0137  |&
=) e B
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FIGURE 15. Magnetic flux density at V;,, =390V, Vo = 19.5 V, and

Po = 350 W: (a) IDT with an external inductor (Lo = 15 uH, Np: Ns =5: 1,
Ly = 5.9 uH, and N4 = 4), (b) IMPT (Lo = 18 uH, Lc = 8.9 uH, and

Np: Ns=6: I).

B. COMPARISON BETWEEN IDT AND IMPT IN TERMS OF
MAXIMUM FLUX DENSITY AND CORE LOSS

A comparison of the magnetic flux density between the IDT
and IMPT is shown in Fig. 15. From the above determined
parameters of IMPT, equivalent parameters of the IDT and
IMPT can be derived from Table 1 as follows: L;,, = 30 uH,
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L. = 59 uH, C; = 6.6 nF, neq = 10, and f; = 800 kHz.
In addition, EE3112-ML90S (A = A, = 128 mmz) and
EE1604-ML90S (Ac = 40.5 mm?, A, = 18 mm?) are
used as a transformer and external inductor core, respectively.
As shown in Fig. 15(a), the IDT exhibits a flux density (B) of
—0.05T < B, = Br < 0.05 T in the side legs and a zero
flux density in the center leg with the aid of flux cancellation.
Consequently, the core loss is as low as 1.94 W.

Nevertheless, since the large resonant current flows
directly through the external inductor L,, where B is
—0.13 T < Bext < 0.13 T; thus, its core loss is as high as
3.08 W. Although the larger number of turns or a larger core
are capable of reducing the core loss of the external inductor,
more PCB layers are required, causing higher manufacturing
costs or a significant reduction in the power density.

Nyisz

Nlepri Npl’pri szlpri

(b)

FIGURE 16. Equivalent reluctance model of the IMPT according to the key
operations: (a) mode 1, (b) mode 3.

However, in the IMPT, the magnetic flux generated from
the magnetizing current flows through one of the side legs,
whereas the magnetic flux generated from the resonant cur-
rent is divided into the side and center legs. From the reluc-
tance model in Fig. 16, each magnetic flux can be determined
as follows [22]-[25]:

Ro+Rc

m (Npl Ipri +Ns1 isl)

D (model) = PR(mode3) =

R

C .
——————— Npipri 30
TR, P 30)
PRr(model) = PL(mode3 _L(Nli i+Ng1is1)
(model) (mode3) mg T 2%0%‘3 pllpri slls
Ro + Re
———————— Npipri 31
9%% RN, p2lpri (31)
Ro . . .
D, = m (Npllpri + Nsiis1 — szlpri)

(32)

From (30) - (32), the IMPT exhibits a flux density of —0.05
T < BL = Br < 0.05 T in the side leg and 0 < B¢ < 0.021
T in the center leg, as shown in Fig. 15 (b). Accordingly,
since the flux density (B) in the side legs of the IMPT and
IDT are almost identical; thus, their core losses are also the
same. However, as B in the center leg of the IDT is zero,
its core loss also becomes zero. Whereas in the IMPT, since
the magnetic flux flows through the center leg, B is not zero
and the resultant core loss exists. Nevertheless, the maximum
magnetic flux density (By,) in the center leg is not only low but
the center leg also occupies a small fraction of the total core
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volume. Thus, the core loss of the IMPT is slightly larger than
that of the IDT. However, both are approximately the same,
as shown in Fig. 17.

35

25

3w
23W
1aw W 1.96W
: 1w
;
0

)

Loss [W]

IDT core IDT ext. ext. IMPT core IMPT
pattern  inductor inductor pattern
core pattern

FIGURE 17. Magnetic loss comparison between the IMPT and IDT at
fsw = 800 kHz.

Meanwhile, as described in Table 1, the IDT and IMPT
have different turn ratios, but their equivalent turn ratios seq
can be exactly the same. Therefore, the copper loss of the
IMPT is slightly higher than that of the IDT as shown in
Fig. 17, because the IMPT has two more turns than the IDT.
Nevertheless, since the additional losses caused by the exter-
nal inductor can further degrade the efficiency of the IDT
LRC, as shown in Fig. 17; therefore, the IMPT is more
advantageous in terms of overall system efficiency and size.
As a result, the IMPT can be an excellent solution for high
power density and high efficiency in the LRC.

