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Recently, high power-density, high power-efficiency, and wide regulation range isolated DC-DC converters have been required.
This paper presents considerations of physical design and implementation for wide regulation range MHz-level LLC resonant DC-
DC converters. The circuit parameters are designed with 3-5 MHz-level switching frequency. Also, the physical parameters and
the size of the planar transformer are optimized by using derived equations and finite element method (FEM) with Maxwell 3D.
Some experiments are done with prototype LLC resonant DC-DC converter using gallium nitride high electron mobility transistors
(GaN-HEMTs); the input voltage is 42-53V, the reference output voltage is 12'V, the load current is 8 A, the maximum switching
frequency is about 5 MHz, the total volume of the circuit is 4.1 cm®, and the power density of the prototype converter is 24.4 W/cc.

1. Introduction

Recently, high power-density and high power-efficiency iso-
lated DC-DC converters have been required in information
and communication technology (ICT) facilities. Therefore,
high switching frequency and low power loss technique have
been studied. In particular, to achieve these requirements,
the isolated DC-DC converters with GaN-HEMTs have been
studied by some research institute in recent years [1-7].

Furthermore, the regulated MHz-level operated isolated
DC-DC converters have been studied with wide input volt-
age: 60-120 V input voltage, 20 V output voltage, 2.6 MHz
switching frequency, and 50 W output power, series resonant
DC-DC converter [8]; 36-72V input voltage, 12V output
voltage, 5 MHz switching frequency, and 30 W output power,
flyback DC-DC converter [9]; 110-250 V input voltage, 15V
output voltage, 2 MHz switching frequency, and 45 W output
power, quasi-square-wave zero-voltage switching three-level
half-bridge DC-DC converter [10]; 60-120 V input voltage,

15V output voltage, 3-4.5 MHz switching frequency, and
40 W output power, zero-voltage switching (ZVS) half-bridge
DC-DC converter [11]. These isolated DC-DC converters
achieve high power efficiency. However, higher power effi-
ciency and higher output power are required in MHz-level
frequency isolated DC-DC converter.

LLC resonant DC-DC converters have been known to
achieve high power efficiency with high switching frequency.
In case of this topology, the regulated converters of 1 MHz-
level switching frequency have been studied so far [12,
13]. Also, the unregulated LLC resonant DC-DC converters
operated at 5 MHz have been considered so far [14]. In order
to achieve the miniaturization of the converter, LLC resonant
DC-DC converters with wide input voltage and high power
efficiency are needed at higher switching frequency.

In this paper, the designs of high power-density and wide
regulated LLC resonant DC-DC converter have been consid-
ered. The circuit parameters have been calculated for wider
regulation at MHz-level switching frequency. The target input
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FIGURE 1: LLC resonant DC-DC converter circuit topology.

TaBLE I: The target specification of the prototype DC-DC converter.

Input voltage range: V; 42-53V (48V)

Reference output voltage: V, 12V
Output power: P, 100 W
Power efficiency: More than 90%
Volume 3.3cm’
Power density 30 W/cc

voltage is 42-53'V, output voltage is 12V, output power is
100 W, and power efficiency is more than 90%. This design
procedure includes planar transformer design with FEM of
Maxwell 3D. To evaluate the performance of the prototype
board, the experiment has been conducted with open loop.

In Section 2, the consideration of LLC resonant DC-
DC converter circuit parameter is described. In Section 3,
the physical design considerations of planar transformer
are revealed. In Section 4, the experimental results are
demonstrated.

2. The Consideration of
Circuit Parameter Design

The circuit topology is based on a LLC resonant DC-DC
converter, as shown in Figure 1. The target specification is
shown in Table 1. The primary side is a half-bridge topology.
Q, and Q, are driven in 50% duty ratio, alternatively. C,; and
C,, are the resonant capacitances which have the same capac-
itance. Also, they make averaged voltage of C,, to one half of
the input. The magnetic transformer is composed of leakage
inductance L, and magnetizing inductance L. L,y is
primary-side additional inductance. The secondary side is the
center-tap topology with diodes D, and D,. To achieve target
input voltage range, transformer turn ratio is set to be 3.
LLC resonant DC-DC converters have two resonant
frequencies. One is the series resonant frequency f, which
is series resonance between resonant capacitance C, and
inductance L,. The other is the resonant frequency f; which
is resonance between C,, L, and magnetizing inductance L .
LLC resonant DC-DC converter can operate in the region of
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FIGURE 2: The equivalent circuit of the magnetic transformer.

above resonance f; > f, or below resonance f; < f, < f;.In
case of above resonance, ZVS of primary-side switches can be
achieved. In this region, the converter behaves as buck-mode
operation. In case of below resonance, ZVS of primary-side
switches and zero-current switching (ZCS) of secondary-side
diodes can be achieved. In this region, the converter behaves
as boost-mode operation. LLC resonant DC-DC converter
used in this paper is operated in below resonance at rated
current.

