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Abstract—This paper presents a steady-state analysis and de-
sign equations for the class-DE inverters at any duty ratio and
high loaded quality factor, taking into account nonlinear MOSFET
drain-source and gate—drain parasitic capacitances with any grad-
ing coefficients of the diode junctions. Additionally, maximum op-
erating frequency, power output capability, and power-conversion
efficiency of the class-DE inverter are also obtained. It is shown
that the maximum operating frequency is the highest when the
switch-on duty ratio is 0.25. From the obtained results, it can be
stated that the switch-on duty ratio of the class-DE inverter should
be specified in the range of 0.25 < D < 0.5.

Index Terms—Class-DE inverter, class-E zero-voltage
switching(ZVS)/zero-derivative switching (ZDS) condition,
high efficiency, junction grading coefficient, maximum operating
frequency, MOSFET nonlinear parasitic capacitance, switch-on
duty ratio.

1. INTRODUCTION

HE class-DE inverter [1]-[20] is one of the optimized
T class-D inverters, which satisfy both zero-voltage switch-
ing (ZVS) and zero-derivative switching (ZDS) conditions. Be-
cause of ZVS and ZDS operation, the class-DE inverter can
operate with high power-conversion efficiency at high operat-
ing frequencies. Therefore, the class-DE inverter is applicable
to many applications such as RF power supplies [6], induction
heating, [7], on-chip converters [8], [9], wireless power transfer
systems [10], [11], and so on.

The switch-on duty ratio is one of the most important pa-
rameters for achieving the class-E ZVS/ZDS conditions in the
class-DE inverter. The steady-state analysis of the class-DE in-
verter at any duty ratio with linear shunt capacitances was car-
ried out in [12]. There are, however, no design equations from
the steady-state analysis of the class-DE inverter at any duty
ratio in the papers published until now [12]-[20]. The class-DE
inverter at any duty ratio can be designed from the transient
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analysis [13], [14], or numerical calculations [21], [22]. These
design procedures provide accurate design values. However, the
design procedure is not simple and it is difficult for designers
to obtain an instinctive understanding among design values and
circuit characteristics. It is important to obtain design equations
of the class-DE inverter at any duty ratio from the steady-state
analysis.

The operating frequency is also an important parameter to
design the class-DE inverter. It is useful for designers to know
the maximum operating frequency in advance. It is known that
the shunt capacitances decrease as the operating frequency
increases. The shunt capacitances have the minimum values
when they consist of only the MOSFET parasitic capacitances.
Therefore, the “maximum operating frequency” in this paper is
defined as the operating frequency obtained when the shunt
capacitances consist of only the nonlinear MOSFET parasitic
capacitances for a specified duty ratio. Because the MOSFET
drain—source and gate—drain parasitic capacitances have a non-
linear characteristic against the voltage across the capacitances
[13]-[27], the nonlinearity of the parasitic capacitances should
be considered for obtaining the maximum operating frequency.
Similar problems were discussed for the class-E inverter in [24]-
[27]. In this case, transient analysis like [14] cannot be adopted
because analytical solutions of the differential equations can-
not be obtained because of the nonlinearity. This increases the
importance of the steady-state analysis.

The purpose of this paper is to present a steady-state analysis
and design equations of the class-DE inverters at any duty ratio
and high loaded quality factor, taking into account the nonlinear
MOSFET drain—source and gate—drain parasitic capacitances
with any grading coefficient of the diode junction. Additionally,
maximum operating frequency, power output capability, and
power-conversion efficiency of the class-DE inverter are also
derived. From the obtained results, it can be stated that the
switch-on duty ratio of the class-DE inverter should be specified
in the range of 0.25 < D < 0.5 regardless of the MOFSET
parasitic capacitance nonlinearities. A design example along
with PSpice-simulation and experimental results indicate the
validity of our analysis.

II. CLASS-DE INVERTER

Fig. 1(a) shows a circuit topology of the class-DE inverter [1]—
[20]. This inverter consists of input voltage Vpp, two switching
devices S and S5, (e.g., MOSFETs), shunt capacitances Csy
and C'go connected in parallel with the switches, and Ly—Cy—R
resonant bandpass filter. Fig. 2 shows example waveforms of
the class-DE inverter with the nominal operation for D = 0.25.
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Fig. 1. Class-DE inverter. (a) Circuit topology. (b) Equivalent circuit.
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Fig. 2. Nominal waveforms of class-DE inverter for D = 0.25.

