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Abstract—A family of Class EF resonant inverters with
constant ac voltage output and load-independent characteris-
tics is proposed in this article. Moreover, the design princi-
ple of Class EF resonant topologies and their load-independent
characteristics are concluded. The low voltage or current stress
across the switch can be achieved by the second-order resonant
network. Furthermore, the common-ground Class E/F resonant
inverter and its load-independent design procedure are introduced.
Constant ac voltage output and zero-voltage switching can be
achieved by the proposed inverter for a wide load range. To validate
the theoretical analysis, the 1-MHz experimental prototype is built
and the peak efficiency is 93.4%.

Index Terms—Class EF, constant ac voltage output, load-
independent, zero-voltage switching (ZVS).

1. INTRODUCTION

IGH-FREQUENCY resonant inverters are widely ap-

plied in wireless power transfer, plasma acceleration, gate
driver, etc. [1], [2], [3], [4]. As the operating frequency increases
to the multi-MHz range, high-frequency resonant topologies
with soft switching characteristics, such as Class E, Class E/F,
and Class @5, are widely adopted, which improve the systems’
efficiency and reliability. However, the practical performance
of conventional resonant inverters is limited to some extent by
their load-sensitive characteristics. If the actual load changes,
the output power will change and the system efficiency will in-
evitably decrease [5], [6]. Although feedback control represents
a potential solution for different loads, it requires a complex
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design in practice. Therefore, the key issue for high-frequency
resonant inverters is to maintain constant ac output and soft
switching over a wide range of loads [7].

Generally, impedance compression and dynamic matching
technology are typically used in the multi-MHz range to match
the variable load impedance to the desired fixed load range. For
better compression effect, the impedance network is designed
specially to match the input and output impedance [8]. Although
the inverters can operate effectively at the wide loads around the
design point, the impedance networks consist of large passive
components that are bulky and inefficient [9].

To solve the above challenges, the load-independent technol-
ogy was proposed in [10] and [11], which is a time-domain
method to optimize the circuit parameters. By setting soft
switching and constant ac output requirements, the accurate
numerical relationship between circuit parameters can be ob-
tained. Compared with the traditional frequency-domain method
presented in [12], the time-domain method is more accurate
because the waveform equations for voltage and current are
derived and the circuit parameters are solved numerically [13].
The theoretical design parameters are more accurate, which is
beneficial to provide effective guidance for the actual design.

Since the load-independent technology was first proposed
in the Class E resonant inverter in [10], the parameter opti-
mization design method has been gradually applied in other
high-frequency resonant inverter topologies [13], [14], [15],
[16], [17], [18], [19]. The more flexible design approach and
detailed operating characteristics analysis for load-independent
Class E inverters are proposed in [13], which further extends the
load-independent concept to Class E/F topologies. Likewise, the
Class E inverter with the parallel resonant filter was optimally
designed based on the load-independent technology in [14], [15],
[16]. Furthermore, the inverse Class E inverter with constant
ac voltage output and zero-current switching characteristics is
introduced in [17]. Furthermore, the duality of Class E and
inverse Class E topologies with load-independent characteristics
were analyzed in [18], which further proposed the topology
construction strategy of the Class E resonant inverter. To reduce
the EMI for the finite input inductor of the Class E topology,
the above load-independent design can be applied in the Class
E/F resonant inverters [13], [19]. Moreover, the high-order res-
onant networks of Class E/F inverters can effectively reduce the
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Fig. 1. (a) Class E~! resonant unit. (b) Class E resonant unit.

voltage or current stress [20]. Therefore, the load-independent
technology is widely applied in MHz wireless power transfer,
which requires high power efficiencies and constant ac output
in a wide load range [20], [21]. However, these traditional Class
E/F inverters under load-independent design can only achieve
constant ac current output [13], [19].

For high-frequency resonant converters, space plasma gen-
eration, etc., the constant ac voltage output characteristics are
desirable. However, these Class EF resonant inverters under
load-independent design only achieve constant ac current output.
To expand the output characteristics, the common solution is
adding the impedance networks in [ 15], which transfers constant
ac current output to constant ac voltage output. To reduce the
bulky passive components and voltage or current stress across
the switch, the load-independent Class EF resonant topologies
must be reconstructed for constant ac voltage output.

The contributions of this article are summarized as follows:

1) The load-independent topology construction method is
extended from Class E topologies to Class EF topologies
and a family of novel Class EF resonant topologies with
constant ac voltage output are proposed.

2) The load-independent parameter design method is further
optimized for different Class EF deign procedures. The
operating characteristics and duality relationships of the
proposed Class EF topologies are concluded.

3) The power output capability is further optimized. The
designed prototype can achieve zero-voltage switching
(ZVS) over a wide load range and higher peak power
output capability.

This article is structured as follows: Section II summarizes
the topology design principle and proposes a family of load-
independent Class EF resonant inverters with constant ac volt-
age output. Section III introduces the common-ground Class
EF resonant inverter as an example and provides a detailed
time-domain analysis, load-independent design, power output
capability, and loss analysis. Section IV presents the experi-
mental results and comparisons of the proposed inverter. Finally,
Section V concludes this article.

II. TOPOLOGY DESIGN PRINCIPLE

As shown in Fig. 1, the Class E unit is divided into Class
E~! and Class E resonant units. To achieve soft switching, the
resonant inductor L, is series with switch S for zero-current
switching in the Class E~! resonant unit. The capacitor C.
generally has two possible locations in the Class E~! resonant
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Fig. 2. (a) Class F/E unit series with second-order network. (b) Class E/F unit

series with second-order network. (c) Class F/E unit parallel with second-order
network. (d) Class E/F unit parallel with second-order network.

