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High Efficiency Three-Coil Wireless Power Transfer
for EV Battery Charging Through Negative-Polarity
Partial Power Conversion

Muxing Wu

Abstract—As electric vehicles (EVs) become increasingly preva-
lent, the need for efficient wireless charging solutions grows more
pressing. Herein, an innovative wireless charging system is pro-
posed for EVs that achieves high efficiency through a negative-
polarity partial power conversion (NP-PPC) approach. While
conventional PPC methods are constrained by series-connected
relationships, our proposed NP-PPC approach inverts the voltage
polarity of the dc/dc regulation converter that enables a redesign of
power flow paths. This breakthrough allows a significantly larger
portion of power to be unregulated, thus substantially improving
the overall system efficiency. Moreover, the system implements a
novel three-coil loosely-coupled transformer structure that creates
two noninterfering power paths that can eliminate the complexity
of conventional coil designs. On this basis, a synchronous check-
ing and mode-switching control strategy achieves both constant
current and constant voltage charging without wireless commu-
nication. Finally, experimental results from a 1200 W prototype
demonstrate the system’s effectiveness, achieving a peak efficiency
of 94.156 %.

Index Terms—Cascaded buck-boost (CBB) converters, partial
power conversion (PPC), wireless charging system (WCS), wireless
power transfer (WPT).

I. INTRODUCTION

ITH the development of electric vehicle (EV) technol-
W ogy, nonpetroleum-based personal transportation is a
potential solution to environmental pollution and energy short-
ages. However, conventional wired charging solutions suscep-
tible to interface deterioration and even safety hazards within
complex charging environments. In contrast, wireless power
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Fig. 1. Voltage-SOC characteristics curve of battery in CC-CV charging.

transfer (WPT) technology offers a swift and effortless operation
that can adapt to intricate surroundings while mitigating risks
associated with electrical damage or electric shock [1], [2].
Consequently, itis highly suitable for outdoor charging scenarios
of EVs, thus establishing wireless charging systems (WCS) has
become a research hotspot [4], [5].

At present, lithium batteries are commonly employed as
power sources for EVs. Along with the development of EV
power battery technology, the high-voltage (HV) EV battery
charging platform becomes prevalent to enable fast charging,
thus necessitating a wide range of voltage regulation in the WCS
[6], [7]. Fig. 1 illustrates the voltage—state of charge (SOC)
curve of a single lithium battery charged using the constant
current and constant voltage (CC-CV) charging profile. During
the initial charging stages, battery voltage rises rapidly until
reaching a specific threshold and then rises slowly. Subsequently,
it enters the CV charging stage until the completion of the
charging process [6], [8]. The total charging process is assumed
to be divided into stages of HV and low-voltage (LV). In that
case, the HV stage constitutes almost of the overall charging
process. Therefore, the WCS are required to achieve charging
with high transfer efficiency in the HV stage during battery
charging. Another issue is that conventional WCSs rely on wire-
less communication between the transmitter and receiver, which
is susceptible to interference from various frequency bands of
wireless signals in the outdoor environment [9]. Combining the
above concerns, it is necessary to investigate a WCS with a
wide output range and high transfer efficiency without wireless
communication.

Many compensation topologies have been used as single-
stage WCS to charge batteries with CC-CV or other charging
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Fig. 2. Conventional PPC structure. (a) Used in [16]. (b) Used in [25].

profiles, which can be categorized into transmitter control and
receiver control methods. Techniques such as phase shift mod-
ulation [10], phase frequency modulation [11], switching ca-
pacitance control [12], variable inductance control [13] and
reconfigurable topology [14] have been proposed to achieve
wide voltage range regulation at the transmitter side. However,
these methods require wireless communication between trans-
mitter and receiver, making them unsuitable for complex outdoor
charging environments. Additionally, an indirect method that
estimates the load parameter by sampling and implementing
a phase-locked loop on the resonant tank at the transmitter
side [9] requires an additional high-frequency current detection
circuit to achieve output regulation, resulting in a complex
and interference-susceptible control method. Another approach
involves incorporating a two-stage circuit at the receiver, where
the first stage is responsible for voltage level conversion, and
the second stage performs regulation to achieve a wide output
voltage range [15]. However, this method sacrifices efficiency
as all the power is regulated in two stages.

To reduce power loss caused by regulation, a quasi-single-
stage structure based on the concept of partial power conversion
(PPC) was introduced in [16] for photovoltaic applications. As
shown in Fig. 2(a), the PPC structure allows most of the power
(unregulated power, Pyr) to flows directly into the load without
regulation, while only a small portion (regulated power, Pr)
flows into the dc/dc converter for voltage and current regulation.
This structure significantly reduces the amount of power to be
regulated, improving overall system efficiency. PPC technology
has been successfully applied to renewable energy generation,
battery storage systems, and other fields [17], [18], [19], [20],
[21]. The PPC concept has been introducing into the WCS by
[22], as shown in Fig. 2(b), offering lower voltage stress, higher
efficiency and higher power density compared with a two-stage
circuit. This technique was further explored in [23] and [24],
where the WPT stage provided two power transmission paths
with noncross-interference. Both [23] and [24] use a double-
bipolar structure to eliminate cross-coupling between coils on
the same side, thereby establishing two independent power
transmission paths. However, these designs required four coils,
increasing the design complexity and application cost. To reduce
the number of wireless coils, magnetic integrated inductors [25]
or a bipolar coil structure [26] were employed. Nevertheless,
these approaches introduced additional complexity or reduced
the coupling coefficient between transmitter and receiver coils,
consequently lowering system efficiency.

