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Load-Independent Class-E Inverter With Dual
Quasi-Constant Outputs

Chenwen Cheng ¥, Xiao Zheng

Abstract—A novel class-E inverter topology that exhibits load-
independent characteristics is presented in this article. Distin-
guished from the conventional class-E inverter, which is limited
to powering a single load, the proposed design boasts dual outputs
with only one power switch thanks to its series and parallel resonant
cavities. Targeting multioutput systems, the proposed topology re-
duces the need for multiple power switches and passive components
compared to utilizing separate class-E circuits, resulting in a more
compact overall design, and enhancing practicality. A comprehen-
sive modeling and analysis process is given, revealing that zero volt-
age switching, as well as a quasi-constant load current output and a
quasi-constant load voltage output, can be achieved simultaneously
within a wide operating range through proper resonant parameters
design. An experimental prototype is fabricated and tested at the
switching frequency of 1 MHz. The measured voltage variation
of the quasi-constant voltage output and the measured current
variation of the quasi-constant current output remain within 18 %.
The maximum system efficiency reaches 92.6%.

Index Terms—Class-e inverter, dual outputs, load-independent,
quasi-constant current, quasi-constant voltage, zero voltage
switching.

1. INTRODUCTION

IGH operating frequency is advantageous in reducing the
H size of passive elements in power electronic circuits, mak-
ing it a continuously pursued research hotspot [1], [2]. However,
high switching loss poses a significant challenge that restricts the
potential increase in switching frequency. To address this issue
and enable higher switching frequencies for power electronic
switches, the realization of soft switching techniques become
imperative [3].
The class-E inverter can transform a dc power supply into
an ac power output with only one power switch ON the low
side [4], [5]. Due to the inherent resonant characteristic of the
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class-E inverter, the shunt capacitance of the power switch under-
goes periodical discharge prior to the power switch’s activation.
Thus, zero voltage switching (ZVS) can be achieved and the
switching loss can be greatly reduced. The classical class-E
inverter features a choke inductor with a theoretically infinite
impedance at the input so that the input current can be treated
to have a constant dc value [4]. However, the operating range
of the circuit is limited. Deviation from this nominal load leads
to system efficiency degradation and output power variation.
Consequently, impedance matching networks [6] or additional
power converters [7] must be incorporated into the traditional
class-E inverter to maintain a stable output, which inevitably
complicates the system and introduces additional power losses.
Thus, it is not ideally suited for applications like the wireless
power transfer (WPT) system [8], where the equivalent load
impedance undergoes significant variations during the battery
charging process [9].

To address this issue, a load-independent class-E inverter was
proposed in [10]. The circuit topology in [10] is exactly the
same as the conventional one in [4], with the key difference
being the substitution of the input choke inductor with a finite
inductor, which participates in the resonant process of the circuit.
The output series resonant circuit created a constant voltage
(CV) output. ZVS of the metal-oxide-semiconductor field-effect
transistor (MOSFET) was analyzed to broaden the operating
range. The CV output characteristic of the proposed class-E
inverter in [10] eliminated the need for complex closed-loop
control to stabilize the output voltage, which greatly enhances
its practicability in WPT applications. Subsequently, various
load-independent CV inverter topologies emerged, including
class-E™! in [11] and class-¢5 in [12], among others. In a WPT
system, sometimes the transmitting coil is preferred to be excited
with a constant current (CC) power source instead of a CV
one. For example, the LCC compensation network was used to
generate a CC inside the transmitting coil, so that the receiving
side can obtain a CV source if compensated with a series-
connected capacitor [13] or multiple receivers can be powered
simultaneously without affecting each other if neglecting the
cross magnetic coupling between the receiving coils [14]. In
this case, CV inverters are not suitable anymore, and inverters
capable of delivering a CC output are necessary. Currently, there
are various load-independent CC inverters such as CC class-E in
[15], CC class-E! in [16], and class-EF in [17]. Some represen-
tative single-switch high-frequency load-independent inverters
derived from class-E are shown in Table I, which highlights
the passive components utilized in each inverter design along
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TABLE I
COMPARISONS OF SINGLE-SWITCH HIGH-FREQUENCY LOAD-INDEPENDENT
RESONANT INVERTERS

