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Zero-Phase-Angle Load-Independent and
-Adaptable Dual-Side LC'C' Inductive Wireless
Power Transfer System

Tomokazu Mishima, Senior Member, IEEE, and Ching-Ming Lai, Senior Member, IEEE

Abstract—This paper presents a zero phase angle (ZPA) load-
independent and -adaptable (LIA) high-order resonant inductive
wireless power transfer (IPT) systems. By designing a ZPA
frequency that makes all the mesh networks resonate at the same
frequency, constant current (CC) or constant voltage (CV) output
mode is achievable for the load variations with voltage/current
source. In addition to the frequency-domain analysis, characteris-
tics of the high-order IPT are investigated by a dual-side LCC' (D-
LCC) resonant tanks, where the load power can be controlled
over the wide range by pulse frequency modulation (PFM) / phase
shift pulse width modulation (PS-PWM) hybrid controller. The
PS-PWM and PFM hybrid modulation overcomes the issues of
the existing power controls for load independent WPT. The
performances of the proposed IPT system are evaluated by
experiment of 5 kW prototype, after which the validity of the
system design methodology is evaluated from the practical points
of view.

Index Terms—Dual-side LC'C (D-LCC), high order resonant
tank, inductive wireless power transfer (IPT), load-independent,
zero-phase-angle (ZPA), zero voltage soft switching (ZVS).

NOMENCLATURE
Ly Self inductance of transmitter (Tx) coil
Lo Self inductance of receiver (Rx) coil
L Series inductor in Tx side
Lo Series inductor in Rx side
Ly Leakage inductance of Tx coil
Lo Leakage inductance of Rx coil
Cnm Parallel capacitor in Tx side
Cp2 Parallel capacitor in Rx side
Cs1 Series capacitor in Tx side
Cyo Series capacitor in Rx side
k Coupling coefficient between Tx and Rx coils
M Mutual inductance between Tx and Rx coils
Ry Resistance of Tx coil
Rs Resistance of Rx coil
Ry Equivalent resistance in the mutual inductance
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Zin Driving point impedance

Zr Impedance in Thévenin equivalent circuit
Vr Voltage source in Thévenin equivalent circuit
Vac Ac voltage source in equivalent circuit
v, Voltage vector of ac output

R, Dc load resistance

R Rated dc load resistance

Req Equivalent ac load resistance

fs Switching frequency.

fr ZPA frequency of Z;,

fo Switching frequency at maximum power
W Angular switching frequency

Wy Angular ZPA frequency

A Load impedance ratio (R,/R})

10} Phase shift (PS) angle

¢ Dc voltage conversion ratio

Vin Input dc voltage

P, Output power

P Output power rating

Vs Output dc voltage

I, Output dc current

Lomax Dc current rating

Io Output dc current with PS angle.

I. INTRODUCTION

HE inductive wireless power transfer (IPT) systems are

drawing much attentions as a key technology for pushing
forward electrifications in automobiles, vehicles, railway, ships
[1] [2]. The resonant tanks are essential items in compensating
weak magnetic flux-linkage between transmitting (Tx) and
receiving (Rx) coils, and significantly relevant for perfor-
mances of IPT system in terms of power capacity, short-
/open-load protection, output power regulations, and system
robustness [3]- [6] as illustrated in Fig. 1. In particular,
high-order resonant tanks such as dual-side LC'C (D-LCC)
naturally have load independence of zero—phase-angle (ZPA)
in the driving point impedance, which leads to a wide range
of soft switching and high power factor of the high-frequency
inverter [7], [8].

Design methods for load-independent constant current (CC)
or constant voltage (CV) output are mentioned in the past
literatures such as in [9]- [12]. The reverse-/normal-L, T- and
II-circuits are adopted in [9] to constitute the multi-resonant
tanks and achieve the load-independent CC/ CV output modes.
However, the ZPA condition is not deeply discussed therein,
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Fig. 1. Power conversion process in IPT system for EVs battery charger (the
colored area is the target of research).

and the switching frequencies are set outside the frequency
range (81.38 kHz-90 kHz) claimed by SAE (Society of Auto-
motive Engineers) [13]. The similar concept of ZPA load-
independence featuring CC/CV design method is presented
by setting two ZPA frequencies in [10] and [11]. The load-
independent CC and CV output modes are achievable by
exchanging the two ZPA frequencies alternately in accordance
with the load conditions. However, a design method in [10]
are limited for the operating conditions of fixed current and
voltage in CC and CV output modes. Furthermore, the circuit
parameters significantly depend on the coupling co-efficient
and mutual inductance in Tx and Rx coils as revealed in [11],
thus it is hard to decide the two ZPA frequencies within the
SAE standard as aforementioned. A unified theory of high-
order resonant tank is explained in [12], and a method of
changing the mesh numbers to attain the load-independence in
both CC and CV output modes. The theory exhibits a design
method for considering the ZPA and load-independent output
simultaneously, however it is incomplete due to the limited
discussions; i) the current-source input is not adaptable, ii) the
parameter design process in the actual system is not revealed,
and iii) the load adaptability cannot be ensured for the variable
commands of output current and voltage.

