13878

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 12, DECEMBER 2021

A 10 MHz DC/DC Converter With Zero-Phase
Difference Synchronous Driving Signal
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Abstract—In this article, a 10 MHz dc/dc converter based on
three-dimensional air core transformer with zero-phase difference
synchronous driving signals is designed. By using the characteris-
tics of no leakage inductance in the inner winding of the nested
toroidal air core transformer, the phase difference between the
output voltage of the inverter and the input voltage of the rectifier
can be regarded as zero, so that the rectifier and the inverter can
use the same driving signal, which simplifies the control of the
synchronous rectifier switches, and realizes the reliable and effi-
cient synchronous rectification control at 10 MHz. The prototypes
with primary and secondary compensation are proposed and the
experimental results verify the feasibility of the proposed control
method and numerical design method.

Index Terms—DC/DC, high frequency, nested toroidal air core
transformer, synchronous rectification.

I. INTRODUCTION

ITH THE continuous development of power electronic
W technology, the efficiency and volume of switching
power electronic systems are significantly expected to be im-
proved [1]-[8]. High operating frequency can reduce the neces-
sary stored energy of passive components within every period,
leading to small value and volume of transformer, inductor, and
electrolytic capacitor. Thus, increasing operating frequency is
the most effective way to reduce power converter volume. In
addition, with the value reduction of passive components, the
parasitic components are in the similar value of required resonant
components. Therefore, increasing the operating frequency of
the system cannot only reduce the volume of the system, but also
use the parasitic components to absorb the resonant elements and
reduce the number of components [9]-[13]. For example, when
the frequency is raised to several and tens of MHz, the resonant
inductor will be in the similar level of the leakage inductance
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of various air core transformers, so that the leakage inductance
of various air core transformers can be further used as resonant
elements to reduce the number of devices.

In high-frequency dc/dc converters, Schottky diodes are used
in the rectifier stage normally because of the high switching
speed characteristics. However, the forward voltage drop is still
high. In order to improve the efficiency of high-frequency dc/dc
converter, synchronous rectification technology has been more
and more applied to switching power supply in recent years
[14]-[17]. Due to MOSFET has a very low ON-resistance, the
conduction loss can be reduced by turning on MOSFET within the
ON time of Schottky diode [18], [19]. But one of the difficulties
of synchronous rectification is to control the phase of the switch
driving signal in the rectifier, especially under tens of MHz
operating frequency conditions. Due to the existence of passive
components, parasitic inductance and leakage inductance of
transformer in resonant circuit, the phase difference between
the input voltage of rectifier and the output voltage of inverter
cannot be ignored. There are several challenges for synchronous
driving under tens of MHz conditions. One challenge is that
the phase difference cannot be calculated or measured accu-
rately, the phase errors of driving signal will lead to the wrong
action of synchronous rectifier switches, and the body diode
may conduct and increase the reverse conduction loss in high-
frequency applications [20]. Another challenge is that there is
no available analog controller for synchronous rectification that
can operate at such high frequency. Also, for digital driving,
the accuracy of FPGA is not enough. In the case of low-power
and low-voltage HF/VHF dc/dc power converters, [21] and [22]
have demonstrated a self-driven gating method for synchronous
rectifiers. However, these methods require additional resonant
circuits, which make it difficult to drive synchronous rectifier
switches accurately, especially around tens of MHz. So how
to make synchronous rectification more accurate and efficient
above tens of MHz is of great significance.

In order to solve this problem, the zero-phase difference
characteristic is expected between primary side driving signal
and secondary side synchronous driving signal. To achieve this
performance, the nested toroidal air core transformer is adopted
in this article [23], [24]. Based on the leakage free characteristics
of the air core transformer, the phase difference between the
input voltage of rectifier and the output voltage of inverter can
be eliminated. Therefore, the rectifier and inverter can use the
same driving signal without phase difference, which solves the
challenges of synchronous rectification under tens of MHz.
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Fig. 1. Diagram of high-frequency converter based on Class DE inverter,
transformer, resonant branch, and full-bridge synchronous rectifier.

In this article, a 50 V input, 12 V/28 W output prototype is
proposed, which is an initial attempt for an intermediate bus
converter for satellite power conversion system. Meanwhile,
for other DCX applications, the proposed topology can also be
applied and step-down ratio can be improved.