In PPC structures, the ratio of Pg to Py is a critical index for
evaluating performance. Previous studies have optimized this
ratio; however, Py is always lower than the output power Pp
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Fig. 3. Connection structure and power flow of the conventional PPC.

due to the limitation of the voltage relationship. Furthermore,
in battery charging scenarios, achieving a low power ratio ne-
cessitates an extremely wide regulation range for the regulation
dc/dc converter, which poses challenges in ensuring efficiency
under light load conditions. These factors impede conventional
PPC theory-based optimization of efficiency. By operating the
polarity of the regulating voltage to negative, the concept of
negative polarity partial power conversion (NP-PPC) breaks
through the voltage relationship limitation in the conventional
PPC structure, enabling a higher Py compared to the output
power Pp, thereby enhancing the overall system efficiency.

In this article, a high-efficiency three-coil NP-PPC WCS
is proposed. Two power paths without cross-interference are
realized by only three coils, with HV side power for load supply
and LV side circuit for regulation. The advantages of NP-PPC in
terms of efficiency during the battery charging process are ana-
lyzed. A 500W experimental prototype is built for verification.
Moreover, the main contributions of this article are summarized
as follows.

1) The NP-PPC concept is proposed to overcome the lim-
itation of series-connected relationships on HV voltage.
Compared to conventional PPC, the NP-PPC approach
allows a greater proportion of unregulated power to flow
directly into the load, thereby enhancing system efficiency.

2) No decoupling design is required for the receiver coil, and
acompact three-coil structure is employed to establish two
noncross-interference power paths without, increasing the
compactness of the WCS.

3) A communication-free CC-CV control strategy with hys-
teresis control switching is developed, enhancing the sys-
tem’s adaptability to complex charging environments.

The rest of this article is organized as follows. Section II
analyzes the proposed NP-PPC concept and its advantages.
Section III describes the three-coil NP-PPC WCS. Section IV
presents the overall control strategy without wireless commu-
nication. Section V provides experimental verification and ef-
ficiency analysis of the proposed system. Finally, Section VI
concludes the article.

II. ANALYSIS OF NEGATIVE-POLARITY PARTIAL POWER
CONVERSION

A. Conventional Partial Power Conversion Principle

Fig. 3 shows the connection structure of the conventional
PPC (i.e., positive polarity partial power conversion, PP-PPC)
in WCS. The inverter Inv is located on the transmitter. The
HV-Rec and LV-Rec are the rectifiers of the HV side and the
LV side. Two power paths Py and P, are required to realize the
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Fig. 4. System efficiency of conventional two-stage WCS, conventional PPC
and NP-PPC structures versus power ratios and nrornw . (a) ny = 0.9.
(b) nr = 0.9.

PPC transmission path. The HV-Rec and LV-Rec are located on
the receiver. Both outputs of HV-Rec and LV-Rec are designed
as constant voltage. The output voltage Vp is the sum of the
regulation voltage Vi and the HV voltage V. There is the
voltage constraint relationship

Vi + Ve =Vp. ey

The HV-Rec is directly connected to the load, while the LV-
Rec is connected to the input of the dc/dc converter that assumes
all regulation functions. According to the PPC principle, the
smaller the dc/dc power percentage, the overall system efficiency
improves as the percentage of power regulated by the dc/dc
converter decreases. This is because a smaller regulated power
portion leads to lower power losses associated with the regu-
lation process. Consequently, the following power relationship
exists:

Pr _ Ve
Py Vy

The overall system efficiency can be obtained as

5= <1 @)

_ nrnw (1 +9)

N+ 90 ®

where 7y is the transfer efficiency of the WPT stage and
nr is the efficiency of the dc/dc converter. As illustrated in
Fig. 4, the yellow surface demonstrates superior efficiency of the
conventional PPC compared to the efficiency of the conventional
two-stage structure highlighted in green, while the control the
power ratio 0 remains below 1. However, the smaller § is,
the more pronounced the efficiency enhancement of the PPC
structure becomes. The significance of ¢ lies in its ability to
quantify and evaluate the degree of efficiency improvement
achieved by the PPC topology in practical applications.

B. Negative-Polarity PPC Efficiency Optimization

In the conventional PPC structure, the polarity of regulation
voltage V5 is always positive, as shown in Fig. 3, while the Vi
is always lower than Vp. However, by inverting the polarity of
Vr, anovel NP-PPC structure can be realized. With the NP-PPC
concept, V7 can be higher than Vp at the same Vj voltage value.
This characteristic enables a smaller ¢ value, which indicates a
greater proportion of unregulated power flowing directly into
the load, leading to improved system efficiency.
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Fig. 6. Proposed three-coil NP-PPC wireless charging system.

In the proposed NP-PPC structure, the power flow of P is
reversed, and its voltage relationship becomes

Vi — Vg = Va. 4)

In this case, Vi will be higher than Vg, and its power flow
is indicated by the arrow in Fig. 5. The LV-Inv is the inverter of
the LV side. The LV power flows to the HV through the wireless
coils. Therefore, during the coil design process, it is crucial to
minimize the gap between the LV and HV coils to achieve a
coupling coefficient close to 1, thereby mitigating power losses.

