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Abstract—In the design of single-ended inductive power
transfer (IPT) converters, the prevalent reliance on the fun-
damental harmonic approximation (FHA) often results in an
underutilization of the input voltage. This paper provides
new insights into this problem by deriving and demonstrat-
ing that the power transfer capability of a single-ended IPT
converter can be enhanced by utilizing the second har-
monic component. A novel dual-frequency resonant single-
ended IPT converter is designed to allow load-independent
voltage output at both the fundamental and second har-
monics. This design could improve the power transfer ca-
pability without increasing the voltage stress on the power
switch. Compared with the conventional single-ended con-
verter with the same output power, the coil currents in the
proposed converter are lower. Additionally, the advantages
mentioned above are unaffected by coil misalignment. An
experimental prototype has been constructed to validate
the effectiveness of the proposed method.

Index Terms—Second harmonic, single-ended converter,
power transfer capability, inductive power transfer, load-
independent output.

[. INTRODUCTION

NDUCTIVE power transfer (IPT) has revolutionized the

way we deliver power, offering a contactless, safe, and
convenient solution [1]-[3]. Its applications span a wide range
of power levels, from small-scale consumer electronics [4],
[5] to biomedical implants [6], and even electric vehicles [7]—
[10]. Traditionally, research in IPT has focused on full-bridge
(FB) or half-bridge (HB) inverters, mainly due to their flexible
control and low voltage stress. These inverters are well-suited
for high-power applications [11]-[13]. However, bridgeless
converters are gaining popularity in low-power scenarios due
to their simplicity and reduced number of switches. They not
only simplify the drive circuits but also eliminate the shoot-
through risk, making them an ideal choice for low-power
IPT systems [14]-[16]. In bridgeless converters, the single-
ended type owns higher output power capability and has been
widely applied in induction heating [17] and wireless charging
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[18]. Therefore, single-ended converters are promising in IPT
applications.

Extensive research has been dedicated to advancing single-
ended IPT converters, particularly in the area of compen-
sation design to achieve constant current (CC) or constant
voltage (CV) output and simplify the control strategy. By
employing the fundamental harmonic approximation (FHA)
analysis approach, it becomes feasible to achieve a load-
independent transfer gain for the fundamental harmonic via
compensation design. Since high-order harmonics lack reso-
nant channels, their impacts on the output can be disregarded.
These principles are applied to customize a single-ended
IPT converter to deliver a CC output, a CV output, and
even an inherent CC-CV output [19], [20]. However, reactive
power in compensation design is often overlooked, leading to
increased current in coils. To enhance the output power of
single-ended IPT systems, integrated decoupled couplers are
incorporated for the parallel connection of two single-ended
converters [20], [21]. Expanding on this design approach, a
novel inverter topology with independent dual-coil driving
capability is proposed with the aim of reducing switch voltage
stress when improving output power [22], [23]. However, this
method fails to avoid the shoot-through risk of the switches.
Additionally, auxiliary LC' resonant networks are introduced to
enable the parallel connection of three or more single-ended
converters, offering higher flexibility to power improvement
[24]. Despite these methods for improving output power, their
primary focus is on improving the power transfer channel of
the fundamental harmonic, with high-order harmonics often
being disregarded. Moreover, these methods do not inherently
improve the power transfer capability or performance of a
single converter. Specifically, the output power in the afore-
mentioned studies depends on the number of single-ended
converters for parallel connection.

Based on prior research concerning single-ended IPT con-
verters, a notable challenge in these converters is their heavy
dependence on the FHA. It leads to an underestimation or
neglect of high-order harmonics, especially the second har-
monic, in the converters mentioned. As a result, the full
utilization of the input voltage is not achieved, and the
potential benefits of utilizing high-order harmonics in single-
ended IPT converters have never been explored. To address the
problem, this paper first highlights the significance of utilizing
the second harmonic in the input voltage of a single-ended
IPT converter. Subsequently, a novel dual-frequency single-
ended IPT converter is developed to simultaneously utilize
the fundamental and second harmonics. The analysis demon-
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strates that the proposed converter can improve the power
transfer capability without increasing the switch voltage stress.
Additionally, compared to the conventional single-frequency
converter, the proposed design can reduce both the primary
coil current and the secondary coil current while maintaining
the same level of power transfer. This reduction in current
leads to lower power losses and higher power efficiency. The
key contributions of this paper are highlighted as follows:

1) The significance of considering and utilizing the second
harmonic in the input voltage of a single-ended IPT
converter has been unveiled.