The rest of this article is organized as follows. Section II
analyzes the proposed topology and analyzes the relationship
between the resonant elements and the phase difference of
rectifier and inverter, the parameter design method of topology
is also introduced in Section II. In section III, the nested toroidal
air core transformer is analyzed and designed. Furthermore,
the transformer is simulated by MAXWELL and manufactured
by three-dimensional (3-D) copper casting. In Section IV, the
experimental results of nested toroidal air core transformer and
planar air core PCB transformer with and without synchronous
rectification are compared. Finally, Section V concludes this
article.

II. ANALYSIS OF PROPOSED CONVERTER AND THE INFLUENCE
OF RESONANT ELEMENT ON DRIVING SIGNAL CONTROL

The circuit diagram of high-frequency converter is shown
in Fig. 1. It consists of a Class DE inverter, an LC series
resonant branch (either in the primary side or secondary side), a
transformer, and a full-bridge synchronous rectifier. The Class
DE inverter converts the dc component to ac component. The
LC series branch and transformer form a matching network.
The synchronous rectifier converts the ac component to dc
component. The main input power stage consists of S; and Ss.
A transformer is used to absorb resonant inductors, providing
electrical isolation as well as stepping down the input voltage.
Here, take the resonant branch in the primary side as an example.
The power is transmitted from the input side to the output side
through the resonance of L, and C,.. Hence, the current flowing
through the resonant tank can be approximately regarded as a
sinusoidal shape. Based on the fundamental harmonic approx-
imation, the ac equivalent circuit of the Class DE converter is
shown in Fig. 2.

R, is the equivalent resistance of rectifier and transformer,
which can be calculated by the following equation [25]:

9 8Ry,

Rac = n2rac =n 2
T

(D

where r,. is the equivalent resistance of rectifier, Ry, is the load
resistance, and 7 is the transformer ratio.
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Fig. 2. AC equivalent circuit of the resonant tank based on FHA.
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Fig. 3. Simplified equivalent circuit diagram of the proposed topology after
the transformer is equivalent.

The gain M of the circuit can be calculated as follows [26]:

K

Yl e (n )

where K is the inductance factor, f,. is the resonant frequency of
L, and C,, f,, is the normalized frequency, Q is the quality factor,
K =L, /L., f = 127/ L.C., f, = fs If. fs is the switching
frequency, and Q = 2nf,. L, | Ry..

Large magnetizing inductance (L,,) limits the charging and
discharging speed of the output capacitor of the switch, thus
affecting the soft switching. So in order to ensure ZVS, the mag-
netizing inductance L,,, needs to satisfy the following inequality
[27]:

M = 2)

Ty

LT)’L S or
8fscoss

3)

where Tz and C,gs are the dead time and the output capacitance
of switch, respectively.

For the conventional air core transformer, due to its low
coupling coefficient, large leakage inductance will be introduced
into the primary and secondary sides. In high-frequency case,
the leakage inductance value is close to the resonant element
in the circuit, so it can be used as the resonant element to
participate in resonance. In the above resonant tank, the primary
side leakage inductance Lg; can be used as the resonant inductor
L, to resonate with the resonant capacitor C,. at the frequency
[ The secondary leakage inductance Lg» is connected in series
between the output of transformer and the full-bridge rectifier,
as shown in Fig. 3.

Usually when design resonant tank, the resonant frequency f,.
of L, and C, can be designed to be the same as the switching
frequency fs. At this time, for the fundamental wave, the phase
difference of V4, Vp, and Vg can be regarded as zero because L,
and C,. are in series resonance. However, due to the existence of
secondary leakage inductance Lgs, the phase difference between
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Fig. 4.  Waveform diagram of V4, Vp, Vg, and Vp when there is no leakage
inductance on the secondary side of transformer.

V 4 and Vg can be calculated as follows:

“

2w fsL
A0 = 0y, — 0y, = arctan (M) )

Tac

Therefore, for synchronous rectification of the rectifier bridge,
itis necessary to accurately control the phase difference between
the inverter and rectifier drive signals, but with the increment
of the working frequency of the system, the time of each cycle
becomes shorter and shorter, which makes the control of driving
signal more and more difficult. In theory, the phase difference
can be compensated by making C, not resonate with L, at
the switching frequency. However, under this design condition,
many parameters affect the value of C,, such as L,,, n, Lgo,
and L,. These parameters need to be very accurate and small
deviations cause large error, leading to large phase difference
between the primary side and secondary side. Therefore, the
existence of leakage makes the control of driving signal more
stringent, especially in the case of tens of MHz.