Assuming that the power loss transferred from the LV to the
HV is negligible, the overall efficiency of the NP-PPC structure
can be calculated as

nw (P — Pr)

W= Py — Prnr

nw (1 —9)
1-— ﬂR5 '

&)

C. Proposed Three-Coil NP-PPC Wireless Charging System

The proposed three-coil NP-PPC WCS is presented in Fig. 6.
Lp, Lsyand Lgo are the transmitter coil, the receiver coil, and
the LV transmitter coil, respectively. Cp, C's1, and Cgo form
a S/S/S compensation structure. The inverter on the transmitter
side is formed by switches S1-S4. On the receiver side, a rectifier
circuit for the HV-Rec is formed by diodes D;-D,, and another
inverter circuit for the LV-Inv is formed by switches S5-Ss.
Cy, Cp, and Cp are the filter capacitors of HV-Rec, LV-Inv
and dc/dc converter, respectively.

To enhance the coupling coefficient and consequently im-
prove efficiency, Lg;and Lgo are positioned as closely as
possible. During the charging process, power flows from the
LptoLgy. After rectification, the majority of the power is
directed to charge the power battery, while a small portion is fed
back to Lg; through the dc/dc converter and LV-Inv circuit via
Lgs. The dc/dc converter handles all regulation functions within
the system. A detailed analysis of each part will be provided in
Section III.
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D. Efficiency Comparative Analysis

To facilitate a more intuitive comparison of the efficiency
between conventional PPC and NP-PPC, the following compar-
ative analysis will be conducted under the specified conditions.

Figs. 3 and 5 illustrate the power flow direction of the con-
ventional PPC structure and the proposed NP-PPC structure,
respectively. To do a fair theoretical comparison, both the ter-
minal voltages of the dc/dc converter V and V7, are defined as
the same in the conventional PPC and the NP-PPC structures,
respectively. According to the NP-PPC concept, the V will be
higher than the output voltage Vp, creating a lower value of 6,

denoted as ¢’
Vr Ve

— = — 6
Ve Ve+Vgr ©

Combining (1), (2) and (7), the relationship between ¢ and &’
can be obtained as

6/

)
§ = . 7
2041 @
Substituting (6) gives the system efficiency of the NP-PPC
Coqw(1=0")  qw (0+1)
N = = . (®)
L —nro (2—nr)d+1

The efficiency disparity between the conventional PPC and
NP-PPC can be determined as

dnw (146) (1 —nr)
2 —ngr)d+ 1] (nr + 0)

Given that 7)p is a constant value and nr < 1, it is imperative
for (9) to be greater than zero. It can indicate that the system
efficiency of the NP-PPC is always higher than the conventional
PPC system under the same output voltage Vp and the port
voltages of the dc/dc converter Vg and V..

Moreover, the system efficiency advantage of the NP-PPC
is depicted by the blue surface in Fig. 4. In this comparative
analysis, the transfer efficiency of the WPT stage is assumed
as a constant nyy = 0.9, as shown in Fig. 4(a), and the voltage
range of Vy is the same with np set to 0.9, as shown in Fig. 4(b).
These values can be substituted into (3) and (8) to obtain the
theoretical efficiency of the whole battery charging process
across the specified voltage range. The efficiency of NP-PPC
is observed to be higher than that of the conventional PPC and
conventional two-stage WCS across various conditions.

Fig. 7(a) illustrates the battery voltage, efficiency, and power
ratio versus the charge state. At the beginning of the charging
process, the conventional PPC exhibits a lower § value com-
pared to NP-PPC due to the low battery voltage, resulting in
higher efficiency for conventional PPC in the initial stage. By
examining the battery voltage curve (blue line) in Fig. 7(a),
it can be observed that during the initial stage of charging,
the battery voltage rapidly increases to approximately 330 V
(Vp1), after which the voltage rise becomes more gradual until
the completion of charging. Vp; roughly corresponds to the
critical point separating the LV and HV stages depicted in Fig. 1.
When the charging voltage is below V31, the conventional PPC
operates within its efficiency dominant area, constituting only a
small portion of the overall charging process. Conversely, once

An:mvfnp:[( >0. (9
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the charging enters the HV stage, the NP-PPC demonstrates
higher efficiency than the conventional PPC and maintains an
ever-widening gap until the completion of charging. Further-
more, the NP-PPC also surpasses the conventional PPC at the
peak efficiency points.

Fig. 7(b) illustrates the efficiency versus the charge state under
various 7. The superiority of NP-PPC over the conventional
PPC in most battery charging cycles is evident, particularly un-
der varying 7. Furthermore, as the nr decreases, the crossover
point of its efficiency curve gradually advances, and the effi-
ciency difference gradually increases in the HV stage. These
observations indicates that the conventional PPC is more sensi-
tive to the efficiency change of dc/dc converters and necessitates
the use of more efficient dc/dc converters.

III. THREE-COIL NP-PPC WIRELESS CHARGING SYSTEM
A. Three-Coil T-Equivalent Model

As depicted in Fig. 5, the PPC structure contains two power
paths, Py and Pg, to facilitate power division and requires WPT
converter to achieve two constant voltage outputs (Vi and V7))
with no cross-interference. The conventional approach utilizes
two separate groups of coils to realize the two power paths flow
design [24]. However, practical space limitations necessitate coil
stacking, which inevitably leads to undesired cross-coupling and
thus complicates the coil design.

To circumvent the aforementioned issues, a T-equivalent cir-
cuit decoupling model for a three-coil transformer is deduced in
this section.