The misalignment-tolerant D-LC'C' IPT system is proposed
in [14], by featuring load-independent (LI)-CC and CV out-
puts. The technical concern exists in a large circulating current
of the resonant tanks which causes efficiency deterioration.
The reconfigurable D-LC'C IPT system is proposed in [15] by
featuring high power factor with switched capacitors, however
the cost-effectiveness might be lost. The semibridgeless active
rectifier-based D-LC'C' resonant converter is proposed for IPT
systems in [16]. The constant-frequency pulse modulation is
achievable, however high frequency ringing may arise at the
turn-off transition of the active switches in the semibridgless
active rectifier, whereby electromagnetic noise emission in-
herently becomes outstanding [17]. The asymmetrical tuned
D-LCC TIPT is presented in [18] featuring an efficiency opti-
mization. However the power rating significantly depends on
the self inductances of Tx and Rx coils in the asymmetrically
tuned D-LCC resonant tanks, which leads to limitation of
system specifications. The high power (20kW) D-LC'C' IPT
featuring bidirectional power flow is proposed in [19], however
the load independent CC and CV modes are discussed in
details.

On the whole, no power control scheme effective both for
load independence in ZVS and adaptability to command vari-
ations in CC and CV has been established in the existing tech-
nologies. In order to overcome the technical constraints, this
paper presents a ZPA load-independent and -adaptable (LIA)

IPT system with D-LC'C' resonant tank suitable for power
control of CC and CV output modes in the battery charging
applications. By creating all the mesh networks resonate with
an identical frequency based on T-type circuit models, the load
current or voltage can be regulated naturally as CC or CV
mode with ZPA. Although ZPA-load independence is ensured
solely in CC mode, it can be attained for CV mode by adopting
pulse frequency modulation (PFM) and phase shift pulse width
modulation (PS-PWM). The current and voltage commands
of CC and CV modes can also be regulated by the hybrid
pulse modulations, thereby adaptability for the command value
variations can be ensured.

The rest of this paper is organized as follows: the power
circuit and controller configuration of the proposed ZPA-
LIA IPT system are described in SectionIl. The principle
of ZPA-CC mode with the voltage source inverter is also
explained with referring to Appendix. The pulse modulations
for the Tx-side high frequency inverter and the power control
principle are revealed for CC and CV modes respectively in
Section III. The performances of the proposed IPT system are
demonstrated by simulation and experiment in Section IV, then
the feasibility is evaluated in details. Finally, the characteristics
of the proposed IPT are summarized in SectionV from the
practical point of view.

II. ZPA-LIA IPT SYSTEM

The circuit and system diagram of a D-LC'C-based ZPA-
LIA IPT system is displayed in Fig. 2 [20]. This system
incorporates a closed-loop control mechanism, which effec-
tively addresses the challenges posed by system parameter
drifts through automatic frequency-tuning. The primary-side
power stage is a high frequency three-level inverter (HFTL-
INV) which consists of a flying capacitor and clamping
diode, aiming for reduction of voltage stress in power devices
with PS-PWM. The neutral clamping diodes D.; and Do
provide the surge voltage protection; thus the hard switching is
mitigated especially in Q; and Q4. The flying capacitor C'f,, is
dedicated for PS-PWM intervals between Q; and Q4 as well
as Qo and Qg [21]. The parasitic output capacitances Cg1-Cgy
help to reduce dv/dt rate at the turn-off transitions of Q-
Q4 for ZVS. Note here that this IPT is not limited for three-
level HF-INV but a full-bridge topology is also applicable in
principle.

Fig. 3 reveals the key waveforms of the ZPA-LIA IPT
system with a PS angle ¢. The circuit-state transitions of
a switching cycle during ¢;-t15 are divided into the twelve
modes. The detailed descriptions of the mode transitions are
same as presented in [20], which are excluded herein for the
sake of page limit. The commutations of the active switches
Q1—Q4 depend significantly on the pulse modulations. When
PFM is applied for Q;—Q4 where the two-level rectangular
waveform appears in v,, with high load-power factor, the
switching waveforms are identical in Q;—-Qy; ZVS turn-on
transition can be ensured while near zero current-assisted ZVS
turn-off transition can attain in each switch. When PS-PWM
is adopted in the HFTL-INV, the fixed switches Q; and Q4
are commutated by ZVS at the turn-off transitions. Since the
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Fig. 2. Main circuit and control system of a ZPA-LIA IPT system based on
D-LCC tanks.
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Fig. 3. Key waveforms for a switching cycle with PS-PWM (¢4 = (¢/360°)-
Ts).

current through the controlled-phase switches Q2 and Qg is
prone to leading-phase by PS-PWM, it is hard to keep soft
commutations at both their turn-on and -off transitions in CC
mode due to ZPA. However, this occurs only for CC mode with
a command of load current smaller than the nominal value.
The equivalent circuit of the power stage is revealed in Fig.
4, where the resistances of the passive components including
Tx and Rx coils are neglected for simplifying the analysis with
respect to the operating frequency less than 100 kHz. When
the fundamental harmonic approximation (FHA) is employed

Zu> 71 73 Zs 77
} Ls1 Cs1 Lin Lz Cs2 Ls>
Vac@i CPIZZZZ M§ Z4 szZZZG Req Vo
e | i

Fig. 4. Equivalent circuit based on the primary-side referred T-type model of
Tx and Rx coils (a=1) (see in Appendix).

in Fig. 4, the ac source vaC(Vac) denotes the fundamental
component of inverter bridge-leg voltage wv,;, RMS value
Vae of which is expressed by where ¢ is limited within
0° < ¢ < 180°.