2) A novel single-ended IPT converter is proposed to en-
hance the power transfer capability and achieve a constant
voltage (CV) output by creating supplementary resonance
and power transfer pathways for the second harmonic.

3) Compared with the conventional single-ended IPT con-
verter, the proposed design has lower primary and sec-
ondary coil currents and higher power transfer efficiency.

4) The advantages mentioned above are unaffected by coil
misalignment.

The subsequent sections of this paper are structured as
follows. In Section II, this paper explores the operating prin-
ciples of the proposed converter, highlighting the importance
of considering the second harmonic component of the input
voltage. A general approach is adopted to analyze the feasi-
bility of utilizing the second harmonic to improve the power
transfer capability. Section III focuses on the schematic of the
proposed converter and the corresponding parameter design.
A detailed comparative study between the single-frequency
and dual-frequency single-ended IPT converters is presented
in Section IV. In Section V, experimental results are provided
to validate the effectiveness of the proposed converter. Finally,
Section VI concludes the paper.

[I. OPERATING PRINCIPLES
A. Second-Harmonic Issue

A typical circuit diagram of a single-ended IPT converter
is depicted in Fig. 1. It includes only one power switch. The
primary coil with the self-inductance Lp is excited by the
single-ended driver, which consists of a DC voltage source
Upc, a MOSFET switch @@ and a resonant capacitor Cp. The
secondary coil with the self-inductance Lg is coupled with
the primary coil, forming a loosely coupled transformer (LCT)
with the mutual inductance M. The LCT is compensated on
the secondary side to reduce the voltage-ampere rating and
increase the power transfer capability. The high-frequency AC
power is rectified to DC power for the load resistance R.

A =

Fig. 1. General circuit diagram of a single-ended IPT converter.

UDC

The typical operating waveform of the single-ended IPT
driver within a cycle is shown in Fig. 2(a), where uc,
is the voltage across the resonant capacitor Cp. When @
conducts forward or reverse, uc, is clamped by the DC
voltage source Upc. When @ is blocked, the circuit has a
source-free response, and uc, is underdamped. Thus, the
operating waveforms can be divided into two modes, i.e.,
DC clamped mode and underdamped mode. To analyze the
harmonic components of u¢,, a two-step simplification of the
operating waveforms is carried out as follows.

1) The waveform of uc, in the underdamped mode can
be approximated as a portion of a sinusoid, as shown in
Fig. 2(a). Such that, uc, can be expressed as a piecewise
function given by

e (0= {

where A, wy, and ¢ are the amplitude, frequency, and
phase angle of the sinusoid, respectively. Since uc,, is a
periodic waveform, uc, (0) = Upc can be derived.

2) The waveform of uc, in the short intervals (0, ¢,) and
(tp, t1) can be linearized, such that sections @ and @ can
be approximated as triangles. The duration of these two
intervals is identical donated as At and can be calculated
by

—Asin(wot + ),
UDC?

0<t<ty

h<t<T' )

U
7 arcsin(=2<)
At=t,—0=t, —ty = ——A 2 2
Lo 180degwq @
As shown in Fig. 2(b), sections @ and @ can be merged
as a rectangular section @+®@. Thus, u¢, can be reshaped

as a new waveform to simplify the calculation, i.e.,
0, 0<t<t,

—Asinfwo(t —t4)], ta <t<ty . (3
Upc, ty<t<T

Ucp (t) =

To obtain the amplitude of arbitrary harmonics of uc, (t),
wo and A should be calculated first.

According to the above analysis, wg could be expressed by

7r 0

= = 4

ty—t, (1 —D— Dyz)T —2At’ @
where D is the duty cycle of the switch @) and Dy is the
zero-voltage-switching (ZVS) margin of the switch.