Passive Switching
Research | Topology Components | Condition Output
[10] cv
——— Class-E 2L+2C ZVS —
[15] cC
[11] CvV
EEEE— 3L+2C ZCS —
[16] Class-E"! CcC
[18] 3L+3C ZVS CcC
[12] Class-¢2 3L+3C ZVS CcvV
[17] Class-EF 3L+3C ZVS CcC
This CCand
- +
work Class-E 3L+3C ZVS cv

with their corresponding switching conditions. The CC class-E
in [15], similar to the CV class-E, leverages the second-order
resonant characteristics of the class-E circuit to achieve the
ZVS of the switch. The only difference between them lies in
the design at the output end, while the other parts of the circuit
remain identical. The topology of class-E! in [11] and [16] is
the dual form of the class-E topology, exhibiting a mirrored
configuration. Due to the need for a dc current source at the input
end, an extra choke inductor is typically employed. The topology
in [18], based on class-E, incorporates a capacitor to facilitate
the switching mode transition from zero current switching (ZCS)
to ZVS. The topologies in [12] and [17] introduced additional
passive components to the class-E structure, offering greater
flexibility in circuit design and potentially enabling the achieve-
ment of desired operational characteristics. Distinct inverters
exhibit unique characteristics, rendering them suitable for a
diverse range of applications.

In this article, a novel class-E inverter is proposed, drawing
inspiration from both the CC and CV class-E designs. It is
distinguished by its dual resonant cavities, consisting of a series
resonant cavity and a parallel resonant cavity, with only one
power switch. It can be demonstrated that independent opera-
tion of the loads in the two resonant cavities can be achieved
simultaneously. However, the operational range of the loads is
limited. When deviating from this range, there will be mutual
interference between the two resonant cavities. The primary
challenge in designing such a circuit stems from the interaction
between the two resonant cavities. After conducting a thorough
analysis, a suitable parameter design method is provided. Then,
a quasi-CC can be generated for the parallel resonant output and
a quasi-CV can be obtained for the series resonant output while
maintaining the ZVS of the MOSFET. The proposed inverter can
simultaneously power two loads with different power levels,
especially in the WPT application. First, this novel class-E
inverter holds great potential in the realm of multiple outputs,
seamlessly aligning with the prevailing trend of multiload charg-
ing [19], [20]. Second, the inverter’s dual-output capabilities,
encompassing both CC and CV modes, perfectly fulfill the
CC-followed-by-CV charging requirement for batteries, thus
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Fig. 1. Circuit diagram of the proposed class-E inverter with dual outputs.

(a) Circuit topology. (b) Equivalent circuit for analysis.

presenting significant potential for battery charging applications
[21], [22]. Furthermore, this circuit’s versatility allows it to be
effectively employed in single-output scenarios as well, further
enhancing its practicality and applicability.

The rest of this article is organized as follows. In Section 1II,
a comprehensive modeling approach of the proposed load-
independent dual-output class-E inverter is presented, serving as
a solid foundation for subsequent analysis. Then, the condition
to achieve the quasi-CC and CV outputs while maintaining the
ZVS of the MOSFET is derived in Section III. The operating
range of the proposed class-E inverter is thoroughly analyzed,
with a focus on demonstrating the CC and CV properties across
varying load variations. Experimental results are presented in
Section IV to validate the effectiveness and performance of
the proposed load-independent class-E inverter featuring dual
outputs. Finally, Section V concludes this article.

II. MODELING OF THE PROPOSED CLASS-E INVERTER

The circuit topology of the proposed class-E inverter with dual
quasi-constant outputs is shown in Fig. 1(a), which consists of
a dc voltage source Vi, three inductors L;,, L1, and Lo’, three
capacitors C;’, Cg, and Cs, two load resistors Ry and Rs, and a
power MOSFET S .

For ease of analysis, the capacitor C;’ can be envisioned
as the equivalent of two capacitors (C; and Ciy) connected in
parallel, as depicted in Fig. 1(b). Similarly, the inductor Ly’ can
be conceptualized as two inductors (Lg and Loy) connected in
series. Different from the existing class-E inverter, the proposed
one boasts two outputs, i.e., a parallel resonant output tailored
for load Ry and a series resonant output for load R,. The current
flowing through L, is designated as i;,,. The voltages across Ry
and R, are vy and vo, while the currents flowing through them
are i1 and iy, respectively. i1 is the current in C1 and vy is the
voltage across Loy. ip and ic are the currents flowing through
S and Cs. The voltage across S; is marked as vpg.
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It will be demonstrated later that, through appropriate pa-
rameter design, the circuit can attain a quasi-CC for R; and a
quasi-CV for R, within a specified load range while maintaining
ZVS for the MOSFET.

A. Assumptions

Before further analysis, some basic assumptions should be
made regarding the circuit in Fig. 1(b).

1) The switch is ideal and can be turned ON and OFF instantly.
The switching frequency is f, the period is 7, and the
angular frequency is w with w = 27f. The duty cycle of
the turning-ON time is D. The switch is ON when 0 < wt
< 2mD, and the switch is OFF when 27D < wt < 2.