C. INDUCTANCE MEASUREMENT METHOD OF THE IMPT
In order to ensure the input-to-output voltage conversion ratio
and stable resonant operation in the TST LRC, the magnetiz-
ing inductor Ly, and resonant inductor L, should be appro-
priately designed. Likewise, to implement the equivalent Ly,
and L; in the IMPT LRC, L, and L. should be appropriately
designed according to equivalent parameters presented in
Table 1. Therefore, the inductance measurement method of
the IMPT is presented, as shown in Fig. 18.

Lo 3 Np3lE NG | IE a a
b — Lci Ly —> L01+L02? Ly, —> Lo
c b

Lto sz.% .sz 3
c

(@ (b) (©)

FIGURE 18. Inductance measurement method of the IMPT: (a) equivalent
inductance model of the IMPT (b) simplified circuit of Ly (c) simplified
circuit of L,p,.

a

First, the primary inductance L,. is measured between
nodes a and ¢ with the secondary side open. If it is assumed
that Np; = Npp = Np and Ly1 = Loz = Lo, the voltage across
L. always becomes zero due to the same voltage and opposite
polarity of N1 and Np,. Therefore, L. can be neglected and
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the equivalent inductance between nodes a and c is equal to
the series-connected L,; and Ly», as shown in Fig. 18(b).
Namely, Ly is equal to Lo + Ly2 = 2L; thus, L, can be
expressed as follow:

J—— (33)

Second, the half primary inductance L,, is measured
between nodes a and b with the other half primary
side (between nodes b and c) and secondary side open.
In Fig. 18(a), Ly is connected in series with L. through the
second ideal transformer with a turn ratio of Npy: Np2. At the
same time, series-connected Ly, and L. are again connected
in parallel to L, through the first ideal transformer with the
turn ratio of Np1: Np; as shown in Fig. 18(c). Therefore, L.
is equal to Lo1//(Loy + Lc) = Lo//(Lo + L); thus, L can be
expressed as follow:

_ 2Lg’Lo — L2

L= 34
c Lo L (34

In summary, the equivalent inductances L, and L. can be
obtained by measuring the inductances L,. and L, among
nodes a, b and c.

IDT
W

Sexternal -
' 2.953"

FIGURE 19. 350 W LRC prototypes: (a) configured with the proposed
IMPT, (b) configured with the IDT.

V. EXPERIMENTAL RESULTS BASED ON OPTIMAL
DESIGN

The 350W - LRC prototypes equipped with the IDT and
IMPT are shown in Fig. 19. The IMPT allows the LRC to
operate without an external inductor. Therefore, the power
density of the IMPT LRC can be improved by approximately
7.15% compared to the IDT LRC and by up to 137.16 W/in®.

The 1I/O specifications and parameters used in the experi-
ment are listed in Table 5. To achieve the high efficiency and
low heat generation of the high switching frequency and high
power density converter, 600 V GaN-FETs and 80 V Si-FETs
with low turn-on resistance are used as primary side power
switches and secondary side Synchronous Rectifiers respec-
tively. Table 6. lists the specifications of power switches used
in the prototype.

Figs. 20 (a) - (c) present the experimental key waveforms
of the IMPT LRC according to the load conditions. These
prove that the IMPT LRC operates in exactly the same way as
the conventional LRC. In addition, M> is turned on after v4s»
becomes 0 V (i.e. the ZVS of M, is achieved for the entire
load range).
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TABLE 5. Parameters used in the experiment.

Parameter Value Unit
IDT IMPT
Input voltage V;, 320 ~390 Ve
Output voltage V, 19.5 Vbe
Output power Po max/ Po p 350 /200 w
Resonant capacitance C, 6.6 nF
Side leg inductance Lopr=15 L,=18 uH
Center leg inductance - L.=8.9 uH
Equlx_falent magnetizing 30 uH
inductance L.,
qulvalent resonant 59 WH
inductance L,
Equivalent Turn ratio 7, 10:1
Transformer : Nyor=5 N,=6
Number of turns N pr=1 N,=1 Tums
Resonant frequency f. 800 kHz
TABLE 6. Specifications of power switches used in prototype.
Value
Parameters TPH3206PD BSCO061NOSNSS Unit
(GaN-FET) (Si-FET)
Breakdown voltage 600 80 A\
Turn-on resistance 0.18 0.0061 Ohm
Input capacitance 760 2000 pF
Output capacitance 44 300 pF
Rise / Fall time 4.5/4 6/5 ns

