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Design of a Class-DE Rectifier with Shunt
Inductance and Nonlinear Capacitance for
High-Voltage Conversion

Sanghyeon Park

Abstract—This paper presents a design method for a resonant
class-DE rectifier with a shunt inductance input network. The
cass-DE resonant rectifier offers numerous advantages at high op-
erating frequencies and high output voltages. For a high-voltage
design, the limiting factor has been the absence of a design process
incorporating shunt inductance for low-to-high impedance match-
ing as well as nonlinear capacitance from semiconductor devices.
To design a rectifier with a specific input impedance at the fun-
damental frequency of operation, designers have been relying on
either parametric variation in iterative simulations that often takes
a long time to complete, or simple equations without considering
nonlinear capacitances that renders the analysis inaccurate at high
frequencies. In this paper, we propose a design procedure that be-
gins with universal design curves that are applicable regardless of
the capacitance nonlinearity. This is followed by parameter selec-
tion and a convergence check to ensure the rectifier operates at the
desired output voltage. Based on the outlined procedure, we design
and experimentally verify a 27-MHz 350-V current-driven rectifier,
a 25-MHz 500-V voltage-driven rectifier, and a 27.12-MHz 2-kV
four-stage rectifier, all of which the resonant capacitor is nonlinear
and the input impedance is resistive at the switching frequency.

Index Terms—AC-DC power conversion, rectifiers, resonant
power conversion.

I. INTRODUCTION

LASS-DE resonant rectifier [2]-[7] is suitable for high-
C voltage conversion (100 s of V or higher) at high switching
frequencies (faster than 10 MHz). This rectifier achieves zero-
voltage switching across the diodes [8] for high efficiency oper-
ation. Regarding the high-voltage conversion, class-DE rectifier
topology has several advantages over class-E and @5 topolo-
gies [9]. First, the voltage stress on switches is a few times
lower than that in class-E or ®,. This allows us to use better
semiconductor devices. Second, the equivalent input impedance
at the switching frequency is lower. This lower input impedance

Manuscript received August 31, 2016; revised December 5, 2016 and Febru-
ary 28, 2017; accepted April 7, 2017. Date of publication April 12, 2017; date
of current version December 1, 2017. This work was presented at the /7th IEEE
Workshop on Control and Modeling for Power Electronics (COMPEL), Trond-
heim, Norway, 2016 [1]. Recommended for publication by Associate Editor
Prof. R. Zane. (Corresponding author: Sanghyeon Park.)

The authors are with the Electrical Engineering Department, Stanford Uni-
versity, Stanford, CA 94305 USA (e-mail: sparkl5@stanford.edu; jmrivas@
stanford.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2017.2693271

and Juan M. Rivas, Member, IEEE

TABLE I
COMPARISON OF RECTIFIER TOPOLOGIES FOR A MULTIMEGAHERTZ
FREQUENCY OPERATION

Topology Class-E Class-DE Class-® 4
Input impedance High Low Middle
Voltage stress on Switch ~ 4V, =V, =~ 2V,
Design complexity Low Low High
Difficulty of sync. rect. Low High Low

Evaluations are made in reference to each other. V,, denotes the rectifier output voltage.

relaxes the quality factor requirement for the preceding match-
ing network that bridges the low-voltage inverter output and
the high-voltage rectifier input. Moreover, high output voltage
makes the diode voltage drop negligible, rendering passive rec-
tification a viable option. Using a pair of diodes instead of active
switches eliminates the need to build a floating gate drive and
to synchronously control multiple switches. Table I summarizes
the pros and cons of the class-DE topology compared to other
resonant converter topologies.

Another advantage of the class-DE rectifier is that it is possi-
ble to capacitively isolate multiple rectifiers and connect them
in series [10], [11] to achieve a large voltage gain, fast rise
time, high efficiency, and small size. For example, Raymond
et al. [11] experimentally demonstrates a dc—dc converter with
a gain of 50, a risetime shorter than 10 us from 0 to 2 kV
and 84% dc—dc efficiency. Such stacked rectifiers can be used
to generate several to tens of kilovolt dc voltage that finds its
use in advanced space applications [12] and medical applica-
tions including electroporation sterilizers [13], [14] and X-ray
generators [15].

Design guidelines for the class-DE topology have been
provided for both inverters [16]-[23] and rectifiers [2]-[7], but
they all miss one or two essential elements of a high-frequency
high-voltage design. First, for low-to-high dc—dc voltage
conversion it is necessary to analyze the effect of adding a
shunt inductor as part of a low-to-high impedance matching
network [24]. The shunt inductor changes the circuit operation
in a way that makes published analyses inaccurate and calls
for a dedicated investigation. Moreover, design methods with
nonlinear capacitance are either missing or unsatisfactory for
high-voltage conversion. The undesirable effect of nonlinear
capacitance manifests itself at high frequencies because

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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semiconductor junction capacitances become comparable to
necessary resonant capacitance values, and thus, cannot be
ignored. The authors in [23], [25], and [26] included nonlinear
capacitance into the design process, but the proposed method
requires that the designer can freely adjust the semiconductor
size, which is a good assumption in integrated circuits but often
not the case in discrete circuit designs. Also, the authors in
[21] and [23], assumed a duty ratio of 25% which is often too
high for low-current high-voltage applications [12]-[15]. More
importantly, analyses in previous publications such as [21] and
[23] are limited to only one particular value of the switch duty
cycle. The authors in [8], [19], and [27] addressed this problem
by evaluating parameters at multiple duty cycles and summariz-
ing them into a table or a plot. However, such plot or table may
be difficult to use when the designer selects a duty ratio that is in
between sampled values or out of the evaluation range. As a re-
sult of the aforementioned drawbacks of conventional methods,
the analysis has been inaccurate, the tuning process has been
lengthy and has not guaranteed the convergence of the output
voltage to the intended value under realistic load conditions.