As a result, if the leakage inductance of one side can be
eliminated, the phase difference between V4 and Vp can be
regarded as zero. When the load changes, the phase difference
will be kept at zero, so it is not necessary to adjust. The rectifier
and inverter can use the same driving signal, which simplifies
the control of synchronous rectifier driving signal and improves
the controllability and efficiency of synchronous rectification.

In this case, for the selected input voltage V;,, the waveforms
of V4, Vp, Vg, and V are shown in Fig. 4. The input voltage of
rectifier V can be regarded as a square wave voltage with duty
cycle of 0.5 and amplitude of £V;,/2n, resulting in the output
voltage after rectification is almost V;,,/2n. The transformer ratio
is

n = Vi, /2V,. ©)

The coupling coefficient of various air core transformers is
generally low; therefore, when the inductance coefficient K is
about 0.7, it is easier to design the following air core trans-
former. After the transformer designed, the value of resonance
capacitance C, can be determined by the following equation,
according to the designed primary side leakage inductance L,
of the transformer:

1
= 6
¢ (271—]05)2Lr ©
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Fig. 5. Schematic diagram of nested toroidal air core transformer. (a) Struc-
tural division diagram. (b) Overall structure diagram.

Fig. 6. Total current can be divided into the radial current inyo and the
circumferential current i1_;. They contribute to the enclosed field Hy2 and
Hjy_¢, respectively.
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Fig. 7. Equivalent schematic of nested toroidal air core transformer.

III. ANALYSIS, DESIGN, AND MANUFACTURE OF NESTED
TOROIDAL AIR CORE TRANSFORMER

The schematic diagram of nested toroidal air core transformer
is shown in Fig. 5. Fig. 5(a) shows its structural subdivision and
Fig. 5(b) shows the overall structure. The nested toroidal air core
transformer has two windings with one surrounding the other. In
this case, both windings couple their N> magnetic fields shown
in Fig. 6. Moreover, the magnetic flux leakage of the inner cross
section is closed by the outer cross section, so the magnetic flux
leakage of the inner winding can be regarded as zero, which is
explained in following content, and the magnetic flux leakage
of the outer winding can be controlled by adjusting the distance
between the inner and outer windings. The transformer can be
equivalent to the circuit diagram shown in Fig. 7 (the red internal
winding is the input side) to eliminate leakage inductance.

In Fig. 7, Lg is the leakage inductance and L p is the magnetic
inductance of the proposed transformer (which is in the primary



GUAN et al.: 10 MHZ DC/DC CONVERTER WITH ZERO-PHASE DIFFERENCE SYNCHRONOUS DRIVING SIGNAL

Mutual
flux

Leakage
flux

Axis of
Rotation

g| £
< | &
\ 2 .
| |
| |
| |
: | Vi prim ‘
3 B Vo, prim |
- I
Vo sec
Fig.8.  Cross section diagram of the nested todoidal air core transformer shows

the leakage flux in the yellow part and the mutual flux in the blue part. Red inner
winding is the primary winding and the blue outer winding is the secondary
winding.

side and can also be transferred to the secondary side). n is
the transformer ratio. In order to calculate Lp, Lg, and n in
the equivalent circuit, the mutual reluctance R,,, caused by the
common flux path of the internal and external windings as well
as the leakage reluctance R;> caused by the flux path inside the
outer winding but outside the inner winding as shown in Fig. 8
should be calculated first.