(d

unit, which resonates with inductor L. Likewise, the resonant
capacitor (' is parallel with the switch S for ZVS in the Class E
resonant unit. The inductor L, generally also has two possible
locations in the Class E resonant unit, which resonates with
capacitor C;. To reduce the voltage or current stress across the
switch, the second-order resonant networks (Lo, C5) are added
to replace the resonant inductor L, and capacitor C\ respectively,
in traditional Class E~! and Class E resonant units, which are
defined as Class EF topologies.

As shown in Fig. 2, the Class EF resonant units are constructed
based on Class E resonant units and second-order resonant
networks (Ls, C5). To reduce the current stress across the switch,
the inductor Lo and capacitor C5 are in parallel to construct
a low-impedance loop for higher-order current harmonics in
Class F/E resonant units. Likewise, to reduce the voltage stress
across the switch, the inductor L5 and capacitor Cy are in series
to construct a low-impedance loop for higher-order voltage
harmonics in Class E/F resonant units. Generally, g5 represents
the frequency ratio of the second-order resonant network to
switching frequency, that is,

_ 1 1

= = = . 1
N, 7 A A

Similar to the Class E unit, the Class EF resonant unit is
divided into Class E/F and Class F/E resonant units according to
soft switching characteristics. Obviously, zero-current switching
can be achieved by the Class F/E resonant unit and ZVS can be
achieved by the Class E/F resonant unit. Generally, ¢; represents
the frequency ratio of the Class EF resonant unit to the switching
frequency, that is,

_ w¢L1202 \/LILJZL2 =q2 \/Lff? (Class F/E) ,
n= 1 C1+Cy C1+Cs . ( )
\/ =q2 \/ o2 (Class E/F)

LAJ\/LQ CQ Cl

The ac voltage or current output can be obtained with high-
load quality factor filters. Through the reasonable combina-
tion of Class EF resonant units and filter units, a family of
Class EF resonant inverters with constant ac voltage output
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Fig. 3. (a) Floating-ground Class F/E inverter. (b) Floating-ground class E/F
inverter. (c) Common-ground Class F/E inverter. (d) Common-ground Class E/F
inverter.
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Fig. 4. Soft-switching waveforms of the Class EF inverters under load-

independent design. (a) Zero-voltage switching. (b) Zero-current switching.

and load-independent characteristics can be obtained in Fig. 3.
The extra choke inductor Ly and dc-blocking capacitor Cr are
added, respectively, in Fig. 3(b) and (d) for volt—second and
ampere—second balance. These Class EF resonant inverters are
classified into floating-ground and common-ground types based
on the configuration relationship between the switch and the
load. Through comparing the time-domain theoretical waveform
equations and operating characteristics, the Class F/E inverter in
Fig. 3(a) is dual to the Class E/F inverter in Fig. 3(d). Likewise,
the Class E/F inverter in Fig. 3(b) is dual to the Class F/E inverter
in Fig. 3(c).

As shown in Fig. 4, these Class EF resonant inverters under
load-independent design can achieve soft switching over a wide
load range. For constant ac output and high efficiency, the
circuit parameters must be optimized and the detailed design
requirements are as follows.

a) Low voltage or current stress across the switch:
The resonant frequency fo of the second-order
resonant network (Lo, C5) is typically one to two
times the switching frequency fs

L _ 2y o 3)

= wVICy  fs

b) Zero current or voltage switching: Soft switching should
be achieved for high efficiency as shown in Fig. 4.

Vs (27TDOFF) = Ooris (27TDON) =0. (4)
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¢) Constant ac voltage output: The ac output voltage Vy, is
unbiased with respect to the load Ry,

oV,

The time-domain theoretical waveform equation of voltage
and current must be calculated. Based on the theoretical wave-
form equation, the soft switching requirement (b) can be sim-
plified and the generic equations between input voltage, output
voltage, and load Ry can be obtained as follows:

Q4 (D, q2,q1) Vin = @4 (D, q2,q1,¢) Vin Ry, (6)

where ¢ is the phase difference between output voltage and drive
signal, and the coefficient equations ®(D, g2, q1) and ®4(D, qo,
q1, ¢) are too complex and omitted.

To achieve constant ac voltage output in requirement (c), the
coefficients of (6) must be zero and the output ac voltage can
be decoupled from the load Ry,. Therefore, the frequency and
phase conditions can be calculated as shown in (7). Finally, the
simplified frequency condition and phase condition are shown
in Table I.

Q, (D, q2,q1) = @4 (D, q2,q1,9) = 0. @)

Obviously, these load-independent topologies are dual. By
exchanging the voltage terms with the current terms and ex-
changing the inductance terms with the capacitance terms, the
time domain theoretical waveform equations of these load-
independent Class EF resonant inverters can be derived easily.
Therefore, the operating characteristics and load-independent
parameter design can be derived by analogy according to the
duality properties for simplicity.

Table I shows the operating characteristics of the proposed
Class EF resonant inverters with constant ac voltage output
under the load-independent design. The simplified expression
of circuit gain is shown in (8), at the bottom of the next
page. By exchanging ON-duty cycle Don with OFF-duty cycle
Dorr, these load-independent Class EF resonant inverters share
common frequency conditions, circuit gain, and similar phase
conditions. For the same operating and output characteristics,
the load-independent Class F/E resonant inverters in Fig. 3(a)
and (c) can share the same circuit design parameters. This design
rule is also suitable for the load-independent Class E/F resonant
inverters in Fig. 3(b) and (d).