When calculating A, the principle of voltage-second balance
on Cp within a cycle should be applied:

wo

ty

UDc(T - tb) = Asin[wo(t — ta)}dt = %(tb — lfa).
ta T
(5)
With (3), (4) and (5), A can be derived as
. wUpc - [(D —+ Dz)T + At] ©)

~ 2[(1 =D — Dz)T —2At]"
After obtaining both wy and A, the curve in Fig. 2(b) can
be decomposed into its Fourier components, as given by (7).

o

ucp (t) = Z [an, cos(nws 1t) + by, sin(nws 1t)],  (7)

n=1
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9 [t 2 [T
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ta t
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(a) Sinusoidal approximation (b) Wave re-shaping

Fig. 2. Simplification of the waveform of uc,, for calculation.
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Fig. 3. Calculated harmonic components of uc, .

where a,, and b,, are calculated by equations (8a) and (8b)
respectively, w1 is the operating frequency, and nws 1 = ws .

Therefore, the amplitude of arbitrary harmonics of uc, can
be expressed as

Ucpn =/a2 + b2. ©)

For example, a single-ended IPT converter with circuit
parameters given in Table I is considered. Based on (9), the
harmonic components of uc, can be calculated and plotted
in Fig. 3. To discern the parameters associated with these
harmonics, the subscript “1” will represent the fundamental
component, while the subscript “2” signifies the second-order
harmonic. By referring to Fig. 3, the second harmonic holds
notable importance and a relationship between the fundamen-
tal and second components of uc, as Uc, 2 = 0.68U¢, 1 can
be established for the subsequent analysis and design.

TABLE |
PARAMETER DESIGN OF THE SINGLE-ENDED IPT DRIVER
Parameter  Definition Value
fs Operating frequency 100 kHz
Upc Output DC voltage 96 V
D Duty cycle 0.5
Dy ZVS margin 0.08

B. Enhancement of Power Transfer Capability by Ulilizing
Second Harmonic

According to the above analysis, the single-ended IPT
converter could be expressed by Fig. 4 and simplified by
Thevenin’s Theorem and Norton’s Theorem. In this represen-
tation, the single-ended IPT driver is symbolized as a voltage
source with harmonics, while the LCT is portrayed as a T
circuit. Additionally, ip(t) and ig(t) denote the primary coil
current and the secondary coil current, respectively, while
u,(t) represents the output AC voltage.

i
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Fig. 4. Simplified process of the single-ended IPT converter.
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Fig. 5. Multi-frequency resonant circuit model.

In general, the power transfer capability of the single-ended
IPT converter is given by

Pout =Y Sn@Qn, (12)
n=1
where S,, and @),, are the uncompensated apparent power and
the tuned load quality factor at the nth harmonic, respectively.
The value of S, represents the multiplication of the open-
circuit voltage (Uyc,,) and the short-circuit current (Isc ) of
the secondary coil. This can be expressed as Sy, = Uqc,nlscn-
The relevant parameters can be calculated according to Fig.
4. On the other hand, the value of @,, is determined by the
specific load condition [25].
Based on the simplified circuit in Fig. 4, the circuit shown in
Fig. 5 can be further obtained when the compensation network
and rectifier bridge are converted.
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For a conventional single-ended IPT converter, only the
fundamental harmonic is resonant and subject to the following
relationship.

Req,n Req,con n=1
XS,n =0 n=1
Rucn 0 n>1" (13)
Xgp =00 n>1

where Reqcon 1S constant and proportional to the load R.
The power transfer capability of a conventional single-ended
converter can be derived as

Ué, 1 M?Q:
2ws’1L% (LS — MQ/LP)

where ()1 could be calculated by (15), and Q,(n > 1) = 0
due to (13).

Poun = 5101 = (14)

_ Ls—M2%/Lp

Req,con

o) 15)

The output power can usually be adjusted by changing the
value of Uc,, 1 and Q. Although it is straightforward to im-
prove the power transfer capability by increasing the input DC
voltage Upc to apply a high Uc,, 1, it suffers from the voltage
tolerance of the switching device. Moreover, excessively high
(21 may lead to a reduction in circuit bandwidth. Therefore, a
new approach regardless of Uc,, 1 and ()1 should be developed
to improve the power transfer capability.

If a single-ended IPT converter is resonant at both the
fundamental and second harmonics, the following relationship
is established.

Req,n = Req,prol n=1
Xg)n =0 n=1
Req,n = Req,pro2 n=2
Xsp =0 n=2" (16)
Regn =0 n> 2
Xsn =00 n> 2

where both Req pro1 and Req pro2 are constant and proportional
to the load R.

