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Abstract—In Wireless Power Transfer (WPT) system for light
electric vehicles, adopting dual receivers on the receiver side is an
available way to offer a high-current power supply. In this paper,
the Partial Power Processing (PPP) control method is proposed
for optimizing the power loss of the dual-receiver WPT system.
With the PPP control method, only one of the active rectifiers will
be regulated by the variable angle phase shift (VAPS) modulation
to adjust the required power under different load power demands
and misalignment situations. As a result, the switching loss of the
two active rectifiers, which is the significant power loss on the
receiver side, can be dramatically reduced, especially with a high
operating frequency. The experimental results show that com-
pared with the conventional power distribution method based on
impedance matching with VAPS, the proposed PPP control
method can increase the efficiency by 6~7% with misalignment
situations, achieving the overall efficiency as high as >92% at the
heavy load.

Index Terms—Wireless power transfer (WPT), light electric
vehicles (LEVs), dual receivers, power distribution method, par-
tial power processing (PPP).

I. INTRODUCTION

LONG with the rapid development of automation indus-

trial production and logistics transportation, Light
Electric Vehicles (LEVs) are rapidly spreading worldwide,
such as automated guided vehicles, industrial robots, and un-
manned vehicles. The traditional fixed-cable-charging system
has become an obstacle to improving the automation level of
LEVs and further increasing the work efficiency of production
and logistics management. Nowadays, Wireless Power Trans-
fer (WPT) technology has become popular and has been widely
applied in various applications, e.g., consumer electronics
[1]-[4], LEDs [5], [6], and electric vehicles [7]-[12]. Due to its
merits, including safety, convenience, and reliability, the WPT
system can serve as a flexible and automated power supply
solution for LEVs [13]-[19].

While using WPT technology to charge LEVS, several key
features need to be considered: 1) To satisfy the voltage class
and shorten the charging time, the low-voltage and high-current
power supply system is required [14], [18], which is typically
24V/36V/48V and more than 50A; 2) LEVs are so compact that
the installation space of which is small, hence the coil size of
the WPT system is limited [13], [16]; 3) The heat dispersion of
the receiver side in such a compact space is a severe issue with
the required high charging current and high operating fre-
quency [14], [17], [18].

For the low-voltage and high-current output WPT system,
reducing the power loss caused by the equivalent series re-
sistances (ESRs) of the receiver coil, which always under the
high current stress, is the first challenge. To release the current
stress in the receiver coil, the dual-receiver topology, including

the dual receiver coils and the dual rectifiers, is applied in [20],
[21]. Meanwhile, with two paralleled rectifiers, the require-
ments on the conducting resistance of power MOSFETS can be
halved. Additionally, the LCC-LCC compensation network can
offer an extra control variable to release the current stress and
the ampacity requirement in the receiver coil further, which is
also attractive in the high-current output WPT system, [20],
[21]. This compensation network can also reduce the harmonic
currents and the corresponding power loss, especially in short
air gap applications [18], [22].

For the feature of the limited volume, the receiver coil size of
the WPT system should be small, which leads to a small mutual
inductance and weakens the system power transfer capacity. To
solve this issue, increasing the system operating frequency is a
general method to enhance the system power density, which is
consensual in power electronic transformers [23], [24].

For the heat dispersion issue on the receiver side, the re-
quirement for the power loss of the receiver is stringent. In a
WPT system, the power loss on the receiver side can be divided
into the ESRs loss of the receiver coils and the elements in
compensation networks, the switching loss and the conducting
loss of rectifiers. Currently, the efficiency optimization method
of the dual-receiver WPT system is in short supply. In a du-
al-transmitter WPT system, which is a symmetric topology and
has two transmitter coils and two inverters, a classical but
conventional method based on impedance matching for im-
proving the overall efficiency is proposed [25], [26]. In this
method, the equivalent load impedance of each transmitter is
regulated to be equal strictly. Thus, the coil loss and the con-
ducting loss can be minimized, and optimal efficiency is
achieved even under misalignment conditions. Similar ideas
and methods have been widely recognized in some WPT sys-
tems with multi-receivers or multi-loads [27], [28] and can also
be utilized in the dual-receiver WPT system.

