IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 31 December 2022, accepted 16 January 2023, date of publication 6 February 2023, date of current version 13 February 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3243060

== RESEARCH ARTICLE

Inductor-Aid Step-Up LLC Resonant Wireless
Power Transfer

KIN LUNG JERRY KAN" AND KA WAI ERIC CHENG ", (Fellow, IEEE)

Power Electronics Research Center, The Hong Kong Polytechnic University, Hong Kong
Corresponding author: Ka Wai Eric Cheng (eric-cheng.cheng @polyu.edu.hk)

This work was supported in part by the University Grant Council General Research Fund (GRF) Hong Kong under Grant PolyU
152218/19E.

ABSTRACT An inductor-aid step-up LLC wireless power transfer (WPT) system is proposed in this paper.
It could step up the WPT output voltage beyond the conventional LLC series-series (SS) compensation
method. Employing a parallel inductor with the transmitter coil to lessen the circuit impedance thus the
inverter exhibits a new gain curve. The constant frequency operation and simple control of two series active
switches in the parallel inductor branch shows a practical improvement of conventional constant frequency
LLC WPT system, in terms of voltage demand, new standards and applications. Even the frequency
modulation LLC WPT system could be benefited from this enhanced topology rather than to deteriorate the
inverter current stress and unnecessary over-rating of magnetic components. The receiver side compensation
tank has no additional voltage drop and overcurrent. A 300W prototype has been constructed to validate the
concept and performed at 90% efficiency.

INDEX TERMS Wireless power transfer (WPT), LLC, resonant converter, fundamental harmonic approxi-

mation (FHA) method.

I. INTRODUCTION

WPT system evolution happens from theories to applications
and standards that facilitate human lives [1], [2]. Static and
dynamic electric vehicle (EV) chargers, ball-joint structure
WPT systems, implantable bioelectronics, and oil pipe have
been proposed, and the research covers furious electrical,
magnetic, and structural analysis [3], [4], [5], [6], [7]. Integra-
tion of the WPT system and the communication system, and
the information security system were well illustrated in [8].
The WPT system could be achieved by laser, radiofrequency,
microwaves, inductive, and magnetic resonant wireless that is
focused in this paper for the high efficiency and low reactive
power [9]. The compensation capacitors were deployed to
resonate with the leakage inductances in the transmitter (Tx)
and Receiver (Rx) sides so that the circuit could perform at
high efficiency. There are three main compensation networks
to eliminate the reactive power in the WPT system: LCL,
LCC, and LLC methods. LCL performs high efficiency along
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with the whole load range. However, the Rx side reactance
and resistance would be reflected to the Tx side as well as
the large size [10]. LCC needs one more resonant inductor
and capacitor component in the circuit. Besides, in WPT
applications, even be regardless of the consideration of the
Rx side load factor, zero current switchings (ZCS) would be
hard to achieve without the auxiliary circuit. The complex res-
onance tank makes it hard to maintain the circuit stabilization
when the magnetic linkage disturbance occurs [11]. LLC SS
compensation method features high parameter tolerance and
voltage source transfer function with no reflected secondary
reactance [12]. High tolerance to misalignment and zero volt-
age switching (ZVS) has drawn many researchers to spread
the study area. In circuit design, the practical requirement
might constrain the resonant tank selection. To achieve the
desired WPT system, the equivalent conversion of the third-
order, fourth-order, LLC, LCC, and LCC resonant tank was
investigated in [13].

Many LLC circuit analysis methodologies raised in the
past, covered the circuit gain analysis derivation from the
conduction angle of rectifier diode, Lagrandian dynamics
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model analysis, modified fundamental harmonic approxima-
tion (FHA), and the time-domain simplified equations with
iterative calculation model [14], [15], [16], [17]. Among
them, the FHA is straightforward and accurate enough to
conduct the LLC design by the comparison of FHA and fre-
quency domain analysis with time-domain partial or complete
correction and the operation mode-based analysis presented
in [18]. It concluded that the accuracy of FHA is higher
when the system operates under a low-quality factor and
near the compensated resonant frequency. FHA has been
widely examined and used in many applications, including
the closed-loop control converter, bidirectional DC-DC con-
verter, wide output vehicle chargers with power factor cor-
rection, and waterproof vessel wireless charger due to the
high accuracy, simple design process, and control strategy
[19],[20], [21], [22], [23]. Many subtle control methods, such
as the closed-loop design and the frequency doubler method
to raise the output power based on FHA have been investi-
gated in LLC non-WPT system area [24], [25]. A 3.3kW with
97.6% efficiency LLC design was built in [26]. This paper
elaborates on the LLC circuit loss analysis comprehensively
and boosts the topology efficiency by magnetizing current
optimization. However, the magnetic component is not fea-
sible for WPT application as the wide switching frequency
interval from 48.4kHz to 86.2kHz is inapplicable. In a WPT
system, decreasing the switching frequency may boost the
output voltage but results in a large magnetizing current. A
1-MW SS WPT system has been developed for a train [27].
The configuration comprises one Tx and 4 parallel placing
Rx. The 5 cm air gap brings an extremely low coupling
coefficient of about 0.05, whereas the induction voltage on
both sides should be no more than 10kV. However, It is a
constant frequency supply with only one output voltage level.
The reason is the WPT circuit gain curve would be too sharp
to deliver a stable performance by frequency modulation.
Reference [28] presents a fixed phase shift method to control
the conversion ratio, but its quality factor value makes it
impractical to the WPT system. The proposed circuit of this
paper would provide another higher voltage level without the
frequency control.