Using Ampere’ law in (7), the expression for the H-field inside
the toroid (H = Ni/27r) can be obtained, where N is the number
of turns of the toroid and i is the current. Then, the surface
integral of the H-field inside of the inner cross section and the
area between the inner and outer cross section provides the
mutual flux ®,, and the leakage flux ®;, respectively. Then,
R, and K> can be calculated by (8) and (9)

fam:mgc @)
R Ni Ni B Ni
N Y [ E N gy
2
- To rim_i (8)
o (hyri = 1)1 (22221
Ni
% —
2= 5 "
Ni
To,sec—5 Ni To,primts  Ni
HO (hSCC o t) fri,sec+%2 él;]r_Td,rilulo (hprim + t) fri,Prir:17%2 %dr
_ 27
Ho [(hsec —t)In (:—i‘omlé ) - (hprim +1t)In (:ﬁ’pr?_i'mir,% )}
i sects i prim—s

9)
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The area of the inner coil flux is the same as that of the
inner and outer coils, so it can be considered that the inner coil
flux contributes to the common flux completely, and there is no
magnetic leakage, so the leakage inductance of the inner winding
is zero.

Once the reluctance values are known, the inductance matrix
can be obtained as shown in the following:

U] [M® ] [Lu Ly] [i
Uy | No®y Ly Log | | 22
i N_12 N; Ny .
= R Z%m 2 |:Zl:|
S we e Lo
-Lp Le 11
= n . . 1
L[ 1

The inductance matrix provides the transformation between
various transformer models, and (10) expresses the matrix using
parameters (Lp, Lg, and n).

But formula (10) neglects the inductance and coupling pro-
duced by one-turn magnetic fields of the toroids. Therefore, in
order to further improve the accuracy of the inductance matrix,
L17 and Lo should increase one-turn inductance of primary and
secondary toroids caused by current i g minus; ¢ in Fig. 6, respec-
tively. The formula (11) for calculating L;_;—1 and L1 _;_o is as
follows [28]:

dofw + difac dofm + difzv
— 1o [ln (S—d()z — dix) — 2]
(1D

where d,_, and d;_, are the outer diameter and inner diameter
of the coils, respectively.
As a result, the inductance matrix can be modified to

L17t7$ =

z=12

N2 NN
[Lll LM:| | wa L1t I
L L - 2 2
Lz NN
Lp Le
= n . 12
[LTP e +LS] (12

The expression of the parameters (Lp, Lg, and n) in Fig. 7 can
be deduced from (10) as follows:

Lp=Ly Ls=(1—k) L
VLi1Loo Ly N3

where k is the coupling coefficient of the proposed transformer.

From (12) and (13), it can be known that the transformer
ratio can be changed by adjusting the number of primary and
secondary side turns. The transformer can be used as a step-up
transformer if the transformation ratio is less than one, and the
transformer can be used as a step-down transformer if the trans-
formation ratio is greater than one. It depends on the application
fields.

In this article, a step-down converter is analyzed and a trans-
former prototype is built, the design parameters of the proposed
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TABLE I
PARAMETERS OF TRANSFORMER INNER AND OUTER WINDING
Primary winding Secondary winding
Parameters L. s
(Inner winding) (Outer winding)
Outer diameter[mm] 52 60
Inner diameter[mm] 25 17
Height[mm] 14 20
Thickness[mm] 2 2
Separation distance[mm] 2 2
Number of turns 20

TABLE 11
COMPARISON OF INDUCTANCE MATRIX VALUES AND PARAMETERS (Lp, Lg,
AND N) BETWEEN CALCULATION, MAXWELL SIMULATION, AND EXPERIMENT

Variable Calculation Simulation Experiment
Ly[nH] 618.8 663.0 664.5
Lu[nH] 118.3 1393 140.5
Ly[nH] 60.3 75.6 73.5
Lp[nH] 618.8 663.0 664.5
Lg [nH] 37.7 46.3 438

n 5.23 4.76 4.73

k 0.613 0.622 0.636

transformer are shown in Table I. Taking the transformer for
example, the corresponding parameters can be calculated as
follows.

From (8) and (9), &, and 312 can be calculated as follows:

R = 6.76 x 108H!
%12 =777 x 108H71.

Next, the parameters in Table I are brought into formula (11)
to calculate the one-turn inductance of primary and secondary
toroids, respectively. The calculation results are as follows:

Llftfl = 27.3nH
Ll_t_g = 16.0nH.