However, the vast switching loss on the rectifiers still lacks
sufficient research attention in these methods above. In the
low-voltage and high-current output WPT systems, the active
rectifier and MOSFETs with ultra-low conducting resistance
are always expected for reducing the rectifier conducting loss.
However, this kind of MOSFETS, generally are the low-voltage
Si MOSFETS, always suffers from the slow switching speed
and leads to significant switching loss in the rectifier, especially
with a high operating frequency. Though the ESRs loss of the
receiver coil can be well-limited by adopting the dual-receiver
topology and designing the LCC-LCC compensation network,
the switching loss of the rectifier cannot be easily optimized by
designing the circuit topology. Thus, the switching loss even
occupies a significant proportion of the overall power loss.

In general, the optimization of switching loss is still an ur-
gent problem for the compact WPT system. With the rapid
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development of power electronic materials, some novel SiC
[29], [30] and GaN [31]-[33] switching devices are adopted in
the WPT systems for improving the switching performance.
However, replacing all the switching elements with these novel
switching devices will increase the system cost dramatically.
Some modulation and control methods are proposed for
achieving Zero Voltage Switching (ZVS) operations. In [34],
an auxiliary variable inductor is proposed to extend the ZVS
operation range on the inverter. In [35], [36], to achieve ZVS
operation on both the inverter and the rectifier with a wide
range, a Variable-Angle-Phase-Shift (VAPS) modulation
method is proposed for regulating the dual-side active bridge
converter. However, ZVS operations have been designed for
eliminating the turn-on loss of the MOSFETS, and the turn-off
loss is always ignored. In fact, the turn-off loss is still signifi-
cant and occupies a large percentage of the overall power loss
[37].

Recently, for the dual-channel power converters, a kind
concept of partial power processing (PPP) is proposed
[38]-[41]. These channels are divided into the main channel and
the auxiliary channel. Generally, only a small part of power
flows through the auxiliary channel is processed to adjust the
power demands of the load. The main channel operates with
nearly no power processing and minimal switching loss. Thus,
the overall system efficiency can be effectively improved.

In this paper, to achieve high system efficiency and low
power loss at the receiver side, the dual-receiver WPT system
with the PPP control method is proposed innovatively. The
basic idea is to regulate only one rectifier under different output
power conditions. Thus, compared with the conventional power
distribution method based on impedance matching, the
switching loss in the WPT system with the PPP control method
can be reduced apparently, especially in light-load conditions.

The contributions of this paper are listed as follows.

1) Here, the dual-receiver WPT system for LEVs charging is
adopted with the PPP control method for the first time. Within
the PPP control, only one active rectifier will be regulated by
VAPS modulation to adjust the load current requirement, while
the other is fixed at a constant conducting angle with a low
switching loss. Thus, the total switching loss on the receiver
side can be effectively reduced.

2) Under different charging statuses and coupler misalign-
ments, the PPP control method is strictly formulated, consid-
ering the load current requirement and the variation of the
mutual inductance. By calculating and comparing the switching
loss of the MOSFETS, the operation modes of each active rec-
tifier and its boundary conditions are well designed for further
reducing the switching loss on active rectifiers and improving
the overall system efficiency.

3) Considering the actual application conditions of the WPT
system, a closed-loop control strategy, including the hysteresis
control and the PI control, is proposed. The hysteresis control is
designed for selecting and switching the operation modes of the
receiver with seamless transitions, and the PI control is adopted
for regulating the system output power with a well dynamic
response. Thus, the power transferred from each receiver coil
can be dynamically regulated based on the different load power
requirements and the misalignment conditions. According to
the closed-loop experiment, the apparent efficiency improve-
ment of the system can be achieved.

Il. ANALYSIS OF THE DUAL-RECEIVER WPT SYSTEM

A. Circuit Description and Analysis

Receiver#2

Fig. 1. Schematic diagram of the dual-receiver WPT system with the LCC-LCC
compensation networks.