Obviously, the Class E/F resonant inverters are competitive
under high voltage output conditions for ZVS. On the contrary,
the Class F/E resonant inverters are suitable for high current
output conditions for zero-current switchings. Moreover, the
parallel filter can improve the system efficiency and power
density for less inductance. To simplify the drive circuit, the
common-ground configuration is a common choice.
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TABLE I
OPERATING CHARACTERISTICS OF THE PROPOSED LOAD-INDEPENDENT CLASS E/F RESONANT INVERTERS

Topology Fig. 3(a) Fig. 3(b) Fig. 3(c) Fig. 3(d)
Resonant unit Class F/E Class E/F Class F/E Class E/F
Output filter unit Series filter Parallel filter Series filter Parallel filter
Duty cycle D On-duty cycle D, Off-duty cycle Do On-duty cycle Dy, Off-duty cycle Dy

Soft switching Zero current switching

Output characteristics

1 1

Zero voltage switching

Zero current switching Zero voltage switching

Constant ac voltage output

2 2
=4 q27 (D =D, for Class E/F, D=D,, for Class F/E)

Frequency condition

q,tan[n(D-1)q,] ¢, tan(nDg,) wDq;q;

.. 1 3 3 1
Phase condition ¢:ﬂ(5 -D,, j p=n [E =Dy ) ¢=n (E =D, j P= 37 D,y )
Vm 1m Vm 1m
. G, = % =0, (Don’ql’ql) G = 7 =D, (Dnﬂ"’ql’qz) G, = % =0, (Don’ql’qz) G, :T:(D(}am (Doﬂ”ql’qz)
Operating in in
characteristics

Maximum output power capability C, = 0.1083

(duty cycle D =0.596, the second-order resonant frequency ¢, = 1.07 and load factor p = 8.56)

s § C+Cx == R, Vo

Fig.5. Topology of the load-independent common-ground Class E/F resonant
inverter with constant ac voltage output.

III. LOAD-INDEPENDENT ANALYSIS AND DESIGN OF THE
PROPOSED INVERTER

A. Circuit Analysis

The common-ground Class E/F resonant inverter is taken
as an example to validate the load-independent theory. Fig. 5
shows the topology of the common-ground Class E/F reso-
nant inverter consisting of the input voltage source Vj,, the
input choke inductor Lp, the switch S, the second-order res-
onant network (Lo, C5), the resonant capacitor C'y, the parallel
output filter (Cy, Cy, L), and the load resistance R,. The special
case when the load-independent common-ground Class E/F
resonant inverter achieves maximum output power capability
is shown in Fig. 6, where Dogr is the OFF-duty cycle of the
switching device and 0 = wt = 27 fst is the angular shift.

V(EST

0 ‘ ————t> 0
vei
1. ZNVS

0 = > 0
is (&

0 > 0
. 0,
Ic2

0 > ()
vn

0 /\\ /\ > ()

27D ,¢¢ 2n

Fig.6. Main voltage and current waveforms when load-independent common-
ground Class E/F inverter achieves maximum output power capability.

To simplify the time-domain analysis, the assumptions are
made as follows.

PGain (D, q1,92) =

8q2(q? — q3) (q1 cos (mDqy) sin (7 (D — 1) q2) — g sin (7Dgqy) cos (7 (D — 1) q2))

ma1 (a? = 1) (6 = 1) (a1 + @) cos (27 (D (a1 = @) + @)) = (@1 — 42)* (cos (27 (D (1 + @2) — @2))) — 4162)

(sin (rDq1) ((q2 — 1) (¢ + q2) sin (7 (D — 1) g2 + D)) + (g2 + 1) (¢ — q2) sin (7 (D (1 — q2) + D)))

—2q1 (g3 — 1) sin (7D) cos(rDgy ) sin (7 (D — 1) o))

®)
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1) The quality factor of the parallel output filter is high
enough to form a sinusoidal output current and voltage

Vo=V sin (6 + ¢) = I, Ry, sin (27w fst + &) (9)

where I, and V},, are the output ac current and voltage
amplitude and fg is the switching frequency.

2) The switch device is ideal, whose ON-resistance is zero
and OFF-resistance is infinite. The parasitic capacitor is
absorbed by the resonant capacitor C7.

3) All the passive components are ideal and lossless, whose
parasitic parameters are neglected.

OFF state [ 0 < 0 < 2w Dgpr]: At time 0, the switch §
has turned OFF. Obviously, the current across the switch ig
is zero and the voltage across the switch is equal to the
resonant capacitor voltage vcp. The voltage stress across
the switch is reduced significantly by the second-order res-
onant network (Lo, C5), which is low impedance for the
second-order harmonics voltage. During this mode, the volt-
age across the switch reaches the peak value Vsyv when
the angular shift § = 6.

ON state [ 2w Dopr < 0 < 2m]: Once the driving signal
arrives at 2w Dogr, the switch S turns ON with zero voltage.
During this mode, the voltage across the switch is zero and the
current through the switch reaches the peak value Igy when
the angular shift § = ;. During this mode, the second-order
network resonates with the parallel output filter unit.