We propose a class-DE rectifier design method [1] with
following advantages. First, this design method incorporates
nonlinear capacitance of a wide range of C'— V' profiles. The
method is applicable to nonlinear capacitances with any grading
coefficient as defined in [28]. Second, the proposed methodol-
ogy includes a convergence analysis that reveals whether the
circuit will initially converge to the desired steady state at recti-
fier startup. The analysis also identifies the range of the output
voltage and load range in which the ON-OFF control scheme
[29]-[31] is available. Finally, the method exploits a pair of de-
sign curves, which are obtained from the compression of com-
plete 2-D design spaces. The compression of the design space
not only provides a simple yet accurate parameter selection pro-
cess but also gives us an easy way to fully explore two degrees
of design freedom in search of an optimum design point.

This paper is organized as follows. Section II pro-
vides the analysis on the rectifier operation and the the-
oretical background of the proposed design methodology.
Section III presents experimental results to validate the pro-
posed design curves. Section IV illustrates the design procedure
by designing a 350-V 27-MHz current-driven rectifier and a
500-V 25-MHz voltage-driven rectifier. As a practical example,
we also design a 2-kV 300-W four-stage rectifier with 15-us
rise time that can be used in real-world applications [13], [14].

Section V concludes this paper.

II. ANALYSIS ON THE CLASS-DE RECTIFIER

The schematic of the class-DE resonant rectifier is shown in
Fig. 1(a) along with its simplified equivalent circuit in Fig. 1(b).
Notice that the diode’s junction capacitance C; ; and C o can
be combined with Ceyy,s to create an effective resonant capac-
itance C'. During operation of the rectifier, the sinusoidal input
current i, (¢) resonates with the parallel LC' tank of Fig. 1 and
clamps vy (t), the voltage across diode D, either to zero or
to the output voltage V,. Current flows from ground to the
node X when D; is ON, and from node X to the output
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(b)

Fig. 1. (a) Class-DE resonant rectifier. Cj, and C,, are large enough to present
negligible impedance at the switching frequency; therefore, they can be modeled
as a dc voltage source of V,, /2 and Vj,, respectively. (b) Equivalent circuit of the
rectifier: Cj, and C,, are replaced with voltage sources for the aforementioned
reason; Cextra, Cj 1, and C; o are combined to form C'. (a) Class-DE resonant
rectifier. (b) Equivalent circuit.

DD, D, ‘DD’ D, :D,D;
v (t)‘ OFF ; ON : OFF | ON : OFF i(?) T
L s
) @ Bno
"o 'm\ o2t (b)
=y o ©
-V,/2 V,/2
is(1) i(f)
(1)
el
©
i,(1) .
9 \ N\ i(0)
L= (i(t 3
. Lm0 { ® 8
(a) (d)
Fig. 2. Analysis of rectifier operation. (a) Waveforms of the inductor voltage

vr, (1), the input current i, (¢) and the output current i, (t). (b)—(d) Equivalent
circuits according to which diode is conducting.

when D5 is ON. Provided that Cj and C,, are large enough to
present negligible impedance at the switching frequency, their
steady-state behavior can be modeled as a dc voltage source of
V, /2 and V,, respectively.

A. Rectifier Input Impedance

Fig. 2 shows the waveforms of the inductor voltage vy, (¢), the
input current i, (), and the output current i, (¢) of the class-DE
resonant rectifier of Fig. 1(a) as well as the equivalent circuits
during the various commutation intervals within the switching
cycle.

Here, we approximate the fundamental component of the
inductor voltage vy, (t) waveform in Fig. 2(a) as a sine wave
with V,,/2 amplitude and 6/2 phase offset. To justify this
approximation, let us look at two extreme cases of the rectifier
operating states. At one extreme, the resonant current in the
LC tank is large and the capacitor C' is charged and discharged
very quickly. In this case, vy (t) takes the form of a square
wave and the fundamental component of vy, (¢) is a sine wave
having the amplitude of 2 - (V, /2) = 1.27(V, /2). At the other
extreme where the resonant current is small, the capacitor is
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Fig. 3. Analytical solution of the class-DE resonant rectifier. (a) I, /I;.
(b) ZZrect .

charged slowly such that vy, (¢) barely reaches V, /2 (or —V, /2)
before it starts to decrease (or increase). Here, vy, (t) waveform
is close to a triangle wave of which the fundamental component
is a sine wave with the amplitude of 2 - (V,/2) = 0.81(V, /2).
The analysis on those two cases reveals that in all the possible
operating states between the two extremes the amplitude of
the fundamental component of vy, (¢) can be approximated to
V, /2 with equal to or less than 27% error. Also, in either cases
the phase offset of the fundamental component sine wave is
roughly 6/2 where 6 represents the phase interval where both
Dy and D, are off. For that reason, we approximate the phase
offset of the fundamental component of vy, (¢) by 6/2.

Zyeet 18 defined as the input impedance of the rectifier at the
switching frequency. By the aforementioned approximation, the
magnitude of the impedance | Z..| is expressed as

Vo
21

|Zrect| ~

ey

where I, is the amplitude of the sinusoidal input cur-
rent i (t). Also, the phase of the impedance /Z,..; can be
approximated by

o o )

/Zrect ~ 2

where @ is the phase offset of i (¢).

B. Universal Design Curves

Fig. 3 shows a plot of the analytical solutions of the input-
to-output current gain (I,/I;) [see Fig. 3(a)] and the input
impedance phase /Z...; [see Fig. 3(b)], plotted against ¢ and
wVLC.

(I,/Iy) and /Z,e. are found by imposing the following four
conditions on the circuit of Fig. 1(b):

1) when D; switches from the ON-state to the OFF-state (at

¢ = 0 in Fig. 2), the current through D; is zero;

2) the voltage across the inductor is —V, /2;

3) when D, switches from the OFF-state to the ON-state
(at » = 0 in Fig. 2), the voltage across the inductor is
Vo /2;

4) half a cycle after D, turns OFF (at ¢ = 7 in Fig. 2), the
current through D5 reduces to zero and turns Dy OFF for
periodicity.