The proposed WPT system is depicted in Fig. 1. The du-
al-receiver topology is adopted in the receiver for increasing the
power transfer capacity and alleviating the current stress. Vg is
the DC input voltage, while Vg is the DC output voltage on the
load resistance R.. On the transmitter side, a high-frequency
inverter (P1-P4) and an LCC compensation network are adopted
to offer a constant current in the transmitter coil L. L, C,, Cp
are the compensation elements. On the receiver side, two
completely similar receivers, i.e., Receiver #1 and Receiver #2,
are employed with two parallel-connected active rectifiers
(S1-S4, S5-Sg). Ls1 and Lso are the two receiver coils. Similarly,
Lu, Liz, Cs1, Cu1, Cs2, and Cr, form the LCC compensation net-
works. By designing Ly and Ly in the LCC networks on the
receiver side, the current stress of receiver coils can be further
reduced. Moreover, My and M; are the mutual inductances
between the transmitter coil and the two receiver coils. Ry, Rp,
Rs1, R, Rs2, and Riz symbolize the ESRs of each loop.

BP Receiver coils

Ferrite

Transmitte r“.c"('ill ~~~~~~~~~~~
(15 turns) g
Fig. 2. The model and dimensions of the magnetic coupler.

The magnetic coupler model is designed and shown in Fig. 2.
The transmitter coil is square, while the two receiver coils are
set as the Bipolar (BP) structure to improve misalignment tol-
erance with nearly no cross-coupling [13]. By designing the
receiver coils with the same shape and size, whether the LEV is
misaligned on the left or right, one of the receiver coils can be
regarded as the main power channel, and the other is the aux-
iliary power channel. Thus, the system output power can be
ensured in different misalignment conditions.

Cq,, Ist Lu iu
g o a2
. . V, e
i\ Lr |p Cp /:41 sl out_’l(l) ql
® Rs1 Ru

Ly

Cqgy I Le ip
R R M '§ Ce +E]
Zs ' ’ Xz LSZ Voutz(l) Zegp
Re

Re
Fig. 3. The equivalent circuit of the proposed WPT system.
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The Fundamental Harmonic Approximation (FHA) method
is used to analyze the WPT system. The equivalent circuit of
the proposed WPT system is depicted in Fig. 3. Viny) is the
fundamental component of the output voltage of the inverter
with the operating frequency f, while Vouu(y) and Vour() are the
fundamental components of the input voltage of the active
rectifiers. Zeq1 and Zeg are the equivalent load impedances of
the two active rectifiers. Zs is the equivalent reflected imped-
ance at the output side of the inverter.

To ensure the resonance of each current loop, the compen-
sated capacitors can be obtained as

0 =LY C=(*(L,~L))

p
Cy,= (C‘)ZLHY1 C,= (a)z (L,q - Lu))il ) (1)
Co=(@’Ly)" Cy=(0*(L,-L,))"

where w=2nf is the operating angular frequency. Based on
Kirchhoff’s Voltage Law (KVL), while ignoring the ESRS in
the circuit, the system can be derived as

Vi :(jWL. +%w0‘)[‘ 7%"’)(71 1,
0=joMI, +joM,I, +%w(7 I +{ijP +%cu(7 +%(u(7 )I‘p
oa o b

0=joMi +|joL,+ Y. . + ¥ I-Y .

JoM 1L, (J(U 1 %0)0” %wcu) sl %wC” tl , (2)
0=joM,I + (,7'@sz + }/m c.* %w 0) i,- %wq, -1,
anm =(.ijr] +%w(j'lj[n _%w(]“ ‘]»1
Vo) = (ijrZ + %wc‘zjlu - %U)CQ L,

where

Vo =112
{ out1(1) t1 eql (3)

v, <>:jt2'Zq2

out2(1 e

Substituting (1) and (3) into (2), the currents in each loop can
be obtained as

2 2
]'. :V . M1Zcq1 MZZch — ‘/m(l)
T in(1) 271272 2712712 P .
@ LrLtl @ LrLtZ ]er
. . M Z . . M
I,=V,, — I,=-V,, ——. (4
sl in(1) szrLfl t1 in(1) jQ)LrLtl ( )
. . M,Z . . M
1, = Vin(l) : 22 eq; I,= _Vinu)' - 2
o°L.L;, joL L,
Thus, the currents to voltage gain can be given as follows
G.. = Iy — M,
. ‘/in(l) LrLtl
: ©)
G.. = Iy — M,
v2
Vi (1) Lrch

where Iy and Iy, are the Root-Mean-Square (RMS) values of the
input currents of the two active rectifiers, and Vi, is the RMS
value of the output voltage of the inverter.