In the OFF state, the circuit resonates in series. From Kirch-
hoff’s voltage and current laws, the following relationships can
be obtained:

{Iin =ic1 (0) +ic2 (0) (10)
ve1 (0) = vee (0) + via (0) + Vi sin (6 + ¢)

Rearranging (10), the second-order differential equation for
the current through the resonant capacitor C'y can be derived as

d%ica () C1+Cy .
5922( ) 102 2102 (9)

= Iy — wC1V,, cos (9 + ¢) .

wQCle

(1)

The general solution and particular solution can be calculated
based on (11). The expression for the current through capacitor
(5 during the OFF state can be obtained as follows:

I Va

ic2(0) = Aysingr6 + Ascos qr 6 + 1—7(]2ng cos (0 + @)
1
2 2
+ OBy (12)
qi

where the coefficients A; and As are determined by the initial
operating conditions.

According to the operating characteristics of the capacitor, the
expression for the voltage across the switch S can be calculated
as follows:

1 9
0)= —— [ (I, —icy (0)]d0 0
01 6) = =g | U= ica (910 + s (0)
2_ 2 L 271
:7@1 43) WL {A1 (COSQ19—1)—A2sinQ19+q2Ln0
q1 q1
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_ q1 Vm
1—¢q¢fwly

[sin (6 + ¢) — sin gzﬁ]} +wvc1(0).  (13)

From Kirchhoff’s current law, the following relationships can
be obtained in the ON state:
{1}01 (0) =0

V1,2 + Vo + Vi sin (9 + ¢) =0 (14)

Rearranging (14), the second-order differential equation for
the voltage across the resonant capacitor C'y can be obtained as
follows:

2 d*ves (6) .
w LQCQT +v0e2 (0) + Vinsin (0 + @) = 0. (15)
Likewise, the expression for the voltage across the capacitor

(5 during the ON state can be calculated as follows:

2
UCQ(G) = Bl sin QQG + B2 COS QQQ + %}Vm sin (0 + gf))
2

(16)
where the coefficients B and By are determined by the initial
operating conditions.

From (1) and (2), the relationship between the capacitors Cy
and (5 is determined by the resonant frequency ¢; and ¢- as
follows:

Cq q%

e R . (17)
Co @G—q

According to the operating characteristics of the capacitor,
the expression for the current through the resonant capacitor Cs
during the ON state can be obtained as follows:

. deQ (9)
0) = wCy —22)
ZCQ() w2 a0
1 .
= 2l By g3 cos q20 — Bago sin go0
qawW L2

2

a3
+ Vi COs 9+q§}
1—q3 @+9)

(18)

From Kirchhoff’s voltage law, the expression for the current
through the switch S can be obtained as follows:

is (0) = Iy — ic2(0). (19)

In all, the theoretical voltage and current expressions of the
switch and resonant elements in one cycle are summarized as
follows:

is(0) =
0 [O <0< QWDOFF]
Iy — —= q§2Vm cos (0 + ¢)

qgswLly | 1—q3
+B1q2 cos g20 — Baga sin ¢20)

[27TDOFF <f< 27‘1’]

(20)
vC1 (9) =
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(ql qQ)sz A :
A cosq1f — 1) — Assingr 0
o I(V 16 =1) = Azsing [0<0 <27 Dor]
+elng - 0 o fsin (64 ¢) — sing] |
0 [27TDOFF §9<27T]
2D
UCQ(G) =
2wLo in
LqIL {(ql qqz) 0+ A; (1 — cosq10)
+Azsin g6 + 74 wi" [sin (0 + ¢) — sin ¢]}
[0§9< 27TDOFF]
By sin ¢26 + By cos g2 + %Vm sin (0 + ¢)
2
[QWDOFF <f< 27T]
(22)
ic2(0) =
A;sing 0+ Ay cos 16 + ql q2I
11 q1 2 q1 [0§9<27TD0FF]
+1= 7 E‘ cos (6 + ¢)
1 Q2
3wl | 1-q3 Vin cOS (9 + ¢) [27TDOFF <0< 27T]
+B1q2 cos q26 — Baga sin g20]
(23)

The coefficients Ay, Ao, By, and By can be calculated by
solving the boundary continuity equations at the turn ON and
turn OFF switching instants. The boundary conditions can be
obtained because the voltage across the capacitor vco and the
current through the capacitor ¢ are continuous.

ve2(0) = vee(27)
Vo2 (27TD6FF) = Vc2 (27TD8_FF)

iCQ(O) ES icg(?’fr)
ice (2mDgpp) = ic2 (2 D)

(24)

B. Parameter Design for Load-Independent Operation

To achieve the load-independent characteristics, soft switch-
ing condition (b) must be satisfied regardless of load variation.
Substituting (21) into (4), the relationship between the output
voltage V;, and load resistance Ry, can be obtained as follows:

@, (Dorr, g2, 1) Vin = 4 (Dorr, g2, g1, ¢) VinRr,

Furthermore, the frequency condition (26) and phase condi-
tion (27) for the load-independent characteristic can be obtained
as follows:

(25)

1 1 @ —
g2 tan[r(Dopr — 1)g2]  q1 tan(mDoprq1)  mDorrqiqs
(26)
1

The frequency condition (26) is a multiparameter nonlinear
equation, which is a common characteristic for all the load-
independent Class EF resonant inverters.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 5, MAY 2025

Substituting the frequency and phase conditions into the
calculated theoretical expressions, the relationship between the
circuit parameters can be derived. The current of the resonant
capacitor C'5 is subjected to the Fourier analysis, and the funda-
mental frequency component of the current through the parallel
output filter can be expressed as follows:

icg(e) = i0(9)+iCx(9)
= Im sin(@ =+ ¢)+ch‘/m COS(Q + ¢)

=Insin(f + ¢)+1Icx cos(f + @) (28)

where I¢ is the amplitude of the current through capacitor /c.