The detailed derivation is presented in Appendix.
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Fig. 4. Analytical solution of the rectifier rearranged in terms of parameter u.
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Fig. 5. Dimension-compressed solutions for the class-DE rectifier current
gain and input impedance phase. (a) I, /. (b) [Zyect -

Fig. 4 shows the analytical solution of (I, /I;) and /Z..; that
are plotted against a new design parameter u defined as

w:=(wVLC —1 3)

) Vo

I,\/L]C
The definition of v is constructed such that (1, /1) and /Z,ccq
plotted against « remain almost constant with respect to the
vertical axis variable wm .

Since Fig. 4 plots are roughly independent of w+/LC, they
can be approximated into 2-D curves in Fig. 5. To make the
analysis result easily incorporated into the design procedure,
the current gain ([, /1) is reexpressed in terms of the input
impedance magnitude |Zqct|, by noting that | Z,e.t| = 2VTS as
discussed in Section II-A

I, 21, V,

AT

21,
22| Zrees - 4
‘/0‘ ¢ )

Using the values found in Fig. 4, the normalized input resis-
tance Rcc¢,, and the normalized input reactance Xy, are
calculated as

21,
Rrect,n = 7|Zrect| COS /Zrect 5)

Xrect,n = 2‘/£|Zrect| sin /@ (6)
o

Plotting (5) and (6) gives the design curves in Fig. 6. The curves

are experimentally shown to be valid over a wide range of class-

DE rectifier designs. They provide a convenient way of deter-

mining circuit parameters during the rectifier design process.
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Fig. 6. Design curves for the class-DE rectifier normalized input resistance
Ryect,n and reactance Xyect,, plotted versus u. Note that Ryect,n, Xrect,n, and
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Fig. 7. Simplified circuit model of the class-DE resonant rectifier.

C. Nonlinear Resonant Capacitance

The curves in Fig. 6 are valid even when the resonant capaci-
tor is nonlinear. The model’s validity with nonlinear capacitance
is important because significant portion, if not all, of the reso-
nant capacitor may consist of highly nonlinear semiconductor
junction capacitance. To make the model useful for nonlin-
ear capacitance, the effective capacitance Ceg ’V is introduced.

Cett |V is defined as the total amount of charge circulating in the
LC resonant tank divided by the voltage swing V,, or simply
put, the average of the C' versus V curve in the range of 0-V/,. In
the class-DE rectifier depicted in Fig. 1(a), Ceog |Vo is calculated
by the following equation:

2 fOV" Cj(v)dv

= Cextra +
Vo

(7

Cest | v,

where Coyra 18 parallel-connected linear capacitance and C; (v)
is the diode junction capacitance at reverse voltage of v across
the diode. Cig ’V is used in place of C' to obtain u when curves
in Fig. 5 are used to design a rectifier with nonlinear capacitance.
Simulations confirm that using (7) in place of linear capacitance
maintains the validity of design curves in Fig. 6 over a wide
range of capacitance grading coefficients [28] from O (perfectly
linear) to 0.9 (very abruptly decreasing).

D. Rectifier Equivalent Circuit

The rectifier in Fig. 1(b) can be simplified to the equivalent
circuit of Fig. 7. Once u is obtained from given specifications,
the corresponding Ryect,, and Xyect,, are found in Fig. 5(a).
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Fig. 8. Thermal image of the class-DE rectifier operating at 27.12-MHz
switching frequency, 500-V output voltage, and 100-mA output current. Burst
duty ratio is 0.005, which is 5000 switching cycles out of the burst period of one
million switching cycles. Red hot spots scattered around the image are infrared
light reflected by metallic surfaces and are irrelevant to the circuit temperature.

Ryect and X, are then calculated by the following equations:

v,

Rioer = erect,n (8)
\%

Xieet = #Xrect,n 9

as discussed in Section II-B.

Xiect and Ry, may be tailored depending on the design
goal. To maximize the overall efficiency, R,¢.; should be made
as large as possible to minimize the influence of the driver’s out-
put resistance. If the design goal is to achieve maximum power
transfer, R;..; should be made equal to the driver’s output resis-
tance. In either case, it is desirable to make the input impedance
purely resistive by adding an impedance —jX,..¢ in series to
cancel out j X ect.

III. EXPERIMENTAL VERIFICATION OF DESIGN CURVES

We perform experiments to verify design curves in Fig. 5.
Rectifiers are operated in a burst mode with the duty ratio lower
than 10% and the burst period of one million switching cycles
throughout the whole experiments. By this way, the circuit oper-
ates for less than one tenth of the time on average, and thereby,
avoid any significant heating that might change the inductor
and diode characteristics measured at the room temperature.
We monitored the circuit by using a thermal camera to make
sure the temperature is kept below 30 °C, which is 7 °C above
the room temperature). Fig. 8 shows one of the thermal images
we captured during the experiment.

Table IT summarizes physical properties of inductors and ca-
pacitors used in all the experiments. We implement inductors
by winding a AWG 18 copper wire around a toroidal phenolic
core of which the resulting Q falls in the range of 100—130. This
value is high enough given that the design method retained its
effectiveness when Q was as low as 70 in simulation.

By the inherent characteristic of a class-DE topology, voltage
stress across the switch is the same as the dc output voltage.
Current stress is not discussed because the maximum current
through the switch depends heavily on the linearity of the reso-
nant capacitance. This dependence on nonlinearity makes it very
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TABLE II
IMPLEMENTATION DETAILS OF INDUCTORS AND CAPACITORS USED IN SECTION III

Ly, L Cy, Cy Cextra
Dimension T94-0: 27 x 27 x 11 10 x 6 x 6 (Four 3 x3x2
(W x L x H[mm®]) T80-0: 24 x 24 x 9 units stacked)

(core and wire)
Weight[g] 4.9-9.2 1.4 (Four units < 0.1
stacked)
Implementation 18 AWG copper wire CDE Mica capacitor, ATC 800B series NPO
wound on 1-kV rated ceramic capacitors,

Micrometals T94-0 or
T80-0 toroidal
phenolic core

500-V rated

Refer to Figs. 1 and 16 for variable names.

difficult to derive an analytical model for the current stress. Not
only the derivation, but the measurement of the current stress
is also difficult due to the high sensitivity to the added induc-
tance by a current probe in multimegahertz power converters.
Nonetheless, we expect the current stress should be obtainable
through simulation with a reasonable accuracy given that volt-
age waveforms in the experiment are in good agreement with
those in our simulation as shown in Figs. 15(b) and 18(b).