According to (5), since Giv1 and Gy, are not related to the
load impedance, the adopted LCC-LCC compensation network
is therefore ideal to realize the load-independent constant cur-
rent output characteristic. The load current lq is the sum of the
output current of the two rectifiers, which should be defined as

IEEE-TPEL

Lo = Loy + Lo - (6)
Meanwhile, the load current lq.: is also determined by the
modulation method and depth of these two active rectifiers.
The load voltage Vo and load power Pq.: can be derived as

Vo = (Iouu + Iom,z) Ry (7)

Pout = (Ioutl + Iout2 )2 : RL . (8)

In addition, according to (4), the equivalent impedance Zs
reflected on the transmitter side can be solved as

7 =V _ At . 9)
s (Mfz M,
Lfl eql Lf2 eq2

B. VAPS Modulation Method

When the system operates at the Full-load condition, to en-
sure enough output power for the load requirement, the duty
cycles of the active rectifiers should be 50%. However, when
the required load power is reduced caused by the variations of
the battery charging conditions, the active rectifiers should be
regulated to suit the load demands. The VAPS modulation
method utilized here has been proven to regulate the output
power while realizing the ZVS operation of the converter [35].
Fig. 4 shows the waveforms of the VAPS method in this paper.
The inverter operates at a constant frequency, a fixed duty cycle,
and a zero phase-shift angle. Thus, the fundamental component
of the output voltage of the inverter can be expressed as

1/in(l) = zﬁvdc /77: . (10)

[ P, |

Fig. 4. Waveforms of VAPS control of the WPT system.

For the WPT system with the VAPS control, adjusting the
conducting angle of the active rectifier y1 (y2) and the phase
difference between the input current and voltage of the rectifier
1 (2) is available to regulate the system output power. g1 (¢2)
is the phase difference between the positive-to-negative ze-
ro-crossing point of iy (i) and Si (Ss), which is always ex-
pected to be atiny positive value to ensure the ZVS operation of
all MOSFETSs in rectifiers. y1 (y2) and 1 (52) should satisfy

—h >7z'—y1

2 2 (11)
For the sake of analysis, Receiver #1 is picked up for ana-
lyzing the circuit model of the receiver side as an example since

Fia
bi=o+

Bo=0,+
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the operation principles of both receivers are the same. The
output voltage and current of the rectifier can be derived as

V. iV sm(Z] (12)

outl(l) — T out

I, = 22 [sm[zj cos[”;ngolD-Iﬂ. (13)

According to (12) and (13), the conducting angle y1 can be
derived as

n=0 + arccos(cos(gol) - \E;II"““] . (14)
Substituting (4), (10) and (12) into (3), the equivalent im-
pedance Zeq: can be derived as

Vi _ LL,V,, .
Zy= I';(l) = deC;\I/I;“ sm(gj (cos(B,)+j-sin(B,)) - (15)
Then, according to (4) and (15), the RMS value of the current
in the receiver coil Is; can be derived as

:msm(%j (16)

7wl 2

t1

Besides, according to the waveforms in Fig. 4, it is evident
that only S; and S, can turn off at a nearly zero current, and the
turn-off current of Sz and S, are still large. Here, the turn-off
loss of the MOSFET can be regarded to be proportional to the
turn-off current. Thus, though the ZVS operation can be
achieved in the rectifiers with the VAPS modulation method,
the turn-off losses still take large parts of the overall power loss,
especially with the high operating frequency. TABLE I shows
the turn-off angles of the rectifier. Since g1 (p2) is a constant
tiny positive angle, the turn-off loss is mainly determined by the
conducting angle y1 (y2).

t1

s1

TABLE |
THE TURN-OFF ANGLES OF THE MOSFETS IN RECEIVER #1
S1 Sy S3 Sy
turn-off angle 01 01 Q1+ Q1+

C. Conventional Power Distribution Method Based on Im-
pedance Matching

Due to the merits of the LCC-LCC compensation networks
and the BP coil structure, the transferred power of each receiver
can be regulated individually. The circulation phenomenon,
which seriously harms the system output power and the overall
efficiency, is suppressed even in severe misalignment condi-
tions. However, in the whole charging process of vehicle bat-
teries, the variation range of the load resistance is extensive. In
the dual-receiver WPT system, for the same Poy, there will be
many different power distribution schemes between the two
receivers. Here, to reduce the power loss at the receiver side,
including the ESRs loss and the rectifier loss, the optimal power
distribution scheme should be figured out.

