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13.56 MHz High Density DC-DC Converter
With PCB Inductors
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Abstract—This paper presents the design and implementation
of a high density 150-200 V to 28 V, 200—400 W resonant dc—dc
converter with embedded inductors. The converter has a switching
frequency of 13.56 MHz and uses air-core toroidal inductors fab-
ricated with printed circuit board (PCB) technology. Implement-
ing toroidal inductors with the PCB reduces inductance variation.
Hence, the tuning and implementation of the converter are simpli-
fied while achieving high levels of performance and power density.
By not using magnetic cores, the inductors also maintain stable val-
ues over a wide temperature range. Moreover, the paper discusses
the tradeoffs between simplicity and performance of implement-
ing a hard-switched gate drive at megahertz switching frequencies.
We describe the advantages of resonant power converter topolo-
gies in applications requiring high density and high performance
in demanding environmental conditions.

Index Terms—Class EF, class ®, hard-switched gate drive, high-
density dc—dc converter, printed circuit board (PCB) inductors.

1. INTRODUCTION

HE demand for higher power density converters is on the
T rise and driven by the quest for more portable devices,
lighter and more fuel-efficient vehicles, etc. Recent work on
resonant converters has pushed switching frequency into the
tens and even hundreds of megahertz while maintaining good
efficiency. This reduces the energy storage requirements and
leads to improvements of miniaturization [1], [2]. Among cur-
rent high-frequency resonant converters, the class ®, converter
can reduce switch voltage stress by 30-40% below conventional
class E derived converters [3]-[8] and maintain high efficiency.
However, ®, converter implementations suitable for operation
in the hundred voltage range and up use discrete components
and suffer from issues common to similar resonant topologies: 1)
design tuning is time consuming as it involves iterative simula-
tions; 2) design is sensitive to parasitics and nonlinear variations
of components; and 3) gate drive design is challenging.
This paper presents a $, dc—dc converter and gate drive de-
sign addressing these issues and demonstrates experimentally
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Fig. 1. Class @ inverter.
Autotransformer
Fig. 2. Resonant rectifier with an autotransformer. When properly tuned, the

fundamental component of the voltage v, and the current 7, are in phase.
The autotransformer’s magnetizing inductance is labeled as L, and it is used
for tuning. The autotransformer is also used for impedance transformation to
improve the performance of the ®5 inverter.

a dc—dc converter with PCB inductors. This paper is orga-
nized as follows. Section II explains the circuit design. Sec-
tion III details the fabrication and characteristics of air-core
toroidal printed circuit board (PCB) inductors. The design of a
hard-switched gate drive switching at megahertz frequencies is
outlined in Section IV. Further details of the prototype and ex-
perimental results are shown in Section V. Section VI concludes
this paper.

II. &, DC-DC CONVERTER DESIGN

The 13.56 MHz dc—dc converter is based on the class ®5 in-
verter in Fig. 1, followed by aresonant rectifier. In this converter,
all inductors are air-cored and fabricated in part using traces on
two printed circuit boards. This “printed”” approach provides an
improvement over previous implementations in terms of perfor-
mance, ease of tuning, and reduction in component variation. In
the @, inverter, C's blocks dc and Lg sets the ac power delivered
to the load Ry . Values for Cig and Lg can be selected following
[1]. The remaining resonant components (L, Lyr, Cyvr, and
Cp together with MOSFET parasitic capacitance Cpss) form a
network that shapes the MOSFET’s off-state voltage waveform
to approximate a trapezoid of about 2y in amplitude [1], [2].
A resonant rectifier, shown in Fig. 2, is connected to the inverter
and tuned to look resistive at the fundamental. The tuned rectifier
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replaces Ry, in the inverter of Fig. 1 and delivers dc power to
constant voltage load.