Magnetics design is important in the WPT system. Some
interesting application is induction heating — a classical wire-
less power, a 12kW induction wok, and the cordless ironing
system were presented in [29] and [30], respectively. In this
paper, the WPT magnetic component will be designed as the
single Tx with the vertical flux type to expand the applica-
tions. In the Tx coils, even a distribution dynamic WPT sys-
tem could be considered as a static situation when the moving
velocity is far lower than the switching frequency [31]. Ver-
tical flux type WPT system proved to have a higher tolerance
of misalignment and shortened the magnetic flux equivalent
length so that the reluctance drops. Supplying by one turn Tx
coil and 26 cm air gap, 80% efficiency 100kW LLC SS WPT
system was conducted. The only drawback is fixed frequency
and voltage gain of the output side [32]. Integrated magnetic

VOLUME 11, 2023

winding design decreases the magnetizing current with the
cancellation of leakage flux [33]. However, the reluctance
estimation of the WPT system could be sophisticated. The
variable series inductance of the LLC resonant tank changes
the circuit resonant frequencies to meet the closed-loop con-
trol [34]. It also raises the requirement of Tx and Rx commu-
nication and the high voltage saturation risk of the variable
inductor.

This paper proposes the inductor-aid method to step up the
output voltage with the constant frequency operation. Add
two more active switches and one parallel inductor could
provide a promising high step-up level of output voltage,
which could contribute to the higher utility of the LLC
WPT system. In section II, the foundation of the LLC WPT
would be introduced to illustrate the circuit basis. The dif-
ference between the WPT and non-WPT applications will be
addressed. In section 111, steady-state analysis of the proposed
circuit, including the electric and magnetic parameters, would
be elaborated in the circuit gain analysis, operation principle,
ZNS, and losses analysis. Section IV provides the proposed
inductor-aid step-up LLC WPT design framework, procedure
and simulation results. A comparison of the conventional
LLC and the proposed method will be conducted in this sec-
tion and the next. Section V is the experimental verification
and benchmarking. A 300W prototype has been developed
with 90% efficiency. This paper examines all the circuit hard-
ware parameters and testing results. The comparison works
exhibit the proposed circuit states at the overwhelming higher
step-up voltage ratio and the lower resonant current than the
conventional LLC frequency modulation method. The last
section is the conclusion.

Il. LLC WPT SYSTEM FUNDAMENTALS

Fig.1 depicts the conventional LLC WPT configuration.
Transmitter has a full-bridge inverter with a resonant tank
and a magnetic field-generating coil. The duty ratio of the
inverter switching devices is 0.5. Sy, S3 would be ON and
OFF concurrently and S, S4 vice versa. f;,, is the inverter
switching frequency. L, is the transmitter coil self-inductance
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FIGURE 1. Conventional LLC WPT circuit diagram.
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that consists of the magnetizing inductance L,, and primary
leakage inductance L,. L, is the magnetizing inductance of a
transformer while the L, is a dedicated resonant inductance
which constitutes the resonant tank with C,; to achieve the
frequency modulation in non-WPT applications.

Equations (1) to (4) present the inductance equations and
their coupling. However, due to the large reluctance R,
which comes from the air gap, a coupling coefficient k and
mutual inductance M, between the transmitter side and
receiver side is low. (3) reveals a considerable portion of leak-
age inductance occurs in the coil under the loose connection
between Ny and N, windings which is high that would be thus
utilized as resonant inductance [27], [29]. L, is the leakage
inductance at the Rx side and C;» is the corresponding com-
pensation capacitor.

k= M/ L1La (1)

Ly = MoN1 /N> )
Ly =Ly — Ly = Li — N} /Ry, 3)
Loy = Ly — M12N> /Ny 4

As mentioned, the air gap constituting the magnetic
field transmission path generates a high portion of leakage
inductance on both sides; compensation capacitors could be
deployed to degenerate the reactance power. There are par-
allel and series compensation methods on two sides, thus
total 4 compensation combinations. Reference [12] validates
the series-series compensation that has no reflected Rx side
reactance to the primary side at the resonant frequency, and
the output characteristics could be considered as the voltage
source after the rectifier, which makes it more competitive
with the other three compensation combinations. H-bridge
modulates the steady DC voltage to the AC square waveform.
After that, C,1, L1 and L, compose the resonant tank in
which the current magnetizes the transmission medium and
establishes the alternative magnetic field. Magnetic field den-
sity By, couples with the receiver coil and core to feed the
load. To acquire the steady output voltage under various load
conditions, [14] depicts that C,; is designed to compensate
L,1 and the switching frequency is fixed at the primary reso-

nance frequency f;; = 1/27+/L,1Cr1.

