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

Chenwen Cheng , Xiao Zheng , Yiyin Zhang , and Wei Hua , Senior Member, IEEE

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.

I. INTRODUCTION

H IGH operating frequency is advantageous in reducing the
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-1 in [11] and class-φ2 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-1 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

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-1 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-1, 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

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 II,
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 Vin, three inductors Lin, L1, and L2’, three
capacitors C1’, Cs, and C2, two load resistors R1 and R2, and a
power MOSFET S1.

For ease of analysis, the capacitor C1’ can be envisioned
as the equivalent of two capacitors (C1 and C1x) connected in
parallel, as depicted in Fig. 1(b). Similarly, the inductor L2’ can
be conceptualized as two inductors (L2 and L2x) 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 R1 and a series resonant output for load R2. The current
flowing through Lin is designated as iin. The voltages across R1

and R2 are v1 and v2, while the currents flowing through them
are i1 and i2, respectively. i1x is the current in C1x and v2x is the
voltage across L2x. iD and iC are the currents flowing through
S1 and Cs. The voltage across S1 is marked as vDS.
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It will be demonstrated later that, through appropriate pa-
rameter design, the circuit can attain a quasi-CC for R1 and a
quasi-CV for R2 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 T, and the
angular frequency is ω with ω = 2πf. The duty cycle of
the turning-ON time is D. The switch is ON when 0 ≤ ωt
≤ 2πD, and the switch is OFF when 2πD ≤ ωt ≤ 2π.

2) L1 and C1 resonate at the switching frequency f, with the
loaded quality factor being defined as

Q1 = ωC1R1. (1)

Q1 is large enough so that the output voltage v1 is sinusoidal
[15]. Thus, v1 can be written as

v1 (ωt) = V1 sin (ωt+ α) (2)

where α is the initial phase of v1.
3) L2 and C2 resonate at the switching frequency f, with the

loaded quality factor being defined as

Q2 =
ωL2

R2
. (3)

Q2 is large enough so that the current i2 is

i2 (ωt) = I2 sin (ωt+ β) (4)

where β is the initial phase of i2.
4) Since C1x exhibits capacitive behavior, the current i1x

flowing through C1x leads v1 by 90°, which can be calcu-
lated as

i1x = I1x cos (ωt+ α) . (5)

Similarly, considering L2x is inductive, the voltage v2x across
L2x is 90° ahead of i2, which can be denoted as

v2x (ωt) = V2x cos (ωt+ β) . (6)

B. Circuit Modeling

Fig. 2 shows the waveforms of the voltages and currents in the
circuit shown in Fig. 1(b). When S1 is ON, the dc voltage source
Vin charges Lin, and the current iin grows. When S1 is OFF, Lin

starts releasing energy. In this period, iD 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 iin is

iin (ωt) = iC (ωt) + iD (ωt) + i2 (ωt) . (7)

Fig. 2. Current and voltage waveforms of (a) iin, iD, and iC. (b) vDS, i1, and
v2.

Fig. 3. Equivalent circuit of the proposed class-E inverter under different
states. (a) S1 is ON. (b) S1 is OFF.

When S1 is ON, Cs is shorted, so iC is zero and vDS is zero.
The current iin can be calculated as

iin (ωt) = iin (2π) +
1

ωLin

∫ ωt

0

[Vin − V1 sin (ωt+ α)]dωt.

(8)
When S1 is OFF, as shown in Fig. 2, the current iD is zero, the

capacitor current iC is

iC (ωt) = iin (ωt)− I2 sin (ωt+ β) . (9)

The current iin is

iin (ωt) = iin (2πD)

+
1

ωLin

∫ ωt

2πD

[
Vin − vDS (ωt)
−V1 sin (ωt+ α)

]
dωt. (10)

The current iC is also the derivative of vDS as

iC (ωt) = ωCs
dvDS (ωt)

dωt
. (11)
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From (9)–(11), (12) is obtained