The design procedure begins with the resonant rectifier. The
tuning guidelines of [2] are followed throughout our design.
Specifically, the value of Lg in Fig. 2 is selected to make the
fundamental of v, (¢) and the fundamental of 4, () to be in phase
at the rated output power and when the output voltage is kept
constant at Vouyr. Cr primarily consists of the diode’s non-
linear junction capacitance. The number of diodes connected
in parallel is chosen by ensuring that at nominal load, the av-
erage diode current is lower than the maximum rated current
of each diode. As explained in [2], the rectifier tuning involves
iterative simulations of the rectifier that correctly models the
nonlinear behavior of the diode’s junction capacitance. At nom-
inal conditions and with the fundamental of v, (¢) and i, (¢) in
phase, the ratio of the amplitudes of v, (t) and 4,1 (¢) will corre-
spond to the resistance Ry, in Fig. 1 after taking into considera-
tion the impedance transformation gain of the autotransformer.
If the ratio of the amplitudes of v, (t) and 4, (¢) is too low
as to dominate the “off” MOSFET’s drain—source impedance
Zps o (w) inFig. 1, its value can be transformed with the use of
an impedance matching network, a transformer or an autotrans-
former. The impedance transformation leads to a more efficient
inverter design with larger |Zpg o (w)| and lower circulating
currents. This implementation uses an autotransformer to in-
crease the rectifier’s equivalent resistance by a factor of about
4. Keep in mind that an air-core autotransformer may have
significant leakage inductance. The leakage inductance can be
incorporated into the design value of L in the inverter of Fig. 1.
The modeling of the autotransformer will be detailed in Section
III. Specifically, for the 400 W, 170 V input, and 28 V output
converter, we parallel five CREE C3D04060E Schottky diodes
whose nonlinear junction capacitance makes C'r in Fig. 2. After
iterative tuning, the value of Ly that makes the rectifier behave
as a resistor at the fundamental is 280 nH. Assuming the au-
totransformer is ideal, the impedance transformation factor is
4. The equivalent resistance of the rectifier as seen through the
autotransformer is 15.7 €). It corresponds to the design value
Ry in the inverter stage.

We continue the design by selecting values for the reso-
nant components of the inverter stage. This begins with the
selection of Cyg (with a value of tens of pF for this fre-
quency/voltage range) that with Ly, shorts the MOSFET
Zps off (w) impedance at the second harmonic of the switching
frequency fs. The starting values of Lyr and Ly are obtained
following (1) which shows an inverse relationship with Cyig

15 1

= Lyr = 5
144(7 f.)2 Cri MR (U f)2

The value of C\y is chosen to minimize the amplitude of the
circulating currents at the fundamental and third harmonic of
fs. This condition is met with a low Cyr value. As Cyr is
inversely proportional to Lyig and L, very low values of Cyig
can lead to unreasonable large values of L and Ly which may
be impractical to implement using the air-core PCB approach.
Practically, finding final values for Ly and Cp involves iter-
atively obtaining the MOSFET’s Zps o (w) impedance using

Lp ey
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TABLE I
DESIGNED VALUES OF THE ®9 CONVERTER WITH Viy = 170 V AND
Pout = 380 W AT 13.56 MHZ

Part Designed Value

MOSFET ARF 521
diode 5*C3D04060E
CS 3nF

CMR 50 pF

Cp 200 pF

Lp 1000 nH

L MR 689 nH

Lgs 251 nH

Lp 280 nH

autotransformer ideal

LTSPICE simulation. This process can be time consuming and
dependent on the designer’s experience. We have developed a
computer script to assist in the design process with the goal
of optimizing the performance of the ®, inverter. The script
uses Octave (A free MATLAB equivalent) [9] to write, run, and
plot the results of a series of LTSPICE [10] simulations that are
at the core of the iterative tuning procedure. The script labels
the magnitude and phase of the MOSFET’s Zpg g (w) at the
fundamental second and third harmonics of the switching fre-
quency and displays all the relevant performance metrics of the
inverter (i.e., efficiency, maximum MOSFET voltage, inductor
currents, etc.). Then, the script calls LaTeX to output the results
in a report.

For the converter design described here with Viy = 170 V
and Poyt = 380 W, the designed values of the 13.56 MHz ®,
converter are listed in Table I. These values assume an ideal
autotransformer with an impedance transformation factor of 4
and having no leakage inductance.

III. PCB TOROIDAL AIR-CORE INDUCTORS
AND TRANSFORMERS

Electromagnetic interference (EMI) is of particular concern
in air-core multimegahertz power converters. Unwanted stray
magnetic fields can readily couple to near-by structures. Early
implementations of ®y dc—dc converters used solenoidal induc-
tors to simplify fabrication at the expense of increased EMI [1],
[11]. The use of toroidal air-core inductors addresses some of
these issues, by constraining the magnetic field to the torus. But
stray magnetic fields remain due to the suboptimal copper cov-
erage of the structure. Better inductors have been studied in [12],
which have lower losses at high frequency and better repeata-
bility, but are challenging to fabricate. The authors in[13] and
[14] study the toroids that use the opposite layers of the same
PCB and vias to close turns. This limits inductor size, making
it difficult to obtain larger value inductors.