FIGURE 2. FHA simplified circuit.

The first harmonics approximation (FHA) method is effec-
tive in streamlining the LLC WPT analysis. It states the
simplified circuit as shown in Fig.2. Vg, = 4V;, sinQRmuft)/m
and V,, =4nV, sin(2n f;,,t —¢,)/7 is the fundamental compo-
nent of input equivalent sinusoidal voltage and output voltage
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reflected in the primary side respectively. The reflected equiv-
alent resistance load R, = 8R,n*/m2. Assume the circuit
output voltage V, = ViuMg/n. In anon-WPT LLC system, the
inductance ratio L, of Tx coils could be very large, whereas
the air coil LLC WPT system could be small, even less than 1.
Circuit resonant current /,, which conducts in the resonant
tank and transmitter coil, composes of the inductive magne-
tizing current I, and the output current /,, on the primary
side. Therefore, the circuit gain to switching frequency could
be derived in (11) and Fig.3. The constant output voltage
points that M, = 1 regardless of the load variation occurs
when the switching frequency equals the resonance frequency
of Cy1 and L,;. WPT system usually has a small Q.. thus,
the corresponding gain curves would be sharp at the voltage
scaling up frequency interval.

loe = 1, 2font — @y)/2n (5)
Iy = Voe/joLy, (6)

L=+ ™
Qe = VL1/Cri/R. @®)

fn = fvw/frl (9)
Ln = Lm/Lrl (10)
‘ JXimlIRe
Mg = . .
(]XLm”Re) +J X — Xcr)
Laf?

(11)

a ‘ [Ln+ D fF =1 +j[ (7 = 1) fuQeLn]

m— Q1=0.1
—2=0.5
Q3=1
Q4=2
Q5=4

©
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FIGURE 3. LLC frequency response characteristics corresponding to
various Q factors by the FHA method.

In order to realize the ZVS of the full-bridge switches,
fsw should be set higher than f,1. thus, the circuit would
operate inductively. Since the current has a phase lag behind
the voltage, when S, and S3 are OFF, I, still circulates
in the primary side. During the dead time, I, is conducted
by the body diode of S4 and the voltage drop of the active
switch is clamped at the diode’s forward voltage. It would
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sustain even after the switches S; and S4 are ON. Compared
with the high input voltage, the diode’s forward voltage is
usually a comparatively low value; thus, ZVS is achieved.
ZVS does reduce not only the switching loss but also lowers
the conductive electromagnetic interference.

Ill. STEADY-STATE ANALYSIS

The proposed inductor-aid step-up LLC topology reveals in
Fig.4. LLC WPT system operates at the resonance point and
could provide the circuit gain M, steadily regardless of load
variation. In contrast to the conventional LLC WPT system, a
higher M, could be achieved without drawing down the fi,, .
Assume all internal resistances except the load and voltage
drop of diodes are neglected in this section. L, is the parallel
inductor controlled by Ss, Se. Turning the inductor leg ON
means that the inductance of the resonant tank drops, since
when L, conducts, the Tx coil would be parallel connected
with an inductor L, with L, and L,,. Therefore, the resonant
frequency of the LLC inverter circuit rises, and f,; no longer
remains at f, = 1 after the switching. The new circuit gain M
would be higher than before and increase the output voltage
at the receiver.

r Y

Co_ Rog

F Y

FIGURE 4. FHA proposed constant frequency step-up converter.

A. CIRCUIT GAIN ANALYSIS
Similar to the LLC simplified circuit Fig.2, when Ss and Sg
are turned ON, the equivalent circuit of the proposed topol-
ogy is shown in Fig.5 when L, applies. C, is the resonant
capacitor at the transmitter side. L,, indicates the magnetizing
inductance whereas the L, represents the leakage inductance.
The value of these two parameters is decided by the coupling
condition of Tx and Rx. The higher k, L,, and lower L,
come with the better coupling condition. Therefore, inserting
the high magnetic permeability materials in magnetic com-
ponents indicates a higher k, the reactive power, induction
voltage and energy losses in L, and L,, could be eased.
Establish the mesh current analysis (12-15) that neglected
the Rx side resonant tank. Input current /,, equals the sum of
transmitter current /> and the reactive current Ip1. Iy is the
current that circulates in the transmitter coil, which generates
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the alternating magnetic field and transfers the active power
to the load. The operator ““//”” means the parallel calculations
of the mentioned elements.