Both the switches turn ON and OFF alternately. In the cycle
of the operating frequency of the class-DE inverter, there are
two dead-time intervals when both switches are OFF. During
the dead-time intervals, the voltage across one of the switches
decreases and reaches zero when the switch turns ON. Addi-
tionally, the slope of the voltage is also zero at turn-on instant,
that is

dvgy (0
wem =0, 2Oy (1)
=27
d 0
vsa(m) = 0, ”Sd—:f) =0. )
O=m

These conditions are called the class-E zero-voltage switch-
ing (ZVS) and zero-derivative switching (ZDS) conditions. The
dead-time intervals are required to discharge the electric charge
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stored in the shunt capacitances. Because of the dead-time and
the class-E ZVS/ZDS conditions, the switching power losses
in the class-DE inverter become zero. Therefore, high power-
conversion efficiency can be achieved at high operating frequen-
cies.

III. NONLINEARITY OF SHUNT CAPACITANCES

The shunt capacitances are important components to deter-
mine the charge/discharge time of the dead-time intervals, which
affect the operating frequency and the duty ratio. From the dis-
cussions in the previous papers [3], [15]-[19], it is well known
that the smaller shunt capacitances are, the higher the operating
frequency becomes. The class-E inverter exhibits the similar
characteristic [24]-[27]. Usually, the shunt capacitances are re-
alized by the sum of the external linear capacitances and the
MOSFET drain—source nonlinear parasitic capacitances. The
drain—source parasitic capacitances of the discrete MOSFETSs
are determined, which depends on the MOSFET type, though
the external linear capacitances can be changed arbitrary as de-
sign parameters. When the external shunt capacitances are zero,
the shunt capacitance cannot be decreased any more. Namely,
the maximum operating frequency obtained when the shunt ca-
pacitances are composed of only the MOSFET drain—source
capacitance.

The MOSFET drain—source parasitic capacitances, however,
are nonlinear and are expressed as

Cio

14—
( ‘/bll>

where vg is the drain-to-source voltage, V3, is the built-in po-
tential between drain and source, Cj; is the capacitance at
vg = 0, and m; is the grading coefficient of the drain—source
body diode junction [15]-[27] whose values are in the range
of 0.3 < m < 1. Additionally, it is necessary and important to
consider the effects of MOSFET gate—drain capacitance to the
class-E ZVS/ZDS conditions at high frequencies [18], [26]. The
MOSFET gate—drain capacitance is often modeled as linear ca-
pacitance [26] or the sum of linear and nonlinear capacitances
[18]. In this paper, the MOSFET gate—drain capacitance is ex-
pressed by a general expression as

ng = ngl + ngn
702 +
<1

C’ds = (3)

Cjos

Vgd \ 2
3 " Vb13> (4)
Z ][)k
- ( Ygd > (1 v\
k=2 {1+
Vblk
where v, is a voltage across the gate-drain capacitance and Cyq)
and Cyq,, are linear and nonlinear components of the gate—drain
capacitance, respectively, namely Cjp2 = Cgqi and my = 0. In
addition, Vi3, Cjo3, and mg are parameters for Cyq, . Therefore,
we should consider the nonlinearities of the MOSFET parasitic

capacitances to obtain the maximum operating frequency of the
class-DE inverter.
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TABLE I
SWITCHING PATTERN
Intervals S S5
0<60<2rD ON OFF
2rD <0 <7 OFF OFF
m™<0<7m+21D OFF ON
™+ 27D <60 <27 OFF OFF

IV. WAVEFORM AND DESIGN EQUATIONS
A. Assumptions

The analysis in this paper is based on the following assump-

tions:

1) The shunt capacitances consist of only drain—source par-
asitic capacitances of the MOSFETs.

2) Both the MOSFETs are identical and are modeled as ideal
switches and drain—source and gate—drain parasitic capac-
itances, which are expressed in (3) and (4).

3) All passive elements except the MOSFET parasitic ca-
pacitances are linear elements and do not have parasitic
resistances.