2 0T
V2Vin (for PFM)

™
1 39) Vin
_ (L4 cos@)Vin o pspwm)
V21
The Tx and Rx coils are divided into the three inductances;
L1, Lo and M all of which are expressed by T-shape mode
of Tx and Rx coils (see in Appendix). The ac equivalents
resistance 2., represents the full bridge diode rectifier and
dc load, which can be given with the windings turns ratio
a = wy /wy and the dc load resistance R, as
8a’R
720_ )

™

Va c

ey

Req =

The impedances in D-LC'C' should satisfy the conditions as
(see in Appendix)

1
Ly + —— =0
J ! ]Wrcpl
L @M =0
Wy =
jwrcpl jwrcsl J M

1 1 3

iwy (Lya + M) =0
jerPQ * ijCSQ +]w ( k2 )
1
jw, L — =0.
JWrLis2 + erCpQ

Notice that w, (= 27 f;.) in (3) is the ZPA angular frequency
for load independence in CC mode. The T-connection circuit
model-based ZPA condition can be extended for higher-order
resonant converters with intermediate coils for the wider gap
scenario [22]. Considering the KVL in every mesh of Fig. 4,
the ac current I is decided at the switching frequency f; = f.
as '

Iy = .Z—AL. Vae- “)

ZyZg

The Bode diagrams of the driving-point impedance Z;,,
the transconductance Gy; (= I4/V,.) and the ac voltage ratio
Goc(=Vo/V,.) are shown with load variations in Fig. 5 with
a set of numerical example of circuit parameters. The ZPA
angle emerges where G.; is fixed regardless of the load as
illustrated in the curves, which indicates the load-independent
CC mode can attain under the condition of (3).
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Fig. 5. Bode diagram of the driving point impedance Z;,, the transcon-
ductance G+ and the voltage ration Gqc of the equivalent circuit(a = 1,
le = Lsz = 23.5 p,H, 051 = CSQ = 38.4nF, Cpl = sz = 166 IlF,
Ly = Ly =125 uH, k = 0.22).

III. PULSE MODULATIONS AND POWER CONTROL

The hybrid PFM/PS-PWM modulation is adopted in the
ZPA-LIA IPT system to perform the CC and CV output modes.
The concept of the hybrid pulse modulations is portrayed in
Fig. 6 (a) with CC and CV mode profiles respectively.

A. Current Current (CC) Mode

The D-LCC IPT system can naturally maintain CC output
mode, however the current command should be adjusted in
accordance with the power rating as well as the coupling
coefficient between Tx and Rx coils. PS-PWM is suitable for
achieving the load current regulation since it does not change
the fundamental frequency of the leg voltage v, in the HFTL-
INV. The dc output current can be obtained by regulating ¢
from (4) as

Za | 23 (1+ cos )Vin
ZQZﬁ m \/571' 5)

2(1 in
y M0p10p2(+jr+w~

Lo =

The control algorithm for the load current regulation is
displayed by flow chart in Fig. 6(b). In addition, the gate-
driving pulse patterns for CC mode are shown in Fig. 6(c)

4
PFM to slide on

power curve and detect
switching frequency

Stop the CV mode and
returm to initial step

PS-IlWM
(b)
- Qu
E e I S
Q“_[ ’—| [ f=r MO
QI [ |- T T T TTT ST TS ST
cC —] | I L
Q : : r ZPA+PS-PWM
. ; MO
L Q4_! I—! [ fs=/fr
e T l?’F-I\;[ """
QI'Z_I | | \ | for maximum power
| tracking
Q“_‘ | L | Jr<fs<fs,max
______ g g S A g
PFM
Qi2 for slidi
_' | | i | r c?xrr\?el ing power
cv Q.u_! | | ! | |_ Jfr<fs< fs,max
Q] I | | [ PSPWM
Q, 1 [ 1 [ for regulating power
in comnad value
Qs o
L Q] [ 1 [ L Js = fs,max
©

Fig. 6. Principle of PEM/PS-PWM hybrid power controls: (a) CCCV battery
charger profile, (b) flow chart, and (c pulse patterns of modulations.

which corresponds to M(I) and M@). The pulse frequency is
fixed at the ZPA frequency, then the load current is regulated
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)

wsChpo {Llc2 T @2Cp2Chz +
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Fig. 7. Power curves with the PFM/PS-PWM hybrid control:

(a) characteristics of P, — fs — R, and (b)transitions of operating
points (|vae] = 400V, Ley = Lgo = 23.5uH, Cs1 = Cso = 38.410F,
Cp1 = Cp2 = 166nF, L1 = Lo = 125 uH, k = 0.22).

by PS-PWM.