The inductors and autotransformer used here are designed for
ahigh @ and easily implemented using traces and copper planes
on two PCBs separated by constant length copper filaments to
close the turns of the toroids. This is a simple way to obtain a
stable, repeatable, and self-shielded magnetic structure to use in
the converter described here. Compared to wire-wound toroidal
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Fig. 3. Layout of L, a 28-turn PCB inductor used in the converter describe
here: The figure shows the bottom part (blue) and top part (red) of the toroid that
is placed in two aligned but separate PCBs. Here, the inner diameter is 12 mm,
and the outer diameter is 24 mm; drill diameter of the vias is 0.6 mm; minimum
separation between turns is 0.38 mm.
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Fig. 4. Side view of the 28-turn PCB inductor Ly introduced in Fig. 3: The
measured inductance is 1071 nH when the two parts of the toroid are maintained
9.56 mm apart using vertical copper wires.

inductors especially with small number of turns, PCB inductors
utilize the space between turns more efficiently and, therefore,
can achieve higher quality factors.

A. Example Inductor Implementation

Fig. 3 shows the PCB traces that form the inductor Lyp of
our design. It is a 28-turn air-core toroidal inductor laid out in
Eagle [15] using an Octave script. In this script, the designer
enters the number of turns, the inner and outer diameters of the
toroid, the diameter of the vias that will link the two boards,
the minimum trace separation, and few other parameters. Upon
execution, the Octave script writes an Eagle “.scr” file with the
geometric description of the air-core toroid. The resulting PCB
layout and the traces in their corresponding layers are stored in
a component library available for PCB layout of the converter.
Fig. 4 shows the side view implementation of the inductor L.
The two PCBs are separated by 9.56 mm using vertical copper
wires. The wires used to close the inductor turns is 0.511 mm
in diameter. As an initial proof of concept, we placed a nylon
board spacer at the center of each toroidal structure to help
maintain a constant separation between the top and bottom PCB
boards. The spacers were left in place adding to the structural
stability of the converter. The individual wires closing the in-
ductor turns connecting the top and bottom boards are soldered
which also adds to mechanical stability. As the inductor quality
factor increases with height, we are interested in having reason-
able toroid heights while maintaining mechanically stability.
In a later implementation of the two board technique [16], the
PCB inductors were implemented using a single 3.2 mm PCB

4293

Inductor impedance (magnitude)

100p

80k

S0k :

0 TR S

40F i

12, [dBQ]

20k

1 13.56 27.12 200
Frequency [MHz]

Fig. 5.  Measured impedance (magnitude) of the inductor of Ly shown in
Fig. 3 and 4: Notice the self-resonance around 76.6 MHz. This is due to the
interwinding capacitance of the structure.

Fig. 6. Wire-wound counterpart inductor for comparison with the PCB induc-
tor in Fig. 4. The dimensions are listed in Table III.

(standard PCBs are 1.6 mm from most PCB inexpensive man-
ufacturers) for a 27.12 MHz converter. A single board design
greatly reduces mechanical instabilities. The inductor values
needed for the 13.56 MHz design presented here, specially the
autotransformer described below, could not be implemented on
a single board. Eventually, we want all passive resonant compo-
nents to be embedded in the internal layers of a PCB multilayer
structure. This will greatly reduce tuning complexity.

In order to ensure the values of these PCB inductors corre-
spond to the designed values, the inductors are first implemented
and measured individually. An Agilent E5061B impedance ana-
lyzer is used to measure the impedance of each PCB inductor in
the 1-200 MHz range. Fig. 5 shows the impedance of one PCB
inductor Ly used in the converter. The inductor shows a paral-
lel self-resonance at 76.6 MHz. This is at a frequency which is
higher than the relevant frequencies of the design and has lit-
tle effect on the converter performance. The parallel resonance
is dominated by the interwinding capacitance resulting from
the proximity and thickness of the copper filaments closing the
toroid turns. In order to show the benefits of implementing reso-
nant toroids with PCB traces to reduce inductance variation, we
constructed and measured two additional PCB inductors of the
same dimensions. Moreover, three wire-wound air-core induc-
tors were also built and measured for comparison. Fig. 6 shows
one of the wire-wound inductors for this comparison. Table III
lists the dimensions and the measured inductance. It is clear that
inductance variation of the wire-wound inductors can reach up
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TABLE II
PCB INDUCTORS SPECIFICATIONS

d;/d, /Ht Calc Meas Q calc Q mea
[mm)] Turns [nH] [nH] @f; @f,
Lp 12/24/9.56 28 1052 1071 207 160
Lur 11/22/9.56 23 713 750 189 123
Lg 8/16/9.56 7 74 84 155 90

The measured values include the inevitable extra inductance added when
placing SMA connectors used during impedance measurements (see Fig. 4).