4) The loaded quality factor of the resonant filter @ =
wLg /R is high enough to generate nearly pure sinusoidal
output current. The current through the Ly — Cy circuit
and the load resistance is sinusoidal at the operating fre-

quency f
io = Iy sin(0 + ) (5)

where 0 = wt = 27 ft represents the angular time. There-
fore, only the operating-frequency component is consid-
ered for the output-network analysis.

5) From the assumption 4, the output resonant filter whose
resonant frequency is f, = 1/(2m+\/LoC)) generates a
pure sinusoidal output current with the operating fre-
quency and a proper phase shift of the output current as
given in (5). For the theoretical analysis, the inductance
Ly, which is physically one component in real circuits,
is theoretically divided into L and L. The elements Ly
and (| realize an ideal series-resonant filter whose res-
onant frequency is equal to the operating frequency f,
namely f =1/(2m+/L;C)). From the assumption 4, it
can be assumed that the ideal resonant filter generates a
pure sinusoidal output current, no phase shift of the output
current, and no voltage drop. The combination of the ele-
ments L and R causes the proper phase shift of the output
current.

6) The MOSFETSs are driven by square-waveform signals as
shown in Fig. 2. When the MOSFET is OFF, the gate
voltage is the same as the source voltage. The switching
pattern is the same as that given in Table I.

7) At the end of the dead time, both the switch voltages vg1
and vgy satisfy the class-E ZVS/ZDS conditions as given
in (1) and (2).

Under the aforementioned assumptions, the equivalent model

of the class-DE inverter can be obtained as shown in Fig. 1(b).
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B. Definition of Frequencies

In this paper, four kinds of “frequency” appear:

1) the operating frequency is the frequency of the driving
signals D,; and D,9;

2) the resonant frequency is equal to 1/(2m+/ Lo Cj) for the
LC resonant filter;

3) the maximum operating frequency is the operating fre-
quency obtained when the shunt capacitances include no
external linear capacitances for a specified duty ratio;

4) the highest maximum operating frequency is the peak
value of the maximum operating frequency against duty-
ratio variations at which the class-E ZVS/ZDS conditions
are satisfied.

C. Current and Voltage Waveforms

The analysis for steady state is performed in the interval
0<6 < 2m.
For 0 < 0 < 2w D, the switch S is ON and the switch .55 is

OFF. Therefore, the switch voltages are constant
7}51(9) =0 and Vs2 (9) = VDD- (6)

Because both the gate—drain voltage and the drain—source one
are constant, the current through the drain—source capacitances
and the gate—drain ones are

iCdsl (9) = iCdsZ (9) = ngdl (9) = ngdz (0) = 0. (7
Additionally, the current through the switch S is
is2(0) = 0. (®)

From (5) and (8)—(13), the current through the switch S is
obtained as

is1(0) = —i,(0) = =1L, sin(0 + ¢). 9)
For 27D < 6 < 7, both switches are OFF. Thus
is1(0) = ig2(0) = 0.

From the assumption 6, the voltage across the drain—gate capac-
itances are the same as that across the drain—source capacitances
in the identical MOSFET. From the Kirchhoff’s current law, we
obtain

(10)

dv dv

_ O.)(Cdsl +Cg(11)T? + W(CdSZ + ng2) dZZ
= I, sin(9 + (p)_ (11)

From (11) and vy + vs2 = Vbp, we have
dv51(9) _Im .
B sin(0 + o).

df W(Cdsl + ngl + Cds? + ng2) ( 90)(12
)

From the class-E ZDS condition for vg; in (1), we obtain o = 0
and 7. In this paper, we consider that the amplitude of the
output current [, is positive. Therefore, the phase difference is
determined as

p=T. (13)
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By substituting (3) and (4) into (12) and integrating both sides
of (12) with vg1 (27 D) = 0, we obtain
2. Cjor Vi
jOk Vbi
DD

v 1—my
(+5)
=1 M)ik

Vi _ 1—my
_ (1 N DDUSl) N (1 N
Viix

= I, [cos(2n D) — cos ).