B. Constant Voltage (CV) Mode

The voltage source V and internal impedance Zp = j X7
can be defined from Fig. 4 as (6) and (7) while ws (= 27 f5)
denotes an angular switching frequency. The load current I,
can be given by

=V BRe—iXrg )
(Req + ]XT) qu + Xiz"
Accordingly, the output power P, can be obtained as
Rey — Xt o |
P, =R, -eq JoD Vo 9
‘I R2, + X7

By yielding the derivative dP,/dR., to zero, the maximum
power condition can be expressed as

Reg = X1 (fo)- (10)

where f, denotes the switching frequency at the maximum
load power P;. The switching frequency f, is regulated so
that P, corresponds with its command value P} as long as f
is less than its upper limit (90 kHz).

Fig. 7(a) shows the output power characteristics with f
and load resistance R,. As a numerical example, the circuit
parameters are designed for a 30 kW system and the resonant
frequency is set around 81 kHz. While the ZPA frequency is
fixed for CC mode with the load variations, the trajectory of
maximum power is not linear at the resonant frequency. The
transitions of the operating point are depicted in Fig. 7 (b).
The operation area should exist in the switching frequency
area higher than that of maximum power point in order to
ensure the inductive Zin for ZVS. PFM can accommodate
the high load impedance with the frequency range between
81 kHz and 90kHz, and P, can be controlled. However, it is
not controllable over the high-end frequency of 90 kHz under
the condition of low load impedances, accordingly PS-PWM
is activated for covering the rest part of power range.

The switching frequency should start from the value where
(10) is satisfied and the maximum power is obtained so that
the lagging-phase (inductive) current and ZVS are available in
the HFTL-INV. Accordingly, PFM in M@ is the first stage
of CV output mode, after which the load power is controlled
by PFM within 81 kHz-90 kHz in M@). Since PFM is limited
under the high-end 90 kHz, the pulse modulation changes to
PS-PWM for power regulation in M(). It should be remarked
here the HFTL-INV is disconnected from the power source
Vin when (10) cannot be established due to low impedance of
the dc load, i.e. overload condition.

The commutations of all the switches are summarized in
TABLEI The semi-ZVS denotes an incomplete soft switching
due to residual voltages in the parasitic capacitances of the
active switches [23]. The ZVS condition in Q;-Q4 with PS-
PWM can be expressed in terms of phase angle of Z;, at

fo < fr < fsmaz s

IIn(Zin)

¢ < 2tan! -
Re(Zm)

an

IV. SIMULATION AND EXPERIMENTAL VERIFICATION
A. Simulation Analysis

The simulation results for the dynamics of load voltage
regulations are displayed in Fig. 8. The dc-source voltage V;,,
is set as 800 V dc voltage source with power rating of 15 kW,
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TABLE I
SWITCHING CONDITIONS WITH PULSE MODULATIONS

Pulse patters Modulations Q1 Q2 Qs Qa ZPA  Output
MO Fixed frequency ~ Semi-ZVS ~ Semi-ZVS  Semi-ZVS  Semi-ZVS O CC
MQ® PS-PWM ZNVS H-SW H-SW ZNVS O CC
M® PFM ZVS ZNS ZNVS ZVS O CV
M® PFM ZVS ZNVS ZNVS ZVS O Cv
MO PS-PWM ZNVS ZVS* ZNS* ZNVS AN Ccv
*Available only under the condition (11).
400 400
2001 Vab {200
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: zvs | i
£ £ 200 e 1-200
> 400 © =11.8 us
-400 - —1_400
-800 400 400
= 11 Vab
90 - 200 a 4200
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Z gg © 845 kHz | 200 AW h {200
140 -400 -400
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" 20 I -200F T=11.1us M i -200
0 0.01 0.02 0.03 0.04 0.05 I 1
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a
(@) (b)

Fig. 8. Simulation waveforms for algorithm verification: (a) transitional operating waveforms, and (b) voltage and current in the HFTL-INV at V} = 420V
at ¢ = 0.01s and V' = 300V at ¢ = 0.03s (Vi = 800V, Ro = 12Q, Ls1 = Ls2 = 23.5puH, Cs1 = Cs2 = 38.4nF, Cp1 = Cp2 = 166nF,

Ly = Lo =125pH, k = 0.22))

and the reference value of V, varies from 420V to 300V
at t = 0.03s. In the first interval, PFM of MQ) is activated
for tracking the maximum power, thereby f, is regulated at
84.5kHz with V,, = 442 V. In the following interval, PFM
(M@®) is activated for regulating V, to 420 V, whereby f; is
controlled to 88.2kHz. When the voltage reference changes
to 300 V, PFM cannot be available since fs reaches the upper
limit fs e = 90kHz. Then, PS-PWM (M(Q)) starts to
activate and complete the final step of voltage regulations.
During the whole process, ZVS can attain in the HFTL-INV.