When Req prot = Req,con, the power transfer capability of
the dual-frequency single-ended converter is a superposition
given by

Pout,1+2 = Pout,l + Pout,Q
U3, U2, sMQs
2w 1 L2, (LS - fy—j) s o L2 (LS - Igf—j)
(17)

where ()2 could be calculated by (18), and Q,(n > 2) = 0
due to (16).

Ls— M?/L
Q2 = 5}37/1’. (18)
eq,pro2
From (14) and (17), it can be readily derived
Pout,1+2 > Pout,l- (19)

This indicates that the compensation design enabling second
harmonic utilization can help enhance the power transfer
capability for a single-ended IPT converter.

[1l. CIRCUIT STRUCTURE AND PARAMETER DESIGN
A. Schematic of Proposed Converter

To enable power transfer at both the fundamental and second
harmonics, a dual-frequency compensation network compris-
ing two resonant tanks needs to be designed. Additionally,
achieving a load-independent voltage output should also be
considered to simplify the output control.

Fig. 7. Equivalent circuit of the proposed dual-frequency resonant
single-ended IPT converter.

Based on the abovementioned considerations, the proposed
single-ended IPT converter with dual-frequency compensation
is illustrated in Fig. 6. The primary side of the converter
remains unchanged from the conventional single-ended IPT
converter [21], comprising a single-ended IPT driver and a
primary coil. On the secondary side, the compensation circuit
consists of three capacitors (C,, Cp, and C) and an inductor
(Ly)- Specifically, C, and L, are connected in series, while
Cy is connected in parallel with them.

To obtain the equivalent circuit, the harmonics of the current
in Lp could be expressed by

UC n UC n
Ip, =Ip,| = — £ ~ 22 (n=1or2),
P ‘ P ‘]nws,lLP + RS,n| anLP ( )
(20)
where
w2 M?
Rsp =~ 1)
Req,n

The equivalent circuit of the proposed design can then be
derived, as shown in Fig. 7, where R, is the AC resistance
of the secondary circuit and can be expressed by

S8R

Rac = F (22)
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Equation (22) is valid at any harmonic orders, which has
been discussed in the previous research [26].

B. Parameter Design of Compensation Circuit

The derivation process using Thevenin’s Theorem and Nor-
ton’s Theorem is shown in Figs. 8 and 9. Here, Uc,. 1, U, 2,
U1, Uo,2, Ip1, Ip2, Ig1and Ig o are vectors of fundamental
and second harmonics of uc, (t), u(t), ip(t) and ig(t),
respectively. When considering the fundamental harmonic, the
derivation process is shown in Fig. 8. The compensation design
aims to form a resonant tank at the fundamental harmonic
and achieve a load-independent voltage output. To realize this,
the C,-L, network in the purple box is resonant, and the
remaining C. resonates with Lg. The compensation design
should satisfy

1
—twe1l, = ———
J 15’1 “ jws,lca

jws,lcc B

. (23)
_jws,lLS

From Fig. 8, when (23) is satisfied, the output voltage is
identical to the input voltage, i.e.,

MUc, 1
Uo,l = |U0,1| =5, (24)
Lp
Is) Ls L, C; Co 7 Isi Ls C”U TS Is,
I >
U, MUc, U, MUc,
Rac LP Rac LP

Fig. 8. Derivation process using Thevenin’s Theorem and Norton’s
Theorem at the fundamental harmonic.

Is2 Ls

LuCaCC > I, Ls C C.

R

Fig. 9. Derivation process using Thevenin’s Theorem and Norton’s
Theorem at the second harmonic.

For the second harmonic, the derivation process is similar,
as depicted in Fig. 9. To form a resonant tank at the second
harmonic and provide a load-independent voltage, the C,-
L,-Cy network in the orange box denotes an equivalent
capacitance C¢, and then the C.-C, network resonates with
Lg. Thus, the compensation design should satisfy

1
1 (jws2La +]w 502 FonaCr

jwsfc jwslzL +Jw<20 FTYen (25)

‘ + - +jws2Ls =0

Jws2Ce  jws 2C, °

From Fig. 9, the output voltage U, o at the second harmonic
is also identical to the input voltage given by
_ MUc, 2
=,

According to equations (24) and (26), both U, 1 and U, » are
load-independent. And Req pro1 = Feq,pro2 = Rac as shown
in Figs. 8 and 9. As a result, the load-independent DC output
voltage can be expressed by (27).