TABLE III
COMPARISON IN INDUCTANCE VARIATION BETWEEN A SET OF PCB INDUCTORS
AND A SET OF HAND WOUND AIR-CORE INDUCTORS

d;/d, /Ht Turns Meas

[mm] [nH] [nH]

PCB 1 12/24/9.56 28 1071
PCB 2 12/24/9.56 28 1070
PCB 3 12/24/9.56 28 1080
Wire 1 13/25.12/9.56 28 1517
Wire 2 13/25.12/9.56 28 1596
Wire 3 13/25.12/9.56 28 1581

The maximum inductance variation in the PCB inductors is of ~ 1% of the
minimum inductance value. For the tested hand wound wire inductors, this
difference is of~ 5%.

to 5%, while the PCB inductors shows a variation of ~ 1%.
Part of the inductance variation in the wire inductors is because
these were wound by hand, and lower variation in inductance
values is expected in machine wound toroids. However, this is
also true of the PCB inductors, and it is likely that very tight
tolerances on inductor values are achievable with the latter. A
thorough study of inductance variations on machine fabricated
parts is outside the scope of this paper.

Table II provides details of the PCB inductors used in the
converter including the dimensions, the measured inductance
values and Q, and the estimated inductance values following (2)
provided in [12]. The first term on the right-hand side of (2)
represents the inductance induced by the flux inside the toroid,
while the second term represents the inductance of the single-
turn loop around the center of the toroid

N2 h’,U’O do dL + du do + di
L = 7ln () + T,U/O {ln (8do—dl> — 2:| .
(

21 di

The PCB toroid dimensions were chosen to meet a target
inductance value, under the constraint that all inductors were
of the same height. This made the process of assembling the
converter simpler. We then tried to minimize component area,
but limitations in size, spacing, and clearance of traces and vias,
constrain the design space of our components. Specifically, we
were limited by the minimum diameter a toroid could have
given that each segment of the toroids needs at least one via
to complete the inductor turn, separated from other vias by the
minimum clearance specified by the board manufacturer. Trade-
offs in size, inductance value, and quality factor resulted in the
dimensions of the three PCB inductors used in the final imple-
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Fig.7. Layout of the 24-turn PCB autotransformer: The wedges on the 12-turn
primary winding are intercalated with the 12-turn secondary. Both windings are
then connected as an autotransformer. The figure shows the top section (red)
and bottom section (blue). The inner diameter of the structure is 20 mm, while
the outer diameter is 40 mm. The minimum separation between turns is 0.58
mm.

mentation. The same constraints apply to PCB autotransformer
discussed below.

For inductance values, the measured values include the ex-
tra inductance added between the leads of the inductor and the
SMA connectors used during impedance measurements. The
impedance analyzer calibration process includes the effect of
the SMA connectors themselves. This can contribute to the dis-
crepancy between the measured values and calculated values,
along with other factors such as stray capacitance. The value of
Lg listed in Table II differs very significantly from the design
value listed in Table I because this new value reflects the impact
of the leakage inductance of the autotransformer. The autotrans-
former leakage inductance appears in series with Lg and C'g as
described in the following section.

Even though the PCB inductor presented here has a repeatable
structure and smaller inductance variation is expected, there
still exists variations due to the copper wire passing process.
Future work will improve the PCB inductor implementation by
reducing or eliminating the copper wire passing process. Also,
another part will be to evaluate the tradeoffs in the design of PCB
inductors to improve performance while increasing the parallel
self-resonant frequency.

B. Autotransformer

Similar to the design of the air-core inductors, a PCB auto-
transformer is generated using an Octave script incorporating
minor changes to the geometry of the structure. Specifically,
the autotransformer is constructed by properly connecting the
windings of a 1:1 air-core toroidal transformer simply formed
by alternating turns in a PCB toroidal structure. The top and
bottom traces forming the sections of a 24-turn autotransformer
are shown in Fig. 7. Fig. 8 shows a side-view picture of the
autotransformer having 20 mm inner diameter and 40 mm outer
diameter. The length of the filaments closing the turns of the
winding is the same as the inductors (9.56 mm).

Remember that the autotransformer performs multiple func-
tions: 1) resonant inductance of the rectifier; 2) impedance trans-
formation; and 3) contributes to Lg. When connected as an
autotransformer, it increases the equivalent resistance of the
rectifier by a factor of approximately 4. The autotransformer
is modeled and characterized using the cantilever model and
parameter extraction methods of in [17] (Cantilever equivalent
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Fig. 8.  Side view of the 24-turn PCB autotransformer used in the converter:
Vertical separation is 9.56 mm.