2) L; and C; resonate at the switching frequency f, with the
loaded quality factor being defined as

Q1 =wCRy. (D

Q1 is large enough so that the output voltage v; is sinusoidal
[15]. Thus, v; can be written as

vy (wt) = Vi sin (wt + «) 2)

where « is the initial phase of v;.
3) Lo and Cs resonate at the switching frequency f, with the
loaded quality factor being defined as

- ng

= 3
Q2 o 3)

Q- is large enough so that the current is is
io (wt) = Iy sin (wt + () @)

where £ is the initial phase of i5.
4) Since Ci, exhibits capacitive behavior, the current iy
flowing through Ci leads v; by 90°, which can be calcu-
lated as

i1x = l1x cos (wt + ) . 5)

Similarly, considering Loy is inductive, the voltage vo, across
Lo is 90° ahead of iy, which can be denoted as

vax (wt) = Vay cos (wt + ) . (6)

B. Circuit Modeling

Fig. 2 shows the waveforms of the voltages and currents in the
circuit shown in Fig. 1(b). When §; is ON, the dc voltage source
Vin charges L;;,, and the current i3, grows. When §; is OFF, L;;,
starts releasing energy. In this period, ip is zero.

Based on assumptions 2) and 3), the parallel resonant cavity is
equivalent to a sinusoidal voltage source, and the series resonant
cavity can be modeled as a sinusoidal current source, resulting
in the equivalent circuit shown in Fig. 3.

According to Kirchhoff’s current law, the current i;;, is

iin (W) = ic (wt) + ip (wt) + iz (wi) . (7)
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Fig.2. Current and voltage waveforms of (a) iin, ip, and ic. (b) vpg, i1, and
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Fig. 3. Equivalent circuit of the proposed class-E inverter under different

states. (a) S is ON. (b) Sy is OFF.

When S is ON, Cy is shorted, so i¢ is zero and vpg is zero.
The current i;,, can be calculated as

wt
iin (W) = din (27) + / [Vin — Vi sin (wt + o) ]dwt.
0

(8)
When S is OFF, as shown in Fig. 2, the current ip, is zero, the
capacitor current i¢ is

ic (wt) =i (wt) — Iy sin (wt + ). )
The current i;,, is

7;in (wt) = iin (27TD)
+ 1 /Wt |:‘/m — Ups (wt)
2

wlin Jorp |—Visin(wt + a

wLin

)} dwt.  (10)

The current i is also the derivative of vpg as

dUDS (o.)t)

ic (wt) = wCy Tl

. (11)
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From (9)—(11), (12) is obtained

1 wt
/ [Vin — vps (wt) — Vi sin (wt + a)]dwt
wLin Jorp

dUDS (wt)
dwt

Taking the derivative of both sides of (12) with respect to wt
yields

+iin (27 D) — Iz sin (wt + B) = wCs (12)

1
ol [Vin — vps (wt) — V1 sin (wt 4 a)]
Lps (wt)

-1 t+ ) = wCs
scos (wt+ ) =w 2wt

13)

Equation (13) is a second-order linear nonhomogeneous dif-
ferential equation for vpg, which can be solved to obtain vpg as

vps (wt) = K7 cos (qwt) + Ko sin (qut) + Vi,
¢

_ b
wCs (2 —1)

Vi
2

. _1sin(wt—|—a)—

cos (wt + 3) (14)

where K7 and K5 are constants to be determined, and ¢ is defined
as

1
1= VI

To solve K and Ks, two boundary conditions are required.
Referring to Fig. 2, vpg is 0 at the instant when S; turns OFF

s)

vps (2rD) = 0. (16)

Moreover, the average value of vpg is equal to V;,, because the
average voltage across L;,, must be zero under the steady state

1 27
n = — t)dwt.
Vi 277/0 vps (wt)dw

From (14)—-(17), K1 and K5 can be obtained, as shown in

Ky = Lcse? (D — 1) mq]

[cos (2mq) — cos (2w Dq) — 2w Dgsin (2w Dq)] Vin

a7

+ [cos (2 Dq) — cos (2mq)] sin (27D + «)
(*-1)
2¢sin (7 D) sin (27quq) (1105 (mD + p)
+ [cos (2 Dq) — cos (2mq)] cos (27D + f3)
wCs(?-1) 2

qz{ 2¢sin (7 D) sin (2w Dq) sin (7D + «)
Jr

L

1

(18)

Ky = 1ese? (D — 1) mq
[sin (2mq) — sin (27 Dq) + 2w Dq cos (2rDq)| Vin
2{ 2¢gsin (7D) cos (2nDq) sin (7D + «) }
— [sin (2w Dgq) — sin (27¢)] sin (20D + «)

(1) 1
2¢sin (7 D) cos (2nDq) cos (wD + j3)
+ [sin (2 Dq) — sin (27q)] cos (27D + f3)
P I
wCs(g?-1)

2
19)
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The expressions for vpg and i;,, are organized as follows:

Ups (wt) =
0, 0<wt<2rD
K cos (q:ut) + K sin (qwt) 20)
+Vin — ngll sin (wt +a)— 27D <wt <27

W COS (wt + 6)

iin (wt) =
1| Vicos(wt+ )
whin | +Vipwt — Vi cosa

wC s 1) sin (wt + B)

+iin (27), 0 <wt < 27D

2nD < wt < 27
(21

With vpg and i;,, in (20) and (21), the Fourier decomposition
of them can be implemented. The fundamental component of i,
can be decomposed into the sine and cosine components, each
characterized by a phase angle of a. Similarly, the fundamental
component of vpg can be separated into the sine and cosine
components with the phase angle of (.