) 2

()

(26)

U0,2 = |U ,

7TU0,1
4

7TU0,2
4

Uour 27)

Select Point
7

b

20 30 40 50 60 70 80 90
L, (uH)

ILa (A)

N W A L AN

Fig. 10. Relationship between I, and L.

Based on the above analysis, it is clear that the compen-
sation components, namely C,, L,, and C}, offer a certain
degree of design flexibility. As the primary source of power
losses in the converter stems from the inductive devices,
optimizing the value of L, becomes important. Once the
parameters for the LCT and the operating frequency are

U,, determined, the current in L, plotted against the inductance
R, of L, in Fig. 10 could be obtained. As the inductance of

L, increases, the rate at which the decrease of the current
I, slows down. Therefore, it is advisable to select a point
where the current in L, starts varying slowly. This choice
helps reduce both the cost and power losses of the converter. In
this paper, it is recommended to use a value of approximately
65 pH for L,. Subsequently, C;, and Cj can be calculated
using (23) and
LS + La

3w§1LaL5'

R With these calculations, the parameters outlined in this paper
can be determined. The design process is shown in Fig. 11,
and the parameters are listed in Table II. The design procedure
of the proposed circuit can be summarized as follows.

1) Obtain critical system parameters, including Upc, Uour,
D, DZ7ref, Ws, 1, Lp and LS.

2) Calculate AC input voltages Uc,, 1 and Ug,, 2, determine
the mutual inductance M, and then calculate the compen-
sation parameters in the receiving circuit.

3) Assign an initial value to C'p, conduct circuit simulations,
and adjust Cp until Dz = Dy ef.

Cp = (28)

IV. COMPARISON BETWEEN SINGLE-FREQUENCY AND
DUAL-FREQUENCY CONVERTERS

A. Voltage Transfer Gain

A typical single-frequency single-ended IPT converter is
shown in Fig. 12, where G(fs) = uo(fs)/uc,(fs) is used
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Give the values of D, s,
Dzer; Upc, Uour, Lp, and Lg.
v
Calculate the values of Uc, |,
Ucyo, M, C,-C,, and L,

Y

Give the initial value of Cp

> L

. A ]

Circuit Simulation

Improve the value of Cp

“— Decrease the value of Cp

Fig. 11. Design process.

TABLE I

PARAMETER DESIGN OF PROPOSED CONVERTER
Symbol Definition Value
Cp Primary-side compensation capacitor 16.02 nF
L Secondary-side compensation inductor 65.01 uH
Co Primary-side compensation capacitor 39.02 nF
Cy Primary-side compensation capacitor 24.94 nF
C. Primary-side compensation capacitor 35.84 nF
Lp Inductance of the transmitter coil 70.80 uH
Lgs Inductance of the secondary coil 70.67 uH
Cin Input filter capacitor 47 uF
Co Output filter capacitor 100 puF
M Mutual inductance 26.29 uH
fs Operating frequency 100 kHz
Ucp,1 Calculated amplitude of fundamental harmonic 165 V
Ucp,2 Calculated amplitude of second harmonic 113V
Upc Input DC voltage 9% V
Uout,pro  Output DC voltage 56 V
D Duty cycle 0.5
Dyys ZVS margin 0.08

to represent the output characteristics at different operating
frequencies. The transfer gain of the single-frequency single-
ended IPT converter with respect to the operating frequency is
illustrated in Fig. 13(a), which has only one load-independent
point with the operating frequency being 100 kHz. The corre-
sponding parameter design is detailed in Table III.

P
I
L
N
EY

Fig. 12. Conventional single-frequency single-ended IPT converter with
P-S compensation [21].

Similarly, Fig. 13(b) displays the voltage transfer gain of the
proposed converter. Unlike the relationship depicted in Fig.
13(a), there are two load-independent points with operating
frequencies being 100 kHz and 200 kHz. This implies that both
the fundamental and second harmonics can be utilized for the

TABLE 1l
PARAMETER DESIGN OF COMPARED CONVERTER
Symbol Definition Value
Cp Primary-side compensation capacitor 16.02 nF
Cs Primary-side compensation capacitor 41.59 nF
Lp Inductance of the transmitter coil 70.80 uH
Lgs Inductance of the secondary coil 70.67 uH
M Mutual inductance 26.29 puH
Cin Input filter capacitor 47 uF
Co Output filter capacitor 100 pF
fs Operating frequency 100 kHz
Ucp 1 Calculated amplitude of fundamental harmonic 165 V
Upc Input DC voltage 9% V
UouT,con  Output DC voltage 48 V
Duty cycle 0.5
Dy, ZVS margin 0.08

0.4

0.3

s |
©0.2

0.1

050 700 150 200 250 300 °

Frequency (kHz)

50 100 150 200 250 300
Frequency (kHz)

(a) Voltage transfer gain of the con- (b) Voltage transfer gain of the pro-
ventional converter. posed converter.