Secondary
Primary

Fig. 9.  Autotransformer cantilever model.
TABLE IV
PCB AUTOTRANSFORMER SPECIFICATIONS
Model Part Measured Value Description
Lg 260 nH Q=120
Lycax 171 nH Q=52
n 1.82 effective turns ratio

model shown in Fig. 9). We then extract the electrical parame-
ters including the effective autotransformer ratio n, magnetizing
inductance Ly, and leakage inductance Ly ¢, . The extracted au-
totransformer parameters are listed in Table IV at the switching
frequency.

IV. GATE DRIVE IMPLEMENTATION

In converters operating above 10 MHz frequencies, gate drive
circuit design presents a challenge [2]. Hard switching drives
have been assumed prohibitively lossy; hence, several resonant
strategies have been devised that efficiently drive the transis-
tor gate in switching converters up to 110 MHz [18], [19]. A
sinusoidal scheme [20] is efficient and simple but makes tim-
ing control difficult. Moreover, the gradual transitions of a sine
wave increase loss in the power stage. This results from a de-
creasing drive at the end of the on-interval, where high drain
current exacerbates losses. The trapezoidal gate drive of [2] and
[21] uses the $5 network to reduce conduction losses but this
approach increases tuning complexity.

A 13.56 MHz hard-switched gate drive is used in this design.
A simplified schematic of the gate drive used here is shown in
Fig. 10. The circuit is divided into three functional parts: a clock
signal generator, control of the pulse length, and a high current
MOSFET gate drive integrated circuit. The clock signal gener-
ation is made of an oscillator and an enable signal which can
modulate the gate drive for potential ON—OFF control scheme.
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Fig. 10.  Simplified gate drive schematic.
TABLE V
COMPONENTS IN GATE DRIVE BOARD

Quantity ~ Mft. Part No. Description

1 CCR27.12MYC7B05T1 27.12-MHz ceramic resonator

1 T4AHC1G79GW.125 D-flip flop

2 SN74LVC2G04DBVR inverter

2 NC7SZ08M5X AND gate

1 LT1720CMS8PBF dual comparator

1 CRCWO0805430RFKEA Ry

1 SGC3S300 Cy

1 BAT54-TP zener diode

2 ISL55110IRZ MOSFET Driver Chip

15 GRM21BR71HI104KAOIL  0.1-xF bypass capacitors

2 TAJB335K035RNJ 3.3-uF bypass capacitor
Fig. 11.  Gate drive board.

The gate pulsewidth is controlled with the dual comparator and
resistor—capacitor—divider network. If a single gate driver is in-
sufficient, two MOSFET gate drives can be paralleled to provide
enough power for the MOSFET. The components forming the
gate drive are listed in Table V. Fig. 11 shows the circuit imple-
mentation. Great care and good layout practices are observed
during the layout of the gate drive board to minimize parasitic in-
ductances that could lead to undesirable ringing. Fig. 12 shows
the gate voltage during the converter operation. To minimize
ringing of the gate signal, thin traces need to be avoided at the
MOSFET gate terminal to minimize the parasitic inductance.
Also for proper cooling, additional vias underneath the Intersil
ISL55110 chip are important to dissipate heat.

We have taken into consideration the tradeoffs between sim-
plicity and power loss of this hard-switched gate drive at
13.56 MHz frequency. Compared to the aforementioned res-
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Gate Voltage
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Time [nS]

0
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Fig. 12. Measured gate voltage: Measured power loss is about 2.35 W with
an input voltage 10 V.

[MOSFF.T

]MOSFET

/]

7

\/ ‘
Fig. 13.  Comparison between square wave hard-switched gate drive and si-
nusoidal resonant gate drive. The square wave gate drive applies a larger gate

voltage while the MOSFET current is high, which reduces the R4s on value
and conduction losses.

onant gate drive schemes, the hard-switched gate drive does not
need the auxiliary switch or additional resonant stage. In addi-
tion to its simplicity, this driver reduces conduction losses of the
circuit by applying a larger gate voltage driving the MOSFET
as shown in Fig. 13, which mitigates the additional gate drive
losses. The gate drive dc input power is about 2.35 W including
Cy vg o fs loss. It is about 1.2-0.5% of the output power of the
converter (200400 W).