For the three-coil transformer, mutual flux coupling is illus-
trated in Fig. 8(a), with six inductances, L1, Lo, L3, M2, M3
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(b) T-equivalent circuit.

and Ms3, where Ly, Lo, and L3 are self-inductance, M5, M3
and M3 are mutual inductance.
Applying Kirchhoff’s voltage law to coil gives

vy = Lipiy + Miapia + Mizpis (10)
vg = Miopiy + Lapis + Maspis (11)
vg = Mizpiy + Mazpiz + Lapis (12)
where p = d/dt
vy = Lipiy + aMiap (ia/a) + bMi3p (i3/b) (13)
avy = aMyapiy + a*Lap (iz/a) + abMoazp (i3/b)  (14)
buz = bMy3piy + abMasp (iz/a) + b*Lap (i3/b)  (15)
where a+0 and b # 0.
Choose
aMyis = bMi3 = abMaz = M. (16)
From which
a = My3/Ma3 (17)
b= Mia/Ma3 (18)
M = Mo M3/ Mos. (19)
The equation then simplified to
vi = Lipiy + Mp (iz/a) + Mp (i3/b) (20)
avy = Mpiy + a®Lap (i /a) + Mp (i3 /b) Q1)
bus = bM3piy + abMasp (ia/a) + b*Lap (i3/b) . (22)

Then, the T-equivalent circuit of the three-coil transformer can
be obtained as shown in Fig. 8(b), in which there are only four
inductor branches and no mutual inductive coupling between
inductors.

B. Three-Coil S/S/S Compensation Structure With Two
Constant Voltage Outputs

To achieve constant voltage for both the HV-Rec and LV-Inv
sides, S/S/S compensation is employed, as illustrated in Fig. 6.
However, C),, Cs1, and C; can be calculated by

1 1
W = =

V(Lp—M)Cp \/(L51 — M) Cgy
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_ = (23)

(Ls2 = 57) Csz

where w = 27 f,, is the WPT resonant angular frequency, f,, is
the operating frequency of Inv and LV-Inv side.
The voltage relationship can be obtained as

o, Mos
Vir = Vi Mo (24)
Mos
Vi = Vin—— 25
L Mo (25)

where Mi2, M13, M3, respectively, are mutual inductance of
LptoLgy, LptoLgy, Lgoto Lgi. From (24) and (25), it can
be observed that the output voltage Vz and V, are two constant
voltage outputs independent of the load and are solely deter-
mined by the mutual inductance.

The coil structure utilized in the proposed NP-PPC WCS is
illustrated in Fig. 9. It consists of one coil L p on the transmitter
side and two coils Lg; and Lgo on the receiver side, where L g
serves as the receiver coil for the HV-Rec side, and Lgs acts as
the LV-Inv coil on the receiver side. As power flows from LV-Inv
to HV-Rec, it is crucial to position Lg; and Lgs coils in close
proximity to enhance their coupling coefficient. To ensure a rel-
atively high mutual inductance coefficient between L p and L g1,
it is recommended to place Lg; between Lp and Lgo.

In order to improve the transfer efficiency, it is imperative to
implement ZVS turn-ON for Inv, and the ZVS condition can be
obtained as

M23‘/;n Z 40085 E
4fuwMiaMys Ta
where Cl; is the body capacitance of the MOSFET and T is the
switching dead time.

The loosely coupled transformer leakage inductance model
can eliminate cross-coupling and reduce the number of coils
required, resulting in a three-coil WPT structure that can achieve
two load-independent constant voltage outputs Vi and V, with-
out cross-interference.

(26)

C. Regulation DC/DC Converter Design

To fulfill the battery charging, PPC structures typically ne-
cessitate a wide output range of dc/dc regulation converter. Cas-
caded buck-boost (CBB) converters are commonly employed
in energy transfer systems and offer a wider regulation range
compared to conventional buck, boost or buck-boost circuits.
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TABLE 1
SWITCHES OPERATING STATE

Switches state

O 0> 03 on

Type of operation

Buck D 1-D 1 0
Buck-Boost D 1-D 1-D D
Boost 1 0 1-D D

The resonant structure formed by the inductor and parasitic
capacitors can be meticulously designed to achieve ZVS during
the discontinuous conduction mode (DCM), ensuring enhanced
transfer efficiency. Auxiliary capacitors are utilized to mitigate
output ripple.

The topology of the CBB is shown in Fig. 10, which consists
of an auxiliary capacitor C'4, two filter capacitors (Cp, Cp,),
four switches (Q1, Q2, O3, Q4) and an inductor (L,). By
operating the four switches in DCM mode, voltage conversion
and ZVS turn-ON can be achieved. The converter operates at a
fixed switching frequency, while the voltage gain is adjusted by
varying the duty cycle. The switching states are given in Table 1.

1) Buck Mode: During buck mode, Qs is turned-ON, Qy is
turned-OFF, with Q; and Q- engaged in switching operation. The
ratio of V, and Vi can be obtained from the volt-second balance
law for L 4, given as

L _p

Ve 27)

where D is the duty cycle.