Based on (28), the current through the load resistance and
the residual impedance in the parallel output filter unit can be
calculated as follows:

2
Iy = %/ ice (0)sin( + ¢)do (29)
0
1 2m
Icx = wCVy = ;/ ic2 (0) cos(6 + ¢)do (30)
0

By simplifying (29), the voltage gain GG, and the current gain
G of the load-independent common-ground Class E/F resonant
inverter can be calculated as follows:
2Vin 2
Gi = — = = —
Vm GV

Likewise, the relationship between resonant inductor Lo and
residual capacitor Cy can be derived by simplifying (30) as
follows:

= Dgain (Dorr, q1,¢2) - (31)

W?LyCy = Oy (Dorr, g1, G2)

where @cy(Dopr, q1, g2) is emitted for extremely complex
functions determined by resonant parameters.

Based on the above analysis, the circuit parameter
relationship of the proposed common-ground Class
E/F resonant inverter is determined. Once the OFF-duty
cycle Dopr and the resonant frequency ratio go are determined,
only a set of unique solutions exist for the resonant frequency
ratio ¢1, the phase difference ¢, and the current gain Gj.
Furthermore, the residual capacitor C and filter inductor L
in the parallel output filter unit can be fixed according to the
designed load quality Q. Fig. 7 shows the solutions for the design
parameters with different OFF-duty cycle Dopr and resonant
frequency ratio ¢o for the load-independent common-ground
Class E/F resonant inverter, which is also suitable for other dual
Class EF topologies. Therefore, the general value range of the
resonant frequency ratio ¢; is 2~3 and the current gain Gj is
1~2, respectively.

(32)

C. Power Output Capability Analysis

To scale the load variation with respect to the resonance
parameters, the parameter load factor p is introduced, which
is defined as follows:

1 Vi
WLQ Im

_ B I

L, I, (33)

p:
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Dose ’ 9

Design parameters for the load-independent common-ground Class E/F inverter with the different OFF-duty cycle Dopr and the second-order resonant

frequency ratio g2. (a) Resonant frequency ratio g1 . (b) Phase difference ¢. (c) Current gain Gj.

(2)

Fig. 8.

Dy 04 1 ’ @

(©

Operating characteristics for the load-independent common-ground Class E/F resonant inverter with the different OFF-duty cycle Dopr and the second-order

resonant frequency ratio gz under the different load factor p from 2 to 12. (a) Voltage stress across the switch. (b) Current stress through the switch. (c) Power

output capability.

According to the detailed theoretical expressions for the
switch voltage and current stress, the peak voltage stress value
and current stress value of the switch can be calculated at 6, and
0;, respectively, as follows:

dug (0y) _
0 g—g,
0 < 0, <27 Dopr

dis (6:) _
49 Jg=o,

2 Dopr < 0; < 27

and 34)

Based on (21) and (34), the angular displacement 6, for the
maximum voltage stress can be calculated as follows:

A Ay
gin q10v+— cos q10, +

! (0,+0)=2 L
Im Im G COS —qQ .

7 Gi
(35)
Based on (20) and (35), the angular displacement 6; for the

maximum current stress can be calculated as follows:

(36)

B By
—181nq29 + — T cos go6; +

1
i q251n(9 +¢) =0.

1—

Therefore, the power output capability C}, of the proposed
load-independent common-ground Class E/F inverter can be
obtained as follows:

C _ Rn _ ‘/;nIin — 1 — 1 (37)
P VomIsm  VemIsm %fiff Vomlim

Based on mathematical computing software, high-order non-
linear equations can be programmed and solved with iterative
and gradient descent algorithms. Furthermore, the voltage stress

and current stress across the switch at different OFF-duty cycles
Dopr, resonant frequency ¢, and load factor p can be obtained
as shown in Fig. 8(a) and (b). Furthermore, Fig. 8(c) shows
the power output capability of the proposed load-independent
common-ground Class E/F resonant inverter. To reduce the
switch voltage stress and improve power output capability, the
reasonable design range for the second-order resonant frequency
q2 is around 1.1. In this case, the voltage stress decreases and
the current stress increases with the load factor p increasing.
Moreover, the power output capability reaches the peak value
Cp = 0.1083 when the OFF-duty cycle Dorr = 0.596, the
second-order resonant frequency g2 = 1.07, and the load factor
p = 8.56. Therefore, the reasonable value range of the resonant
frequency ratio ¢o is 1 ~ 1.2 and the OFF-duty cycle Dogr
is 0.5 ~ 0.7, respectively. For the initial purpose of reducing
current stress, the proposed load-independent common-ground
Class E/F inverter is suitable for step-up and high-input voltage
situations.

IV. EXPERIMENTS AND COMPARISON
A. Experimental Verification

Based on the above load-independent analysis and design, the
step-by-step inverter parameter design procedure is presented
and the detailed designed specifications are as follows:

1) the switching frequency fg = 1 MHz;

2) the dc voltage power supply Vi, = 25 V;
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3) the rated load resistance Ry, = 25€);

4) the rated output voltage V;,, = 35V;

5) the load quality factor @ = 5.5.

To achieve the highest power output capability, the OFF-duty
cycle is Dopp = 0.596, the resonant frequency ratio of the
second-order networks is qo = 1.070, and the load factor is
p = 8.560 according to the operating characteristics analysis
in Section III. Furthermore, the resonant frequency is ¢ =
3.097 and the phase difference is ¢ = -17.280 deg based on
the frequency and phase condition. Finally, the voltage gain is
G; = 1.563 based on (8).