Vbp > o _q
Voik

(14)
The switch voltages for § = 7 are vgy (1) = Vpp and vga(7) =
0 because of the class-E ZVS condition in (2). By substituting
0 = wand vg; = 0 into (14), the amplitude 7, is

VDD>1mk
1+ -1
( ‘/bik

Cior Wik

3

2w
I, =
1+ cos(27D) Z

k=1 (1 =)
(15)
By eliminating I,,, from (14) and (15), we have
3 1—my
Z<1+VDD7151) _(1+VDD
= Vhik Vbp Vhik
1—my 1—my
_Vop USI) +<1+VDD) _q
Wik Vbp Vbik
’ Vop ' "
2[cos(2m D) — cosf 1+ ) -1
eoard) sl (1 322) "
1+ cos(27D) -
(16)

Generally, the numerical calculations are needed to obtain the
switch voltage waveforms. From (16), however, it is seen that
the normalized switch voltages vg1 /Vpp and vgs /Vpp are ex-
pressed as a function of ratio of the dc-supply voltage to the
built-in potentials Vpp /Viik, grading coefficients of the diode
junction my,, each switch-on interval 27 D, and angular time 6.

For 7 < 0 < 7 + 27D, the switch S; is OFF and the switch
S5 is ON. From the same procedure for the first interval, we
obtain the waveform expressions as

USI(Q) = VDDa ’USQ(G) =0
is1(0) = ics1(0) =ics2(0) =0

is2(0) = iy(0) = —I,, sinf. (17)

For m + 27D < 6 < 27, both the switches are OFF. Therefore,
the switch currents are given as

is1(0) =igs2(6) = 0. (18)

Following the similar analytical procedure for the second inter-
val with vgy (m 4 27 D) = Vpp, we obtain the expressions for
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the switch voltage as

3 1—-m

Vi K Vi
Z<1+ DDUS1) _<1+ DD
k=1

Vbik VDD Vbik
VDD Vg1 > 1—my ( VDD ) 1—my
SNLLSCES —(1+ +1
Wi Vbp Wbik
3 Vi 1-my
2[cos(27 D) + cos Q]Z <1 + V]'DD) - 11
N Pt bik 0

1+ cos(27D)

(19)
For simplicity, we would like to consider the effects of only
the MOSFET gate—drain capacitances in all the plots given in
Sections IV-VI. This is because the gate—drain capacitances are
sufficiently small compared with the drain—source capacitances.
Fig. 3 shows example waveforms of the normalized switch volt-
age vg1/Vpp for Ceq = 0. It is seen from Fig. 3 that a small
duty ratio and a large grading coefficient cause fast changes
of the switch voltage. Because a small shunt capacitance and
high frequency enhance the slope of switch voltage, there is a
possibility that the obtained values of dvg; /dt are close to the
maximum rate of the MOSFET, which is usually from 3 to 20
V/ns. A problem for reliable operation of the power inverter
occurs if the inverter goes from the nominal operation to the
off nominal one when antiparallel diodes conduct current, in
particular. Such transition can happen easily when the supply
voltage Vpp increases only slightly over the specified value.

D. Input Current and Output Voltage, Current, and Power

The input current Ip is given as the average of the current
flowing from the dc voltage source Vpp

1 [ . .
=35 | [152(0) + ic:ds2 (0) + g (0)] 9
1 T+27 D
= — I, sin 6d0
21 J.

w[l — cos(27D)]
7[1 + cos(2m D)]

VDD ) 1—my
1+ -1
< Wik

(1 — mk)

(20)

Cior Voik
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Note that the average value of the current through the MOSFET
parasitic capacitance ic q¢2 + i gq2 Means the average amount
of charging/discharging electric charge. Therefore, it is always
zero. From (15) and (20), the normalized amplitude of the output
current is expressed as

1, 2w

L — 21
Ip 1—cos(2nD) @D
Using (21), we obtain the input power as
L, Vop|l — 2nD
Pie = Vop I = LYool = cosZD)] g
27
The output power P, is given by
1, Vs, RI} V2
P, = = m _ m 23
’ 2 2 2R (&)
where V,,, is the amplitude of the output voltage
Vm = RI’m- (24)

Ideally, the power-conversion efficiency of the class-DE inverter
is 100% on the nominal operation

Py = P,. (25)