1

ωLin

∫ ωt

2πD

[Vin − vDS (ωt)− V1 sin (ωt+ α)]dωt

+ iin (2πD)− I2 sin (ωt+ β) = ωCs
dvDS (ωt)

dωt
. (12)

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

1

ωLin
[Vin − vDS (ωt)− V1 sin (ωt+ α)]

−I2 cos (ωt+ β) = ωCs
d2vDS (ωt)

d(ωt)2
. (13)

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

vDS (ωt) = K1 cos (qωt) +K2 sin (qωt) + Vin

− q2V1

q2 − 1
sin (ωt+ α)− I2

ωCs (q2 − 1)
cos (ωt+ β) (14)

where K1 and K2 are constants to be determined, and q is defined
as

q =
1

ω
√
LinCs

. (15)

To solve K1 and K2, two boundary conditions are required.
Referring to Fig. 2, vDS is 0 at the instant when S1 turns OFF

vDS (2πD) = 0. (16)

Moreover, the average value of vDS is equal to Vin because the
average voltage across Lin must be zero under the steady state

Vin =
1

2π

∫ 2π

0

vDS (ωt)dωt. (17)

From (14)–(17), K1 and K2 can be obtained, as shown in

K1 = 1
2csc

2 [(D − 1)πq]⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

[cos (2πq)− cos (2πDq)− 2πDq sin (2πDq)]Vin

+

q2

⎧⎨
⎩
2q sin (πD) sin (2πDq) sin (πD + α)
+ [cos (2πDq)− cos (2πq)] sin (2πD + α)

⎫⎬
⎭

(q2−1) V1

+

⎧⎨
⎩
2q sin (πD) sin (2πDq) cos (πD + β)
+ [cos (2πDq)− cos (2πq)] cos (2πD + β)

⎫⎬
⎭

ωCs(q2−1) I2

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(18)

K2 = 1
2csc

2 [(D − 1)πq]⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

[sin (2πq)− sin (2πDq) + 2πDq cos (2πDq)]Vin

−
q2

⎧⎨
⎩

2q sin (πD) cos (2πDq) sin (πD + α)
− [sin (2πDq)− sin (2πq)] sin (2πD + α)

⎫⎬
⎭

(q2−1) V1

−

⎧⎨
⎩

2q sin (πD) cos (2πDq) cos (πD + β)
+ [sin (2πDq)− sin (2πq)] cos (2πD + β)

⎫⎬
⎭

ωCs(q2−1) I2

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

.

(19)

The expressions for vDS and iin are organized as follows:

vDS (ωt) =⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0, 0 ≤ ωt ≤ 2πD
K1 cos (qωt) +K2 sin (qωt)

+Vin − q2V1

q2−1 sin (ωt+ α)−
I2

ωCs(q2−1) cos (ωt+ β)

2πD ≤ ωt ≤ 2π
(20)

iin (ωt) =⎧⎨
⎩

1
ωLin

[
V1 cos (ωt+ α)
+Vinωt− V1 cosα

]
+iin (2π) , 0 ≤ ωt ≤ 2πD

ωCs
dvDS(ωt)

dωt + I2 sin (ωt+ β) , 2πD ≤ ωt ≤ 2π

.

(21)

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

The fundamental sine component of iin is

I1 =
1

π

∫ 2π

0

iin (ωt) sin (ωt+ α) dωt = X1 (V1, I2) . (22)

The fundamental cosine component of iin is

I1x =
1

π

∫ 2π

0

iin (ωt) cos (ωt+ α) dωt = X2 (V1, I2) . (23)

The fundamental sine component of vDS is

V2 = 1
π

∫ 2π

0 vDS (ωt) sin (ωt+ β) dωt = Y1 (V1, I2) . (24)

The fundamental cosine component of vDS is

V2x =
1

π

∫ 2π

0

vDS (ωt) cos (ωt+ β) dωt = Y2 (V1, I2) . (25)

As can be seen from (22)–(25), I1, I1x, V2, and V2x are all
functions of V1 and I2. 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 L1

resonates with C1 and L2 resonates with C2, the sine component
of iin flows into R1 while iin’s cosine component is filtered out by
C1x, which will be discussed later. Similarly, the sine component
of vDS is designed to be the voltage across R2, while vDS’s cosine
component is located across L2x.