I, (jwéﬂ +ij,,1) ~ gjolyt = Ve (12)
— InjoLyy + Liajo (Lpt + Lry + L) — Ipe2jwoLy, = 0
(13)
— Li2joL + L2 (Re + jwoLy) = 0 (14)
loerRe = Voer (15)
Ly
a=1+ o (16)

Ly + Ly — 0*CriLpLy

Voer = aVge — 12 joL, o, (17)
Iy = Vge/Zin (18)
Zin = [(R/[joLy) + joL:1/ [joLy + 1/joC; (19)
lia = Voer/ (Re + jooLpy) (20)
fio = /ﬁ —fiva e
Vo1 = Vin/n (22)

Ve \2 Voo \ 2
Iy =1 = 8¢ —& 23
o= () (% @

Switching the f5,, to f2 could get to the new resonant opera-
tion status. However, the secondary compensation capacitor
is designed to resonate with f,.1, and capacitor C,, is designed
to resonate with L,,. If the primary switching frequency
changes, the receiver side would become a capacitive or
inductive load and exert the transmitting power.

Fig.5 shows the equivalent circuit with consideration
of the secondary resonant tank. According to FHA,
the equivalent reflected component of leakage inductance
Lo, = 8Lr2n2/712, resonant capacitor Crp, = Cr2n2/8n2.
1/ /L2.Cr2.) = fr1. Mode 2 has no reflected reactance in
primary side. However, when f;,, climbs to f»_ the equivalent
inductance in the secondary side should be considered.

Cr L?"l L‘rZe

1
I tc2

FIGURE 5. Mode 2 FHA simplified circuit of the proposed converter.

The circuit gain M, with consideration of secondary reso-
nant tank analysis is shown as follows. In Fig.6, the normal
lines are the M- fi, curve with secondary consideration,
while the dashed line is regardless. Apparently, the resonant
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FIGURE 6. Frequency response of Mode 2. Dash lines represent the gain
calculation with regardless of secondary compensation network. Full line
is the real gain curve.

frequency of the circuit with secondary resonant tank con-
sideration f; is slightly lower than the neglected analysis of
(17). Hence, it ensures the inductive operation and ZVS of
primary inverter switches. On the other hand, a drop of M,
comes with it. The new circuit gain is Mg,. Fig.7 illustrates
M, swags comparatively at the resonant frequency point f;.
The under-voltage problem would be even worst in heavy
load conditions.

1 . . .
Zin = +jwLy// |:ij,1 + joLy,

ja)crl
. 1
// (Re + joLye + - )i| (24)
]wCrZe
Zs = R, + joLye + - (25)
JoCrae
. : 1
R, Zs/ [joLy Zin — JoCr1
Mgp =z = . ' (26)
Zs  joLy1 + (Zs//joLy) Zip
Vor = VinMgp /0 (27)
Voe2 2 Voe2 2
2 2 oe oe
2 = Vi H o = J (o) +(57) e
I, = [ItclijLrl + Onge] /ijLp (29)

B. OPERATIONAL PRINCIPLE
There are two modes of operation through the switching of
Ss and Se, as shown below:

Mode 1: When Ss and S¢ are OFF. No parallel inductor is
implemented. The WPT system operates as the original LLC
WPT system. Set f,, to f;1 and the circuit gain M is 1. Since
the secondary side leakage inductance is compensated, there
would be no voltage drop after the receiver coil to the load.

Mode 2: Turn both Ss and S¢ to the ON state. L, would
be parallel connected to the transmitter coil. Aforementioned,
the voltage gain would not be an ideal value if the load and Q,
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FIGURE 7. Frequency response of nominal Lp value under different
output power.

stay at a high level which penetrates the unnecessary reactive
power into the WPT system. Therefore, f;,, remains at f;-1. The
circuit gain Mg, would be higher than unity in mode 1 because
the parallel inductor declines the circuit impedance.

C. zvs

The ZVS principle of mode 1 and mode 2 is very similar.
System ON ZVS could be realized by the conduction of the
inverter switches body diodes. Before the switches turn ON,
I, will flow through the switches’ body diodes and clamp the
switches’ voltage at the diode forward voltage level, which is
usually comparatively low. The reverse conduction would last
after the switching is completed. The switching loss remains
as the diode loss.