From (22), (23), and (25), we can obtain the amplitude of the
output voltage normalized with respect to the input voltage as

Vi 1 —cos(2wD)
VDD o e

The analytical results of (21) and (26) show that the amplitude
of the output current and voltage are determined by only the
input current or voltage, and the duty ratio D. Additionally,
the amplitude of the output voltage is proportional to the input
voltage at a specified duty ratio in spite of the nonlinearity of
the shunt capacitances. This is an important characteristic of the
class-DE inverter. Fig. 4 shows the normalized amplitudes of the
output current and voltage as functions of the switch-on duty
ratio D. The normalized amplitude of the output current goes to
infinity with the decrease in D. This is because I decreases to
zero with the decrease in D, which is confirmed from (20).
From (23) and (26), we have

P ﬁ ~ V3p[l —cos(2nD)?
’ 212 R '

. (26)

2R @7
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Fig. 5. Normalized output power RP, / VgD as a function of the switch-on
duty ratio D.

Fig. 5 shows the normalized output power as a function of the
switch-on duty ratio. It is seen from Fig. 5 that the output power
increases as the switch-on duty ratio increases.

E. Voltage Across the Load Reactance

Because i, = —1I,, sin 8, the fundamental component of the
voltage vy, (0) across the reactance L is expressed as

vr, (0) = Vi (— cosb) (28)
where
Vi, =wlLl,,. 29)
From (24) and (29), we obtain
Vi wL
VTR 30)

Because of the assumption 5, the fundamental component of the

bottom switch voltage is expressed as
Vs 1tund = v (0) + v, (0) = =V cos() — V,, sin(F). (31)

Therefore, the normalized magnitude V;, /Vpp is derived from
the Fourier integral

VL 1 /2ﬂ U51(9)
— = = —cos 0)deb.
Voo 7wJo Vbp ( )

The integration in the aforementioned equation can be solved
numerically. Here, the function H(m, Vpp /Vii, D) is defined

as

VL 1 /27r USl(e)

= = — —cos6)db.
Vobp 7Jo Vbp ( )

Fig. 6 shows plots of H as a function of Vpp / V4 for Cyq = 0.In
order to illustrate Fig. 6(a), the trapezoidal rule with 27t /10 000
of grid spacing of 6 is used to calculate the integration of (32).

(32)

(33)

F. Design Equations
From (27), the load resistance R is given as
Vip [l — cos(2mD)]?

R =
212 P,

(34)
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From the definition of the loaded-quality factor (), the induc-
tance Ly is given as

QR QR
Ly=—=—".
0= o] (35)
From (26), (30), and (33), the inductance L is
I_ TRH (36)

27 f[1 — cos(2wD)]’
From (35) and (36), the ideal resonant inductance L is obtained
as
R TH
" onf {Q 1 cos(27rD)} '

The identical resonant filter with the resonant frequency f =
w/2m is realized by Ly and Cy. From f = 1/(27/L;C}) and
(37), the resonant capacitance Cj is expressed analytically as

1

Ly=1Lo—L (37)

Co = (38)

TH '
2rfR|Q — ———
mf [Q 1- cos(27rD)}
In these design equations, we need numerical calculations for

obtaining H, which is used for the derivation of Cj in (38).

V. MAXIMUM OPERATING FREQUENCY

From (15) and (23), we can obtain another expression of the
output power P, as

I’"l VHL _ RIZ

2 2
B 202 R
[l 4 cos(2wD)]?

P, =

Cior Voik

(39)

3
P>
k=1

In this analysis, the shunt capacitances consist of only the MOS-
FET parasitic capacitances, which are usually not controllable
and depend on the type of the MOSFET. Because of the as-
sumption 1 and the definition of the maximum frequency, it
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can be stated that w in this analysis is the maximum angular
frequency wy,.x. By equating right-hand side of (27) and that
of (39) with w, Cj()k,R, Vbp, and Vi > 0, 0 < my < 1, and
sin?(f) = 1 — cos?(f), the maximum operating frequency of
the class-DE inverter can be expressed as

o Wmax
fmax -

2
2 3 VoD (1 —my)
_ sin (ZWD)Z Viik (40)
472 R

Voo ) 1—my ’
1+ —1
( Wik

It is seen from (40) that the maximum operating frequency is
inversely proportional to R. Additionally, it is also seen from
(40) that the maximum operating frequency increases as C,
decreases for fixed my,. Here, we define the criterion for the
frequency f. as the maximum operating frequency for m =
0 and D = 0.25, which is independent of the input voltage
Vbp [1]. By using fi,ax and f., we have normalized maximum
operating frequency as