In order to achieve ZVS turn-ON in DCM mode, it is necessary
for the minimum value of iy, 4 to be less than 0, and L 4 should
be satisfied

Vr — Vi) DTy
L < M (28)
2IL max
where T is the switching period of the dc/dc.
The auxiliary capacitance C, shall be satisfied
Vi (1—D)T?
cp< =D o (29)

8LAAVL7ripple

2) Buck-Boost Mode: During buck-boost mode, all switches
are engaged in switching operation. The ratio of V7 and Vy can
be obtained from the volt-second balance law for L 4, given as

Vi D

Ve 1-D G0
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TABLE II
POWER LOSS MODEL

Component Type Switches state
Inv Conduction losses 2Pp, s Raston)
Loosely Copper losses U, ms)** Rot(Lsy, yms)* Rsrt(Lsp, ms)* Rsa
coupler Core losses Pop Vert Pos Ves
HV-Rec Conduction losses 2(Vy- Ip)
LV-Inv Conduction losses 283, s Rastony
V.-V,)-D
Conduction losses 2 IZ +M Ly om
121, f,
CBB in (V V ) D
buck mode 2 R™Vi)
Copper loss of L, I +———1|R
PP 4 [L 12L,-f, J “
Core loss of L, Pev 14 Ve 14
3 V,-D
Conduction losses 2| [ +—2 “Risony
12L,-f.
CBB in
boost mode 2, Vi'D
Copper loss of L I+ ‘R,
. ' [ fnLf)
Core loss of L, Pevra Ve ra
V,-D
Conduction losses 2[(1,3 +1; )2 +—K ].Rd\((m)
CBB in 12L,-1,
buck-boost
> V.-D
mode Copper loss of L, [(IR +1) + 12]: y; j'RLA
Core loss of L, Peyra Ve ra

To achieve ZVS turn-ON, L 4 should be satisfied
VrDT

La< . 31
4 2(IBmax+ILmax) ( )
The auxiliary capacitance C, shall be satisfied
IpLa + VgDT,/2)*
Ca> UpLa T VaDL/Y_ (32)

2L AAVT, ripple VI,

3) Boost Mode: During boost mode, Q1 is turned-ON, Qs is
turned-OFF, with Qs and Q4 engaged in switching operation. The
ratio of V, and Vi can be obtained from the volt-second balance
law for L 4, given as

Vi 1
Ve 1-D (33)
To achieve ZVS turn-ON, L 4 should be satisfied
VrDT,
L —_— 34
4= 2IB max ( )
The auxiliary capacitance C, shall be satisfied
2L (Ip — Ip) + VpDT,)?
Oy > Lalls Z L) + VRDTLE o (35

AL AAVL ripple (VL — VR)

D. Power Loss Analysis

The power loss of the proposed three-coil NP-PPC WCS can
be divided into the following parts: transmitting inverter (Inv),
loosely coupled transformer, receiving high-voltage rectifier
(HV-Rec), low-voltage inverter (LV-Inv) and dc/dc converter.
The power loss model of the NP-PPC WCS is given in Table II,
due to the ZVS turn-ON achieved in Inv, the switching loss can
be ignored for simplicity.
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Fig. 11. DC/DC control logic diagram.

Where Rgg(on) is the ON-state resistance, Rp, Rs1, and Rgo
is the coil resistance of Lp, Lg1, Lgo. Pey,py Pev,s, Pev, 14 18
the core loss per unit volume (kW/m?) of the transmitter, receiver
and L, V. p, Ve,g, Ve, 14 is the core volume of the transmitter,
receiver and L 4, V is the forward voltage drop of Dy to Dy.

IV. COMMUNICATION-FREE CONTROL STRATEGY
AND LOSS ANALYSIS

In practical applications, the charging environment can be
complex, while the charging process needs to be contin-
uous and stable. Therefore, it is imperative to investigate
a communication-free control strategy that ensures steady
performance.

A. DC/DC Operation Controller Design

In the proposed NP-PPC WCS, a lower § leads to higher
efficiency. However, it imposes stringent requirements on the
output capacity of the dc/dc converter. To address variations
in Vgand Vi at low § while maintaining high efficiency, it
is necessary for the dc/dc converter to switch between three
modes and maintain a reasonable duty cycle. Nevertheless,
frequent mode transitions can introduce instability to the system.
Therefore, proposing a control strategy that enables hysteresis
control switching at different gains while ensuring high effi-
ciency is essential (see Fig. 11). The overall control strategy
for transitioning between dc/dc operation modes is described as
follows.

1) Buck Mode Operation: The determination of the relation-
ship between battery voltage and duty cycle during the initial
charging phase is crucial to ensure symmetrical operation of both
buck and boost modes, thereby minimizing inefficient operating.
AD can be obtained as

VRmin

AD =0.5— (36)

VRmax
where Vimae 1S the maximum value of the Vg, and Vigpip 1S
the minimum value of the Vi.

The rated value of V}, can be obtained as
Vi, = VRmax (0.5 — AD). 37

The charging process commences with an initial duty cycle of
0.5-AD, gradually increasing as the charging progresses. In buck
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circuits, higher duty cycles result in lower inductor circulation
time and enhanced efficiency. Consequently, a maximum duty
cycle of Dyax1, buck = 0.9 is determined for buck mode, and
once Dreaches Dy ax1, buck, it transitions into buck-boost mode.
2) Transition From Buck Mode to Buck-Boost Mode: The
transition from buck mode to buck-boost mode occurs at Vi1,
where D = D421, buck- For buck-boost mode, the duty cycles
of Q1,02,0sand Q4 are D, 1-D, 1-D and D, respectively. During
the transition, the D will drop from Dyax1, buck t0 Dimin2, bb-
Meanwhiles, to ensure the conversion of the buck-boost mode
during the transition, a certain margin is reserved as Dyin1, vp

Vi1 = V5,/0.9. (38)

3) Buck-Boost Mode Operation: The duty cycle gradually
increases during the charging process after entering the buck-
boost mode. Due to the requirement of all switches participat-
ing in its operation, the efficiency of the buck-boost mode is
comparatively lower than that of both buck and boost modes.
Consequently, efforts have been made in this design to minimize
the operation proportion of the buck-boost mode. When the
battery voltage reaches V2, the transition to boost mode begins.