In order to achieve the target specification, the design of
LLC resonant DC-DC converter is considered. At first, the
equivalent circuit of the magnetic transformer can be drawn,
as shown in Figure 2 [15]. Also, the following equations can
be obtained:

Lyg = (1 - kz)Llp

L. =KL,
11 (1)

oc=kn=k\jL—”,

22

where L, is the leakage inductance, L, is the magne-
tizing inductance, k is the coupling coeflicient, L, is the
primary-side self-inductance, L,, is the secondary-side self-
inductance, and # is the turn ratio.
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In LLC resonant DC-DC converter, for achieving ZVS
operation of primary-side switches, the magnetizing induc-
tance has to be designed small enough. The magnetizing
inductance can result in the following equation [16, 17]:

Tt
< sdead , (2)
m 16C

where T is the switching period, t4.,4 is the dead time of
the primary-side switches, and C, is the output capacitance
of the primary-side switches. From this equation, when the
parameters are set as Ty = 250 ns, t4.,q = 10ns, and C_ =
654 pFatV; =42V, thevalueof L, <238.9 nH can be derived.
Therefore, the magnetizing inductance can be set at 220 nH.
Also, LLC resonant DC-DC converter has been analyzed with
fundamental harmonic approximation (FHA) [16, 17]. The

definitions for this analysis are as follows:

w, = 27f;, 3)
wy = 21fy = ! 4
RIS W
Fd @ (5)
fo wo
z, 1 |[L,
Q=20 - —J—f, (6)
Rac Rac Cl’

Lll = lel + Lm’ (7)
L, =L+ Ly (8)
K=:m )

=1
Cr = Crl + CrZ’ (10)
8
Rac = ;RL’ (1)

where f; is the switching frequency, f, is the resonant fre-
quency, Q is the quality factor of the circuit, R, is the equiv-
alent resistance, C, is the resonant capacitance, L, is the res-
onant inductance, L 44 is the additional inductance for opti-
mizing L, and K is the ratio of the inductances. The equiva-
lent circuit of LLC resonant DC-DC converter can be drawn,
as shown in Figure 3. From this equivalent circuit, the ratio
of the input and output voltage M can be obtained as follows:
Voo 20V,

M= =<
v Vi

S

1 (12)

V@ + (1K) (1 - 1/F2)) + Q2 (B - 1/E

When k is set to 0.94, « is decided at 2.82. The minimum
input voltage is 42 V; thus, the required peak ratio M, can be

FIGURE 3: The equivalent circuit of LLC resonant DC-DC converter
in FHA.
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FIGURE 4: The relationship between peak ratio M, and the quality
factor Q.

derived about 2 from (12). This result includes 20% margin of
M. Figure 4 can result from (12). The limitation of Q in each
K can be found from this graph. B82801B manufactured by
EPCOS is used as not only current measurement but also
additional inductance. The short inductance of the current
transformer is 7 nH. Therefore, from Figure 5, when K =
6, L, is decided about 36.7 nH. Also, from Figure 4, Q <
0.23. Then, C, and f, can be decided from (6) and (4),
respectively; C, = 12.66 nF and f;, = 7.4 MHz.

3. The Physical Design Considerations of
Planar Transformer

In general, Nickel Zinc (NiZn) ferrite core has been used
in MHz-level switching frequency operation. In terms of
the core of this prototype isolated DC-DC converter, SY22
NiZn ferrite core manufactured by TDK is used [18]. The
relative permeability y; of the core material is 80. This core
material can be used from 5 to 15MHz. The good features
are guaranteed in MHz-level frequency. The core shape is EI
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FIGURE 5: The relationship between the magnetizing inductance L
and the additional inductance L 4.

core. In this paper, the physical parameters of this EI core are
optimized for obtaining good performance.