In mode 1, the ZVS frequency area is from the vicinity of
the circuit resonant frequency f,0 = 1/27/(Ly1 + Ly)Cr1
with the FHA. At no load or light load conditions, this could
be accurate but still should be tuned after the plotting of the
gain-frequency curve. In this paper, fi,, = f-1 which is far
from f,o at most times.

to — t1 : Sy, S4 are ON whereas S;, S3 are OFF. V;,
supplies the resonant tank through Sy, S4 thus /, increases to
the positive direction. The current waveform could be treated
as the superposition of the Tx magnetizing reactance current
and the load combined resonant current.

t1 — tp : this is the fall time of active switches. Since the
circuit is operating at f,1, the Rx side reflected current is
zero. Hence, I, equals I,,,. Vg1, Vgsa are declining to zero
while Vg, V43 climbs. The drop of S; and S4 conducting
capacity penetrates a portion value of 7, to the reverse diode
of Sy, S3. Hence, the inverse direction of S, voltage current
prevents the active switch from consuming power from V;,.
Instead, the integral of reverse diode forward voltage V4 and
I> contributes to the switching ON energy loss. Due to the
comparatively low value of V4 to Vj,,, ZVS is achieved. The
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sum of switching ON loss P oy could be accessed by (30).

10}

Ps.on = 4Ps.0n = 4fr1 / Visalsodt (30)
n

tp — t3: the symmetrical process of typ — #;. The only
difference is the opposite flowing direction of /, due to the
complementary conducting switches of the H-bridge.

13 — t4: Sp, S3 are turning OFF and the corresponding
conducting current lessens rapidly. Identical to #; — #5, S1, S4
conduct as ZVS while S,, S3 experience the hard switching.
The switching OFF loss P opr could be estimated as (31).

2}
Prorr =4Paorr =4t [ Valdi  G1)
3

In mode 2, L, decreases Z;, so that the resonant frequency
becomes larger. The main benefit is a greater My, so that
the WPT system can transfer a higher voltage level with
a constant f;,. The control strategy becomes simple. The
prevention of mode 2 slipping to the non-ZVS area is the only
concern.

D. LOSS ANALYSIS
Losses could be specified as conduction loss, switching loss
and magnetic core loss. Conduction loss could be estimated
by the Ohm’s law. The core loss P, comprises eddy current
loss P,, hysteresis loss P, and residual loss P, denoted as
tand/u; [36]. u; the core reactance relevant permeability
and tand = Ry, /wL presents the ratio of equivalent core
loss equivalent resistance Ry, to the coil reactance wL. P,
contributes little as the large core resistivity. Theoretically,
P, is proportional to Pj; and be linear to B,%T In practical
cases, Steinmetz’s equation Py = kw,ernf” V, is effective
in estimating the core power loss in which k.., a and b are
the physical related constant. The amplitude of magnetic field
density dominates in the ferrite core when compared with the
operating frequency. (32, 33) illustrate the calculation method
and the advantage of the increasing modulation frequency
characteristics, which keep B, within the linear range.

fm, itc and Em are the circuit maximum magnetizing cur-
rent, transmitter coil current and magnetic field density in
ferrite, respectively. I, . and pg are the equivalent magnetic
loop length, relative permeability and the magnetic perme-
ability of free space.

~ 2 LN

B, = HOMZE tcl14V1 (32)
e

o 2 IL;oN

By = MOMle tc24V1 (33)
e

The switching OFF loss is considered by the integration
of the switching current and voltage. In Mode 1, the con-
ventional LLC WPT inverter switches cut-off current 1,1 orr
equals to the amplitude of the magnetizing current I, while
in mode?2, the switching OFF current /.2 orf consists of the
peak value of the magnetizing current and parallel inductor
current:

Iy1.0FF = jm] = ZMnge/jwle (34)
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FIGURE 8. The active switch’s body diode conducts when turning ON.
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FIGURE 9. Active switch switching OFF status.
Loorr = I + ipl
_ MepVee 2 [icajo1 Lyt + MgpVee] (35)
Jjo1Ly Jo1Lp
Ps.orr = 4P 0FF = 4fr1 / Vinly.oFrdt (36)

According to [35], the drain-source current decays linearly
when the voltage climbs. Integrating the product of Vs and I,
will get the switching loss at OFF progress. Therefore, shows
as Fig.9, the switching loss of the inverter switch could be
estimated by:

Py 10ss = Hwi1torr Vinlr oFrF /121)
= witorr Vinlr.oFF /37 (37)

IV. SIMULATION STUDY

Simulations and the circuit design framework are illustrated
in this section. As depicted in Fig.10, the magnetic design
would be prior to the electric circuit design. Higher mutual
inductance saves the coil copper and device volume due to the
smaller magnetizing current. FEA provides the preliminary
inductance distribution of Tx, Rx self-inductance and the
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FIGURE 10. Mode 1 simulation results with 43V output voltage.

coupling coefficient. Operation frequency could be adjusted
by the resonant capacitors. Aforementioned, the Q, is related
to the gain profile and the preliminary design could be fail.
Thus, the comprehension workout could be conducted for
several times. This simulation study exhibits the design pro-
cedure with details.