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:

vDS (2π) = 0. (26)

By simplifying (20) yields

vDS (2π) = l1Vin + l2V1 + l3I2 (27)

where l1, l2, and l3 are coefficients. It means for any combina-
tions of Vin, V1, and I2, vDS should be zero at the instant when
S1 turns ON. Thus, the following equation should be satisfied:

l1 = l2 = l3 = 0. (28)

In the proposed class-E inverter, the design target is to obtain
a CC output for R1 and a CV output for R2. To obtain a CC
output for R1, I1 should remain constant for any given V1 and
I2. Thus, the following conditions should be met:

∂ [X1 (V1, I2)]

∂V1
= 0 (29)

∂ [X1 (V1, I2)]

∂I2
= 0. (30)

In order to obtain a CV output for R2, V2 should remain
constant for any given V1 and I2. Thus, the following conditions
should be met:

∂ [Y1 (V1, I2)]

∂V1
= 0 (31)

∂ [Y1 (V1, I2)]

∂I2
= 0. (32)

Based on (28)–(32), the parameters q, α, and β can be deter-
mined once a fixed duty ratio Dconst is provided. The detailed
solving process is outlined in the appendix, and the results of
the solution are summarized as follows:

tan [π (Dconst − 1) q] = πDconstq (33)

α = (2−Dconst)π (34)

β =

(
3

2
−Dconst

)
π. (35)

The value of q can be obtained by solving (33), the variation
of which concerning Dconst has been drawn in Fig. 4. It can
be seen from Fig. 4 that q increases dramatically when Dconst

is greater than 0.7. In this article, Dconst is designed as 0.5 to
achieve a maximum power output capacity cp˙max, as discussed
in [23]. In this case, q is 1.2915.

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

I1_const = mq2ωCsVin (36)

I1x_const = (n+ 1) q2ωCsV1_const + nI2_const (37)

V2_const = mVin (38)

Fig. 4. Solution of q with changes in Dconst.

Fig. 5. Variations of m and n with the increasing Dconst.

V2x_const = nωLinI2_const + nV1_const (39)

where the subscript “const” denotes the variables when (33)–
(35) are satisfied. For instance, I1˙ const represents the value of
I1 when the conditions in (33)–(35) are fulfilled.

The parameters m and n in (36)–(39) are functions of Dconst

and q, and their expressions are as follows:

m = 2
π sin (πDconst)+

2qDconst
q2−1

{
sin (πDconst) cot [πq (Dconst − 1)]
−q cos (πDconst)

}
(40)

n = q2(Dconst−1)
q2−1 + q2

2π(q2−1)2{
4q cot [πq (Dconst − 1)] sin2 (πDconst)
− (

q2 + 1
)
sin (2πDconst)

}
.

(41)

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

As shown in (36) and (38), I1 and V2 are independent of R1 and
R2. Moreover, based on (37) and (39) the following equations
can be obtained:

C1x =
I1x_const

ωV1
= (n+ 1) q2Cs +

mnLin

R1R2
(42)
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Fig. 6. Curve of h versus the increasing Dconst.

L2x =
V2x_const

ωI2
= nLin +

nR1R2

ωLin
. (43)

Based on (42) and (43), C1x and L2x can be designed using
the following equations:

C1x = (n+ 1) q2Cs +
mnLin

kR
(44)

L2x = nLin +
nkR
ωLin

. (45)

Once a kR is given, C1x and L2x can be obtained using (44) and
(45). However, it can be observed that only when the product
of R1 and R2 equals the given kR, 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 kR exert
diverse influences on the system’s output. More discussions on
the choice of kR 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

dvDS (ωt)

dωt

∣∣∣∣
ωt=2π

≤ 0. (46)