Fig. 9(a) shows the entire experimental setup in which an RF
power amplifier is used to drive the rectifier. Fig. 9(b) shows the
configuration of the input voltage and current probe in detail. We
used Pearson 6027 Current Monitor for current measurement.

Fig. 10 shows experimental verifications of proposed de-
sign curves denoted by solid lines. Three rectifiers are designed
with different resonant inductance, diodes, output voltages, and
switching frequencies as specified in Table III. Data points are
marked on the plots to represent the measured operating state of
the rectifiers. The data distribution shows good correlation with
the proposed design curves, proving the validity of the presented
model.

IV. RECTIFIER DESIGN EXAMPLES
A. 350-V 27-MHz Current-Driven Rectifier

The design methodology described previously is best illus-
trated by the following example. Consider designing a class-
DE resonant rectifier of Fig. 1(a) driven by a sinusoidal current
source. We want the circuit to meet the following specifications:
1) output voltage V, = 350 V;
2) switching frequency f = 27 MHz;
3) parallel-connected linear capacitance Ceytn = 107 pF;
4) use two C3D04060E SiC diodes [32] for Dy and D5, with
the measured C' versus V' curve in Fig. 11(a);

5) the load resistance Ry, at the output is 5 kS2 or larger;

6) the input voltage is in phase with the input current at the
switching frequency f.

We first design the rectifier to meet the full-load condition
(R, = 5 k) in continuous operation. Once the rectifier is de-
signed, the ON-OFF control scheme [29]-[31] (also known as
“bang—bang control” or “burst-mode control”) is used to drive
the load of 5 k{2 or larger while maintaining the output voltage
at 350 V. The ON-OFF control scheme is particularly useful

Temperature
monitor
)

voltage probe
measuring Vin

Rectifier

current probe
measuring lin

Fig. 9. Experimental setup. (a) Entire experimental setup for the rectifier test.
Series-connected Zener diodes are being used in place of the load resistor Ry,
in this picture. (b) Configuration of the input voltage probe, input current probe
and the RF input from the power amplifier. The flow of the input power is
marked with an orange arrow.

in multimegahertz converters because the fast rise time of the
circuit output provides a high control bandwidth [31].

1) First Design: X;e.t should be zero in order to achieve
a resistive input impedance. Zero X,..t means u = —0.3 ac-
cording to Fig. 6(b), thus Ry, = 0.3 according to Fig. 6(a).
Ryect of the simplified circuit model in Fig. 7 is then calcu-
lated as 7320-0.3 = 750 (2. Assuming the input power is almost



PARK AND RIVAS: DESIGN OF A CLASS-DE RECTIFIER WITH SHUNT INDUCTANCE AND NONLINEAR CAPACITANCE FOR HIGH-VOLTAGE

—Design curve O Rectifier 1 —Design curve O Rectifier 1

A Rectifier 2 O Rectifier 3 Rectifier 2 O Rectifier 3
o
0.30 0.10 B
0.20 0.00 & g
o), /.f o
0.10 | -0.10 | =
L o y:R
0.00 A—ooAcHh -0.20 L L F = L ,
-1.5 -1.0 -05 00 05 10 15 -1.5 -1.0 05 00 05 1.0 15
u u
(@) (b

Fig. 10. Experimental verification of proposed universal design curves using
three different rectifier designs specified in Table III. Proposed model curves
are denoted by black solid lines and experimental data are marked as colored
markers. (a) Ryect,n Versus u. (b) Xyecy,, versus u.

TABLE III
RECTIFIER DESIGNS FOR UNIVERSAL DESIGN CURVE VERIFICATIONS IN FIG. 10

Rectifier Dy, D, Coxtra L v, f

No. Part Number [pF] [mH]  [V] [MHz]

1 STPSC406B 107 400 200 16.5-28.8

2 C3D04060E 107 200 350 17.8-33.0

3 1IDD03SG60C 107 600 500 17.0-22.0
TABLE IV

LIST OF COMPONENT VALUES FOR THE CURRENT-DRIVEN RECTIFIER OF
FIG. 1(A) DESIGNED IN SECTION IV-A1

Vo I, f Dy, Dy Cextra R Co,Cp L I
[V] [mA] [MHz] Part Number [pF] [k2] [nF] [nH]  [mA;ms]
350 70 27 C3D04060E 107 5 8 207 181

the same as the output power P, =350 V' - 70 mA = 24.5 W,
the necessary input current to drive the rectifier is obtained as
I yms = 1/24.5 W/750 2 = 181 mA, 5.

The resonant capacitance is the sum of Ceyt;, and two diodes’
junction capacitances C;; (v) and C} (v), which are highly non-
linear. To calculate Cog |Vo , we integrate C; (v) of C3D04060E
[32] from zero to V, = 350 V, multiply it by two (since C; (v)
and Cjo(v) are identical), divide it by V, and add Cexra to
get Cer |45, = 166 pF. Combining the obtained Cer and the
definition of u, L that makes uw = —0.3 is found to be 207 nH.

Since the dc-blocking capacitor C, and the output filter ca-
pacitor C, should exhibit negligible impedance compared to
Ceor, we choose C, = C, = 50 - Co =~ 8 nF. Table IV shows
component values of the designed circuit.

2) Convergence Analysis: The next step of the design pro-
cess is to check the existence of an undesired operating point.
If such a point exists, the rectifier driven by a sinusoidal current
source might settle into a steady-state operation of undesired V,
and [, at startup. In order to address this issue, a convergence
analysis is carried out by comparing the current consumed by the
load with that supplied by the rectifier at multiple output voltages
between zero and the target output voltage V,,. The convergence
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Fig. 1. Measurement of small-signal diode junction capacitances at various
reverse voltage levels. (a) Measured C' — V' plot for C3D04060F [32] (blue
solid line) and STPSC406B [33] (orange dotted line) SiC diodes. (b) Schematic
of the test board. (c) Test board connected to the impedance analyzer for diode
capacitance measurement. (d) C' — V' curve measurement setup.