The fundamental sine component of ij,, is

1 27

I = f/ iin (wt) sin (wt + «) dwt = X (V1,12). (22)
™ Jo

The fundamental cosine component of 7, is
1 27

Iy = — / tin (wt) cos (wt + ) dwt = Xy (V1, I) . (23)
™ Jo

The fundamental sine component of vpg is
Vo = 2 [ ups (wt) sin (wt + §) dwt = Y (Vi, I) . (24)
The fundamental cosine component of vpg is

2
Vox = %/ vps (wt) cos (wt + B) dwt = Yo (V1,13). (25)
0

As can be seen from (22)—(25), I1, Iy, Vs, and Vo, are all
functions of V; and I,. However, their analytical expressions
are rather intricate and, therefore, will not be enumerated here
due to the paper’s length constraint. In this article, since L
resonates with Cy and Lo resonates with Co, the sine component
of i;, flows into Ry while #;,,’s cosine component is filtered out by
C1x, which will be discussed later. Similarly, the sine component
of vpg is designed to be the voltage across Ro, while vpg’s cosine
component is located across Loy.

With the above equations, the proposed class-E inverter with
dual outputs can be comprehensively characterized. Then, a
further analysis of the circuit will be explored in the subsequent
section.

III. SYSTEM ANALYSIS

In a practical application, it is generally preferred to have a
constant load output that remains unaffected by the changes in
load power, as discussed in Section I. The conditions to achieve
the quasi-CC and quasi-CV outputs while ensuring ZVS of the
MOSFET are discussed in this section. The working range of the
proposed circuit is also derived. Mutual interactions between
the two loads are analyzed. Then, an optimal parameter design
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approach is introduced to ensure a balanced operating range for
both loads.

A. Constant Outputs

ZVS is a crucial issue that should be ensured for the MOSFET
since the class-E inverter operates under high frequency. Thus,
the following condition should be met:

UDS (27‘(‘) =0. (26)
By simplifying (20) yields
vps (27) = 11 Vin + 12V + [31> (27)

where [, Iz, and I3 are coefficients. It means for any combina-
tions of Vi, V1, and I5, vpg should be zero at the instant when
S1 turns ON. Thus, the following equation should be satisfied:

lh=1ly=13 =0. (28)

In the proposed class-E inverter, the design target is to obtain
a CC output for R; and a CV output for Ry. To obtain a CC
output for Ry, I; should remain constant for any given V; and
I>. Thus, the following conditions should be met:

a [Xl (‘/17[2)] _
o 29
0 [Xl (‘/17[2)] _

In order to obtain a CV output for Re, V5 should remain
constant for any given V; and /5. Thus, the following conditions
should be met:

oy (i, )]
oyi (i, )]
T =0. (32)

Based on (28)—(32), the parameters ¢, «, and /3 can be deter-
mined once a fixed duty ratio D¢opst is provided. The detailed
solving process is outlined in the appendix, and the results of
the solution are summarized as follows:

tan [ﬂ' (Dconst — 1) Q] = 7T'l)constq (33)
o = (2 - Dconst) i (34)
8= <:23 - Dconst> . (35)

The value of ¢ can be obtained by solving (33), the variation
of which concerning Dqnst has been drawn in Fig. 4. It can
be seen from Fig. 4 that ¢ increases dramatically when D opgt
is greater than 0.7. In this article, Dcoynst 1s designed as 0.5 to
achieve a maximum power output capacity ¢ max, as discussed
in [23]. In this case, ¢ is 1.2915.

Substituting (33)—(35) into (22)—(25) and simplifying yields

Ii_const = mg°wCs Vi (36)
le_const - (’Il + ]-) qzwcsvl_consl + nI2_const (37)
‘/27const = mv}n (38)
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V2x_const = TLWLinIZ_const + nVl_const (39)

where the subscript “const” denotes the variables when (33)—
(35) are satisfied. For instance, /- const represents the value of
I; when the conditions in (33)—(35) are fulfilled.

The parameters m and 7 in (36)—(39) are functions of Dopgt
and g, and their expressions are as follows:

2

T
2qDCOHS[
?-1

2 2
_ @°(Deona—1) q
n= ¢*-1 + 27(g2—1)?