(14)

5)

Last, using these reluctance values, Ny, No, Li_;1, and
Ly_ o, the inductance matrix can be obtained through (12)

[LH LM] 3 [618.8nH 118.3nH

L Loy | — | 118.3nH 60.3nH | - (16)

For the inductance generated by i1_, on the one hand, the
calculated additional inductance L;_;_1 is 27.3 nH, while L,
is 618.8 nH, and the difference between them is 20 or 30 times.
Also, the primary and secondary windings have both current and
magnetic field in this direction, and there is coupling between
them. Therefore, there must be some mutual inductance in
Ly ;1 and L;_;_o, which makes the leakage inductance far
different from L;;. So the leakage inductance caused by Ly ;1
can be ignored, which is far less than self-inductance (more than
20 times).

According to the design parameters in Table I, the model is es-
tablished and simulated in Maxwell. The transformer parameters
obtained by simulation are shown in Table II. The distribution
diagrams of magnetic field intensity obtained by simulation are
shown in Fig. 9.
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Fig. 9. Magnetic field distribution diagrams of transformer obtained by
MAXWELL simulation. (a), (b), and (c) show the magnetic fields of the inner
winding, outer winding, and air, respectively. (a) Distribution diagram of mag-
netic field intensity in inner winding. (b) Distribution diagram of magnetic field
intensity in outer winding. (c) Distribution diagram of magnetic field intensity
in the air.

It can be seen that almost all the magnetic flux is confined
in the outer winding, and there is almost no magnetic leakage
outside the outer winging. This proves that the magnetic flux
leakage of the inner cross section is closed by the outer cross
section, so the magnetic flux leakage of the inner winding can
be regarded as zero.

In addition, since the outer winding completely covers the
inner winding, in order to facilitate the manufacture and instal-
lation of the transformer, we can adopt the two manufacturing
methods shown in Fig. 10. Both of them can be fabricated by
3-D copper printing or copper casting combined with PCB.

Because of the large number of turns in inner winding, when
the first method is adopted, there are many welding pads in the
narrow space inside. At the same time, some errors are easy to
appear in the welding position. The number of turns in the inner
winding is more, and the error will have a certain influence on
the characteristics. Although the second method is expensive
to manufacture inner winding, it is better to adopt the second
method.

Compared with the manufacturing method of 3-D printing
and electroplating fabrication methodology, using 3-D copper
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Fig. 10.  Two manufacturing methods of nested toroidal air core transformer.
(a) One side of the inner winding and outer winding is printed with PCB, and
the remaining parts are printed with 3-D copper or copper casting. (b) One side
of the outer winding is printed with PCB, and the remaining parts are printed
with 3-D copper or copper casting.
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Fig. 11.  Another equivalent circuit diagram of transformer.

printing or copper casting can improve the strength and ther-
mal stability of the transformer, which can be used in harsh
environment.

After the transformer is manufactured, in order to obtain the
parameters (Lp, Lg, and n) of the transformer in Fig. 7 by test,
L1 opens L2,opens and Ly ghory should be measured separately,
where L open represents the inductance measured at the primary
side when the secondary side is open, Lo pen represents the
inductance measured at the secondary side when the primary
side is open, and Ly ¢hor Tepresents the inductance measured
at the secondary side when the primary side is short. In this
article, we use an impedance analyzer named Keysight E4990A
to mesure Lq open, L2,open, and Lo ghory by frequency sweep.

For the equivalent circuit diagram of transformer shown in
Figs. 7 and 11, L1 open> L2,0pen»> and La ghort can be calculated
by (17) and (18), respectively, and (19) can be obtained by
combining (17) and (18). Equation (19) gives the numerical
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relationship between measured values (L1 open, L2,0pen, and
Ly short) and parameters(Lp, Lg, and n), (12) can also be derived
from (19).

Ll,open =Lp

L2,open = LS+EL_}2) (17)
L2,sh0rt = LS
Ll,open =L
L3 open = Lo (18)
Lo short = Laoa — Lag + (L1 — L) || L
Lp=1Ln
Ls=(1-k)L
e A (19)
P VI

VLi1Lao

where k is the coupling coefficient.

Table II compares the inductance matrix values and param-
eters (Lp, Lg, and n) between calculation, MAXWELL sim-
ulation, and experiment. The results show that the theoretical
calculation, simulation, and experimental results are in good
agreement. Except that the calculated mutual inductance L5
and Lo is slightly lower than the simulated and experimental
values because the coupling of the one-turn fields is ignored. The
calculated self-inductance L1, and Lgs is slightly lower than the
simulated and experimental values which may be caused by the
edge effects and other nonideal factors.