The voltage and current waveforms in the HFTL-INV are
drawn in Fig. 8(b) at the scoped areas I-IV, respectively: PFM
for the area I-I1I and PS-PWM for IV. It can be known hereby
that high power factor operations can maintain in the proposed
pulse modulation.

The performances for the Tx and Rx coils’ misalignment
are simulated under the scenario of X-Y misalignment ranging
from 0 to 100 mm as drawn in Fig. 9. It is confirmed from
Fig. 10 that the LI-ZPA can maintain for the variation of
k. The dc-dc power conversion efficiencies are estimated by
simulation under the conditions of X-Y misalignments in

Fig. 9. X-Y misalignment scenarios of Tx/Rx coils and magnetic analysis.

Fig. 11. It can be predicted from the system efficiency will
decrease due to the reductions in the coupling coefficient &k
while the relatively high efficiency can maintain in the range
between 0 to 40 mm of X-Y misalignment.

B. Prototype Specification

The experiment verification of the proposed IPT system is
carried out on the basis of a downsized prototype.

The exterior appearance of the experimental system is
presented in Fig. 12. The specifications of all the circuit
parameters in the prototype are listed in TABLE II. The
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Fig. 10. Simulation waveforms for the variations of coupling coefficient due

to misalignment: (a) X = 100mm, ¥ = 100mm, and £ = 0.13, and
(b) X =0mm, Y = 0mm, and k£ = 0.22.
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Fig. 11. Estimated system efficiency under the condition of X-Y misalign-
ment.

wide-band-gap semiconductor Silicon Carbide (SiC) power
MOSFETs (IXFN50N120SK, 1200V, 48 A, 50 m2) and fast
recovery diode (DESI2X101-06A, 1000V, 200 A, 0.7V) are
employed for the HFTL-INV in order to ensure the fast
switching transitions, low on-resistance and excellent thermal
cooling.

The windings structures of rectangular (square) Tx and Rx
coils are shown in Fig. 13 (a) and (b). The rectangular coils
with high frequency Litz wires are more unsusceptible to
the misalignment than circular and rectangular ones, which is
beneficial for transportation IPT systems. The relevant circuit
parameters are listed in TABLE III.

The dc input voltage is set as V;, = 250V and the power
rating is designed as 5kW at R} = 482 (100 %) for the sake

Host computer R nant Tank
Bleoric ond_[BRS0 i 8 -

A Rx and Tx coil

() (b)

Fig. 13. Rectangular Tx/Rx coil: (a) design graphics, and (b) actual appear-
ance.

of the constraint in the facility specification. Based on (5), the
rated output power can be expressed as

16
szgmaz - FRZM§M2C§1032V;% (12)
In addition, the voltage conversion ratio ( is given by
V 4
(=->= ﬁRowacplcpz. (13)
ZTL

The nominal gap length between Tx and Rx coils is set
20 cm (M ~ 27 uH) with consideration for the actual distance
between the body of EVs and ground. Then the coupling co-
efficient k£ and load ratio A are defined as

M

- VL

A= R,/R}. (14)

Substituting the ZPA frequency f, = 83kHz, Cp1 and Cpo
are approximately determined from (12) as

Cp1 = Cpa ~ 163 nF.
Besides, due to the impedance condition (3), the rest of main
circuit parameters can also be calculated as
1
A2 f2C)
G
An2f2L1Cp — 1

~ (.22

5)

Ly =Lg= ~ 22,5 uH

Csl = 032 = ~ 35.8nF. (16)

The power controller is implemented by combination of a
FPGA (Intel Cyclone 10 LP, 200 MHz) and a floating-point
processor micro computer unit (ST-MCUF407, 168 MHz with
DSP), as illustrated in Fig. 14.
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TABLE II
EXPERIMENTAL CIRCUIT PARAMETERS AND SPECIFICATIONS
Parameter Symbol Value
Rated dc input voltage Vin 250V
Power rating Py 5.0kW
Operating frequency fs 81-90 kHz
ZPA frequency fr 83 kHz
Voltage dividing capacitors ~ Cy1 /Cga 200 puF
Parallel capacitors Cp1/Cp2 165 nF
Series capacitors in Tx side Cs1 37.8nF
Series capacitors in Rx side Cso 36.7nF
Series inductors Ls1/Ls1 22.5 uH
Output capacitor Co 200 puF
Gap length of coils l 20 cm
Coupling coefficient k 0.22
TABLE III
TX AND RX COIL SPECIFICATIONS
Index size and values
Coil size 500mm X 500mm
Turns 15:15
Self inductance L1/Lo 125pH/1254H
Litz wire diameter 0.1lmm
Bundle / twist 1300/2

VHF ferrite absorber tile
520mm X 520mm
plastic
550mm X 550mm X S5mm

Magnetic material

Magnet plate size

Insulator material
Shield size

\/\ 50 Hz commercial power system, 100V
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RACOSISSC [ _
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Analog Device
AD7813
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1SO1221P
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I \_/\ 50 Hz commercial power system, 100V I pe |
Ohm Electric \
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sV Frequency i
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Phase shift

‘(:NU Voo 5V

GND J

Fig. 14. Schematic diagram of signal processing and controller with Tx and
Rx wireless communicator.