4q cot [1q (Deonst — 1)] 8in? (7 Deongt)
— (q2 + 1) sin (27 Deonst)

m = = sin (mDeonst) +

sin (7 Deonst) €0t [7q (Deonst — 1)]
—q COs (WDconst)
} (41)

When the duty cycle D onst 1S given, the values of m and n can
be determined. Fig. 5 shows the curves of m and n changing with
De¢onst- As can be seen from Fig. 5, m increases from 1 when
Deconst grows, while n drops rapidly. When D, approaches
1, m approaches 2 and n approaches 0. When D.qpst is 0.5, m
equals 1.5895 while n equals 0.2662.

Asshownin (36) and (38), I; and V5 are independent of R; and
R5. Moreover, based on (37) and (39) the following equations
can be obtained:

(40)

L.
— 1) @2, + 20Zin
(@Gt 7p

lefconst

Cix =
1 A

(42)
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Based on (42) and (43), C1x and Loy can be designed using
the following equations:

Lin
Cie = (n+1)¢2Cs + 0 (44)
kr
k
Loy = nLi, + 2R (45)
wLin

Once a kg is given, Cix and Loy can be obtained using (44) and
(45). However, it can be observed that only when the product
of R, and Rs equals the given kg, the strict load-independent
constant outputs can be observed. Any deviation from this
optimal load resistance will result in corresponding variations
in the output current and voltage. Varying values of kp exert
diverse influences on the system’s output. More discussions on
the choice of kg will be given in Section III-B.

According to the above analysis, a solution that satisfies the
constant output and ZVS conditions can be obtained. Consid-
ering that MOSFET can only withstand unidirectional voltage, as
discussed in [24], the circuit needs to meet

dvps (wt) <0. (406)
dwt | i—on
Then, (46) can be obtained as
m?2wC.Ry + qggcs}; <h, (47)
where 7 is the function of D¢onst and g
h = 27¢* Deonst”- (48)

Fig. 6 depicts the curve of h changing with D.opne. When
Deonst 18 0, h also approaches 0. As Dconst increases, 1 mono-
tonically rises. When D¢ approaches 1, 4 approaches infinity.
Notably, when D 18 0.5, h equals 2.6202.

Based on (47), it can be seen that Ry has a maximum value
Rimax and Ro has a minimum value Rop,i,. Taking the Rimax
and Ro,,;, as the base values, R; and Ry can be normalized as
R1, and Rs,,. Then, (44) and (45) can be rewritten as

Chy = ( " o+ 1> ?C, (49)
kRn
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Fig. 7. Load area for ZVS and constant outputs.
L2x == nLin (kRn + ]-) (50)
where
kr
kRn - rcg (51)

If kr = R1R2, kry is equal to Ri,Rs,. The load resistance
needs to meet the two conditions as follows:

Rin + <1 (52)

R2n

RinRoy = kga. (53)

The working area that meets (52) and (53) is shown in Fig. 7.
The work area also undergoes variations as kg, changes. The
load area for the strict constant output operation is relatively
limited. However, the circuit remains capable of achieving ZVS
and quasi-constant output when the load varies within a specific
range, as discussed below.

B. Discussions of Load Variations

As previously mentioned, the stringent requirements of ZVS,
CV, and CC conditions can only be simultaneously fulfilled with
the implemented D.,,s¢ When the circuit adheres to conditions
(52) and (53). This section delves into the circuit’s properties
when the load deviates from the constant load area, and explores
the practical operating range when the duty cycle Do remains
fixed.

When load resistances vary, the ZVS capability of the MOSFET
may be compromised, as illustrated in Fig. 8, which depicts four
possible scenarios. When vpg reaches zero, the corresponding
critical duty cycle is marked as D,i; and the switch is ON when 0
< wt < 2wDyi and OFF when 2D,y < wt < 27 theoretically.
It is worth noting that D, represents the duty cycle required
to achieve ZVS with varying load resistances, whereas D onst
denotes the actual duty cycle generated by the controller for the
MOSFET to obtain a constant output. Then, the actual turning-ON
time of the MOSFET is wt = 27 (Dcrit-Deonst)- If Derit > Deonst »
before the switch driver signal arrives, vpg drops to 0, and the
body diode of the MOSFET conducts. In this instance, the circuit
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Fig. 8. Tllustration of the ZVS condition. (a) Different vpg waveforms during

load deviation. (b) Special situation when Dc¢rit > Dconst-

can be deemed to approximately meet the ZVS condition. If D,
= Dconst, the circuit precisely achieves ZVS, according to the
analysis in Section III-A. If no solution for D, exists, it implies
that the voltage of vpg will never drop to O, thus rendering ZVS
unattainable. If D..it < D¢onst, When the switch turns ON, vpg
cannot reach 0, resulting in non-ZVS. So D.,i; should be equal
to or larger than D¢opst to ensure ZVS. Otherwise, vpg will
retain a nonzero value upon the MOSFET’s turn-ON, resulting in
the generation of switching.