Then, (46) can be obtained as

m2q2ωCsR1 +
m2

q2ωCs

1

R2
≤ h, (47)

where h is the function of Dconst and q

h = 2πq2Dconst
2. (48)

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

Based on (47), it can be seen that R1 has a maximum value
R1max and R2 has a minimum value R2min. Taking the R1max

and R2min as the base values, R1 and R2 can be normalized as
R1n and R2n. Then, (44) and (45) can be rewritten as

C1x =

(
n

kRn
+ n+ 1

)
q2Cs (49)

Fig. 7. Load area for ZVS and constant outputs.

L2x = nLin (kRn + 1) (50)

where

kRn =
kR

ω2C2
s

. (51)

If kR = R1R2, kRn is equal to R1nR2n. The load resistance
needs to meet the two conditions as follows:

R1n +
1

R2n
≤ 1 (52)

R1nR2n = kRn. (53)

The working area that meets (52) and (53) is shown in Fig. 7.
The work area also undergoes variations as kRn 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 Dconst 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 Dconst 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 vDS reaches zero, the corresponding
critical duty cycle is marked as Dcrit and the switch is ON when 0
≤ ωt ≤ 2πDcrit and OFF when 2πDcrit ≤ ωt ≤ 2π theoretically.
It is worth noting that Dcrit represents the duty cycle required
to achieve ZVS with varying load resistances, whereas Dconst

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 ωt = 2π(Dcrit-Dconst). If Dcrit > Dconst,
before the switch driver signal arrives, vDS drops to 0, and the
body diode of the MOSFET conducts. In this instance, the circuit
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Fig. 8. Illustration of the ZVS condition. (a) Different vDS waveforms during
load deviation. (b) Special situation when Dcrit > Dconst.

can be deemed to approximately meet the ZVS condition. If Dcrit

= Dconst, the circuit precisely achieves ZVS, according to the
analysis in Section III-A. If no solution for Dcrit exists, it implies
that the voltage of vDS will never drop to 0, thus rendering ZVS
unattainable. If Dcrit < Dconst, when the switch turns ON, vDS

cannot reach 0, resulting in non-ZVS. So Dcrit should be equal
to or larger than Dconst to ensure ZVS. Otherwise, vDS 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 Dcrit > Dconst, after
vDS drops to zero, the body diode of S1 begins to conduct.
Before S1 is turned ON, however, the capacitor Cs may be charged
again, causing vDS to rise. In order to prevent this scenario, it is
necessary to satisfy the following condition:

iD [2π(Dcrit −Dconst)] ≤ 0. (54)

Based on (22) through (26) along with (54), the output current
I1, the output voltage V2 and the critical duty cycle Dcrit required
to achieve ZVS can be determined. I1˙const and V2˙const in (36)
and (38) are selected as the base values of the current and voltage.
Then, the normalized load voltage V2n and current I1n can be
derived for varying load resistances as follows:

I1n =
I1

I1_const
(55)

V2n =
V2

V2_const
. (56)

TABLE II
CIRCUIT PARAMETERS

Taking Dconst = 0.5 to achieve a maximum power output
capacity, the values for q, m, n, and h can be obtained from (33),
(40), (41), and (48). Subsequently, the solutions for I1n, V2n, and
Dcrit are sorely dependent on R1n, R2n, and kRn. For different
kRn, the solutions are shown in Fig. 9. When the value of R1nR2n

is equal to kRn, Dcrit = Dconst = 0.5, I1n = 1, V2n = 1, which
is consistent with the analysis in Section III-A. The larger the
discrepancy between R1nR2n and kRn, the more significant the
variations in Dcrit, I1n, and V2n. As kRn increases, the range of
R1n widens, whereas a decrease in kRn results in a broader range
of R2n. In this article, kRn = 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, Pmax represents the maximum
output power of the circuit, which can be determined using (47),
as demonstrated in (57). Lin can be calculated through

Pmax =
hVin

2

2ωLin
. (57)

Q1max and Q2max in Fig. 10 denote the maximum values of
Q1 and Q2, respectively. According to (1) and (3), Q1 and Q2

vary with R1 and R2. Specifically, when R1 is at its maximum
value, Q1 reaches its maximum value, whereas when R2 is at its
minimum value, Q2 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 Vin, f, Dconst, Pmax,
Q1max, Q2max, and kRn 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, kRn 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. I1n, V2n, and Dcrit with different R1n, R2n, and kRn. (a) kRn = 0.5. (b) kRn = 1. (c) kRn = 2.