Voo
Wbk

VDD ) 1—-my !
1+ -1
( Vhik

Fig. 7 shows the normalized maximum operating frequency as
functions of the switch-on duty ratio D for Cyq = 0. From Fig. 7
and (41), it is seen that the maximum frequency is symmetry
against the duty-ratio variations with respect to D = 0.25. The
highest maximum operating frequency can be obtained at D =
0.25 for fixed my, and Vpp /Viik, namely when MOSFET type
is selected. Therefore, by substituting D = 0.25 into (40), the
highest maximum operating frequency is

Vbp
Voik

VDD>1mk :
1+ —1
< Wik

Figs. 8 and 9 show the normalized maximum operating fre-
quency as functions of the ratio of the input voltage to the
built-in potential Vpp /Vi,i1 and the grading coefficient my, re-
spectively, for Cyq = 0. It is seen from Figs. 8 and 9 that the

(1 — mk)
4D

Jnax = sin2(27rD)Z
fe P

(1 —my)
(42)

3
1
fhigh = 47TQRZ

k=1
Cior
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maximum operating frequency is high for large m; and high
Vbp /Vhii- This is because the average value of nonlinear ca-
pacitance in one-period operation decreases with increase in m;
and Vpp /Vii1 . The maximum frequency increases as the shunt
capacitance decreases.

VI. POWER OUTPUT CAPABILITY

The class-DE inverter contains two MOSFETSs S; and S5. The
peak voltage stress is identical to the input voltage Vpp. In this
paper, the shunt capacitances are parasitic elements of the MOS-
FETs. Therefore, we should consider both the current through
the switches and that through the drain—source capacitances in
order to obtain the peak current stress of the MOFSETs. The
maximum current through the switch S}, which is expressed as
Ismax, is identical to that through .Sy

|1, || sin(27 D)
| L |

for0 < D <0.25

(43)
for 0.25 < D < 0.5.

ISmax =

Similarly, 7 cdsmax is defined as the maximum current through
the drain—source capacitances. The current through the drain—
source capacitance and its maximum value can be obtained only
numerically. For example, the current through the drain—source
capacitance of the bottom MOSFETi . 44, is expressed from
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(12) as

dvgl(H) Odlen sin(@)

d9 - Cdsl + ngl + Ods? + ng2 '
(44)

Note that the currents ¢g; and i ods1 hever flow simultane-

ously due to the assumption 2. Therefore, the maximum current

through the MOSFETSs Iy, is obtained as
Isn = max{ig1 (0) +ipqq (0)}

= maX{ISmaxv ICdSmax} = k]gM I,

iCdSl (9) = wCOys1

(45)

where kj,, is a coefficient obtained from (43) and (44). From
(23), (26), and (45), the power output capability is obtained as

P, 1 —cos(27D)
47Tk1s1\1 '

Fig. 10 shows ky,,, and ¢, as functions of D for Cyq = 0,
Voo /Vhi = 40, and fixed m. It can be stated from Fig. 10(a) that
Isnt = I dgmay fOr small value of D. From Fig. 3, the slope of
the switch voltage rapidly increases as the grading coefficient
m increases. Therefore, Isy; becomes large for large m. The
maximum switch current Igy; is independent of the grading
coefficients in the region where Igyt = Igyax. It is seen from
Fig. 10(b) that the power output capability is almost independent
of the grading coefficients. Small differences, however, appear
for small D because of the differences in ky,, . We can also see
that the power output capability increases with the increase in
D.

It can be stated from Figs. 5, 7, and 10 that the switch-on
duty ratio should be specified in the range of 0.25 < D < 0.5.
This is because: 1) the frequency range is the same as that
for 0 < D < 0.25, 2) the output power is higher than that for
0 < D < 0.25, and 3) the power output capability is also higher
than that for 0 < D < 0.25.