Notably, as shown in Fig. 8(b), when D¢ it > Dconst, after
vps drops to zero, the body diode of S; begins to conduct.
Before S; is turned ON, however, the capacitor Cs may be charged
again, causing vpg to rise. In order to prevent this scenario, it is
necessary to satisfy the following condition:

ip [QW(Dcrit - Dconst)] <0. (54)

Based on (22) through (26) along with (54), the output current
I, the output voltage V5 and the critical duty cycle D, required
to achieve ZVS can be determined. I1-const and Vo-const in (36)
and (38) are selected as the base values of the current and voltage.
Then, the normalized load voltage Vs, and current /3, can be
derived for varying load resistances as follows:

I
L, = (55)
! Ilfconst
Vs
Vo = ——. (56)
? V2_const
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TABLE II
CIRCUIT PARAMETERS
Parameters Values Parameters Values
Vi 24V krn 1
f 1 MHz Lin 3.04 uH
Deonst 0.5 Cs 5.00 nF
Prax 39.6 W L 0.53 uH
Cp_max 0.102 C 48.27 nF
11 const 2A Cix 12.79 nF
V2 const 382V C 61.03 nF
Olmax 6 L, 29.27 uH
Oamax 10 Loy 1.62 uH
Rimax 19.8 Q Ly 30.89uH
Romin 18.4Q (@) 0.87 nF

Taking D¢onst = 0.5 to achieve a maximum power output
capacity, the values for g, m, n, and i can be obtained from (33),
(40), (41), and (48). Subsequently, the solutions for /1,,, Va,,, and
D..i; are sorely dependent on Ry, Rop, and kgry,. For different
krn, the solutions are shown in Fig. 9. When the value of R1,,Ro,,
is equal to krn, Derit = Deonst = 0.5, I1, = 1, Vo, = 1, which
is consistent with the analysis in Section III-A. The larger the
discrepancy between R;,R2, and kg, the more significant the
variations in D¢, 11, and Va,,. As kg, increases, the range of
R1, widens, whereas a decrease in kr,, results in a broader range
of Ro,. In this article, kg, = 1 is selected to get a balanced load
range of both outputs.

IV. CIRCUIT EXPERIMENTAL RESULTS AND DISCUSSION
A. Parameter Design Steps and System Setup

Fig. 10 illustrates the parameter design process for the pro-
posed inverter. In the figure, P, represents the maximum
output power of the circuit, which can be determined using (47),
as demonstrated in (57). L;, can be calculated through

hVin®

Pmax = .
2wLm

(57

Q1max and Qopax in Fig. 10 denote the maximum values of
Q4 and Q-, respectively. According to (1) and (3), Q1 and Qs
vary with Ry and R,. Specifically, when R; is at its maximum
value, 0, reaches its maximum value, whereas when Rs is at its
minimum value, Q> reaches its maximum value.

By specifying the necessary parameters according to specific
scenarios and adhering to the flowchart, the values of all passive
components can be solved step by step.

For prototype verifying, parameters Viy, f, Dconst, Pmaxs
O1max> Q2max, and kgr, are given, and then, following the
steps shown in Fig. 10, the other parameters are determined.
The specific values of all parameters are shown in Table II. As
discussed in Section IV-B, kg, is chosen as 1 in this article.

An experimental prototype of the proposed class-E inverter
with dual outputs is fabricated, as shown in Fig. 11. The Si
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Fig. 9. Iin, Van, and D¢rig with different Ry, Ron, and kry. (2) krn = 0.5. (b) krn = 1. (¢) krn = 2.

Set Vin, f s Deonst and Py, according to
specific circumstances

Calculate ¢, m, n and h by (33), (40),
(41) and (48) respectively

|

Calculate Lin, Cs, 11 _consts V2_consts Rimax

(38) and (47)

v
Calculate L,, Cy, L, and C, based on

Fig. 10.

[ Set Qmax and Ooma ]_’[ (1) and (3)
v
[ Set k(usually 1) ] Calculate Cyy, :::(SL(;; based on (49)
v
( End

and Ry, based on (57), (15), (36), ]

Design procedures for the proposed inverter.

MOSFET IPB320N20N3G from Infineon is chosen as the power
switch due to its low conduction resistance of 32 m). The gate
drive signal is generated by a control board based on TI’'s MCU
of TMS320F280025. The resonant capacitors utilize the multi-
layer ceramic capacitors because they have good high-frequency
performances. Air core inductors are selected for L;,, L, and
Lo’ in the circuit to reduce loss at high frequencies. Resistors
having small parasitic inductances are used as the loads.