Fig. 10. Design procedures for the proposed inverter.

MOSFET IPB320N20N3G from Infineon is chosen as the power
switch due to its low conduction resistance of 32 mΩ. 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 Lin, L1, and
L2’ in the circuit to reduce loss at high frequencies. Resistors
having small parasitic inductances are used as the loads.

Fig. 11. Experimental prototype and the size of the proposed inverter.

B. Measurement Results

Fig. 12 shows the experimental waveforms of the gate driving
signal vGS, the switch voltage vDS, and the load voltages v1
and v2. Due to the difficulty in measuring i1, the voltage v1
was measured. Then, i1 can be obtained by dividing it by R1.



CHENG et al.: LOAD-INDEPENDENT CLASS-E INVERTER WITH DUAL QUASI-CONSTANT OUTPUTS 14023

Fig. 12. Experimental waveforms. (a) R1 = 15 Ω, R2 = 8 Ω. (b) R1 = 10 Ω,
R2 = 40 Ω. (c) R1 = 5 Ω, R2 = 30 Ω.

From Fig. 12, it can be observed that, at different loads, when
S1 turns ON, the switch voltage vDS is always zero, thus, ZVS is
achieved. Actually, the voltage across Cs is the forward voltage
of the body diode when S1 turns ON. The voltage will generate
a surge current in the S1-Cs loop. However, due to parasitic
parameters in the loop and the limited energy stored in Cs, 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. I1 and V2 vary slightly, with I1 close to 2 A and V2

close to 38.2 V, which is consistent with the design in Table I. At
R1 = 10 Ω and R2 = 40 Ω, the circuit has the maximum output
power of 32.6 W over the designed load range. Both v1 and v2
are approximately sinusoidal. Moreover, v1 has a phase angle
of approximately π and v2 has a phase angle of approximately
1.5π, which is consistent with (34) and (35).

Fig. 13 shows the variations in the normalized output current
I1n and the normalized output voltage V2n concerning the load
power. P1 denotes the measured output power in R1, and P2

Fig. 13. Load variation of i1 and v2. (a) Normalized current I1n changes with
output power. (b) Normalized voltage V2n changes with output power.

represents the measured output power in R2. From Fig. 13(a), it
can be seen that I1n has a maximum value of 1.01 and a minimum
value of 0.86 where P1 reaches its maximum of 28.2 W and P2

is zero. As evident from Fig. 13(b), V2n attains a maximum
value of 1.02 and a minimum value of 0.82 where P1 = 0
and P2 = 24.4 W. Thus, the maximum current attenuation of
I1n is 14%, and the maximum voltage attenuation of V2n is
18%. As P1 increases, I1n decreases, while as P2 increases,
V2n 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 Q1 or Q2 will also influence the experimental
results, leading to a higher measured effective value. However,
under the experimental conditions of this article, Q1 and Q2 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. 14. System efficiency map.

Fig. 15. Loss distribution at maximum output power.

P1 = 0 W and P2 = 24.4 W. The lowest efficiency of the circuit is
82.8% when P1 = 28.2 W and P2 = 0 W. The maximum output
power of the circuit is 32.6 W in which P1 = 17.4 W and P2 =
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 L1, which results in high power loss as P1 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 Lin 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 L1-C1 loop. The loss in the series resonant cavity is much
smaller because of the low I2 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.