4) Transition From Buck-Boost Mode to Boost Mode: The
transition from buck-boost mode to boost mode occurs at Vo,
with D = Dy, pp. For boost mode, Q1, Q2, O3, and Q4 have
duty cycles of 1, 0, 1-D, and D, respectively. Currently, the duty
cycle will decrease t0 Diyin2, boost- Similar to buck mode, in
boost mode, the smaller the duty cycle, the less the circulation
time through the L 4 and the higher its efficiency. Therefore,
Dijint, boost = 0.1 is determined as the minimum duty cycle
for boost mode

VRe = ‘/L/(1 - l)min7 boost)- (39)

5) Boost Mode Operation: After transitioning to boost mode,
the duty cycle gradually increases throughout the charging pro-
cess until it reaches D = 0.5 + AD, ultimately completing the
charging process.

B. Synchronization Strategy of the Transmitter and Receiver
Without Communication

In the proposed NP-PPC WCS structure, the regulation power
flow is reversed with a small portion of power being returned
from the LV-Inv side to the HV-Rec side. In this article, a
synchronous driver signal is generated for the LV-Inv by de-
tecting zero-crossing of 741, ensuring synchronization between
the LV-Inv and Inv side.

The control block diagram of the proposed charging system
is illustrated in Fig. 12. The control strategy calculates the
load resistance to determine the battery charging stage (CC
or CV), and the voltage gain from Vp to determine the dc/dc
converter’s operating mode (buck, buck-boost, or boost). A
simple PI comparator rectifies deviations between feedback and
reference values, generating a pulsewidth modulation signal
for controlling the dc/dc converter. No wireless communication
is required as the transmitter and receiver operate at a fixed
frequency f.
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Fig. 12.  Control diagram of the proposed charging system.

Converter

Fig. 13.  Experimental prototype.

TABLE III
SPECIFICATIONS OF THE ACTUAL WCS BASED EV AND THE SCALED-DOWN
EXPERIMENTAL PROTOTYPE

Parameters Actual Scaled-down
Battery pack voltage 250-400 V 264-402 V
Charging power 7.7kW 1.2 kW
Operating frequency 81.38-90kHz 85 kHz

V. EXPERIMENTAL VERIFICATION

To validate the CC-CV charging capability of the proposed
three-coil NP-PPC WCS without wireless communication, a
1200 W experimental prototype was built in the laboratory, as
shown in Fig. 13. To facilitate a direct comparison between
the actual WCS based EV (as defined by SAEJ2954 standard)
and the proposed scaled-down experimental prototype, relevant
parameters are presented in Table III [27], [28]. The corre-
sponding charging specifications involved in the experiment
are given in Table IV. For this experiment, an electronic load
with resistance range of 88 to 1340 2 was utilized to simulate
the battery. Specifically, the resistance range of 88 to 134 ()
represents the CC charging stage while the resistance range of
134 to 1340 Q) represents the CV charging stage. The configura-
tion of the experimental prototype is given in Table V. The coil
structure is consistent with Fig. 9, which is made of 0.07 mm,
714 strands of litz wire.
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TABLE IV
CHARGING SPECIFICATIONS
System Specifications, Symbols Values
Input voltage, Vin 140 V
Output voltage range, Vp 264-402 V
HV voltage, Vy 418V
LV voltage, V; 50V
Regulation voltage range, Vi 16-154 V
Rated charging current, Igmx 3A
Minimum charging current, /gy 03A
DC/DC power range 4.8-462 W
Rated charging power 1206 W
TABLE V
EXPERIMENTAL PROTOTYPE PARAMETERS
Parameters, Symbols Values
WPT Stage Parameters
Self-inductances, Lp 407.1 uH
Self-inductances, Lg, Ls» 384.7 uH, 9.3 uH
Mutual inductance, M), 121.4 uH
Mutual inductance, M3 14.9 uH
Mutual inductance, Mj;3 453 uH
Compensation capacitor, Cp 9.5 nF
Compensation capacitors, Cs;, Cs, 224.4 nF, 941.4 nF
Filter capacitances, Cy 300 uF
DC/DC Converter Parameters
Operating frequency, f; 150 kHz
Inductance, L, 10 uH
Auxiliary capacitance, Cy 30 uF
Input capacitance, Cg 300 uF
Output capacitance, C;, 300 uF
13[500mA/div] IB=3AI 15[500mA/div] Iz=3A I
V[ 100V/div] V,,:uxvi Viu[100V/div] V=418V }
A4
VR[50V/div] V=154V % | V3 V/div] V=16V R
> 4 i =
Vil100V/div V=264V, Vs[100V/div] V02 |
\ 4
K1/, [20V/div] V=53V, | Vi[20V/div] v
[200ps/div] I [200ps/div]V =51V 4
(a) (b)
Fig. 14.  Steady-state experimental waveforms of the proposed NP-PPC WCS.