[ —Rectifier output current ---5kQ load line |

80mA

Output Current
N 5 )
=) 1=5) =)
3 3 3
> > >

omA .’ H H H H H
OV 100V 200V 300V 400V 500V

Output Voltage

Fig. 12.  Output current supplied by the 27-MHz rectifier (orange solid line)
designed in Section IV-Al, and the current drawn by the 5-k(2 resistive load
(black dotted line). Three intersections of two curves are marked by blue dots,
from left to right: the undesired convergence point, divergence point, and the
desired convergence point. Blue arrows indicate the direction to which the
operating point moves.

analysis is a direct logical consequence of the validity of design
curves in Fig. 6. Therefore, the analysis described in this sub-
section is applicable not only to the diode used in this design
but to virtually all types of linear and nonlinear semiconductor
junction capacitances.

In order to see if the designed circuit has any operating point
other than the intended one, graphical analysis is carried out by
drawing I, versus V, line and comparing it with the load line
for Ry = 5 k€. Fig. 12 shows the load line (black dotted line),
and the rectifier I, versus V, curve (orange solid line). To draw
this curve, Ceg ’VO is evaluated for multiple values of V,, from 0
to 500 V.

This array of Ceg |Vo is entered into the definition of u to
produce the array of u(y, ), which in turn is used in conjunction
with Fig. 5(a) to find /. The plot reveals one divergence point
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Fig. 13.  Output current supplied by the 27-MHz rectifier (orange solid line)
redesigned in Section IV-A3, and the current drawn by the new 1.75-k(2 resistive
load (black dotted line). The single intersection of two curves, marked by the
blue dot, indicates the rectifier always converges to the desired convergence
point.

TABLE V
COMPARISON OF THE RECTIFIER MODEL IN SECTION IV-A AND THE ACTUAL
CIRCUIT IN FIG. 14

I atf [Zyecr at f Ve I,
[mAms] [degree] [Vl [mA]
Model 516 0° 350 200
Experiment 600 1.6° 350 203

at (V,,1,) = (216 V,43 mA), and two convergence points at
(54 V,11 mA), (350 V, 70 mA). When the output voltage is
between 54 and 216 V, the rectifier I, versus V,, curve is drawn
below the load line, meaning the rectifier cannot supply a larger
current than that consumed by the load resistor, thus cannot
push V,, all the way up to the target output voltage 350 V. This
phenomenon occurs because the nonlinear capacitor severely
detunes the circuit while the output voltage transitions between
54 V and 216 V. Not only the circuit might settle into the unde-
sired convergence point during the start-up, but also it becomes
difficult to use the ON-OFF control scheme since the output
voltage might never recover once it falls into the aforemen-
tioned voltage range .

3) Redesign: To remove the unwanted convergence point
we need to change at least one of the design specifications.
Possible remedies include increasing [,, using diodes whose
junction capacitance decreases more gradually with voltage or
decreasing f. Here, we choose to increase I, from 70 to 200 mA
and redesign the rectifier so that the circuit has enough output
current headroom for the ON-OFF control. By following the
procedure described previously, L changes to 202 nH, the full
load Ry, to 1.75 k€2, and I, to 516 mA, 5. The corresponding
analysis plot is shown in Fig. 13 by the blue dotted line. The
convergence point exists only at (V,,I,) = (350 V,200 mA)
when the load is 1.75 k{2, which means that we can always
make the circuit converge at the desired operating point by
using the ON-OFF control strategy when Rj is 1.75 kQ) or
higher.

4) Experiment: The 70-W 27-MHz 350-V rectifier designed
in Section IV-A3 is implemented and shown in Fig. 14. Table
V compares the theoretical and experimental characteristics of
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voltage probe
monitoring

power amp input

current probe
measuring lin

Fig. 14.  Implementation of the 70-W 27-MHz 350-V current-driven rectifier
designed in Section IV-A3. The experimental setup is identical to that in Fig. 9(a)
and (b) except that the input voltage in this circuit is the voltage across D1,
which is denoted by v, (¢) in Fig. 1(b). The inductor without labeling in the top
left is to adjust the input impedance so that the rectifier can be driven by the
preceding power amplifier.

[ —1Input Voltage - = Input Current] [ —Voltage across D; _----Simulation

250V 1.0A 400V

125V 0.5a 300V

200V

ov 0.0A

100V

-125V 054 oy
=250V -1.0A-100V . .
Ons 37ns 74ns Ons 37ns 74ns

Time Time

(a) (b)

Fig. 15.  Experimental voltage and current waveforms of the 27-MHz 350-V
current-driven rectifier in a steady state. (a) Input current (blue dotted line)
and input voltage (orange solid line) waveforms are in phase as we intended.
(b) Experimental and simulation comparison of the voltage across D1, which
is equal to the input voltage shifted up by half the output voltage. We confirmed
that soft switching is occurring in the simulation. Good match of increasing
and decreasing sections between two waveforms indicates that soft switching is
achieved in the experiment as well. Some discrepancies at the top and bottom
are due to the deviation of the input current from an ideal sine wave.

the circuit. On the left of Fig. 14 is a 0.4-pF capacitive voltage
divider to measure the input voltage. Connecting the voltage
probe directly without the capacitive divider adds more than 7-
pF capacitance to the input node and would noticeably disrupt
the circuit behavior [24].

Fig. 15 shows waveforms of the input current, input voltage,
and the comparison with the simulation. The rectifier represents



PARK AND RIVAS: DESIGN OF A CLASS-DE RECTIFIER WITH SHUNT INDUCTANCE AND NONLINEAR CAPACITANCE FOR HIGH-VOLTAGE

L 1w [
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Class-DE voltage-driven rectifier.