According to design specifications and (33), the value of the
resonant inductor Lo can be calculated as follows:

LV GiRL__ 1563x25
2_wplin_ wp  2xm x 106 x 8.56

= 0.727uH.

(38)
According to (1), the value of the resonant capacitor C'y can
be obtained as follows:

1 1
CQ = 3 27, = 6)2 —6
QW= L2 (1.07 x 2 x ™ x 105)” x 0.727 x 10
— 30.4330F. (39)

Moreover, the value of the resonant capacitor C'; can be
calculated based on (17) as follows:

= $Cs (1.07)% x 30.433 x 109
ai — 43 (3.097)% — (1.07)*

= 4.125nF.

(40)
According to the definition of the load quality, the value of
the filter capacitor in total can be obtained as follows:

Q 5.5

Coa:Os Cx: =
total + WRL  2x7 x 106 x 25

= 35.014nF.
(41)
To achieve constant ac voltage output, the value of the residual

capacitor Cy can be obtained based on (32) as follows:

. — Dy (DOFF7QI7Q2): —0.1391
* w?Ly (2 x 7 x 106)% x 0.727 x 10-6
= —4.847nF. (42)

Furthermore, the value of the parallel resonant capacitor Cg
can be obtained as follows:

Cs = Cioas — Cx = 35.014 x 1077 — (—4.847 x 107?)
= 39.861nF. (43)

Finally, the value of the parallel resonant inductor Ly can be
calculated as follows:

1 1

LS = =
w2Cs (2 x 7 x 106)% x 39.861 x 109

= 0.635uH.

(44)

As shown in Fig. 9(a), the prototype of the load-independent
common-ground Class E/F resonant inverter is implemented
based on the above-designed component values. According to
the duality of these topologies, the common-ground Class E/F
resonant inverter and floating-ground Class E/F resonant inverter
share the same circuit parameters and operating characteristics.
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Fig. 9. (a) Picture of the common-ground Class E/F resonant inverter proto-
type. (b) Picture of the floating-ground Class E/F resonant inverter prototype.
(c) Experimental measurement platform.

TABLE 1T
PARAMETERS OF MAIN COMPONENTS

Component Value/Parameter
Ly Coilcraft, 150 uH
Ci Murata 4.02 nF
G Murata 30.45 nF

Ciotal (CstCy) Murata 35.00 nF
Ly AWG 14,0.73 uH, 0 =112 @ 1 MHz
Ls AWG 14, 0.63 uH, 0 =120 @ 1 MHz

Driver Si8271
Switch § GS61004B

The prototype of the floating-ground Class E/F resonant inverter
and the experimental platform are, respectively, implemented as
shown in Fig. 9(b) and (c). Table IT shows the detailed component
values and parameters. To improve system efficiency, all the
resonant inductors are air-cored and hand-wound with 14 AWG
wires. Additionally, resonant capacitors made of low-loss COG
ceramic capacitors from Murata are selected. Considering the
switch parasitic capacitance Cyqs = 100 pF, the actual resonant
capacitor C1 is 4.02 nF. The input choke inductor under the PCB
is selected from Coilcraft for low dc resistance.

Fig. 10 shows the experimental waveforms of the load-
independent common-ground Class E/F resonant inverter with
load resistances of 25, 50, 100, and 500 €2. There is some
distortion in ac output voltage for the low load quality Q.
Obviously, the amplitude of output ac voltage remains constant
atapproximately 35 V when the load resistance changes from 25
to 500 2. Additionally, the voltage across the switch becomes
zero when the switch turns ON, which improves the system’s
overall efficiency. These experimental results confirm the load-
independent characteristics of the designed common-ground
Class E/F resonant inverter.
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Fig. 10. Experimental waveforms of common-ground Class E/F inverter
under different load resistances. (a) Load resistance Ry, = 25%. (b) Load
resistance Ry, = 50 2. (¢) Load resistance Ry, = 100 2. (d) Load resistance
Ry, = 500 Q.
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Fig. 11.  Experimental waveforms of floating-ground Class E/F inverter under
different load resistances. (a) Load resistance Ry, = 25 €2. (b) Load resistance
Ry, =509.(c) Load resistance Ry, = 100 2. (d) Load resistance Ry, = 500 Q2.

Fig. 11 shows the experimental waveforms of the load-
independent floating-ground Class E/F resonant inverter with
load resistances of 25, 50, 100, and 500 2. Obviously, the am-
plitude of output ac voltage remains constant at approximately
35 V when the load resistance changes from 25 to 500 (2. More-
over, the designed floating-ground Class E/F resonant inverter
can achieve soft switching and constant ac voltage output in
a wide load range. The experimental results confirm that the
common-ground Class E/F inverter and floating-ground Class
E/F inverter can achieve the same operating characteristics under
the same design parameters. There are differences in switch
voltage waveforms for parasitic parameters and the nonlinearity
of switch and passive components.

Fig. 12 shows the experimental waveforms when the load
resistances change from 25 to 500 €2 and from 50 to 25 €.
Obviously, the voltage stress across the switch reduces with the
output power decreasing. When the load changes from 25 to
500 €2, the amplitude of output ac current changes from 1.4 to
0.07 A, which is almost close to zero due to the large scale.
When the load changes from 50 to 25 €2, the amplitude of
output ac current changes from 0.7 to 1.4 A. Although little
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Fig.12.  Experimental waveforms of common-ground Class E/F inverter under

load resistance change. (a) Load resistance changes from 25 to 500 €2. (b) Load
resistance changes from 50 to 25 €.
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Fig. 13.  Experimental waveforms of floating-ground Class E/F inverter under
input voltage change. (a) Input voltage changes from 15 to 25 V. (b) Input voltage
changes from 25 to 10 V.

change in voltage stress across the switch, ZVS and constant ac
output voltage still remain. Obviously, the response speed is fast
without close-loop control when the load resistance is switched.