V. EXPERIMENTAL VERIFICATION
A. Converter With PCB Inductors

The MOSFET used in our design is the Microsemi ARF521. It
has a 500 V breakdown voltage and about 1 2 Ry, at operating
temperature. The rectifier diode is implemented by paralleling
five SiC CREE C3D04060E Schottky diodes. Each has a break-
down voltage of 600 V and about 2 V forward voltage drop.
The positive temperature characteristics make parallel combi-
nation possible to handle a large current. Table VI shows the
components used in this prototype.

Careful considerations are followed through the layout of the
converter. Particularly, we avoid placing large ground planes
in the bottom layer of the board in places that could result in
large parasitic capacitance with the potential to adversely affect
the impedance of the design. Significant effort is also made in
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TABLE VI
COMPONENTS IN CONVERTER WITH PCB INDUCTORS

Part Measured Value Part No. and Description
MOSFET ARF 521 RF Power MOSFET
diode 5*C3D04060E CREE SiC Schottky diode
Cin 3 uF 3*GRMS55DR72E105KWOIL
Cour 0.6 uF 6*VI1825Y 104KXCAT
Cy 3 nF 2*#MC22FF152J-F

CuMR 46 pF 6*ATC700B

Cp 200 pF 2#ATC700B

Lp 1071 nH PCB inductor

Lyr 750 nH PCB inductor

Lg 90 nH PCB inductor
Autotransformer 260 nH/171 nH/1.82 PCB autotransformer

Fig. 14.  Converter with PCB inductors: Diodes, input, and output capacitors
are covered by the upper board.

Drain source impedance (magnitude)
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Fig. 15. Drain impedance measurement versus simulation of converter with
PCB inductors.

trying to minimize unnecessary parasitic inductances wherever
appropriate.

Impedance measurement at MOSFET drain node is impor-
tant to verify the components’ on board values and capture
parasitics. Once the MOSFET and diodes are soldered to the
board, the measurement is taken under biased condition with
an input voltage of 170 V and output voltage of 28 V. Fig. 14
shows the converter with PCB inductors after implementation.
Fig. 15 shows the drain impedance comparison between sim-
ulation and experimental results. Our measurement setup is
shown in Fig. 16. Input and output voltages are measured using
banana hooks on the board directly. Input and output currents are
converted through Agilent 34330A current shunts to voltages.
MOSFET drain voltage and diode anode voltage are monitored.
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Fig. 16. Measurement setup including two Agilent N5700 power supplies in
parallel as the main power supply, one Rigol DP1308A power supply to power
the gate drive circuit, one Agilent N3301A electronic load as the constant voltage
load, four Rigol DM3068 digital multimeters and Picoscope 6000 series USB
oscilloscope.

Drain Voltage
500
400
300p

200F

Volts [V]

0 50 100 150

Time [nS]

200 250

Fig. 17.  Measured drain voltage of converter with PCB inductors.
Anode Voltage
100
50
0
= -so}
£
£ -100
=150
-200
-2500 50 100 150 200 250
Time [nS]
Fig. 18.  Measured anode voltage of converter with PCB inductors.

Figs. 17 and 18 show the drain and anode voltage experimental
waveforms, respectively.

Power and efficiency measurements are performed with dif-
ferent input voltages. Fig. 19 displays the output power and
efficiency as the input voltage varying from 160 to 180 V. At the
nominal input voltage 170 V, the converter outputs 313 W and
has an efficiency of 77% including the gate drive power. A simu-
lated loss breakdown is provided in the Table VII. About 60% of
the total loss is mainly due to conduction losses in the semicon-
ductor devices (MOSFET and diodes). Because soft switching
is implemented, switching losses are negligible. The power den-
sity of this particular design reaches about 80 W/in?. Optimiza-
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Converter Performance Matrix

Efficiency

Output Power (W)

165 170

175
Input Voltage (V)

Fig. 19. Metrics of converter with PCB inductors, output power (blue line),
measured efficiency (green solid line), and simulated efficiency (green dash
line).

TABLE VII
SIMULATED LOSS BREAKDOWN AT THE NOMINAL OPERATING POINT

9% Loss

MOSFET 38.1
Diode 225
AutoXf 30.5
Lp 1.8
Lur 4.7
Lg 1.1
Others 1.3

tion for better efficiency, miniaturization, and EMI shielding of
the converter with PCB inductors has not been fully studied. It
remains a direction for our future work.

A large fraction of the losses in the converter is due to con-
duction in the Si MOSFET. The number of MOSFETSs available,
having the proper rating and in a low inductance package suit-
able for our design, are very low, a situation that to a certain
extent constrained our maximum efficiency. The overall effi-
ciency was not as good as anticipated as losses in the autotrans-
former were somewhat higher than expected. As a comparison
in performance, work in [2] first presents the ®5 dc—dc con-
verter. The converter switches at 30 MHz and has the output
voltage 33 V. The efficiency reaches 82.5% at Vix = 200 V and
Poyr = 300 W. Work in [22] presents a 900 W 30 MHz ®,
converter. The efficiency is 79%. Work in [11] presents a 30
MHz 500 W @, push—pull converter with 80% efficiency.