For the prototype LLC resonant DC-DC converter, 8-
layer printed circuit board (PCB) is used. The winding
arrangement of the prototype planar transformer is shown
in Figure 6. In terms of planar transformer, layers 1, 2, 7,
and 8 (L1, 2, 7, and 8) are assigned to primary-side windings,
while layers 3, 4, 5, and 6 (L3, 4, 5, and 6) are assigned to
secondary-side windings. The primary-side turn number is
3 turns, 1 layer has 2 turns, and parallel number is 2. Also,
the secondary-side turn number is 1 turn, 1 layer has 1 turn,
and parallel number is 2. Each diode is connected with each
secondary-side winding, as shown in Figure 1.

Figure 7 shows the definitions for each physical parameter
of magnetic transformer which have EI core. From these
definitions, the following equation can be obtained:

w, = 2w, + g,

p=w,+2g

I

e gl 1
b 5 h-p, (13)
c=2(b+p),

V,=ab-2(b+p+h)=A.UL,

where [, is effective magnetic path length, A, is effective core
cross-sectional area, and V, is volume of core material. In
addition, based on magnetic circuit of EI core transformer,
the following equation can be derived:

A< (CCL11 (2[451g + le))) (14)

(MO#szz)
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FIGURE 6: The winding arrangement of the prototype planar trans-
former.

where C,_ is correction coefficient, y, is absolute permeability,
l, is air gap, y is relative permeability of core material, and N,
is number of primary-side turns.

The restriction of this converter is considered. The phys-
ical features of each component are shown in Figure 8.
Target depth, width, height, and volume are written in
this figure. From these physical features, the limitation of
physical parameters in magnetic transformer can be derived
as follows: 0 < a < 15—-2pand c < 16.5.

The relationship between B,, and temperature can be
drawn from past experimental data, as shown in Figure 9. B,
can be derived as the following equation from experimental
results:

S )
m= 7 N\ 15
(2N,4.)
From this data, when the allowable temperature of magnetic
core is set to 80°C, B,,, is restricted from 32 to 36 mT.
From Figures 10(a) and 10(b), the length of the winding

in the primary-side and secondary-side can be calculated as
follows:

I, =4a+3.5b + 15w, +21.5g,

(16)
I, =2a+0b+ 8w, +8g.
Each layer of resistance is shown here:
Rlay_i = rlay_ilp’

17)

Rlay_j = rlay.j ls >

wherei = 1,2,7,8 and j = 3,4,5,6. Also, r,, ; and 1y, ; are
winding resistance per unit length. The winding resistance
per unit length r,,, is obtained from simplified Maxwell 3D
winding model, as shown in Figure 11. The solver of the
simulation is eddy current. The thickness of L1 and L8 is
0.073 mm, that of L2 and L7 is 0.055 mm, and that of L3-6 is
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FIGURE 7: The definitions for each physical parameter of magnetic transformer.
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0.8 mm x 1.6 mm

8.1 mm x 7.8 mm Output capacitor:
GaN-HEMT: 1.25mm X 2 mm

4mm x 1.6 mm

Target
Depth: 16.5 mm
Width: 28.4 mm
Height: 7.0 mm
Volume: 3.3 cm

Input capacitor:
1.6 mm x 3.2 mm

Driver:

4mm x 4 mm 3

FIGURE 8: The physical features of each component.
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FIGURE 9: B,, versus temperature derived by past experimental data (core: SY22, N, = 2 turns, V, = 1159.62 mm?®, A, = 30.8 mm?, and I, =
0.5mm).
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F1GURE 10: The length of the winding.

0 3 6
(mm)
(a)

L1 @) L3 (S)
‘ L2 (P)” | ' (g%;:i/u (S)

x y : : Carrent 15_2
L7 (P) ' ™= 15(S)
L8 (°) L6 (S)

0 2 4
(mm)

(b)

F1GURE 11: Simplified Maxwell 3D winding model.

0.090 mm. These thicknesses are the real copper foil thickness  length r;,,. From the approximate of the plot, the relationship
of PCB board. Also, each material is copper where bulk  equation can be obtained as follows:

conductivity is 46 x 10° S/m. The frequency of the simulation 0,605

is 5 MHz. The current direction of this simulation is shown May1g = 0.7047w ’

in Figure 11(b). The results of the simulation are shown in Favay = 0.9195w %%, (18)
Figure 12. These results indicate the relationship between e

the winding width w and the winding resistance per unit Tlay3,4,56 = 0.8040w ",
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FIGURE 12: The results of the simulation: the relationship between
the winding width w and the winding resistance per unit length r,,,..