A. MAGNETIC COMPONENT DESIGN

A vertical flux magnetic coil layout applies in the Tx and
Rx in this case. An important reason is the planar spiral coil
design could be slim and compact and also mitigates the
orientational misalignment for practical applications. Tx and
Rx inductance and coupling-coefficient could be accessed
by finite element analysis (FEM). Fig.11 shows the FEM
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TABLE 1. Magnetic simulation parameters.

TX and Rx dimension (mm) 135x130%23.4
ferrite pad dimension (mm) 135x130%20
ferrite relative permeability 3300

Core-coil alignment Centre alignment

Wire diameter (mm) 3.4

Wire number of turns 16

Coil radius (mm) 81

Air-gap distance (mm) 12
Self-inductance (uH) 31.61
Tx coil leakage inductance (uH) 7.40
Magnetizing inductance (uH) 24.21
Rx leakage inductance (nH) 7.41
Coupling coefficient 0.76

TABLE 2. Proposed circuit simulation parameters.

Input voltage (V) 45
i1 (kHz) 103.4
C,; and C,; (nF) 320
L, (nH) 24
Turns ratio 1
M, 1
My, 1.2
Load resistance (Q2) 8.2
Resonant capacitor equivalent series 60
resistance (mQ)
MOSFET conducting resistance (m<) 19
Coil resistance (mQ) 60
L, resistance (mQ) 2

simulation model of the Tx and Rx coils conducted by the
ANSYS Maxwell. The symmetrical Tx and Rx specification
reveals in Table 1. High relative permeability ferrite is applied
to increase the coil inductance. Turns ratio of Tx and Rx
is 16:16.

B. CIRCUIT DESIGN

To cater the vehicular and portable electronic device appli-
cation, the switching frequency was selected at kilo Hertz
range. The capacitances of C,1 and C,, were 320uH to make
the resonant frequency f,1 at 103.4kHz. Therefore, the M,
of mode 1 should be 1 when f;,, was set at f1. Tx and Rx
number-of-turns were identical; thus, the turns ratio was 1.
Considering the practical implementation that an ultrafast
diode would be chosen as Rx side rectifier, the diode forward
voltage drop was rated at 1.5V. Derived from (25-27), a24uH
L, was parallel connected to the Tx coil.
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FIGURE 12. Mode 1 simulation results with 43V output voltage.

C. SIMULATION RESULTS

For the 45V V;, and 8.2 Q load condition, Fig.12 depicts
the mode 1 operation characteristics. The output voltage Vo,
equals 40.3V which was 4.7V lower Vj,. 3V voltage drop
came from the rectifier diode. With regardless to it, the under-
voltage performance stated —3.8% of the gain error whereas
the ripple could be neglected. Output current I,,; was 4.9A.
At the moment when S> was ON, /, changed the flowing path
from S to the reversed diode of S so that the corresponding
ZVS was realized. Fig.13 demonstrates the mode 2 operation
profile. V,,; has been step-up to 52.5V that is 30% increment
of model. At the same time, output power rose from 197.5W
to 336.1W. Similar to model, the output current ripple also
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FIGURE 13. Mode 2 simulation results with 52.5V output voltage.
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FIGURE 14. Conventional LLC frequency modulation limitation.

kept within a very fine interval and ZVS was achieved. The
system efficiency was 93.4% at mode 2.

D. COMPARISON WORK ON SIMULATIONS

The proposed topology performs to expand the LLC WPT
voltage gain as the result of simulation. In mode 1, Q, is 0.59,
which delivers a sharp gain attenuation versus frequency.
Conventional LLC WPT, in desire of higher output power,
decreasing the f;,, could reach the maximum V. It is 48.0V
shown in Fig.13 whereas the coil current /. is 8.0A, 1 =
12.2A. However, mode 2 demonstrates that even the output
power and voltage V,,; are higher, the coil current of I,
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TABLE 3. Comparison of proposed switched inductor LLC circuit and
frequency modulation LLC method.

Mode2 L imed e

Jfow (kHz) 103.4 79.2

Output power (W) 336.6 281.0
Output voltage V. 52.5 48.0
Circuit gain M, 1.2 1.1
Switched current 7, (A) 10.6 8.0
Coil current (A) 8.2 8.0
Peak magnetizing current (A) 11.8 12.2
Efficiency (%) 93.4 90.6

maintains at 8.2A, and fm remains at 11.8A. This results in
higher operational efficiency.