‘om)

C. Experimental Results

The observed voltage and current waveforms of HFTL-INV
are displayed in Figs. 15(a) and (b) for CC mode. It should
be remarked here that the input voltage V;,, is reduced from
the nominal one in order to avoid the over-voltage in Q2 and
Q3 due to H-SW under the light load condition as revealed in
TABLEI All the switches Q1-Q4 are commutated by semi-
ZVS in Fig. 15 (a) due to the pulse modulation M(D) as the first
step of algorithm. In Fig. 15 (b), ZVS can achieve in the fixed-

2 4.00ps 2.50GS/s 2 7
@ 1004 100Kk points 2.60 V
C [ FHE Min Max PERE

(a)

@ 100V 2 [4.00;15

250MS/s

@ s
10k points

12.0V

228 2022
16:20:09

(b)

Fig. 15. Observed waveforms of HFTL-INV for CC modes: (a) A = 100%,
(b) A =25% and ¢ = 50° (V;,, = 30V, fs = 83kHz).
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Fig. 16. Load voltage and current curves in CC mode.

phase Q; and Q4 while the H-SW appears in the controlled
phase Qs and Qg due to PS-PWM at ¢ = 50° in the pulse
modulation M@Q). It should be remarked that ZPA maintains in
the CC mode between v, and ¢; regardless of load conditions
due to the effect of D-LCC'. The load-independent steady-state
characteristics are presented in Fig. 16 over the wide range
of load variations. The load current is theoretically calculated
from (1), (2), and (4) as

Z 2V,
I, = |2 |V,. =0.104- ﬂ,/% ~ 1.27A.
ZQZG U U
1 [e]
Ios00 = (L4 c0s50°) ;1 o4n, (17)

2

It can confirmed from Fig. 16 that the load current [, and I, ¢
keep almost same values as (17). Thus, the load independence
of D-LCC resonant tank is actually verified with a high power
factor in the HFTL-INV.
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Fig. 17. Observed waveforms of HFTL-INV in CV mode: (a)\ = 25%, fs =
85kHz, ¢ = Odeg, (b) A = 25%, fs = 90kHz, ¢ = 0Odeg, (c)\ = 25%, fs =
90kHz, ¢ = 20deg. vqp: 100V/div, vgya: 100V/div, i1: 40A/div, igy: 40A/div.
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Fig. 18. Actual efficiency curves of the prototype by PFM in M(3).

The observed waveforms for CV mode are provided in
Fig. 17. The two-level voltage v,, and the current 7; are

® Dc-dc conversion efficiency Mge
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Fig. 19. Actual efficiencies in the CC and CV charging pattern.
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Fig. 20. Power loss breakdown for typical situations at A\ = 75 %, ¢ = 0°
and fs = 83.5kHz. Pcon: Conduction power loss, Ppg fi, in clamping
diodes and flying capacitor, P.oiip in Tx coils, Peoiis in Rx coils, Peoiim
in magnetizing inductance, Pr 1 in Tx series inductor, Pcpy in Tx parallel
capacitor, Pco g1 in Tx series capacitor, Pog2 in Rx series capacitor, Pr g2 in
Rx series inductor, Pcop2 in Rx parallel capacitor, Pc 2 in Rx series capacitor,
and Pppre. in Rectifier.

Peoils_21.3%

regulated in phase for the variations of A from 25 % to 100 %
by PEM1 for tracking maxim power points, which leads to
high power factor and ZVS in Q;-Q4. The fixed-phase switch
Q1 (or Q) always achieves ZVS at the turn-on transition in
Figs. 17(a)-(c) by combination of PFM and PS-PWM with the
aids of lagging currents, whereas the turn-off transitions induce
the relatively high dv/dt due to increase of ¢. Accordingly,
high power factor can attain with respect to fundamental
components in the HFTL-INV by the load-independent and
-adaptable characteristics.

The actual efficiencies including the dc-dc conversion ef-
ficiency 74, are displayed in Fig. 18. The load ratio A is
constrained less than 80 % in experiment in order not to exceed
the voltage rating of series and parallel capacitors in the Rx-
side LCC' network. The maximum dc-dc efficiency achieves
92.4% at P, = 2.0kW with f; = 85kHz for A = 25 %. The
peak efficiency in the HFTL-INV state is 95 % at A = 20 %.
The coil efficiency 7. has the same trend as 74., which implies
that the Tx/Rx coil cause the main power loss in the prototype.

Fig. 19 shows the actual efficiencies in a CC/CV charging
process where the current and voltage commands are set as
5 A and 100V respectively. The load current and voltage are
controlled in accordance with the output modes. The efficiency
achieves 83.8 %-92.2 % in the whole process.