IV. EXPERIMENTAL RESULTS

A 10 MHz prototype with 24 V input voltage is built based
on the proposed topology and transformer as shown in Fig. 12.
For half bridge structure, there is dc component in the resonant
tank of the primary side, thus, a capacitor Cp for dc blocking
is necessary. In order to ensure that the phase of inverter output
voltage V 4 and rectifier input voltage Vg is the same, a capacitor
Cg which resonates with Lg at switching frequency is also
needed. All experimental parameters of this prototype are listed
in Table III.

Fig. 13 shows the waveform of inverter output voltage V4
and rectifier input voltage V. It can be seen that the phase
difference between inverter output voltage and rectifier input
voltage is approximately zero when Lg and Cg are in series
resonance at switching frequency and nested toroidal air core
transformer with almost no leakage inductance on the primary
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TABLE III
EXPERIMENTAL PARAMETERS OF THE PROTOTYPE

Device label Value Type
Cy 1uF C1812X105K251T 1K
Cs 5.6nF CC1206JRNPO9BN562
Ls 43.8nH Secondary leakage inductance
n 473 Transformer ratio
Ry 1Q IT8511A+
Gate Drive LMGI1210RVRT TEXAS INSTRUMENTS
51,5, EPC2010C EPC
83,84, S5,56 EPC2001C EPC
D3, D4, Ds, D¢ SVM1045V2 PANIJIT
Va(5V/div) ! V(2V/div)
H f’\ yAv hl r’\l 1(‘:\ ',\1 A ﬂ \F\V f"
! I i | A [ i { fol Tl (! |
(T 1 8 P O
*_L\‘J"' ‘_‘!1;“:2'] “‘L"'ILML“ ‘
S S KO 0 IS i S s
TJ?J"‘H FYEVETETET “TJFT
,u"IiOV‘\‘x,v’l I\ ;’ | 1‘\.,| j||'.‘»‘:|‘ illu‘f i Yu, ll“"“\‘
| | bic] | b | | | |
{ | | | | |I | 1' | ) L]
W g SR R T AR A B
Time(100ns/div)

Fig. 13.  Waveform of inverter output voltage V 4 and rectifier input voltage
VB when the converter works under rated condition.

Fig. 14.  Equivalent circuit diagram of transformer.

side is used. Once the phase of V4 and Vg is the same, the
same clock signal can be used to control the rectifier to realize
synchronous rectification, which reduces the difficulty of high-
frequency synchronous rectification.

When the secondary side with leakage inductance uses Cg
to compensate Lg, it can make full use of the characteristic of
no leakage inductance in the inner winding of nested toroidal
transformer, but the primary side needs to add the capacitance
Cp for dc blocking. A simplified circuit can be achieved by
compensating on the primary side. Thus, a 10 MHz, 12 V/28 W
with 50 V input voltage prototype is built based on the primary
compensation and design method, which helps to verify the
feasibility and correctness of the above design method.

To simplify the circuit, the LC series branch (L, and C,) is
placed on the primary side as shown in Fig. 1. The model in
Fig. 7 can be equivalent to the model in Fig. 14. The parameter
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Fig. 15. Photographs of proposed converter. (a) Top view of the full system.
(b) Side view of the full system.

conversion formula is shown as follows:

L — nstLp
T ’IL2L52~|>LP
L
— P
o @0
n, — __nbp
~ n2Lg+Lp"

The photograph of proposed converter is shown in Fig. 15. The
transformer adopts the second manufacturing method shown in
Fig. 10(b), that is, the inner winding is cast with copper as a
whole, the bottom surface of the outer winding is made of PCB,
and the rest is divided into four U-grooves and welded to the
PCB.

In practice, the thickness of copper is expected to be far
more than twice of the skin depth, which can greatly reduce
the resistance. For the skin depth of copper at 10 MHz is tens of
pm, as well as limit by the production process and also ensure
the sturdiness of the structure, the copper thickness used in this
article is initially determined as mm level. Also, the copper
thickness has an impact on the parameters of the transformer.
Thus, 2 mm copper thickness is selected by calculation which
can achieve desired transformer parameters.