(a) CC stage. (b) CV stage.

A. Operating Steady-State Waveforms in Charging Process

The steady-state waveform of the system in the CC charging
stage is shown in Fig. 14(a) when the power ratio  is about
0.37, with a battery resistance Rp of 88 ). At the beginning
of charging, the output voltage Vg is 264 V, maintaining a
constant charging current of 3 A. Additionally, the dc/dc con-
verter operates in buck mode with the regulation voltage Vi of
154 V. Fig. 14(b) illustrates the steady-state waveform of the
system during the CV charging stage, with § around 0.038 and
an Rp resistance of 134 Q). The output voltage V5 measures
402 'V, while the dc/dc operates in the boost mode with the
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Fig. 15. Measured operating waveforms of the WPT stage. (a) CC charging
stage. (b) CV charging stage.

regulation voltage Vr of 16 V. Notably, throughout the whole
battery charging process, Vzr is consistently maintained at a
constant voltage of 418 V, demonstrating that Vi, Vi, and Vp
are following the voltage constraints described in (4).

The key operating waveforms of the WPT stage during the
CC and CV charging stages are shown in Fig. 15. From these
waveforms, it can be observed that the voltage of the compen-
sation circuit slightly leads the current and the input impedance
is inductive, which enables the ZVS turn-ON of the inverter
switches.

During the battery charging process, the dc/dc converter seam-
lessly transitions between buck, buck-boost, and boost modes
according to the control diagram. The critical waveforms for
these three modes are illustrated in Fig. 16. In Fig. 16(a), the
converter operates in buck mode with the duty cycle (Dpyck) of
0.32 and a power ratio § value of approximately 0.37. Fig. 16(b)
showcases the converter operating in buck-boost mode with a
duty cycle (Dyp) of 0.5 and § is about 0.12. Fig. 16(c) illustrates
the converter operating in boost mode with a duty cycle (Dyoost)
of 0.68, and ¢ is about 0.038. Throughout the whole charging
process, the dc/dc converter consistently operates in DCM,
enabling ZVS turn-ON to ensure high efficiency.

B. Operating Transient Waveforms of Mode Switching

To facilitate a wide output range with high efficiency, the dc/dc
converter incorporates three operational modes to meet varying
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Fig. 16. Measured operating waveforms of the DC/DC converter. (a) Buck

mode. (b) Buck-boost mode. (c) Boost mode.

voltage gain requirements during different stages of battery
charging. However, to ensure continuous and stable charging,
it is imperative for the converter to transition between these
operating modes.

The operating transient waveforms of the dc/dc converter
switching between three operating modes are shown in Fig. 17.
Fig. 17(a) shows the operating transient waveforms during the
transition from buck mode to buck-boost mode during the CC
charging stage, with a load step change in Rp from 111 ) to
123 Q. Upon detecting the load change, the controller initiates
the mode switching process and adjusts the duty cycle of Q4
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Fig. 17. Measured operating transient waveforms. (a) Buck to buck-boost.
(b) Buck-boost to boost. (¢) Rp Step from 268 to 335 2 in boost mode.

from O to D. Before and following the step change, Vi remains
constant while Vp transitions from 334 to 368 V. Fig. 17(b)
shows the operating transient waveforms of buck-boost mode to
boost mode during the CC charging stage, where R is stepped
up from 123 to 131 Q2. Upon detecting the load change, the con-
troller enters into a switching process and modifies the duty cycle
of Q1 from D to 1. Similarly, Vi remains constant while Vp
undergoes a change from 368 to 402 V. Fig. 17(c) demonstrates
the waveforms during the CV charging stage with the converter
operating in boost mode. The value of R changes from 268 to
335 2, and both V7 and Vi remain stable throughout this pro-
cess. These operating transient waveforms clearly demonstrate
that the proposed NP-PPC WCS achieves transitions between
the three operating modes (buck, buck-boost, and boost) during
the battery charging process.

C. System Efficiency Analysis

To provide a fair efficiency comparison, an experimental
prototype of a conventional PPC WCS with the same charg-
ing specifications was constructed. The efficiency comparison
among the proposed NP-PPC WCS, the conventional PPC WCS,
and the conventional two-stage WCS, measured throughout the
charging process, as shown in Fig. 18.

From Fig. 18, itis evident that during the initial charging stage,
the power ratio § of the conventional PPC WCS is lower than
that of the proposed NP-PPC WCS, resulting in higher efficiency
in this stage. As charging progresses, the § value decreases for
the proposed NP-PPC WCS while increasing for conventional
PPC WCS, leading to higher efficiency for the proposed NP-PPC
WCS after V1. The efficiency curves in Fig. 18(a) show that
NP-PPC achieves a 2% higher n,,x compared to the conventional
PPC WCS due to the lower d,;, value for the proposed NP-PPC
WCS. As the CV charging stage progresses, the charging power
decreases, leading to a light-load operating condition in the
dc/dc converter and a subsequent decrease in system efficiency.
However, due to the significantly lower § value of the proposed
NP-PPC WCS compared to the conventional PPC WCS, the
efficiency of the proposed NP-PPC WCS is less affected by
light-load conditions than that of the conventional PPC WCS.
The efficiency difference amounted to 11.94% until the charging
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was completed. These findings demonstrate that NP-PPC can
tolerate less efficient dc/dc converters while maintaining better
compatibility in practical applications compared with the con-
ventional PPC WCS. Furthermore, an experimental test of the
conventional two-stage WCS was also conducted, revealing that
the NP-PPC and the conventional PPC structures exhibit higher
efficiency throughout the overall charging cycle compared to
the conventional two-stage WCS structure. This conclusion is
further supported by Xiong et al. [24] and Wang et al. [25].