Fig. 16. Experimental waveforms of i1, v1, and v2 when R1 switches from 8
to 4.4 Ω with R2 = 40 Ω.

Fig. 17. Experimental waveforms of i2, v1, and v2 when R2 switches from 75
to 42.8 Ω with R1 = 10 Ω.

First, R2 was set at 40 Ω, and then R1 was switched from 8 to
4.4Ω. i1, v1, and v2 were measured during the switching process.
The experimental results are as follows.

As depicted in Fig. 16, when R1 changed, the voltage v1
across it does not change instantaneously due to the presence
of the capacitor connected across R1. As a result, a transient
current spike occurs in the branch containing R1. The current
i1 remains relatively unchanged before and after the switch of
R1. However, due to the decreased resistance of R1, the parallel
resonance quality factor Q1 decreases. This leads to an increase
in the harmonic content of i1, resulting in a slight difference
in its amplitude. As R1 decreases while i1 remains constant,
the voltage v1 across R1 decreases after the switch. Meanwhile,
the voltage v2 across R2 remains constant throughout the entire
process.

Then, R1 was set at 10 Ω, and R2 changed from 75 to 42.8 Ω.
The experimental waveforms of i2, v1, and v2 are as follows.

As shown in Fig. 17, after the switch of R2, the resistance
of R2 decreases while the voltage remains constant, resulting
in an increase in i2. The voltage v1 across R1 remains constant
throughout the process. The voltage v2 approximately remains
unchanged before and after the switch, but due to the decreased
R2 and an increased series resonance quality factor Q2, the
harmonic content in v2 decreases, causing a slight difference
in its amplitude. Nevertheless, the fundamental component in
v2 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 kRn = 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, α, AND β

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

tan [π (D − 1) q] = πDq (A1)

− sin (α)− sin (2πD + α)
+ sin (α) cos [2πq (D − 1)]
+ sin (2πD + α) cos [2πq (D − 1)]
+q cos (α) sin [2πq (D − 1)]
+q cos (2πD + α) sin [2πq (D − 1)] = 0

(A2)

− cos (β)− cos (2πD + β)
+ cos (β) cos [2πq (D − 1)]
+ cos (2πD + β) cos [2πq (D − 1)]
+q sin (β) sin [2πq (D − 1)]
+q sin (2πD + β) sin [2πq (D − 1)] = 0.

(A3)

When a fixed duty cycle Dconst is given, substituting Dconst

into (A1) yields the solution for q. By utilizing (A1) and (A2),
α can be determined. Likewise, using (A1) and (A3), β can
be obtained. The procedure for solving α and β is outlined as
follows.

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

σ = 2πq (Dconst − 1) . (A4)

Then, from (A1), (A5) can be obtained

q =
tan

(
σ
2

)
πDconst

=
1− cos (σ)

πDconst sin (σ)
. (A5)

Substituting (A5) into (A2) and after simplification, (A6) can
be obtained

cos (α)− cos (2πDconst + α)

πDconst
= sin (α)

+ sin (2πDconst + α) .
(A6)

Further simplification yields (A7) as

sin (α− θ) + sin (2πDconst + α+ θ) = 0 (A7)

where θ is an intermediate variable.
Based on (A7), α can be solved as

α = Nπ − πDconst (A8)

where N is an integer. Sinceα ranges from 0 to 2π, N can be either
1 or 2. When N = 1, the average value of the input current iin is
negative, implying that the dc power supply absorbs power while
the ac power source v1 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:

α = (2−Dconst)π. (A9)

Similarly, from (A3) and (A5), β can be determined as

β = Nπ − π

2
− πDconst. (A10)

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

β =

(
3

2
−Dconst

)
π. (A11)

In conclusion, provided that a specific Dconst value is given,
when q, α, and β 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
q,α, andβ that simultaneously satisfy both the load-independent
ZVS condition and constant output conditions are provided by
(A1), (A9), and (A11).