Fig. 16.

TABLE VI
LIST OF COMPONENT VALUES FOR THE VOLTAGE-DRIVEN RECTIFIER OF
FIG. 16 DESIGNED IN SECTION IV-B

Vo I, / Dy, D, Cextra R Co.Cy L Vs
[V] [mA] [MHz] Part Number [pF] [kQ] [nF] [nH]  [Vims]
500 50 25 STPSC406B 101 10 8 363 35.4

a resistive input impedance of 251 €2, which can be adjusted
by adding an impedance matching network at the input. The
efficiency of the rectifier is 80%. Most of the power loss is due
to the large circulating current in the LC' tank, which can be
reduced by choosing a smaller Cey,, value at the beginning of
the design procedure.

B. 500-V 25-W 25-MHz Voltage-Driven Rectifier

Here, we design a class-DE resonant rectifier of Fig. 16 driven
by a sinusoidal voltage source. The series inductance L,, at
the input provides a necessary reactance to achieve resistive
input impedance. We want the design that meets the following
specifications:

1) output voltage V,, = 500 V;

2) output current [, = 50 mA at the full-load condition;

3) switching frequency f = 25 MHz;

4) parallel-connected linear capacitance Cixt,n = 101 pF;

5) use two STPSC406B SiC diodes [33] for D and D5, with

the measured C-V curve in Fig. 11(a);
6) the rectifier input impedance Z,..; = 50/0° 2 at the
switching frequency f.

Similar to Section IV-A, we first design the circuit for the
full load, and then, use the ON—OFF control strategy to regulate
the output voltage at 500 V when the circuit is not under the
full-load condition.

1) Design: The normalized input resistance of the circuit
is Ryect,n = (2-100 mA /500 V)50 Q = 0.02. Fig. 6(a) shows
u parameter for R, , = 0.02 is either —0.71 or 1.08. We
choose to select 1.08 since we have a series inductance at the
input of the circuit (v = —0.71 will require a series capaci-
tance at the input). Fig. 6(a) shows that X, , at u = 0.54
is 0.105, which leads to X,..; of —262 €. L,, to cancel out
KXreet = —262 Q at f =25 MHz is 262 Q /(27 (25 MHz)) =
1668 nH.

The effective resonant capacitance Clg is, following the same
steps as in Section IV-Al, found to be 136 pF. L is then ob-
tained by combining the definition of w in Section II-B with the
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Fig. 17. Implementation of the 25-MHz 500-V 50-mA voltage-driven rectifier
designed in Section IV-B. The experimental setup is identical to that in Fig. 9
(a) and (b).

| ——Input Voltage == Input Current | | ——Voltage across D)1 ----Simulation
80V 1.0A 600V
500V
40v 0.5A 490v
300V
ov 0.0A 200V
-40V -0.5A 100V
ov
-80V -1.0A-100V

Ons 40ns 80ns Ons 40ns 80ns
Time Time
() (b)
Fig. 18.  (a) Experimental input current (blue dotted line) and voltage (orange

solid line) of the 25-MHz rectifier in a steady state. The input impedance is
70.6/0° 2, somewhat larger than the intended 50/0° €2. (b) Comparison of the
voltage across D in the experiment and simulation. Similar to Fig. 15(b), a
good match between two waveforms indicates that soft switching is indeed
occurring in the experiment.

TABLE VII
COMPARISON OF THE RECTIFIER MODEL IN SECTION IV-B AND THE ACTUAL
CIRCUIT IN FIG. 17

Vi atf Zrect at f Vo 1,

[Vims] [degree] [Vl [mA]
Model 354 50/0° 500 50
Experiment 46.2 70.6/0.06° 500 50

approximation in Section II-A

2 Zrcc
ur (w ch1)7| ! (10)
L/C
Zrect = /Ry + X2y an
L=—5 ¢ . = 363 nH. (12)

Assuming most of the input power appears at the out-
put, the necessary input voltage V; to drive the circuit is
VvV, -1, -50 Q = 35.4 Viys. The de blocking capacitor Cj, and
the output filter capacitor C,, are set to 8 nF for the same reason
as in Section IV-A1. Table VI summarizes component values of
the designed circuit.

2) Experiment: The 25-W 25-MHz 500-V rectifier designed
in Section IV-B1 is built as shown in Fig. 17. Table VII compares
the theoretical and experimental characteristics of the circuit. As
shown in Table VII and Fig. 18(a), the input voltage and current
waveforms are in-phase with phase difference of only 0.06°.
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Fig. 19. Four-stage voltage-driven class-DE rectifier. This structure can be

seen as four class-DE rectifiers connected in parallel. In this structure, capacitor
CB b(n) and Cp p(, +1) in any nth stage provide a low-impedance ac path for
the output voltage, allowing us to remove the output capacitor C,(,,) that is
shown in a gray color.

Those two waveforms represent a resistive input impedance of
70.6 2, which is somewhat larger than the intended value 50 2.
The designer can reduce the input impedance by repeating the
design steps in Section IV-B with the target input impedance
lower than 50 €2. This will yield a smaller resonant inductance,
larger resonant capacitance, or both. The efficiency of the recti-
fier is 82%, which can be improved by choosing a smaller Cey ¢,
value at the design stage, and thus, reducing the circulating cur-
rent in the LC' tank.

C. 2-kV 300-W 27.12-MHz Voltage-Driven Four-Stage
Rectifier

We design a four-stage class-DE rectifier driven by a sinu-
soidal voltage source [10]. The schematic is shown in Fig. 19.
This structure allows us to remove the output filter capacitor
Co(n) because the series connection of C ;(,,) and Cp () in
any nth stage provide a low-impedance ac path for the output
voltage ripple. The specifications to be met are as follows:

1) output voltage V, = 2 kV;

2) output current I, = 150 mA at the full-load condition;

3) switching frequency f = 27.12 MHz;

4) use STPSC406B SiC diodes [33] for D 4)(n) (n =1 to

4), with the measured C-V curve in Fig. 11(a);
5) the rectifier input impedance Z.. = 50/0° Q at the
switching frequency f.
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Fig. 20. (a) Front side of the four-stage rectifier in reference to Fig. 19. (b)
Back side of the four-stage rectifier. The bottom part is for an ON-OFF control
signal generation. Its schematic is shown in Fig. 20(c). (c) ON-OFF control
signal generation circuit. (d) Experimental setup for the four-stage rectifier.