Fig. 13 shows the experimental waveforms when the input
voltage changes from 15 to 25 V and from 25 to 10 V. The
output voltage amplitude changes from approximately 21 to
35 V and from 35 to 14 V, verifying that the voltage gain re-
mains constant. Additionally, good soft-switching performance
confirmed that ZVS can be maintained under different input
voltages.

B. Comparison

The comparison of the load-independent topologies with
constant ac output characteristics is shown in Table III. Al-
though the Class @4 resonant inverter in [9] can achieve the
lowest voltage stress, the constant ac output characteristics are
lost and the impedance network reduces the system efficiency.
Compared with traditional load-independent Class E topolo-
gies in [14] and [15], the voltage stress can be significantly
reduced for the second-order resonant networks of the Class
E/F topologies despite the addition of passive components. The
low voltage stress across the switch can improve the system
efficiency and power output capability. Different from constant
ac current output in [13], [14], [15], [16], [17], [18], and [19],
the proposed load-independent Class E/F resonant inverter can
achieve constant ac voltage output in a wide load range. The
different output characteristic of the proposed load-independent
Class E/F topology expands the application scenarios. For the
inverters with zero-current switching characteristics in [18] and
[19], the system efficiency slightly decreases for the current
oscillation originating from the parasitic capacitance of the
switch. However, ZVS and high efficiency can be achieved in
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TABLE III
COMPARISON OF THE LOAD-INDEPENDENT HIGH-FREQUENCY RESONANT INVERTERS

Output Soft Constant . Power Output ~ Power  Efficiency  Operating
Topology Filter Switching Output Component — Vsax/Vin I/ Bn Capability W) (%) Range (€2)
Class d,[9]  'mpedance ZVS - 4L+4C 2.17 4.90 0.094 225 90.0 25-250
Network
Class E/F [13] Series A cc 3L+43C 225 5.05 0.088 150.0 90.0 0.56-6
Floating-ground 5y, VA cc 20+2C 348 3.16 0.091 10.0 89.3 1-40
Class E [14]
Class E [15] Impedance ZVS cc 3L+3C 378 2.59 0.102 10.4 88 1-8.6
Network
lnvers[el Sc]lass E  Series 7cs cc 3142C 2.61 3.74 0.102 19.5 93.8 0.25-5
Floating-ground
Class F/E [19] Parallel 7CS cc 3L42C 4.12 4.05 0.061 25.0 942 5-50
This paper Parallel ZVS cv 3L43C 278 342 0.105 218 934 25-500
TABLE IV

COMPARISON OF THE PROPOSED LOAD-INDEPENDENT CLASS EF TOPOLOGIES WITH CONSTANT AC OUTPUT CHARACTERISTICS

Power
density

Passive
component

Input current

. EMI
ripple

Topology

Output
configuration

Output filter Soft switching Application scenario

Fig. 3 (a) Large High 3L+2C Middle

Fig. 3 (b) Large High 3L+3C Low

Fig. 3 (c) Small 3L+3C Low

Fig. 3 (d) Small 2L+2C High

Floating-ground

Floating-ground

Common-ground

Common-ground

. High input current

Zero-current turn-off :
Wireless power transfer

Series filter

High frequency

Parallel filter High input voltage

Zero-voltage turn-on

. High input current
Low EMI

Wireless power transfer
High frequency

High input voltage
Low EMI

. High power density

Series filter ~ Zero-current turn-off

Parallel filter ~ Zero-voltage turn-on

PODNDEONE D= N

the proposed inverter and the parasitic capacitance of the switch
can be absorbed by the resonant capacitor, which mitigates the
effects of switching current oscillation.

Compared with Class EF topologies in [9], [13], and [19], the
power output capability of the proposed Class E/F inverter is
improved under parameter optimization design. Compared with
the peak power output capability C}, = 0.1023 for Class E reso-
nant topologies in [15] and [18], the designed load-independent
common-ground Class E/F resonant inverter can achieve higher
power output capability, which verifies the advantage in the
switch device selection. The actual power output capability is
lower than the theoretical value for parasitic parameters and the
nonlinearity of switch and passive components. Different from
the series filter in [ 13], the value of the inductance can be reduced
because the parallel filter is adopted, which further improves
the system efficiency. Compared with Class E topologies and
Class F/E topology in [19], the input source series with choke
inductor can effectively reduce input current ripple and system
electromagnetic interference in the proposed common-ground
Class E/F resonant inverter.

As shown in Table IV, the proposed load-independent Class
EF topologies with constant ac output characteristics are com-
pared. Thanks to the input choke inductor, the input current
ripple and system electromagnetic interference are greatly re-
duced for the Class EF topologies in Fig. 3(c) and (d). Gen-
erally, the loss and volume of the inductive components are
greater than those of the capacitive components. Therefore,
the proposed Class E/F inverter in Fig. 3(d) can achieve the

lowest volume and highest power density. Obviously, turn-ON
loss can be eliminated for ZVS and turn-OFF loss can be
eliminated for zero-current switching. Higher power-conversion
efficiency can be achieved for Class E/F resonant inverters
due to the turn-ON loss exceeding the turn-OFF loss at high
input voltage conditions. Likewise, the Class F/E resonant in-
verters are suitable for high input current condition for zero-
current switching. Therefore, the choice of the Class EF topolo-
gies depends on whether turn-OFF losses or turn-OFF losses
dominate.