REFERENCES

[1] A. Hariya et al., “Circuit design techniques for reducing the effects of
magnetic flux on GaN-HEMTs in 5-MHz 100-W high power-density LLC
resonant DC–DC converters,” IEEE Trans. Power Electron., vol. 32, no. 8,
pp. 5953–5963, Aug. 2017.

[2] C. Fei, F. C. Lee, and Q. Li, “High-efficiency high-power-density LLC con-
verter with an integrated planar matrix transformer for high-output current
applications,” IEEE Trans. Ind. Electron., vol. 64, no. 11, pp. 9072–9082,
Nov. 2017.

[3] T. Yao, C. Nan, and R. Ayyanar, “A new soft-switching topology for
switched inductor high gain boost,” IEEE Trans. Ind. Appl., vol. 54, no. 3,
pp. 2449–2458, May/Jun. 2018.

[4] N. O. Sokal and A. D. Sokal, “Class E–A new class of high-efficiency tuned
single-ended switching power amplifiers,” IEEE J. Solid-State Circuits,
vol. 10, no. 3, pp. 168–176, Jun. 1975.

[5] F. H. Raab, “Effects of circuit variations on the class E tuned power
amplifier,” IEEE J. Solid-State Circuits, vol. 13, no. 2, pp. 239–247,
Apr. 1978.



14026 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024

[6] D. T. Donahue, P. E. de Falco, and T. W. Barton, “Power amplifier with
load impedance sensing incorporated into the output matching network,”
IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 67, no. 12, pp. 5113–5124,
Dec. 2020.

[7] Y. Hara, T. Ohsato, and H. Sekiya, “Pre- and post-regulation control of
high-frequency magnetic-resonance wireless power transfer system with
class-D rectifier,” in Proc. IEEE Int. Telecommun. Energy Conf., 2018,
pp. 1–6.

[8] Z. Zhang, H. Pang, A. Georgiadis, and C. Cecati, “Wireless power transfer
– an overview,” IEEE Trans. Ind. Electron., vol. 66, no. 2, pp. 1044–1058,
Feb. 2019.

[9] X. Qu, H. Han, S.-C. Wong, C. K. Tse, and W. Chen, “Hybrid IPT
topologies with constant current and constant voltage output for battery
charging applications,” IEEE Trans. Power Electron., vol. 30, no. 11,
pp. 6329–6337, Nov. 2015.

[10] R. E. Zulinski and K. J. Grady, “Load-independent Class E power inverters:
Part I. Theoretical development,” IEEE Trans. Circuits Syst. I, Reg. Papers,
vol. 37, no. 8, pp. 1010–1018, Aug. 1990.

[11] A. Komanaka, W. Zhu, X. Wei, K. Nguyen, and H. Sekiya, “Generalized
analysis of load-independent ZCS parallel-resonant inverter,” IEEE Trans.
Ind. Electron., vol. 69, no. 1, pp. 347–356, Jan. 2022.

[12] L. Roslaniec, A. S. Jurkov, A. A. Bastami, and D. J. Perreault, “Design of
single-switch inverters for variable resistance/load modulation operation,”
IEEE Trans. Power Electron., vol. 30, no. 6, pp. 3200–3214, Jun. 2015.

[13] Z. Yan et al., “Fault-tolerant wireless power transfer system with a
dual-coupled LCC-S topology,” IEEE Trans. Veh. Tech., vol. 68, no. 12,
pp. 11838–11846, Dec. 2019.

[14] X. Wang, J. Xu, H. Ma, and P. Yang, “A high efficiency LCC-S compen-
sated WPT system with dual decoupled receive coils and cascaded PWM
regulator,” IEEE Trans. Circuits Syst., II, Exp. Briefs, vol. 67, no. 12,
pp. 3142–3146, Dec. 2020.

[15] T. Sensui and H. Koizumi, “Load-independent class E zero-voltage-
switching parallel resonant inverter,” IEEE Trans. Power Electron., vol. 36,
no. 11, pp. 12805–12818, Nov. 2021.