1) Design: The circuit structure in Fig. 19 is equivalent to
four voltage-driven class-DE rectifiers of Fig. 16 connected in
parallel. We first design a single rectifier with 500-V output
voltage, 150-mA output current, 200-€2 input impedance, and
Coextra €qual to a quarter of the shunt capacitance that the four-
stage rectifier will have. Once the design is finished, L,, and L
are divided by 4 and Ci¢,, is multiplied by 4 to make a virtual
parallel connection. The manufactured circuit board is found
to have a 7-pF parasitic shunt capacitor. Deciding not to add
any discrete shunt capacitor, we assume Coxi;n = (7 pF)/4 =
1.75 pF for a single-stage rectifier. Following the steps outlined
in Section IV-B1, we find v = 0.4755, L = 1183 nH, L,, =
1483 nH, and the input voltage Vi, = 122 V;,,s. Connecting
four units in parallel, we obtain L = (1183 nH)/4 = 296 nH,
L,, = (1483 nH)/4 = 371 nH, and Ceytyn = 4 - (1.75 pF) =
7 pF. Different from Section IV-A and IV-B, we choose dc
blocking capacitors Cg (4.¢)(n) to be 820 pF. This choice of the
value, which is only about five times the effective diode junction
capacitor Cj (,,) + Cj s(n), 18 to achieve a fast rise time during
the rectifier start-up at the cost of less accuracy of the prescribed
circuit model and a possible necessity to iterate the design steps.

2) Experiment: Fig. 20 shows the implemented circuit and
the experimental setup. Symbols for diodes and capacitors in
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Fig. 21.  (a) Input current (blue dotted line) and voltage (orange solid line) of

the four-stage rectifier in a steady state. The input impedance is 42.7/—0.57° €.
(b) Output voltage v,y during start-up. The rectifier turns on at 10 ps. 0-90%
rise time is 15 us. The peak-to-peak ripple voltage in a steady state is 411V,
equivalent to 20% of the 2-kV output voltage. (c) Rectifier turns OFF at 10 us
and the RC' time constant is measured to be 10 us. (d) Rectifier output voltage
(orange solid line) and the resulting control signal (blue dotted line) from the
ON-OFF signal generation circuit in Fig. 20(c), when the upper and lower
threshold of the hysteresis is set to be 1.4 and 1.3 kV, respectively.

Fig. 20(a) and (b) are in reference to the schematic in Fig. 19.
The bottom part of Fig. 20(b) is an ON-OFF control signal
generation circuit. Its schematic is shown in Fig. 20(c). The re-
sistive voltage divider scales down the output voltage by 1:400,
converting 2-kV nominal output down to 5 V. It is fed to the
comparator with 5% hysteresis, which in turn drives a digital
isolator that generates the ON—OFF control signal. This con-
trol signal can be connected to the gate drive and the inverter
(not implemented in this paper) to complete the output voltage
regulation feedback.

Fig. 21 depicts voltage and current waveforms of the input
and the output. As shown in Fig. 21(a), the input impedance is
resistive and close to 50 (2 as intended in the design. Fig. 21(b)
is the start-up transient of the output voltage when the rectifier
is connected with a full load (a 13.33-k{2 resistor). The circuit
turns on at 10 us. The 0-90% rise time is 15 us, fast enough to be
used in the aforementioned applications [13], [14]. Fig. 21(b) is
the RC decay waveform of the output voltage when the rectifier
turns OFF. The rectifier input power is measured to be 319 W,
the output power 301 W, and the efficiency 94.4%.

Fig. 21(d) shows the rectifier output voltage and the resulting
ON-OFF control signal generated by the control signal circuit in
Fig. 20(c). We implement the control signal circuit to prove the
feasibility of the ON—OFF control scheme in the high-frequency
high-voltage range. In a configuration where a gate drive and
an inverter is added in a feedback arrangement, the ON-OFF
signal would let the system know whether to turn ON or OFF
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Fig. 22.  (a) Thermal images of the rectifier during a 180-s continuous run in
a full-load condition (2 kV 300 W). (b) Temperature of the hottest spot of L,
(green compound line), L (orange solid line), and the group of diodes (blue
dotted line) during the continuous operation.

to maintain the desired output level. In this test, the upper and
lower thresholds are set to 1.4 and 1.3 kV, respectively, and the
rectifier is loaded with a 43.3-k(2 resistor. 9.3 us after the output
voltage exceeds 1.4 kV, the ON-OFF signal turns ON to notify
the system that the operation should stop. Likewise, the ON-
OFF signal turns off in 9.3 us when the output voltage decreases
below 1.3 kV. In this rectifier, the focus was to achieve a fast
start-up rise time and this design intention minimized the output
filter capacitor and increased the expected voltage ripple in a
feedback configuration. Should the designer decide to achieve
a more accurate voltage regulation, she can add an output filter
capacitor, narrow the hysteresis width or even redesign the rec-
tifier with a smaller output current to slow the output voltage
transition.

Fig. 22 shows a thermal performance of the four-stage rectifier
in which diodes and inductors significantly heats up during a
continuous operation. We operated the rectifier for 180 s in a full-
load condition (2kV and 300 W by a 13.3-k2 resistive load). The
circuit board is 1.6-mm FR4 with 1-oz. copper with no heat sink
attached. Fig. 22(a) captures the thermal images of the rectifier
during the 180-s run. Fig. 22(b) indicates the temperature of the
hottest spot of L,,, L, and the group of diodes. Those images
and plots suggest that most of the rectifier power loss is from
lossy diodes at a high-voltage high-frequency condition [24]
and inductor losses captured in those thermal images.