For high-frequency switching devices such as GaN transis-
tors, the parasitic inductor is very small. However, the par-
asitic capacitor is relatively large. Therefore, the Class E/F
topologies with zero voltage turn-ON are more suitable for
high-frequency scenarios, in which the parasitic capacitor is
absorbed by a resonant capacitor. Compared with a series filter,
higher quality can be achieved by the parallel filter, which
improves the system efficiency and power density. However,
the primary coil with a high-quality factor is used to re-
place the filter inductor in the series filter, which is widely
applied in wireless power transfer. Moreover, the common-
ground configuration is a common choice for the simple drive
circuit.

From these comparisons, the proposed load-independent
Class E/F topology in Fig. 3(d) is the best candidate for a
high-frequency resonant inverter for most scenarios. Other Class
EF topologies are suitable for specific scenarios based on their
topology design and operating characteristics.
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Fig. 14.  Power-loss mode of the proposed load-independent common-ground
Class E/F resonant inverter.

C. Loss Analysis

The resonant inductors Lo and L are air core inductors and
the core losses are much smaller. The inductor current across L
is almost dc so that the core losses can be ignored. The switching
loss is not considered because ZVS is achieved and power loss
in the gate driving circuit is not considered. Therefore, the
causes of power loss are considered to be equivalent series re-
sistances (ESRs) of the inductors and capacitors and conduction
losses due to the switch ON-resistance in Fig. 14.

1) Conduction loss Py

The conduction loss of the switch Pg is expressed as

2
Py =rgl2 . == / i2(0)d6. (45)
2

2m 7 Dofy

2) Capacitor conduction losses Py, Poa, and Peogal
The conduction loss of the capacitors P, and Peg are ex-
pressed as

Per = 1ol s = 520 [270 2, (0)d9
Poy = 1c2lfy s = 52 [T i2,(6)d0 (46)

— TCiotal

o 2 27 .9
Feiow = 74ClOt211ICtotaers = T2x Jo ZCtotal(Q)dg

where 71, 1o, and regr are the ESRs of the capacitor C'y, Cs,
and Cio, respectively.

3) Inductor conduction losses P g, Pr2, and F

The conduction losses of the input inductor Lg, resonant
inductors Lo and Lg are obtained as

Pip = 1LlRp e = 55 [o7 i2(0)d0
Pro = 11203y e = 22 [2742,(0)d6 47
PLS = rLSIEsfrms = %n: 027T Zis(e)de

where rig, 112, and ¢ are the ESRs of the inductor Ly, Lo,
and L, respectively.
Therefore, the inverter efficiency can be obtained as follows:

_ Ps+ Poi + Poy + Pootal + Pur + Pro + P
7 :

n=1
(48)

Fig. 15 shows the loss distribution and efficiency curves of
the different load-independent inverters under different input
power. There is a difference in efficiency between analysis and
experiment, which originated in nonlinear circuit parameters and
stray losses. When the input power changes from 2 to 40 W, the
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Fig. 15. Loss distribution and efficiency curves of the load-independent
common-ground Class E/F resonant inverters under different input power.

peak efficiency of the designed inverter can reach 93.4%. With
the input power decreasing, the system efficiency is dropped for
large parasitic resistance loss in the filter inductor.

D. Load-Range Limitations

Limited by device power capabilities and circuit parasitic pa-
rameters, the following factors give the operational boundaries
of the proposed inverter in practical application.

First, the ESR of the filter inductor is the main factor affecting
the load-independent operation. Although ZVS can be main-
tained, the resonant current is large and the loss caused by ESR
cannot be neglected under heavy load conditions. Consequently,
the output voltage may fall below the desired value. Moreover,
the power withstand capability of the device is another factor.
The peak voltage and current of the switch become large in heavy
load conditions, exceeding the device’s withstand voltage and
current values.

V. CONCLUSION

This article proposes a family of load-independent Class
EF resonant inverters with constant ac voltage output. More-
over, the design principle and operating characteristics of load-
independent Class EF resonant inverters are summarized. Fur-
thermore, the common-ground Class E/F inverter is exemplified
and its detailed load-independent analysis is provided. Without
closed-loop control, the proposed common-ground Class E/F
inverter can achieve ZVS and constant ac voltage outputin a wide
load resistance range. Additionally, the experimental results of
the 21.8-W prototype verify the load-independent analysis and
the peak system efficiency reaches 93.4%. However, there are
still some limitations of the load-independent resonant inverter
topologies, and priorities for future research are as follows.

1) The soft switching and constant ac output characteristics
are lost when the load has an inductive or capacitive com-
ponent. Therefore, how to achieve load-independent char-
acteristics under resistive-inductive or resistive-capacitive
load is the main research topics.

2) The circuit parameters of the resonant inverters un-
der load-independent design are determined. There-
fore, the load-independent parameter design method



7040

to adapt to parameter changes is another research
direction.

APPENDIX

To simplify the parameter design of the load-independent
common-ground Class E/F resonant inverter, calcula-
tion software is developed based on MATLAB2021b.
Moreover, the detailed parameter calculation process
is available at https://github.com/MagicubeCheng/
LoadIndependentCommonGroundClassEFParallelFilter/tree/
ParameterCalculation.
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