Fig. 11.

B. Measurement Results

Fig. 12 shows the experimental waveforms of the gate driving
signal vgg, the switch voltage vpg, and the load voltages vq
and vsy. Due to the difficulty in measuring iy, the voltage v;
was measured. Then, i; can be obtained by dividing it by R;.

Experimental prototype and the size of the proposed inverter.
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board
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Fig. 12.  Experimental waveforms. (a) R1 = 15, R =8 Q. (b)R1 = 1082,
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From Fig. 12, it can be observed that, at different loads, when
S1 turns ON, the switch voltage vpg is always zero, thus, ZVS is
achieved. Actually, the voltage across Cj is the forward voltage
of the body diode when S; turns ON. The voltage will generate
a surge current in the S;-Cs loop. However, due to parasitic
parameters in the loop and the limited energy stored in Cg, the
surge current is minimal. Furthermore, since this surge current
exists solely within the S1-Cs loop, it does not affect the analysis
of the circuit. I; and V5 vary slightly, with I; close to 2 A and V,
close to 38.2 V, which is consistent with the design in Table I. At
Ry =10 Q2 and Ry = 40 (), the circuit has the maximum output
power of 32.6 W over the designed load range. Both v; and vo
are approximately sinusoidal. Moreover, v; has a phase angle
of approximately 7 and v has a phase angle of approximately
1.57, which is consistent with (34) and (35).

Fig. 13 shows the variations in the normalized output current
I, and the normalized output voltage Vs, concerning the load
power. Py denotes the measured output power in R, and P2
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Fig. 13. Load variation of i1 and v2. (a) Normalized current /7, changes with

output power. (b) Normalized voltage Vo, changes with output power.

represents the measured output power in Ro. From Fig. 13(a), it
can be seen that /,, has a maximum value of 1.01 and a minimum
value of 0.86 where Py reaches its maximum of 28.2 W and P,
is zero. As evident from Fig. 13(b), Vo, attains a maximum
value of 1.02 and a minimum value of 0.82 where P; = 0
and P> = 24.4 W. Thus, the maximum current attenuation of
Iy, is 14%, and the maximum voltage attenuation of Vs, is
18%. As Py increases, I, decreases, while as P5 increases,
Vo decreases, which aligns with the analysis in Fig. 9. Due
to power losses in the circuit, the observed current and voltage
variations are slightly more pronounced than predicted by the
theoretical analysis. It is noteworthy that as the load decreases,
the reduction in Q7 or Q5 will also influence the experimental
results, leading to a higher measured effective value. However,
under the experimental conditions of this article, Q1 and Q- are
relatively large, and this effect can be negligible.

Fig. 14 shows the measured circuit efficiencies at different
load powers. The highest efficiency of the circuit is 92.6% when
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Fig. 15.  Loss distribution at maximum output power.
Py =0W and P, =24.4 W. The lowest efficiency of the circuit is
82.8% when P; = 28.2 W and P, = 0 W. The maximum output
power of the circuit is 32.6 W in which P; = 17.4 W and Py =
15.2 W, and the circuit’s efficiency is 87.5%. It can be seen from
Fig. 14 that the parallel resonant cavity has a larger influence
on the system efficiency. That is because a large current flows
inside L, which results in high power loss as P; increases.
Fig. 15 illustrates the circuit loss distribution at the maximum
output power. The input power is 37.2 W, the output power is
32.6 W, and the power loss is 4.6 W. Ignoring the iron loss of
the air-core inductor, the losses of each part are determined by
measuring the currents in each branch and calculating the copper
loss. The loss in the input inductor L;, is 2.2 W, accounting
for 47.8% of the total loss, which is the majority of the loss.
The loss in the parallel resonant cavity is 1.7 W, accounting for
36.9% of the total loss because of a large circulating current in
the L;-C; loop. The loss in the series resonant cavity is much
smaller because of the low /5 value. Since ZVS is achieved in
the circuit, the loss of the power switch is very small, which is
included in the other loss of the circuit, with a total value of
0.3 W.

C. Dynamic Experiments

To further investigate the effect of load variations, dynamic
experiments were conducted under different load conditions.
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to0 42.8 2 with Ry = 10 Q.

First, R, was set at 40 €2, and then R; was switched from 8 to
4.49.11,v1,and vo were measured during the switching process.
The experimental results are as follows.

As depicted in Fig. 16, when R; changed, the voltage vy
across it does not change instantaneously due to the presence
of the capacitor connected across R;. As a result, a transient
current spike occurs in the branch containing R;. The current
i1 remains relatively unchanged before and after the switch of
R,. However, due to the decreased resistance of Ry, the parallel
resonance quality factor Q; decreases. This leads to an increase
in the harmonic content of i, resulting in a slight difference
in its amplitude. As R; decreases while i; remains constant,
the voltage v, across Ry decreases after the switch. Meanwhile,
the voltage v, across Ry remains constant throughout the entire
process.