Work in [23] predicts the power density of the pulse width
modulation power converters for automotive applications will
reach between 80 and 160 W/in® by 2020. And automotive is
one area that this converter can contribute greatly. This in our
view makes the 80 W/in? achieved by this converter acceptable.
Moreover, as we optimize our design procedure, we expect fur-
ther gains in power density.

It is difficult to draw power density comparisons between this
converter and others in which the PCB embedded inductors were
implemented using magnetic material, like the work in [24], as
the area application and output voltages are very different. But
we think air-core inductors have the potential to shrink in size
further as the switching frequency increases, and we optimize
the number/size of vias. For example, a lower power design we
later presented in [16] used a 86-nH inductor implemented us-
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Vin Cux Dc dc converter LIC(JI!T %V(]I'T
A
Gate On-off
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Fig. 20.  Schematic of the control scheme.

Converter
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Fig. 21.  Hysteresis controller used in the ON-OFF control scheme.
TABLE VIII
CONTROLLER PARAMETERS
Parameter Value Units
Ry 25 kQ
Ry 33 kQ
Ry 1 kQ
Rp 220 kQ
el 0.6 uF
Cy 0.1 uF

ing a single 3.2-mm PCB for 27.12-MHz operation. Moreover,
by not having magnetic material, the air-core inductors may
be able to operate at higher temperature, if implemented on a
high-temperature laminate (PTFE). Also, applications in strong
magnetic fields are possible (MRI) without compromising the
performance of inductor. Further optimization to improve con-
verter efficiency or improve EMI shielding of a converter using
PCB inductors has not been fully studied yet. It remains a di-
rection in our continuous work in this area.

B. Closed-Loop Control of Converter With PCB Inductors

An ON-OFF control scheme is applied to the converter with
PCB inductors to regulate the output voltage. As shown in the
Fig. 20, the ON-OFF controller senses the output voltage and
sends enable signals to the gate drive circuit. Therefore, the
power stage is switched ON and OFF at a frequency lower
than the switching frequency [2]. A simple way to implement
the ON-OFF controller is to use a hysteresis controller. The
schematic is shown in Fig. 21, and values are listed in Table VIII.
In addition, a proper output capacitance value is selected to
control the converter modulation frequency. In our design, the
output capacitance is 119 pF.
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Output Voltage

Voltage [V]

0 L - —d . i i ]
-300 -200-100 0 100 200 300 400 500
Time [uS]

Fig.22.  Output voltage as the load step changed from 100 Q (PoyT = 8 W)
t0 4.76 Q (Pout = 168 W) at t = 200 ps. The waveform is filtered at 150
MHz. The left inserted figure shows the voltage ripple for 100 €2 load, while the
right inserted figure shows the 4.76 ).

When the converter is under ON—OFF control, efficiency is
penalized due to the transition between ON and OFF periods.
In this case, the efficiency comes down to 71.9%, when the
converter is connected to a4.76 (2 (a5 (2 in parallel with a 100 §2)
resistance load.

The converter system is also tested under a load step change in
order to demonstrate the transient response. The load resistance
consists of a 5 2 and a 100 2 power resistor in parallel. In
order to trigger a fast resistance change, a MOSFET (Fairchild
FQP30NO6L) is connected in series with the 5  resistor [2].
Fig. 22 displays the waveform of the converter output voltage
ripple as the load changes from 100 to 4.76 € at time 200 uS.
As expected, the transient time of the output voltage ripple is
as short as microseconds due to the low energy stored in the
converter.

C. Repeatability of the Converter With PCB Inductors

In order to prove the repeatability of the converter implemen-
tation, we ask another student to replicate the converter with
PCB inductors using the same components as the original one.
To be rigorous, the student has no knowledge of the tuning pro-
cedure before he implemented the replicate converter. Also, no
intermediate measurement is taken to capture the parasitics on
purpose during this replication process. When the implementa-
tion is completed, the drain node impedance is measured with
the input and output biased at the nominal voltages. Fig. 23
together with Fig. 15 show the close agreement between simu-
lation and measured impedance as well as between the original
converter and replicate converter.