As mentioned above, layers 1, 2, 7, and 8 are assigned to
primary-side windings, while layers 3, 4, 5, and 6 are assigned
to secondary-side windings. The primary-side turn number is
3 turns, 1 layer has 2 turns, and parallel number is 2. Also, the
secondary-side turn number is 1 turn, 1 layer has 1 turn, and
parallel number is 2. Thus, each winding resistance is

o (Rlayl + RlayZ) (Rlay7 + Rlays)
o (Rlayl + Rlayz) + (Rlay7 + Rlay8) ’

(19)
Rlay 3Rlay 4 Rlay 5 Rlay 6

R = .
Rlay3 + Rlay4 Rlay 5t Rlayﬁ

sec

The copper loss of planar transformer P, can be estimated

copper
as follows:
2 2
Pcopper = Rpri'll + 2RsecIZ > (20)
where R,; and R, are winding resistance of primary-

side and secondary-side winding, respectively. I; and I, are
root mean square (RMS) current of the primary-side and
secondary-side winding.

Core loss of planar transformer P, . and total power loss
P, can be derived as follows:

PCOI'C = CmeaBmﬁVE’
(21)
Psum = PCOPPQI’ + Pcore'

From these derived equations and FEM with Maxwell 3D,
the relationship between primary-side winding width w; and
P, can be obtained, as shown in Figure 13. The minimum
total power loss can be found in this figure. From this figure,

— lg:0.0mm —— I, =0.8mm
— l;=05mm — lg=09mm
— lg = 0.6 mm lg = 1.0 mm
— lg = 0.7 mm

FIGURE 13: w, versus P, (fixed parameters: L,; = 250 nH, y, = 80,
Np =3, 4y =4 % 107 H/m, h = 2 mm, and g =0.5mm).

Poum (W)

FIGURE 14: a/b versus P, (fixed parameters: L,; =250 nH, y = 80,
Np =3, 4y =4 x 1077 H/m, h = 2 mm, and g =0.5mm).

w; and air gap I, can be decided. The ratio of a and b can
be decided from Figure 14. It can be found that B, is less
than the limitation of B, from Figure 15. From these figures
and equations, the physical parameters of planar transformer
can be obtained as follows: a = 5.15mm, b = 3.7mm, ¢ =
16 mm, h =2mm, p=43mm, g=0.5mm,w, =14 mm,w, =
3.3mm, [, =1mm, [, =20 mm, and A, =19.07 mm?.

4. Experimental Results

Some experiments are done with parameters and compo-
nents, as shown in Table 2. The prototype MHz-level LLC
resonant DC-DC converter with GaN-HEMTs is shown in
Figure 16. In this prototype circuit, to suppress the power loss
at diodes and use the board area effectively, diodes D, and
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Less than B, = 36 mT

N

18 !
0.0 1.0 2.0 3.0 4.0
a/b
— lg=0.6mm
— lg:0.8mm
— lg = 1.0 mm

FIGURE 15: a/b versus B, (fixed parameters: L;; = 250 nH, p; = 80, N, =3, y4y = 47 x 107 H/m, h = 2mm, and g = 0.5 mm).

FIGURE 16: The prototype MHz-level isolated DC-DC converter with GaN-HEMTs.

Resonant
capacitor NG

Input
capacitor

Cyrrent transformer

’ Height: 6.7 mm, volume: 4.1 cm’®

TABLE 2: The parameters and components.