Then, Ry was set at 10 €2, and Ry changed from 75 to 42.8 ).
The experimental waveforms of iy, vi, and vo are as follows.

As shown in Fig. 17, after the switch of R, the resistance
of Ry decreases while the voltage remains constant, resulting
in an increase in is. The voltage v; across R; remains constant
throughout the process. The voltage v, approximately remains
unchanged before and after the switch, but due to the decreased
R-> and an increased series resonance quality factor Q-, the
harmonic content in vy decreases, causing a slight difference
in its amplitude. Nevertheless, the fundamental component in
vo remains relatively stable. Depending on specific application
scenarios, this issue can be addressed through the design of a
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filtering network. In summary, the experimental results indicate
that the two outputs have a small influence on each other during
load dynamic switching, which ensures stable constant-output
characteristics.

V. CONCLUSION

A novel load-independent class-E inverter with dual outputs
has been proposed in this article. Both series and parallel reso-
nant cavities are integrated inside the circuit with only one power
switch. Such a design is suitable for multiple load charging or
battery charging where both CC and CV processes are required.
The following conclusions can be summarized.

1) With proper resonant parameter design, a CC power source
and a CV power source can be generated for the parallel-
resonant output and series-resonant output, respectively,
while maintaining load-independent ZVS.

2) A wider working range of the proposed load-independent
dual-output class-E inverter, which depends on the res-
onant design, has been analyzed thoroughly considering
both the constant output and the ZVS characteristics. A
moderate design with kg, = 1 is suggested to ensure
enough working range for both the CC and CV outputs.

3) A 1 MHz class-E inverter hardware with dual outputs has
been built and experimental results have been provided to
validate the effectiveness of the proposal in this article.
The maximum system efficiency reaches 92.6%.

APPENDIX SOLUTION PROCESS FOR Q, &, AND (3

By solving (28) based on (18)—(20), the following three
equations can be obtained:

tan [r (D — 1) q] = wDq (AD)

(
—sin (a) — sin (20D + «)
+sin (a) cos [2mq (D — 1)]

+sin (27D + «) cos [2mrq (D — 1)]
+gcos (o) sin [2mq (D — 1)]

+qcos (2D + a)sin[2mqg (D —1)] =0

(A2)

—cos () — cos (2D + f3)
+cos (8) cos [2mq (D — 1)
+ cos (27D + f3) cos [27rq (D —1)]
+gsin (B) sin [27q (D — 1))
+g¢sin (27D + ) sin [27rq (D-1)]=

(A3)

When a fixed duty cycle Dcopst i given, substituting Dopst
into (A1) yields the solution for ¢. By utilizing (A1) and (A2),
« can be determined. Likewise, using (Al) and (A3), 5 can
be obtained. The procedure for solving « and f is outlined as
follows.

For the sake of simplicity in representation, it is assumed that

0= 27Tq (Dconst - ]-) . (A4)
Then, from (A1), (AS) can be obtained
tan (2 1—cos (o
() e o
TDconst T Deonst 8in (o)
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Substituting (AS5) into (A2) and after simplification, (A6) can
be obtained

cos (@) — cos (2 Deonst + @)

= sin («
T Deonst ( )

+ sin (27 Deonst + @) -

(A6)
Further simplification yields (A7) as
sin (o — 6) + sin (27 Deopst + @+ 6) =0 (A7)
where 6 is an intermediate variable.
Based on (A7), « can be solved as
a = N7 — TDonst (AS8)

where Nis an integer. Since o ranges from 0 to 27, N can be either
1 or 2. When N = 1, the average value of the input current i, is
negative, implying that the dc power supply absorbs power while
the ac power source v; outputs power. In this case, the circuit
operates in rectifier mode. When N = 2, the circuit operates
in inverter mode. Therefore, the final solution is obtained as
follows:

= (2 - Dconst) . (A9)
Similarly, from (A3) and (A5), § can be determined as
B=Nr— g — 7 Deonst. (A10)

When N = 2, the circuit operates in the inverter mode. The
final solution of 3 is obtained as

3
5_<2

In conclusion, provided that a specific D¢opnst Value is given,
when ¢, «, and g satisfy (A1), (A9), and (A11), respectively,
the circuit meets the load-independent ZVS condition. The next
step involves demonstrating that the circuit meets the constant
output conditions specified in (29)—(32). By substituting (A9)
and (A11) into (29)—(32) and simplifying the calculations, it can
be confirmed that (29)—(32) are valid. Therefore, the solutions of
g, o, and § that simultaneously satisfy both the load-independent
ZN'S condition and constant output conditions are provided by
(A1), (A9), and (A11).

Dconsl> . (ALT)
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