The replicate converter is measured under the same conditions
as the original one. Figs. 24 and 25 display the MOSFET drain
voltage and diode anode voltage, respectively. The replicate
converter yields 309 W with an efficiency of 76.3%.

Both the impedance and performance measurement of the
replicate converter prove the repeatability of the implementa-
tion process of the converter with PCB inductors. The require-
ment of the converter tuning procedure knowledge is reduced to
minimum during the implementation process, while the con-
verter performance remains the same.
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Fig. 23.  Drain impedance measurement versus simulation of the replicate
converter.
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Fig. 24. Drain voltage of the replicate converter.
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Fig. 25. Anode voltage of the replicate converter.

D. Converter With Wire-Wound Inductors

This converter uses the same semiconductors and capacitor
types but a different way to implement inductors. Three induc-
tors are implemented using magnet wires wound on toroidal
plastic coil forms. Table IX displays the components used in
this converter.

Compared to PCB inductors, these inductors are more sen-
sitive to variation. Inductance values can change 5% to 10%
of their off-board measured values by touching and slight
tweak during the soldering process. In order to account for
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TABLE IX
COMPONENTS IN CONVERTER WITH WIRE-WOUND INDUCTORS

Part Measured Value Part No. and Description
MOSFET ARF 521 RF Power MOSFET
diode 5*C3D04060E CREE SiC Schottky diode
Cin 1.4 uF 14*VJ1825Y 104KXEAT
Cour 0.7 uF 7#VI1825Y104KXCAT
Cy 6 nF 4*MC22FF152]J-F
CuMR 71.6 pF 6*ATC700B

Cp 200 pF 2#ATC700B

Lp 623 nH 27-turn AWG 16
Lyr 471 nH 24-turn AWG 16

Lg 162 nH 12-turn double AWG 16
Autotransformer 263 nH/121 nH/1.88 32-turn AWG 16
Coil form T80-0 Micrometal, Inc.

Gate Drive

Fig. 26.  Converter with wire-wound inductors.
Drain source impedance (magnitude)
8 ioa
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Fig. 27. Drain impedance measurement versus simulation of converter with

wire-wound inductors.

such changes and other parasitics, it is necessary to verify
the MOSFET drain impedance step by step after each com-
ponent is soldered. This implementation and verification pro-
cess is highly dependent on designer’s experience and can be
very time consuming. For this converter, we are able to capture
the impedance characteristics by matching the measured drain
impedance and simulation. Fig. 26 shows the converter proto-
type, and Fig. 27 shows the comparison between simulation and
experimental results.

Using the same setup as mentioned above, the drain and anode
waveforms are monitored. Figs. 28 and 29 show the drain and
anode voltage experimental waveforms, respectively.
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Fig. 28. Measured drain voltage of converter with wire-wound inductors.
Anode Voltage
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Fig.29. Measured anode voltage of converter with wire-wound inductors.
Converter Performance Metrics
450 4 4 09
Output Powe.
400 1 08
; 4 08
g 2 1075 &
= -]
£ 300 {07 2
; E
§ 250 { 065 =
=] 1 06
S 4 055
150 - . . 4 05
160 170 180
Input Voltage(V)
Fig. 30. Metrics of converter with wire-wound inductors.

Power and efficiency measurements are performed with dif-
ferent input voltages. Fig. 30 displays the output power and
efficiency as the input voltage varying from 160 to 180 V with
a 10 V step. At the nominal input voltage of 170 V, the con-
verter outputs 388 W and has an efficiency of 77% including
the gate drive losses. A simulated loss breakdown is provided
in the Table X.

Over 60% of the total loss is mainly due to the semiconduc-
tor conduction loss since the soft switching operation of the
semiconductors. The power density of this converter is about
60 W/in3.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 8, AUGUST 2015

TABLE X
SIMULATED LOSS BREAKDOWN

% Loss
MOSFET 47.8
Diode 214
AutoXf 21.1
Lp 1.7
Lur 1.9
Lg 1.6
Others 4.5

VI. CONCLUSION

This paper presents the design and implementation of a high
density 150-200 V to 28 V, 200400 W &, dc—dc converter
with PCB inductors. The converter has a switching frequency
of 13.56 MHz and uses air-core toroidal inductors formed as
part of the PCB. The PCB inductors reduce inductance vari-
ation, minimize unwanted stray magnetic fields, and reduce
uncertainty in parasitics and undesired coupling to the rest
of the circuit. Hence, the tuning and implementation of the
converter are simplified while achieving high levels of perfor-
mance and power density. In the near future, optimization of
the PCB inductors, the study of the EMI, and the other integra-
tion process will be done to pursue higher power density and
performance level.
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