Fig. 13. Voltage transfer gains of conventional and proposed converters.

resonant power transfer and load-independent output. Notably,
both of these resonant points are located at the extreme points.

B. Coil Current

When considering the second harmonic for power transfer
in a single-ended IPT converter, it is essential to note that
this impacts both the primary coil current and the secondary
coil current. To highlight the advantages of the dual-frequency
converter over the conventional single-frequency converter, a
comparison is made between the proposed dual-frequency and
single-frequency converters with the same output power. In
this comparison, the subscript “con” is used for the single-
frequency converter, while the subscript “pro” is used to de-
note the dual-frequency converter. Suppose the two converters
have the same primary circuit and LCT. When the output
power of these two converters is the same, the output power
could be expressed by

2 2
P B Ucp,lM
out — ZS)ConRqu:on — 572 D
2Lp]%cq,con
2 2 2 2
_2 p B UCp,lM Ucp,zM 29)
=g, eq,pro — ,
e 2L%Req,prol 2L§3Req,pro2
where ig ., is the RMS value of secondary coil current

of the proposed converter and ¢g o, is the RMS value of
secondary coil current of the conventional converter, and
Reg,pro = Req,pro1t = Req,pro2 = Rac in this paper. Moreover,
Regpro = (ng,1 + UgP7Z)Req7con/UéP71 when the two
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converters have the same output power. Then, the relationship

as shown in (30) could be obtained
2

UC P,1

= <1
Uép,l + Uép,?

1S pro (30)

18,con

The primary coil currents can be expressed by (31)-(34).

2

MUcp1/Lp +Xs,con (—jws %,)

1 conl — B ) 31
Pcont = | G M | (31)
X 2
MUCP,Q/LP + IS,conQ(*]st%)
IP,conQ - | 3 |a (32)
Jws oM
Ucp 1
Ip o1 = 2|, 33
P,prol | ws71M| (33)
Ucp 2
I ro2 — 2|, 34
P,pro2 |jws’2M| ( )

According to the calculation results, Ipcon1 > Ippro1 and
IP,COnQ > IP,proZ» therefore

I? + 1?2
P,prol P pro2
pro pro < 1’

2 2
IP,conl + IP,conQ

1P pro

- (35)

1P,con
where ip ;o is the RMS value of the primary coil current of
the proposed converter and ipcon is the RMS value of the
primary coil current of the conventional converter.

is CGE1M120080 and the type of the secondary-side rectifier
is MBR20150. An electronic load is employed to simulate the
equivalent load.

(a) Platform.

(b) LCT.

Fig. 15. Photograph of the proposed dual-frequency single-ended IPT
converter.

A. Switching and Output Features

Fig. 16(a) shows the soft-switching waveforms when the
equivalent load is 23 ) and Fig. 16(b) shows the soft-
switching waveforms when the equivalent load is 46 2. When
the operating frequency is 100 kHz, and the duty cycle is
50%, the measured amplitude of the drain-source voltage of
the switch (i.e., Upg(t)) is 425 V at 23 Q and 429 V at
46 ). The ZVS margin is almost unaffected when the load
changes. In Fig. 17, waveforms of UouT pro and IouT,pro

§10 RMS=3.29A 910 RMS—291A
S a T . ] Y T
.,&-’10 \w/ \w/ AN .,3:10 / \\_// \\// Uss [CHI, g V/I i\']‘ 1 4‘25 v Ugs |Cl |'Iv 5V k:il\ | -d?\ V.
10 RMS=3354) <10 RMS=2.80A] [\ AN /
N ANVAVNEVAN < o\ [\ / \ ™ TR AL L e i
£ 0 g 0 i v i / et / ; / .
e N NS NA S NN J o ‘/ — 1 { i —
-10 -10 { ) | | I I -
t(s) t(s) Jos [CH2, 100 V/div] | Jns, [CH2. 100 V/div] |
. . . . Time scale: 2.1 us/div | Time scale: 2.1 us/div
(a) 1P,con and 1S,con- (b) 1P, pro and 18,pro- ) ) - e —— o1 v

Fig. 14. Simulation results of the conventional and proposed converters
when the output power is 136 W.