Furthermore, the photograph of the Class DE inverter cir-
cuit board with components labeled is shown in Fig. 16 and
the photograph of the synchronous rectification circuit board
with components labeled is shown in Fig. 17. The prototype
occupies an area of 11.5x6.9 cm? and its vertical height is 2.3
cm. DPO4014B (Tektronix) is used as the oscilloscope in the
experiment, the voltage probe is P6139A (Tektronix), the voltage
source is DP832A (RIGOL).

Six driving signals of Sy, S5 in inverter, Ss, S4, S5, and Sg
in rectifier should meet 1, 3, 6 in-phase and inverse with 2,
4, 5. Also, clock signal is expected to have extremely low
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Photograph of the Class DE inverter circuit board with components
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Fig. 17.  Photograph of the synchronous rectification circuit board with com-
ponents labeled.

TABLE IV
EXPERIMENTAL PARAMETERS OF THE PROTOTYPE

Device label Value Type
C; 660pF C1608COG2E221JTO00N*3
L, 396nH Primary leakage inductance
n' 1.91 Transformer ratio
Ry 5Q IT8511A+
Gate Drive LMGI210RVRT TEXAS INSTRUMENTS
51,52 EPC2010C EPC
83,84, 85,56 EPC2001C EPC
Ds, Dy, Ds, Dg SVM1045V2 PANIJIT

delay after passing through the drive circuit, thus, three drive
chips LMG1210RVRT, one extremely low delay AND gate
NV7SZ08M5X, and one extremely low delay NAND gate
NC7S00M5X are used. All experimental parameters of this
prototype are listed in Table I'V.

The waveforms of the prototype under rated working condi-
tion (Vi, =50V, Vo =12V, R, =5 Q) are shown in Figs. 18
and 19. Fig. 18 shows the waveform of inverter output voltage
V. and rectifier input voltage Vp when the converter works
under rated condition. It can be seen that the phase difference
between inverter output voltage and rectifier input voltage is
approximately zero when L, and C, are in series resonance at
switching frequency and nested toroidal air core transformer
with almost no leakage inductance on the secondary side is used.
Fig. 18 shows the voltage waveform and driving signal waveform
of the switch and its parallel Schottky diode in this case. In
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Fig. 18.  Waveform of inverter output voltage V 4 and rectifier input voltage
V 5 when the converter works under rated condition.
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Fig. 19. Voltage waveform and driving signal waveform of the switch and its

parallel Schottky diode.

order to better observe the effect of synchronous rectification,
Fig. 19(a) is zoomed to obtain Fig. 19(b).

It can be clearly seen from Fig. 19(b) that with the zero-phase
difference driving signal, the switch can be turned ON when the
current flowing from source to drain, so that the forward voltage
drop compared with Schottky diode is significantly reduced,
which proves the feasibility of the proposed method.

Fig. 20 shows a planar air core PCB transformer with a similar
magnetic inductance as the proposed transformer but there is
certain leakage inductance on the secondary side. The primary
and secondary side coils of the transformer are made of two
PCBs. The primary side adopts four layer board with four turns
of coils and the secondary side adopts two layer board with two
turns of coils. The shape of six turns of coils is the same, the
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Fig. 20. Prototype with a planar air core PCB transformer.

TABLE V
PARAMETERS OF PLANAR AIR CORE TRANSFORMER

Parameter Value
L 336.4nH
Ln 298.6nH
Lsz 87.9nH
Va(10V/div) Ve(5V/div)
Time(40ns/div)
i [ I

Fig. 21.  Inverter output voltage and rectifier input voltage of the prototype
with a planar air core PCB transformer.

coil width is 10 mm and the thickness is 2 oz. At this time, the
transformer transformation ratio is about 2. The parameters are
shown in Table V.

Because of the leakage inductance of the secondary side, the
output voltage will decrease and the phase difference between
the output voltage of the inverter and the input voltage of the
rectifier can be obtained as follows:

27 x 10 x 10% x 87.9 x 1077
8 x 5/m2

A6 = arctan < ) =54°. (21)

Fig. 21 shows the waveform of inverter output voltage and
rectifier input voltage. It can be seen that the phase difference
is about 60° due to the existence of Lgo. Two channels of 10
MHz signals with 60° phase difference are generated by FPGA
to drive the inverter and rectifier switch, respectively.