[16] Y. Cheng, Y. Guan, T. Yao, Y. Wang, W. Wang, and D. Xu, “Topology
construction strategy of load-independent single-switch resonant Inverter,”
IEEE Trans. Ind. Electron., vol. 71, no. 9, pp. 10580–10590, Sep. 2024.

[17] S. Aldhaher, D. C. Yates, and P. D. Mitcheson, “Load-independent class
E/EF inverters and rectifiers for MHz-switching applications,” IEEE Trans.
Power Electron., vol. 33, no. 10, pp. 8270–8287, Oct. 2018.

[18] A. Komanaka, W. Zhu, X. Wei, K. Nguyen, and H. Sekiya, “Load-
independent inverse class-E ZVS inverter and its application to wireless
power transfer systems,” Int. Eng. Technol. Power Electron., vol. 15, no. 7,
pp. 644–658, May 2022.

[19] C. Cheng et al., “Load-independent wireless power transfer system for
multiple loads over a long distance,” IEEE Trans. Power Electron., vol. 34,
no. 9, pp. 9279–9288, Sep. 2019.

[20] C. Cheng, Z. Zhou, W. Li, Z. Deng, and C. C. Mi, “A power relay system
with multiple loads using asymmetrical coil design,” IEEE Trans. Ind.
Electron., vol. 68, no. 2, pp. 1188–1196, Feb. 2021.

[21] J. Yan, W. Zhu, A. Konishi, K. Nguyen, H. Sekiya, and X. Wei, “Design of
high-frequency CC/CV output load-independent WPT System,” in Proc.
12th Int. Conf. Renewable Energy Res. Appl., 2023, pp. 1–4.

[22] W. Zhu, A. Komanaka, Y. Komiyama, X. Wei, K. Nguyen, and H. Sekiya,
“Reconfigurable class-E/EF load-independent inverter with CC-CV out-
put,” in Proc. IEEE Energy Convers. Congr. Expo., 2023, pp. 2307–2312.

[23] N. Obinata, W. Luo, X. Wei, and H. Sekiya, “Analysis of load-independent
class-E inverter at any duty ratio,” in Proc. IEEE 45th Annu. Conf. Ind.
Electron. Soc., 2019, vol. 1, pp. 1615–1620.

[24] L. Zhang and K. Ngo, “Design methodology of a ZVS Class-E inverter
with fixed gain,” in Proc. IEEE Energy Convers. Congr. Expo., 2019,
pp. 2752–2758.

Chenwen Cheng received the B.S. and Ph.D. degrees
in electrical engineering from Zhejiang University,
Hangzhou, China, in 2012 and 2017, respectively.

From 2018 to 2021, he was a Postdoc Researcher
with San Diego State University, San Diego, CA,
USA. He is currently with Southeast University. His
research interests include motor control, renewable
power generation, and wireless power transfer tech-
nologies.

Xiao Zheng received the B.S. degree in mining engi-
neering from the Taiyuan University of Technology,
Taiyuan, China, in 2021. He is currently working
toward the M.S. degree in electrical engineering with
the School of Electrical Engineering, Southeast Uni-
versity, Nanjing, China.

His research interest includes resonant power con-
verters.

Yiyin Zhang received the B.S. degree in electrical en-
gineering from Nanjing Normal University, Nanjing,
China, in 2023. She is currently working toward the
M.S. degree in electrical engineering with the School
of Electrical Engineering, Southeast University, Nan-
jing, China.

Her research interests include motor control and
wireless power transfer technologies.

Wei Hua (Senior Member, IEEE) received the B.Sc.
and Ph.D. degrees in electrical engineering from
Southeast University, Nanjing, China, in 2001 and
2007, respectively.

From 2004 to 2005, he was with the Department of
Electronics and Electrical Engineering, The Univer-
sity of Sheffield, U.K., as a Joint-Supervised Ph.D.
Student. His teaching and research interests include
design, analysis, and control of electrical machines,
especially for PM brushless machines and switching
reluctance machines.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