(46)

C, = =
P 2L Vbp

VII. POWER-CONVERSION EFFICIENCY

In real circuits, the power losses occur in the parasitic re-
sistances of each component. It is assumed that the parasitic
resistances are small enough not to affect the waveforms. In
this paper, we consider the equivalent series resistance (ESR)
of the load network r; ~ and switch-on resistances s, and rgo
as shown in Fig. 11. In this analysis, rg = rg; = rgo is as-
sumed because of the assumption 2. The ESRs of the MOSFET
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Fig. 11.  Equivalent circuit of class-DE inverter including ESRs.

parasitic capacitances are ignored because they are generally
much smaller than the other ESRs. The power loss in rp¢ is
obtained as

(47)

1 E 7‘ch2
P, =— 2(0)dh = ==
LC 27‘(’/0 TLCZO( ) 9

Similarly, the power losses at the switch-on resistances are ob-

tained as
1 o -2 Ts 2D 9 .. 92
Prgy = o J, rsis (0)do = o J, 1, sin” 6d0

_rgl} [4nD — sin(47D)]
B 8T ’
rg T+2m D
P, = = I2, sin’ 0d6
2 J, )
rsI2 [4mD — sin(4wD
_ rslalimD D)) _p s
where P, and P,., are the power losses at the switch-on

resistances of S; and S, respectively. From (39), (47), and
(48), the power-conversion efficiency 7 is obtained as

B,
P0+P7‘L(7 +P7"Sl +P7”b'2

RIZ,

2
RI?, " rool? L rsl2 [4nD — sin(47D)]

2 2 4r

1
[, rc  rslrD —sin(irD)] 49)
R 2R

’r):

VII. DESIGN EXAMPLE AND EXPERIMENTAL VERIFICATIONS

The design example with the discrete MOSFET devices is
given. The design specifications are: operating frequency f = 1
MHz, input voltage Vpp = 90 V, output resistance R = 57.2 €,
and loaded quality factor Q) = 5.

Itis considered that the IRF530 MOSFETSs, whose breakdown
voltage is 100 V, are used as the switching devices. The values
of grading coefficient my,, the built-in potential Vi,k, and Cjoy
of IRF530 MOSFET are obtained from the “irf.lib” in PSpice

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 7, JULY 2015

TABLE II
PARAMETERS FOR IRF530

Cjo1 my Vyir  Cjoa ma2  Cjoz  mgy Viis rs
1.03nF 0501 147V 0.0pF 0 750 pF  0.673 0.801V 0.16Q
From Textronix AFG3252
with frequency fand duty ratio D
21D, IRF2011
o——— HIN Vs
0 [ 2n
21D,
E o—— LIN HO Dr2
0 T n =47 yF
CcoM VB
A
LO ¥
T o Dri
i
Hi 5y
Fig. 12.  Driver circuit.
Dummy load
9
2 Class-DE inverter
MOSEET driver
Fig. 13. Implemented circuit.

device library as given in Table II. Additionally, the drain—
source on-resistance of the IRF530 MOSFET is rg = 0.16 €
from the data sheet. By substituting D = 0.25 into (40), the
highest maximum operating frequency of the class-DE inverter
using IRF530 MOSFETs is obtained as fij;n, = 1.45 MHz. Itis
confirmed, therefore, that the IRF530 MOSFET can be used for
these design specifications. From (40), the duty ratio D is ob-
tained as D = 0.16 or 0.34. From the output power and power-
output-capability point of view, we pick D = 0.34. Therefore,
Ly = 45.2uH is obtained from (35). From the numerical calcu-
lations of (33), H is 0.382. Therefore, the resonant capacitance
C) is 654pF from (38).

Fig. 12 shows the driver circuit for experiments. We used
an IRF 2011 driver logic and the Textronix AFG3252 dual-
channel arbitrary function generator. Figs. 13 and 14 show the
implemented circuit for measurements and superimposed ex-
perimental and PSpice waveforms onto analytical ones. It can
be confirmed from Fig. 14 that all the waveforms satisfied the
class-E ZVS/ZDS conditions. Table III gives the analytical pre-
dictions and experimental measurements.