Name Value
ON resistance: Rpg(on) 7 mQ)
Primary-side GaN-HEMT (EPC2001C) Output capacitance: C, 430 pF (Vg = 50V)
Reverse conduction voltage: Vg, 1.8V
Forward voltage: V;; 03V
Secondary-side diode (PDS1040L) Diode resistor: Ry 10 mQ
Junction capacitance: C; InF
Magnetizing inductance: L, 195nH
Transformer (core: SY22) Leakage inductance: Ly, 40.82nH
Turns ratio: n 3
Coupling coeflicient: k 0.9095
Current transformer (B82801B) Secondary-side short inductance: L1 7nH
Resonant capacitor (C1608C0G2A152]) Capacitance: C,,, C,, 6nF

Driver (LM5113)




Active and Passive Electronic Components 9
Dead time
T T T I R R’ SRR T T
Vps2 | _ VDs2 )J_ ___________ W : _ B
(50V/div.) (Govidiv) £ LTSN o0l s,
. | LA : ‘ ‘ Y
. i 5 . 'lf
VD1 ps VD1 _m_f_\_/& __________ ;_:\, ___;J}'ﬂ' ___________ R
(20 V/div.) | Qov/div) - ST ‘ ‘ ST
i o W L A
TNVEALT DY I ARRRRARYAN AR
VD2 VD2 : /! ‘.__!{Z\/ fj : | o -‘_)r\~
(20 V/div.) F IO A N S A S R
S B
irl irl ___/___'_il.l_f_ _\ _________ ]
(10 A/div.) "1 (0A/div) : N
F o . b \\___//\I F - IR N . \w_,—o" .\\j_-._L_‘
- r : H: 40 ns/div: . . H: 40 ns/div.
A DU DU DU UL ST P PR D T AT P P T ST PR PR P P
(a) f,=3.85MHz,V; =42V, 1, =83A,and V, =12.647 V (b) f,=431MHz, V; =48V, I, =83 A,and V, =12333V
I U I IR R I UL I R
/ it T
o ARy
(50 V/div.) fﬂm 1 M,
- : ] R e : : [ S
A% 1 WLy
(20V/div.) f 1 :
\'—"\-J"- o ! ! ! Jn'ﬁ ! ﬂ‘f\ i 4l ! | .lE
TR ' LI EEN VA g
vpp [ . . h \_/}j_ _________ . i} '__{\_ ]
(20 V/div.) | T T
SO A G~ W
10 A/div. s i i E :
( iv.) S S N, A
I H: 40 ns/div.
el b by by Ty v s by b by Ly a

(c) f,=481MHz V; =53V, I, =83A,and V, = 12187V

FIGURE 17: The voltage and current waveforms of each switch with various input voltages.

D, are 2 parallel connections, respectively. The volume of the
prototype converter is 4.1 cm’,

From Figure 17, the ZVS of the primary-side switches at
turn-on seems to be achieved during the dead time even if
the input voltage is changed. The temperature distributions
of the prototype DC-DC converter are exhibited, as shown
in Figure 18. Each core temperature can be found lower than
60°C. These results mean low flux density B, . Each calculated
B, is as follows: B, =28.17 mT under V; =42V and I ;=83 A
condition, B, = 2741 mT under V; =48V and I, = 8.3 A con-
dition, and B,, =26.90 mT under V; =53 Vand I, = 8.3 A con-
dition. Also, at minimum input voltage, the temperature of
winding and diode seems to be higher than other conditions.

From these experimental results and datasheets of devices
[18, 19], each power loss analysis is conducted, as shown in
Figure 19. It can be seen that the target efficiency is achieved
at V; = 48 and 53 V. On the other hand, it can be seen that the
target efficiency is not achieved at worst condition V; = 42 V.
According to this analysis, the major reason of this problem
is considered 6 W of copper loss.

Also, from these experimental results, it can be found that
the power density of the prototype converter is 24.4 W/cc.

5. Conclusions

In this paper, the considerations of physical design and imple-
mentation for wide regulation range LLC resonant DC-DC
converter with GaN-HEMTSs are revealed. Also, the physical
parameters and size of the planar transformer are optimized
by using derived equations and FEM with Maxwell 3D.

The prototype LLC resonant DC-DC converter using
GaN-HEMTs is tested with open loop. The specifications
of this converter are that the input voltage is 42-53'V, the
reference output voltage is 12V, the load current is 8 A,
the maximum switching frequency is about 5 MHz, and the
total volume of the circuit is 4.1cm’. ZVS operation of the
primary-side switches at turn-on can be achieved during
the dead time even if the input voltage is changed. The
prototype DC-DC converter is obtained more than 90% of
power efficiency at V; =48 and 53V, I, = 8 A. Also, the power
density of the prototype converter is 24.4 W/cc.
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FIGURE 18: The temperature distributions (A: GaN, B: driver, C: winding, D: core, and E: diode).
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FIGURE 19: The power loss analysis of the experiment at P, =100 W.
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