Since M operates exactly symmetrically with M>, the ZVS
of M can also be achieved (corresponding waveforms are not
presented here). The voltage gain for the input voltage range
is verified by the key experimental waveforms in Fig. 20 (d) at
Vin = 320 V and a full load, proving that the converter can
regulate the output voltage at 19.5V under minimum input
voltage condition with sufficient voltage gain.

Fig. 21 shows the experimental key waveforms of the IDT
LRC at full load condition. As shown in this figure, it can
be observed that the IDT LRC and IMPT LRC work almost
identically and have almost the same switching frequency
because they have the same equivalent resonant parameters,
as shown in Table 5.

Here, the operation of the IDT LRC is exactly the same
as the TST LRC because the sum of the magnetizing induc-
tor in the IDT is revealed as that in a single transformer
(Lo1_mT + Lo2 DT = Lm). Therefore, corresponding wave-
forms of the TST LRC are omitted in this paper.

Fig. 22 shows the experimental key waveforms in dynamic
load transients of the IMPT LRC, where the load is changed
from a typical (200 W) load to no-load with a 6-msec period
and 50% duty cycle. As shown in Fig. 22, the output voltage
is well regulated within 5% while the load is changed, and
the switching frequency is changed narrowly from 775kHz to
794kHz. These results prove that the IMPT has good output
voltage regulation and load transient performance without an
external inductor.
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FIGURE 20. Experimental key waveforms of the 350 W IMPT LRC: (a) V;, = 390 V, /o = no load, (b) Vi, =390V, /o

full load, (d) Vi, =320V, I = full load.
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FIGURE 21. Key waveforms of the 350 W IDT LRC at full load.
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FIGURE 22. Key waveforms in load transient (Po_typ — NO load).

The theoretical and measured efficiency of the IMPT LRC
is presented in Fig. 23. The measured efficiency of the IDT
LRC and TST LRC are also presented for comparison. These
results prove that the theoretical efficiency of the IMPT LRC
is almost equivalent to the measured efficiency, confirming
the validity of the theoretical analysis.
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FIGURE 23. Efficiency comparisons according to the output power.

The measured efficiency of the IMPT LRC is more than
91.88% under conditions of 40% or more load, and the
maximum efficiency is measured up to 95.26% at a full load
condition. However, the efficiency is somewhat low at a light
load because the operating frequency is as high as about
800 kHz.

Meanwhile, the IMPT has a higher efficiency than that of
the IDT and TST through the entire load range.

This difference in efficiency is originated from the fact that
the IMPT does not require a separate external inductor.

VI. CONCLUSION

In this paper, an IMPT for a high efficiency and high power
density LRC is proposed. In the proposed methodology,
the primary wire is split into each side leg of the EE-type
magnetic core, and each operates as a transformer and
inductor alternatively in every switching period. Therefore,

VOLUME 9, 2021



C.-W. Park, S.-K. Han: Analysis and Design of Integrated Magnetics Planar Transformer for High Power Density LRC

IEEE Access

a low-profile single planar transformer can be implemented
without the need of an external inductor or additional wires.
Moreover, since the magnetic flux density of the proposed
IMPT is similar to that of a conventional transformer; thus,
the same size core can be implemented. As a result, fur-
ther losses from the external inductor are saved. Therefore,
with a single planar transformer, the IMPT can achieve
higher efficiency and power density than with a conventional
transformer.

The operation of the LRC configured with the IMPT
was verified by an equivalent inductance model, providing
detailed design considerations. Based on the loss analysis
comparison with that of a conventional transformer, improved
performance of the IMPT was verified by the experimental
results of the 350 W prototypes. These results confirm that
the IMPT can operate exactly the same as the LRC without
an extra inductor or additional wires. In addition, the com-
parisons of the measured and theoretical efficiency indicate
the reliability of the design considerations and magnetic anal-
ysis. From these results, the IMPT is suitable for various
LRC applications that require high power density and high
efficiency.
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