To visually demonstrate the comparative efficiency of the
charging process, Fig. 18(b) presents efficiency comparison
curves with SOC as the axis after scaling up. The superiority
of the proposed NP-PPC WCS over the conventional PPC WCS
in terms of efficiency is consistently observed when the battery
voltage exceeds V1. By combining Figs. 18 and 19, it can be
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TABLE VI
COMPARISONS OF COIL NUMBER, REGULATION RANGE, AND EFFICIENCY
Need Number Charging Wireless Output Output  Power ratio . Regulation
Reference DC/DC of coils profile feedback power voltage range Efficiency power
Luo et al. [29] No 2 Constant Power (CP) Yes 3 kW e e 87.5-91.5% Full
Jiang et al. [30] No 2 cc/ev Yes 0.028-0.28 kW 32-72V e 60-90.2% Full
Kimetal. [31]  Yes 2 cc/ev Yes 04-3.4kW 240-410V —_— 75-89.6% Full
Wang et al. [23] Yes 4 cc/ev No 0.32-1.5kW 280-320V  0.07-0.21 83-93.6% Partial
Xiong et al. [24] Yes 4 cc/ev No 0.054-0.25kW  60-84 V 0.1-0.45 79-89% Partial
Wang et al. [25] Yes 4 cc/ev No 0.21-043 kW  36-72V 0.11-0.7 88-93% Partial
This article Yes 3 cc/iey No 0.12-1.2 kW 264-402V 0.038-0.36 87.5-94.16%  Partial
Theoretical [ | Measured Boet il BEERESE e o i -
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Fig.21. Measured efficiency of the three-coil NP-PPC WCS at 15% misalign-

observed that throughout most of the charging process, the pro-
posed NP-PPC WCS outperforms its conventional PPC WCS in
terms of efficiency, achieving a peak efficiency of 94.156% [see
Fig. 19(a)], a maximum power point efficiency of 92.633% [see
Fig. 19(b)], and overall charging process efficiency exceeding
87%. These results highlight the significant advantages in terms
of system efficiency.

Take the maximum power condition as an example. In this
case, where Ryg(on) = 26 m{2, Rp = 410m(2, Rs; = 300 m(2,
Rgo =45mQ, Py p=25kW/m?, Py g =11kW/m?,
Py pa=450kW/m3, V. p =V, g =4.5x10"*m3, while
Vera = 1.765 x 1075 m? and V; = 1.8 V. The power loss dis-
tribution according to Table IT under maximum power condition
is shown in Fig. 20, where the total theoretical power loss of
100.7 W is consistent with the measured power loss of 102.6 W.

D. Comparison With Previous Works

Table VI gives a comparison of the proposed three-coil
NP-PPC WCS and the previous works. The key parameters,

ment for x- or y—direction. (a) Screen capture of the maximum efficiency point.
(b) Screen capture of the maximum power point. (c) Misaligned photograph.

including dc/dc requirement, coil number, charging profile, reg-
ulation range, feedback, power ratio range, efficiency and power
regulation mode are summarized. It demonstrates clear benefits
of the proposal for wireless charging applications compared to
the conventional two-stage and PPC structures in terms of coil
number, regulation range (power and voltage) and efficiency.

E. Misalignment Tolerance

Conventional PPC systems typically employ four coils (two
groups of rectangle and bipolar coils) with fixed-position decou-
pling designs [23], [24]. These systems are inherently vulnerable
to misalignment issues, as any deviation from perfect alignment
disrupts the decoupling state and creates unwanted coupling be-
tween power paths. In contrast, our proposed three-coil topology
achieves two noncross-interfering power paths without requiring
complex decoupling designs. This idea not only reduces the
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number of coils but also provides inherent tolerance to mis-
alignment issues.

While our system is primarily designed for static wireless
charging scenarios where precise positioning can be achieved
through standard EV positioning systems, we have evaluated its
performance under the misalignment condition. The measured
efficiency under 15% misalignment for x or y direction is pre-
sented in Fig. 21. The system obtains a maximum efficiency of
90.581% and an efficiency of 88.56% at the maximum power
point. The results confirm that the proposed design can tolerate
the practical misalignment challenges while maintaining high
efficiency levels.

VI CONCLUSION

This article proposes a novel three-coil NP-PPC WCS, which
enables a wide output range while maintaining high efficiency.
The proposed NP-PPC concept inverts the voltage polarity of the
regulation converter, allowing a higher proportion of unregulated
power transfer compared to conventional PPC systems. Through
circuit analysis, two independent power paths are obtained using
only three coils, eliminating the need for additional decoupling
and enhancing system compactness. A comprehensive control
strategy is devised to facilitate CC-CV battery charging and hys-
teresis control switching between buck, buck-boost, and boost
modes without relying on wireless communication. Experimen-
tal validation of a 500 W prototype demonstrates the superiority
of the proposed NP-PPC WCS over conventional PPC WCS
in terms of efficiency. The proposed NP-PPC WCS achieves
a peak efficiency of 94.156%, outperforming conventional PPC
for over 95% of the charging process, with a maximum efficiency
increase of 2% and a light load efficiency increase of 11.94%.
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