It can be found that the proposed dual-frequency single-
ended IPT converter has lower primary coil current and sec-
ondary coil current than that of the single-frequency converter
with the same output power. Using the parameter design
in Table II and Table III, the preliminary simulation results
are shown in Fig. 14. The results agree with the previous
theoretical analysis.

V. EXPERIMENTAL EVALUATION

A prototype with the output power being 136 W is built to
verify the above analysis, as shown in Fig. 15(a). Two coaxial
circular coils with a diameter being 22.8 cm are utilized for
both the transmitter and receiver, forming the LCT with a 5
cm gap distance. These coils are constructed using Litz wires
with the wire diameter being 3 mm. Each coil consists of
16-turn Litz wires and is covered by ferrite material. More
details are shown in Fig. 15(b). The type of the SiC MOSFET

(a) Waveforms of ZVS when the load (b) Waveforms of ZVS when the load
is 23 Q. is 46 Q.

Fig. 16. Waveforms of ZVS.

200w/ v 10087 4 14505 50003/ Stop

SSI86V | 5615V |
|

5.86

5
7

L Uourpo ICHI, 20 m}]J
L Topt o [CH2. T A/diy
5y g (2 ()

Fig. 17. Output waveforms when the load R changes.

of the proposed converter when the equivalent load changes
are presented. The experimental results show that the output
voltage is approximately 56 V, which proves that the output
voltage of the proposed converter is load-independent.
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B. Power Transfer Capability

To prove that the proposed dual-frequency single-ended IPT
converter has enhanced power transfer capability, a compari-
son with the single-frequency converter should be conducted.
“S-F” denotes the single-frequency converter. As discussed in
Section II-B, Req pro1 = Req,con = 8R/7? should be satisfied,
which means that the two converters have the same @), . Taking
the single-frequency converter shown in Fig. 12 as an example,
the single-frequency and dual-frequency converters have the
same primary circuit and LCT as designed in Table III, and
the load-independent output voltage UouT,con 1 48 V.

140
120
100 This
g gol | WOk /,///
\g 60 \}/ /
o
L 40 \ +P0ut,con -
20 %/ S-F_|=Poutpro | |
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Fig. 18. Output power versus the load of the proposed (pro) dual-
frequency and the conventional (con) single-frequency single-ended IPT
converters.

When R changes from 230 €2 to 23 €2, the measured output-
power trends of the two converters are shown in Fig. 18. Obvi-
ously, the proposed dual-frequency single-ended IPT converter
has higher power transfer capability when the two converters
have the same ().

C. Coil Current

When the output power of both the single-frequency and
dual-frequency single-ended IPT converters is 136 W, the
coil current waveforms are shown in Fig. 19. The proposed
converter has a load-independent output voltage of 56 V, and
the load is 23 (). Still taking the single-frequency converter
shown in Fig. 12 as an example, its parameter design is shown
in Table III, which has a load-independent output voltage of 48
V, and the load is 16.9 €. For the single-frequency converter,
1p,con 15 3.355 A and ig con i 3.476 A, while ip pr is 3.085 A
and ig pro 18 2.933 A for the proposed converter. It is obvious
that 7p pro < ip,con aNd 45 pro < 5,con- Fig. 20 provides the
Fourier analysis of the coil currents of the two converters.

D. Efficiency

Fig. 21(a) shows the efficiency performance of the single-
frequency converter and the proposed dual-frequency con-
verter. Particularly, 7., is the efficiency of the converter in
Fig. 12, and 7y, is the efficiency of the proposed converter.
We can find that the proposed converter is superior in effi-
ciency, with the maximum efficiency being about 92.9%. The
power loss distribution is shown in Fig. 21(b), where “S-F”
denotes the single-frequency converter. The proposed method
significantly reduces power losses attributed to the LCT by
decreasing both the primary coil current and the secondary coil
current. Moreover, by decreasing the current in the receiving
coil, power losses in the rectifier are reduced as well. Despite
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Fig. 19. Coil current waveforms of the conventional and proposed
converters when the output power is 136 W.