V. EXPERIMENTAL RESULTS AND BENCHMARKING

A. IMPLEMENTATION

To verify the concept of the inductor-aid step-up LLC WPT
system and compare the performances to the conventional
LLC, a 300W prototype has been conducted. The hardware
setup referred to the simulation parameters was designed as
Fig.15. The marking number 1 is DC power supply, 2 is the
proposed converter, 3 is the Tx and Rx magnetic components,
4 is the Rx side compensation tank and rectifier, 5 is an elec-
tronic load which was set as resistance, 6 is an oscilloscope,
7 is the differential voltage probe and 8§ is the current trans-
ducer. The specifications are exhibited in TABLE 4. Mag-
netic components such as the Tx, Rx self-inductances and
k matched the simulation results in the last subsection. For
high-frequency operation, polypropylene capacitor has been
deployed as resonant capacitors. Core and coil were packaged
into the acrylic boxes to merge the magnetic modules that
mock the real application scenario. Since mode 1 operation
is the conventional LLC circuit, the comparison would be
established on the same converter.

B. EXPERIMENTAL RESULTS

Results of about 300W power conversion depicted in Fig.16.
Vs2g4 represents the gate signal of Sp while Vi stands for the
MOSFET drain-source voltage. In both figures, I, was posi-
tive current when Sy turned ON. This ensures the ZVS switch-
ing. The converter input voltage was 45V, the resistance load
was 8.2€2 and the switching frequency was set at 103.3kHz to
ensure the circuit gain is 1. In Fig.16 (a), The mode 1 output
voltage of load V,, is 43V while I, is 6.18A. The voltage drop
from 45V to 41V could be explained as the rectifier diodes
and loop resistance voltage drop. Obviously, ZVS has been
achieved and the ripple of the output voltage is about 3V.
Output power is 205W with 96.2% efficiency. In mode 2, L,
has been deployed and V,, = 50.4V. The circuit efficiency is
90% with the 310W output power. The output voltage level is
just 4% lower than the simulation and the ripple is revealed
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FIGURE 15. Picture of the 300W experimental prototype.

TABLE 4. Experimental converter parameters.

Packaged TX and Rx dimension (mm) 147x142x32
ferrite model PC95SP135X65X20
Ferrite relative permeability 3300
Airgap (mm) 12
Ni:N, 16:16
Self-inductance of Tx (uH) 30.2
Self-inductance of Rx (1H) 30
Mutual inductance (uH) 23
Coupling coefficient k 0.76
Tx, Rx resonant capacitance (nF) 330
Resonant frequency f,; (kHz) 103
Switching frequency f;,, (kHz) 103.3
L, model B65733A0000R087
L, value (uH) 25.6
Mode 2 step-up ratio at f, 12
Active switch model IRFP250PBF
300W efficiency 90%

at 6.0%. Considering the voltage drop of diodes, the mode2
gain should be 1.18. Using the conventional circuit and loss
analysis, diodes contribute about 19W power loss, conduction

VOLUME 11, 2023



K. L. J. Kan, K. W. E. Cheng: Inductor-Aid Step-Up LLC Resonant Wireless Power Transfer

IEEE Access

@ Vi, (20V/div, T
1 m

- bpp———

e = e e
b pd e ]

rVAVAVAVAVAN

V, (40V/div)
B0 )
(a)
a Vi2q (20V/div) ¥
‘ ‘
- P, | ST, P n P e e
e Vds2 = [P f'-'"—' —  c— e —
S M /'\ XTI
[ |\ r A [ 1\ [ |} ey
o 0 \ / f \ / \ / \
,J \\ / \\ # \ / \\ ‘f' \ \l
\/ \/ \/ \/ \/
V, (40V/div)
» ()
(b)
Veag (20/div) 1
T

i

V., (20V/div)

A

ot P Pt e |
’ (c)
a Vezg (20V/div) b
- T

Vo (40V/div)

(d)

FIGURE 16. Experimental waveforms of the proposed circuit: (a) Mode 1
operation and Vo = 41V (Ro = 8.2 ), (b) Mode 2 operation and Vo =
50.4V (Ro = 8.2 ). (c) V;, = 50V, Mode 1 operation and Vo = 46V (Ro =
10 @), (d) V;, = 50V, Mode 2 operation and V, = 56V (Ro = 10 2).

VOLUME 11, 2023

90
l. Mode 2 curves = B~ ‘LLCWPT, Qe=0.16
8 N Svirlanned — A -LICWPT Qe=0.2 | 1
S PP Mode2, Qe=0.16
gl N« lf — @ Mode2, Qe=02
N,
« 1
S5 =
; > \0"
870 i iy
5 ~
> N
5 65 ~
2 N
3 ~
o 60‘. 'a
- ~
~s S
55 =g o <
~ - \?
50 -~ ‘
— ﬁ
| Vt‘n =50V | -~ - *
45 ' ‘ .
85 90 95 100 105 110

Switching Frequency (kHz)

FIGURE 17. Output voltage experimental results comparison of the
conventional LLC WPT frequency modulation and the proposed
inductor-aid step-up method.
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FIGURE 18. Tx coil current experimental results comparison of the
conventional LLC WPT system frequency modulation and the proposed
inductor-aid step-up method.

loss of active switches, coil and cables is around 6W, and 9W
is the magnetic components losses, including the ferrite of
Tx,Rx and L.