V. CONCLUSION

This paper presented a design methodology for a class-DE
resonant rectifier with an impedance-matching shunt inductance
and nonlinear capacitance. We first derived a curve-based design
method by defining a new variable v and using it to compress
2-D solution spaces into a pair of 1-D curves. We then proposed
a way to incorporate nonlinear capacitance into the design pro-
cess by defining an effective capacitance C.g. This method is
especially useful in high-frequency circuits where necessary ca-
pacitance values become comparable to semiconductor junction
capacitances. This method also provides accurate designs for cir-
cuits with a shunt inductance for low-to-high impedance match-
ing. We not only verified design curves experimentally, but we
also successfully demonstrated the effectiveness of proposed
design steps by building and testing current- and voltage-driven
rectifiers. Model prediction and experimental data matches well
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in terms of the input impedance, output current, and voltage
waveform across the diode.

APPENDIX
DERIVATIONS OF THE ANALYTICAL SOLUTION FOR CURRENT
GAIN I, /I, AND THE INPUT IMPEDANCE PHASE /Z, .t OF
THE RECTIFIER

We use rectifier equivalent circuits and waveforms in Fig. 2
to conduct the analysis. The time origin ¢ = 0 is set when the
current through D, reaches zero, turning Dy OFF while v, (0) =
—V, /2 as shown in Fig. 2(a). The input current is defined as

13)
where ® represents the phase offset with respect to the time
origin.

The operation state at ¢ = 04 is shown in Fig. 2(b) where
both D; and D, are OFF and the rectifier is equivalent to an LC
tank driven by a current source. The circuit remains in this state
until vy, () reaches V, /2 and turns ON D at ¢t = 1. Solving
the linear LC resonant tank driven by the sinusoidal current

source 45, we get the inductor voltage vy, (¢) and current iz, (t)
as follows:

v (t) = A, sin <¢Z7; + ¢)

ILL
+(1f£aﬂ>c%@ﬁ—¢LﬁHO§t§h

(14)
ir(t)= — AO\/§COS <\/270 + (;5)

I, ‘
+ (T fem) sntet ~@), oro < e <
s5)

is(t) = I, sin(wt — D)

where ¢ is the phase offset of the general solution to the differ-
ential equation that describes the LC' tank.

Our choice of time origin requires vy, (0) = —V,,/2 and that
D turns OFF at t = 0. This means the diode current ip, (t) is
zero at t = 0. We, therefore, get the following two conditions:

I;L V.
'UL(O) = Ao Sin¢+ <1—u}[16'u)2> cosP = 7?

ip, (O) =i (t) =L (t) =0

C I . .
= _AD\/;COS¢ — (1—LC’w2> sin ® + I sin .

a7

(16)

Since we define ¢; as the time when vy, (t) = V, /2 and D,
turns ON, we get another condition from (14) as follows:

E—A sin( ! >
©\VIC

2
wl L )
+ <1—LW> cos(wtl — (I)) (18)

v (t) =
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This new mode of operation applies constant voltage V, /2 to
the inductor L, resulting a linearly decreasing inductor current

ir(t) + K(tﬂtl)fomtl <t < z

2L (19

ir(t) =

The symmetric circuit structure and the periodic steady-state
assumption require the current through D; be zero after half a
cycle, when ¢ = 7 /w. Therefore, referring to Fig. 2(b) and (c)
and using (19), we get the fourth condition

.(3)=1(3) -1 (3) =0
= Iy sin(m — ®) — iz (t1) —

V,

— ==t 20

2L( ) 0)
where iz, (¢1) is given by (15) as

— /S cos (= +9)

I :
+ (]W) Sln(wh — (I))

Following parameters are introduced to simplify (16)—(18)
and (20):

ir(t) =

21)

1) w, = wVLC,
2) Is,n = VUL/C»
3) 0 :=wty;

4) Ay = é cos ¢;
5) Ay = ’é" sin ¢;

6) B := I;n cos O;
7)) By := I, sin®.
These normalized parameters simplifies (16)—(18) and (20)

into
Ayt (=¥ \p, = 1L 22)
T \1—w2 )7 T 2
w2
A, =—<1_w%>32 23)
— = A;sin () + As cos ()
w’ll
Wn,
+ < >B1 cost9+< )Bg sin 6 24)
- 2
B2+1(9—7T>:_Alcos< ) Alen< )
2 Wp n
1
+ (1 )BlsmH—(l >B2COS(9 (25)

Equations (22) through (25) form a set of linear equations to
which the solution Ay, Ay, By, and By are easily found once
w;, and @ are given.

A. Rectifier Input-to-Output Current Gain Plot

Once B; and B, are determined by (22) through (25) the
normalized input current magnitude I, is found from the
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definition of B; and B> as

I, =\/B? + B2.

As shown in Fig. 2(a), I, is the time average of ip, (¢), the
current through Ds. ip, (t) is nonzero only whent; <t < 7/w.
Therefore, I, is determined as

(26)

. o 5. )
I, = (ip,(t))r = " (is(t) — i (t))dt. 27
t1
Similar to I ,,, a normalized output current is defined as
I,+/L
Io,n = T/Cv (28)

Combining (13), (19), (27), and (28), we obtain the expression
for I, ,, as a function of § and w,, with four unknowns A;, A,,
Bl N and BQ

2 p2
In = L B cost + Bysinf + By | — ™ -0
2 8w, T

— | — Aj cos (wi) + As sin (wi)

1 . 0
+ (177(*}727) (Bl sin f — BQ COS 9) - E

T—0
o2 )’
The aforementioned equation in conjunction with (22) through
(25) allows us to obtain I, ,, for a given w,, and @ pair. Calculat-

ing I, , /I, from (29) and (26) and plotting the result yields
Fig. 3(a).

(29)

B. Input Impedance Phase Plot

As discussed in Section II-A, /Z...; can be approximated
as %9 — ®. The input current phase offset ® equals to
arctan (By/Bi) by the definition of B; and B,. Since B
and By can be found for a given w,, and 6 pair, we can obtain
the solution of /Z,..; as in Fig. 3(b).
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