Fig. 22 shows the efficiency curves of the proposed topology
using nested toroidal air core transformer and planar air core
PCB transformer measured by with and without synchronous
rectification under different input voltage and power situations.

For the topology using nested toroidal air core transformer,
with the rated input voltage of 50 V, the system output voltage is
11.75V, the output power is 28.8 W, and the system efficiency is
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Fig. 22.  Efficiency curve of the proposed topology using nested todoidal air
core transformer and planar air core transformer measured by with and without
synchronous rectification under different input voltage and power situations.

74.5%. The efficiency of the prototype increases by 1.5% with
synchronous rectification. It can be seen from Fig. 22 that when
the input voltage continues to increase, the efficiency is still
improved. When the input voltage is 100 V, the output power
is up to 115 W and the efficiency is 81.1%. However, due to
the large magnetic inductance of the designed transformer, the
charging and discharging speed of the switch output capacitor is
limited, which hinders the realization of the ZVS and limits the
further improvement of the efficiency. In the future, the nested
toroidal air core transformer with smaller magnetic inductance
can be used for further improvement. Meanwhile, the proposed
converter is designed as DCX with constant voltage conversion
ratio. Thus, there is no close-loop control for the output voltage.
In the future, the duty cycle and frequency can be adjusted to
achieve close-loop control.

For the topology using planar air core PCB transformer, it
can be seen from Fig. 22 that the efficiency with synchronous
rectification is not obviously improved compared with diode
rectification method, and even lower under high input voltage
situations. It means that it is quite difficult to generate accurate
synchronous driving signal at such high operating frequency.
When the primary and secondary sides have large phase differ-
ence, the method of directly setting the phase difference leads
to inaccurate switch action and decrease the system efficiency.

For the proposed topology, the converter power loss can be
mainly divided into the inverter loss P;y, the rectifier loss Py,
the transformer loss Py.,, and the drive loss Pq,i. The inverter
loss mainly consists of conduction loss and switching loss.

The conduction loss of the switch can be obtained by [29]

Pcond = ISQRDSon (22)
where Rpsox i the ON-state resistance of the switch. I is the
current rms value flowing through the switch.

The switching loss can be calculated by the following [30]:

Psw - (VdsIonton + VdsIoﬁtoff) X % (23)
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Fig. 23.  Distribution diagram of system loss under rated condition.

where t oy and ¢ opp represent the time of the turn-ON transition

and the time of the turn-OFF transition, respectively. Vg, 1 ox,

and o represent the voltage across the switch, the value of

turn-ON current, and the value of turn-OFF current, respectively.
So the inverter loss can be calculated as follows:

Ijinv = Pcond + Psw- (24)
The loss of rectifier can be obtained by [31]
Prec = Nstrchswlsw (25)

where Ny, represent the number of switch of the rectifier, Dy.qc
represent the duty cycle of the switch in the rectifier, Ugy
represent the forward conduction voltage of the switch, and I,
represent the current flowing through the switch.

The loss of transformer can be calculated as follows:

Pyo = 2 'Rpri + 12 Ryee

pri sec

(26)

where I, and I are the current rms value flowing through the
primary winding and secondary winding, respectively. R,,; and
Rgcc are the resistance of the primary winding and secondary
winding, respectively, and

Pdri = Vdri X QG X fs

where Vg,; and Q ¢ are the amplitude of the gate drive waveform
and the total gate charge, respectively.

Under the rated condition, the inverter loss is 5.9 W, the
rectifier loss is 1 W, the transformer loss is 0.8 W, and the drive
loss is 2 W. Fig. 23 shows the loss ratio of each part.

27)

V. CONCLUSION

In this article, a 10 MHz dc/dc converter based on 3-D air
core transformer is designed, which aims for the challenge
that there is no available analog controller for synchronous
rectification that can operate at such high frequency. By using the
characteristics of no leakage inductance of the nested toroidal
air core transformer, the phase difference between converter’s
output voltage and rectifier’s input voltage can be regulated as
zero, so that the rectifier and the inverter can use the same
signal to drive switches, which simplifies the control of the
synchronous rectification and improve the system performance.
Both primary compensation and secondary compensation can
achieve zero phase difference. For primary resonant circuit with
50 V input voltage, the efficiency is 74.5%. Compared with air
core PCB transformer with leakage inductance, the efficiency
can be improved by 6.8%.
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