For obtaining the experimental-measurement values, element
values including the ESR of the load network were measured
by the HP 4284A LCR meter, root-mean-square value of the
output voltage V,, was measured by the Agilent 3458A digital
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Fig. 14. Waveforms from analytical expressions, PSpice simulation and cir-
cuit experiment. Dashed line: analytical waveforms, dotted line: PSpice wave-
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andvgs: 100 V/div, injos1 and iy g go: 0.5 A/div, and v, : 50 V/div. Horizontal:
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TABLE III
ANALYTICAL PREDICTIONS AND EXPERIMENTAL MEASUREMENTS
FOR DESIGN SPECIFICATIONS

Calculated Measurement Difference

f 1 MHz 1.00 MHz 0.0%
Vbp M0V MV 0.0%
D 0.34 0.34 0.0%
Cy 654 pF 646 pF —1.3%
Ly 452 uH 44.7 uH —1.3%
R 57.2Q 572 Q 0.0%
rs 0.16 2 - -
TLC - 1.30 -
P, 173 W 16.5W —4.6%
n 97.3%"* 96.4% —0.9%

* 1) is calculated by using the measured value of 7, ¢ .

multimeter, and Vpp and Ip were measured by the Iwatsu
VOAC7523 digital multimeter. Additionally, f and D, which
were set by the function generator, were used as the measured
values of f and D. It is seen from Fig. 14 and Table III that
the experimental and PSpice-simulation results agreed with the
analytical ones quantitatively, which showed the validity of the
analytical expressions in this paper. In the experiment in Fig. 14,
96.4% power-conversion efficiency can be achieved with 1 MHz
and 16.5-W output. Additionally, the drive power and the power-
added efficiency are 0.33 W and 94.6%, respectively.

Fig. 15 shows analytical, PSpice-simulated, and experimen-
tal waveforms for the highest maximum operating frequency.
It is confirmed that all the waveforms achieved the class-E
ZN'S/ZDS conditions. Table IV gives the analytical predictions
and experimental measurements. It is also seen from Fig. 15 and
Table I'V that the experimental and PSpice-simulation measure-
ments showed good agreement with the analytical predictions.
The experimental measurements in Fig. 15 showed 97.7% power
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Fig. 15.  Waveforms from analytical expressions, PSpice simulation and cir-
cuit experiment. Dashed line: analytical waveforms, dotted line: PSpice wave-
forms, and solid line: experimental waveforms. Vertical: D,1: 10 V/div, vg;
and vgo: 100 V/div, intog1 and iyfose: 1 A/div, and v, : 50 V/div. Horizontal:
200 ns/div.

TABLE IV
ANALYTICAL PREDICTIONS AND EXPERIMENTAL MEASUREMENTS
FOR HIGHEST MAXIMUM OPERATING FREQUENCY

Calculated Measurement Difference

f 1.45 MHz 1.45 MHz 0.0%
Vbbb 90V 90V 0.0%
D 0.25 0.25 0.0%
Cy 567 pF 556 pF —1.9%
Lo 31.5 uH 31.9 uH 1.4%
R 57.2Q 57.2Q 0.0%
rs 0.16 Q - -
rLC - 1.01 Q -
P, 7.18 W 6.86 W —4.5%
7 98.1 %* 97.7 % —0.4%

*1 is calculated by using the measured value of r7, ¢ .

conversion and 92.0% power added efficiencies with 1.45 MHz
and 6.86-W output and 0.44-W drive power.

IX. CONCLUSION

Analytical expressions have been presented for designs of the
class-DE inverters at any duty ratio and a high loaded quality
factor, taking into account the nonlinear MOSFET drain—source
and gate—drain parasitic capacitances with any grading coeffi-
cients of the diode junctions. Additionally, maximum operating
frequency, power output capability, and power-conversion effi-
ciency of the class-DE inverter have been also obtained. It has
been shown that the highest maximum operating frequency oc-
curs when the switch-on duty ratio is 0.25. From the obtained
results, it can be stated that the switch-on duty ratio of the class-
DE inverter should be specified in the range of 0.25 < D < 0.5.
The PSpice-simulation and experimental results indicated the
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validity of our analysis. The obtained analytical expressions
may extend the potential of the class-DE inverter applications.
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