< <

g5 1 I o (This work) 85 1 5o (This work)
=] =]

E 4 L} IP,con (S—F) E 4 IS<c0n (S‘F)

< <

=3 &3

5 5

3’ ' 3’

£1 21

EO - [ _J 's_io l.| - -
Z" st 2nd 3d 4 S5t 5 Ist 2nd 31d 4t 5t

Harmonic order Harmonic order

(a) Primary coil. (b) Secondary coil.

Fig. 20. Fourier analysis of the coil currents of the proposed (pro) dual-
frequency and conventional (con) single-frequency converters.

the introduction of more passive components, the increase in
power losses is outweighed by the reduction in power losses.
As a result, the proposed method achieves an overall efficiency
improvement.
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Fig. 21. Efficiency versus the load of the proposed (pro) dual-frequency
and the conventional (con) single-frequency single-ended IPT convert-
ers when the output power is 136 W.
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TABLE IV
COMPARISON WITH EXISTING WORK

Reference Topology Nun.iber Drive f:ircuit Shoot-through Harmonic order P.oyver' transfer Protection agaipst
of switches design problem used for power transfer | capability improvement | removal of receiver
Proposed | Single-switch 1 Simple No Fundamental+Second Yes Yes
[20] Single-switch 1 Simple No Fundamental No Yes
[7] Full-bridge 4 Complex Yes Fundamental No No
[8] Full-bridge 4 Complex Yes Fundamental No Yes
[27] Class-E 1 Simple No Fundamental No No
[22] Dual-switch 2 Medium Yes Fundamental No No
[23] Dual-switch 2 Medium Yes Fundamental No No

E. Performance with Coil Misalignment

Given the symmetrical coil design in this study, our anal-
ysis focuses solely on misalignment along the x-direction.
Fig. 22(b) compares the efficiency of the proposed and con-
ventional single-ended IPT converters with respect to coil
misalignment. To ensure a fair comparison, conditions such
as the accuracy of compensation parameters, heat dissipation,
and ZVS conditions were controlled to be as consistent as
possible for both converters. It can be observed that increased
coil misalignment results in a notable drop in the efficiency of
the conventional one. This is because the typical compensation
network of a conventional single-ended converter is designed
to compensate for the inductance Ls—M?/Lp in the receiving
coil [21]. As misalignment increases, mutual inductance M
decreases, which leads to detuning and a great reduction in the
efficiency of the conventional converter. This issue is not sharp
in our design, since the corresponding compensation network
is used to compensate for the inductance Lg of the receiving
coil instead of Lg — M? /L p. Furthermore, both the primary
coil current and secondary coil current of the conventional
converter are higher than that of the proposed converter. These
factors contribute to a more significant change in efficiency for
the conventional converter compared to the proposed converter.

Table IV conducts a comparison of the proposed converter
with other typical IPT converters. Although the proposed
method may not provide the same level of flexible primary-
side control as a full-bridge converter, it uses only one switch.
This feature significantly simplifies the drive circuit, lowers
the cost, and notably eliminates the shoot-through problem,
thereby improving the overall reliability.
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Fig. 22. Circuit performance when coil misalignment occurs.

VI. CONCLUSION

In this paper, the significance of the second harmonic in
single-ended IPT converters has been demonstrated, showing
its potential to enhance the power transfer capability. On this
basis, we develop a novel single-ended IPT converter, featuring
a dual-frequency compensation network. This design utilizes
both the fundamental and second harmonics for wireless power
transfer, reducing both the primary coil current and secondary
coil current while achieving a load-independent output voltage.
The corresponding analysis highlights how this dual-frequency
approach improves the power transfer capability. Despite the
complexity of simultaneously addressing dual-frequency res-
onance and load independence through the compensation net-
work, a detailed design methodology is presented, offering a
systematic pathway for practical applications. An experimental
prototype with an output power of 136 W is constructed for
validation. Experimental results demonstrate that the proposed
design outperforms conventional single-ended IPT converters
in power transfer capability. And the effective utilization of
the second harmonic could improve operating efficiency by
reducing coil currents. Given that these advantages can be
maintained even under conditions of coil misalignment, we
can also use the design methodology in misaligned scenarios.

High-order harmonics will be explored in the future to
provide supplementary power support in the presence of coil
misalignment. This approach will contribute to ensuring stable
power transfer in IPT systems when confronted with the
challenge of misalignment.
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