The power loss breakdowns are revealed in Fig. 20 with
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respect to the load ratios. Each power losses are based on the
measurement and calculation with the parameters of power
devices and components that are adopted in the prototype. The
power losses in the Tx coils are outstanding especially in the
heavy load. The power losses of Tx and Rx coils are reduced
toward the light load. The switching losses in Q;-Q4 keep
low values due to the effect the proposed pulse modulation
as well as the aids of SiC-MOSFET. When the PS angle is
set at 50° in PS-PWM (M@)), hard switching appears in the
inner switches Q2 and Q3. However, it still keeps a very low
profile (0.35 %) since the driving-point impedance remains as
inductive and ZVS can attain partly.

V. CONCLUSION

A ZPA load-independent and -adaptable D-LCC' IPT has
been proposed with high efficiency power conversion. The
output voltage or current can be constant and load-independent
if the network satisfies the ZPA load independent condition
and be operated at the designed ZPA frequency. The output
is only relevant to the shunt components in the multi-resonant
tanks, thus the high-order network can be designed simply by
considering the even-order impedances.

An actual system model featuring D-LC'C' and HFTL-INV
has been built for verification of feasibility. With a new hybrid
PFM/PS-PWM control strategy based on the proposed theory
and impedance conditions, full-range CC/CV mode can be
achieved with ZVS commutations in the HFTL-INV. A 5 kW
downscaled prototype with high-current printed circuit board,
SiC MOSFETs and high capacity rectangular D-shape coils are
adopted for performance investigations. The high efficiency
over 95.9% achieves in the HFTL-INV, the maximum dc-
dc conversion efficiency is recorded by 92.4% at A = 25%
condition at the gap length g = 20 cm.

APPENDIX

Equivalent Circuits of Tx and Rx Coils

The Tx and Rx coils can be modeled by HF transformer
with the lumped parameter arrangements when the operating
frequency is less than several hundred kHz. Figs. 21 (a)-(d)
illustrate the basic and extended equivalent circuits of the Tx
and Rx coils. Based on the T-type circuit model with M =
kv/L1 Lo in Fig. 21 (a), the HF transformer model with the
leakage and magnetizing inductances is drawn in Fig. 21 (b).
In addition the Rx-side leakage inductance l> can be referred
to the Tx side as Fig. 21(c). As a result, the leakage and
magnetizing inductances can be expressed uniquely by L, and
L,, in Fig. 21(d), where the winding turns ratio a’ of ideal
transformer (I.T.) should be defined as

M I

/
e N et
“ T, Ly

Note here that a’s is not identical with the actual windings
ratio a = wy /ws.

(18)

=L .M
Lin=Li1-M Lie=L2-M li=LiraM lTb Lo
aM.
M

o )

° @) ° a:l (a=wi/wy)
a
. (b
li=Li-aM D=dl> | Le(I-®)L1 | q

Lm=k’L1

-
Jmf\.jl

T
o
aM %%
i 0
a:l
(© ()
Fig. 21. Derivation of equivalent circuits for Tx and Rx coils: (a) T-type

equivalent circuit, (b) HF transformer model, (c)T-type transformer model,
and (d) L-type HF transformer model.

Odd meshes

Fig. 22. Universal models for high order networks.

Load Independence of Resonant Tanks

The ZPA load-independent networks are characterized by
the impedance condition that every mesh circuit can oscillate
separately at the same natural frequency. The impedance
conditions can be extended into the higher-order resonant tanks
in IPT systems.

Most of the resonant converters can be expressed by com-
bination of mesh circuits as depicted in Fig. 22. The relevant
information of the typical resonant tanks is summarized in
TABLE IV. Notice here that all of the meshes oscillate at
the same frequency, whereby the impedances of odd-mesh
networks satisfy the conditions as

Zi+Zy="Zo+ Zs+ Zy =
o= Zan—6+ Zan-5 + Zan-a =
Z47L—4 + Z4n—3 =0

19)

, and those of even-mesh networks satisfy the conditions as

Ih4 Ty ="To+ Zs+ 4=
e = Z.4n74 + Z.4n73 + Z'4n72
Zan—2+ Zan_1 = 0.

(20)
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TABLE IV applicable, thereby the load current and voltage can be derived
RESONANT TANKS IN WPT SYSTEM as

Networks _ Meshes Specifications o

€Iworks eshes pecications H Z4m

ss 2  Li+D=latZs=0 fyy s = (—1)n—1—m=t _9.3.4

S-P 3 W+ Zo=Zo+Z3s+Zy4=25=0 2n—1 ( ) n—1 Vac(n 737 )

P-S 3 Z.IZZ.2+Z.3+Z.4:Z4+.Z5:0 Req H Zah—2

P-P 4 Iy =Zo+Z3s+Zy=..=27=0 h=1
LCC-S 83 Zi+Zp=Zo+Zs+Z1=2Za+25=0
D-LCC 4 1+ Zy=..=Zg+ Z7=0. . . ) mlll am

Vo = Reglon—1 =—1)"" ﬁVac(n =2,3,4...).
[I Zan—2

The Kirchhoff’s Voltage Law (KVL) equations are written h=1 (25)

for the odd-mesh networks as [Even-mesh networks with voltage source input]:

Vae = Z11h + Zo(I) — I) When the even-mesh networks are driven by a voltage source,
. . . .. . . . st ard _1\nd : .
Zo(ly — Iy) = Zsly + Za(is — ) the 157, 37¢..., (2n—1) equatlonl of (24) are effective. Then,
o . R Y . the load current and voltage are given by
Zy(Iy — I3) = ZsI3 + Zs (I3 — I4) n—1 .
Z@(jg — I4) = Z7j4 + Zg(j4 — 15) . ";111 Zam .
Zan—6(I2n—-3 — Ion—2) = Zan_5I2n_2 Lon = (=1) 1_”[ P Vac(n =2,3,4...)
. . . 4h—2
+ Zyp—aIzn—2 — Iop—1) h=1
Zan—a(Izn—2 — Inp-1) = Zan—312n—1 + Reglon—1 o Req nﬁl Zam
- : el .
and for the even-mesh networks Vo = Reqlon = (1) noo, Vae(n =2,3,4...)
. o oL II Zan—2
Yac = 21.[1 + Z.Q(.Il - 12) . ' h=1 (26)
Zo(I1 — Iz) = Zsls + Za(Iy — I3) [Odd-mesh networks with current source input]:
Z4( Iy — ]3) = Zsls + ZG( Is — j4) When the odd-mesh networks are driven by a current source,
s . . S . the 274, 4th,...,(2n—2)”d equations in (23) are available. Thus,
Z,6(I3 o L) = Z,714 + Zs({‘l - 15) (22) the load current and voltage can be expressed as
Z4n74(-[2n72 - -[277,71) = Z4n73-[2n71 n—1 .
+ Z4n—2(j2n—1 - I2n) I mljl Z4m—2 I )
. ; ; . ; : no1=(—1)"—m—— =2,3,4...
Z4n—2(I2n—1 - IZn) = Z4n—112n + Rqu2n- n—1 ( ) n—1, 1(n )
I1 Zan
By using (19), the KVL equations in (21) can be simplified h=1
n—1
as V _ _Z' I . . Req H Z4m—2 .
e Vo = Reglon 1 = (—1)"—"=——11(n = 2,3,4...).
Dl ==2uls [T Zun
Zyly = —ZgI. h=1
. 00t (23) (27)
Zelz = —Zgls ... [Even-mesh networks with current source input]:
Zan—elon—3 = —Zan—slon_1 When the even-mesh networks are connected with a current
P _R i source, the 27?, 4th . 2n"d equations of (24) are utilized to
An—4f2n=2 = fleqiin—1 produce the load current and voltage as
and in (20) as LI
Il Zsm—2
. . . =l .
Vac.: —ZQIQ IQn = (7].) Th(n = 273,4)
ZQIl = —Z4[3 Req H Z4h
L .. h=1 28)
Zyly = —Zgly (24) no, (
.. L Zam—
Zgls = — 7315 - : oo, Zam
P i p i Vo = Reqlon = (—1) Tll(n =2,3,4...).
An—442n—-2 — —L4n—-212n. H Z4h,
The output voltage and current of the multi-resonant tanks h=t
in Fig. 22 can be defined mathematically as follows. The characteristics of resonant tanks are summarized in
[Odd-mesh networks with voltage source input]: TABLE V. Thus, the ZPA load-independent resonant tanks

When the odd-mesh networks are connected with a voltage have distinctive features at the designed frequency where (19)
source, the 1St,3”d,...,(2n — 1)”d equations of (23) are or (20) can be established:
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TABLE V
LOAD INDEPENDENT CHARACTERISTICS OF RESONANT TANKS
n circuits voltage source output current source output
n =1,o0dd Series oscillator Vo = Vae (6\Y Vo = Reqln CcC
n=1,even S-S(Zs # 0) V, = —Reqz.ivac cc Vo = Zoly cv
2
n—1 | n—1
. . IT Zam . . . Req Il Zam—2 .
n > 1,o0dd LCC-S (n=2) Vo = Reglon—1 = (-1)""1 22—V, (Y Vo = Reqlan—1 = (1) —2=2 I CcC
I1 Zan—2 1 Zan
h=1 h=1
n—1 | noo.
. . Req Tl Zam | . . IT Zam—2 .
n>1leven D —LCC(n=2) Vo = Reqlon = (—1)" —2=1 Vae CcC Vo = Reqlon = (—1)™ "Ljil I CvV
hl_ll Zah—2 I Zan
= h=1

1) Multi-resonant tank can naturally achieve CC or CV
output mode, which is dependent on the source type.

2) The output voltage and current are only relevant to
all the parallel components (or even-order components,
22.24, Z6...) and load resistance.

As a summary based on the equations from (25) to (28),
the parallel impedances of the ZPA load-independent resonant
tanks should not be zero to produce the output power as
expressed by

ZoZyZoan-a %0 (n=2,34..) (29)
and in the even networks as
ZoZygn—o#0 (n=2,3,4...). (30)
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