In Fig.16 (c) and (d), Vj, has been increased to 50V
whereas the load is 102. Mode 1 performed the 46V at
the load side and transmitted 211W output power with 92%
efficiency. Mode 2 step-up the output voltage at 56V and
transferred 313W output power with 89% efficiency. The
step-up voltage gain ratio is 20%.

The comparison of the conventional LLC and the proposed
circuit has been made showed as Fig.17 and Fig. 18. Accord-
ing to the fit curves of Fig. 17, the proposed inductor-aid step-
up LLC in the WPT system is capable of transferring a higher
voltage level at the load side even when the conventional
LLC applied the —17% frequency modulation. The merit of
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FIGURE 19. Experimental waveforms of the proposed circuit: From top to
below, CH1: output voltage; CH2: output current; CH3: input voltage; CH4:
gate-source signal value of S5, Sg.

L,-aid constant f;,, operation is the stable performances of the
ferrite and resonant tanks on both sides. Fig. 18 reveals that
the proposed circuit requires less I, in the Tx coil when it
delivers the same output power. This means the WPT system
of the proposed circuit would have a higher magnetic flux
density redundancy.

Figure. 19 indicates the switching ON process of S5 and S¢,
which conduct to boost up the output voltage. Benefits from
the primary control, zero-current detection is unnecessary
to outset the higher voltage power transmission. Switching
OFF the system and restarting with parallel inductor ON was
realized within 1ms. The voltage drop of less than 0.3V rms
value across S5 and S¢ at full load condition is presented in
Fig. 20 (a) and (b), of which the WPT circuit was triggered
from mode 1 to mode 2, which confirms the theory analysis.

C. BENCHMARKING

In the WPT system, the proposed circuit provides a straight-
forward method to step up the output voltage much higher
than the conventional frequency control, let alone the constant
frequency operation has no mismatch concern over the reso-
nant tanks. When compared with the conventional boost con-
verter placed before or after the overall WPT system, adding
two active switches and one inductor in Tx side could be
compact and convenient to implement. Since the boost con-
verter raises the higher voltage requirement of the H-bridge
active switches if the boost converter is installed before the
H-bridge. The higher input voltage would also increase the
As in the case of the boost converter at Rx side, it brings
the drawbacks of bulky and redundancy, due to the Rx sides
would have the corresponding charging regulation converter
in the practical battery charging applications. In addition, the
control method as the solid-state relay of L, is not compli-
cated to step up the output voltage. Practically, the proposed
would be fitter to upgrade the existing constant frequency
operation constant output voltage LLC WPT system facility
and standard due to the explicit layout. A larger step-up ratio
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FIGURE 20. Experimental waveforms of the proposed circuit when
turning from mode1 to mode 2: From top to below, CH1: output voltage;
CH2: voltage between transistors Ss, Sg; CH3: input voltage; CH4:
gate-source signal value of S5, Sg. (a) 200ms/div (b) 5us/div.

benefits the multi-frequency LLC WPT system and enlarges
the applications. The smaller Tx coil current ensures the
normal operation of magnetic components as the old method.
What is more, it could be realized without any extra fore
converter and the mass modification of the inverter switch.

VI. CONCLUSION

In this paper, an inductor-aid step-up LLC WPT system has
been proposed. Without any extra hardware installation on the
secondary side, this method extends the LLC WPT applica-
tions output voltage from constant value to multi-level, such
as the battery slow-charge and fast-charge applications of
vehicles and portable electronic devices. Mode 1 is the con-
ventional LLC WPT system, whilst Mode 2 delivers a higher
output voltage by turning ON the parallel inductor. Adding
the extra inductors and straightforward control on Tx side
without any modifications on Rx side, existing WPT systems
which require higher capacity, could be benefited from this
easy-refit feature. Illustrate comprehensively, LLC WPT fun-
damental which is the basis of steady-state illustration, was
introduced. The voltage gain characteristics and operation
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principle have been investigated with circuit analysis and
frequency response. This paper also provides the structural
design flow chart and the comprehensive design procedure
from a simulation study to the experiment implementation.
A 90% efficiency 382W prototype has been constructed to
verify the circuit characteristics and to compare with the con-
ventional frequency modulation method. Results proved that
the proposed method has a higher step-up ratio and releases
the magnetic ferrite flux density stress in case saturation
and overheating occur. The drawback is when the higher
step-up ratio is desired, a smaller L, is required. It leads to
the adverse condition in high magnetic flux in L, and the
conversion range is then limited. The potential of the topology
is the selected multiple parallel inductors connection to the
transmitter coils to build a flexible and multi-output voltage
level WPT system.
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