In the WPT systems with multi-transmitters (receivers), the
power distribution methods based on impedance matching have
been already proposed [25]-[28]. Whether the mutual induct-
ances between the transmitter coils and receiver coils are bal-
anced or not, the same current in each coil is always expected.
The output current distribution with the conventional power
distribution method is given in Fig. 5.

For the sake of analysis, it is assumed that Mi<M,. Besides,
to achieve the ZVS operation in both rectifiers, here ¢; and ¢

are set as a constant value ¢ and define 1= £c03(¢).
T
1) M;=M; with the conventional power distribution method
As shown in Fig. 5(a), when M1=M,, the rectifiers are regu-
lated to output the same current, i.e., louti=louz and y1=y,. Ac-
cording to (6) and (13), the system output current meets

(ol o)
A fufs) )

Thus, the SW|tch|ng losses of the rectifiers are totally the same.
A A
Alathe Alathe

(17)

Al

loue ,.-""
P

Al
Ay

loue ‘."":_.--'lf"

|ou11

0 - > 0=
Alu A(latle) oy Al

a b

Fig. 5. low and loue ag(ai)nst lout With the conventional powe(r c)iistribution method
when (a) M;=M, and (b) M;<M,.
2) Mi<M with the conventional power distribution method

To minimize the ESRs losses of the receiver coils, with the
conventional power distribution method, Is; and Is; are always
regulated as the same value. According to (13), when Mi<Mz,
to ensure the balance between Is; and I, y1=y2 is also necessary
since Lu=Ltw. Thus, as shown in Fig. 5(b), the ratio of louu and
louz is the same as the ratio of Iy and lp. The system output

current meets
(ﬂ)j’(ltl +Ic2)

L fulg)
(ﬂj}(lﬂ +1,)

2\/_ [sm[zj cos(w+

Moreover, accordlng to (9) and (15), the reflected impedance
Zs can be derived as

Ioutl

>
Z(latle) "oy

(18)

Z = s - W
en{ 1 s s
]lif -

+ et sm(yzz) (cos(,)+3-sin(,))

2

D. Power Loss Calculation

To clarify the main factors affecting the overall power loss,
the power loss model is established and analyzed as follow.
1) ESRs loss:

The ESRs loss consists of the power loss on the inductors,
coils and the compensated capacitors, which can be derived as

Byp. =P, +5,
» (20)

ESRs ESRs_rec ESRs_ tran

=I R, +I,R,+I R, +I,R,+I’R +I’R

PP
where Pesrs rec and Pesrs wan indicate the ESRs losses in the
receiver side and the transmitter side.

Page 4 of 47
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2) Active rectifiers loss:
The power loss on the active receivers P can be delivered
into the conducting loss and the switching loss, i.e.,
P_=P +P . (21)

rec rec_cond Tec_sw

where Prec_cond Presents the conducting loss of the MOSFETS in
rectifiers, and P rec_sw presents its switching loss. Ignoring the
conducting loss on the anti-paralleled diodes of the MOSFETs
as it only accounts for a tiny part of Prec, Prec cond Can be ex-
pressed as

Rec_cond = 2 : (‘[1:21 + It22 ) ' R‘Iec_sd ! (22)

where Ryec sq IS the conducting resistance of the MOSFETS in
the rectifier, which can be found or fitted from the datasheet of
the MOSFET. Meanwhile, with the VAPS modulation method,
Prec_sw Can be expressed as [42], [43]

R‘(‘,(‘,isw = 2\/5(141'0(', + BYQ(‘, )‘/()|]1,f
Iﬂ~(‘sin(¢1)‘+‘sin(¢1+n—yl)‘) , (23)
+1,- (‘sin ((p2 )‘ + ‘sin (go2 +T—y, )‘)

Where Arec:Erec_off/(Ure(;_DDIrec_D) |ndlcates the Value Of the
turn-off energy of the MOSFETS in the rectifier at the standard
test condition, and Brec=Qrec_po/lrec_ro indicates the value of the
switching loss of the anti-paralleled diodes. Erec off, Urec pp,
lrec_D, Qrec_pp, @nd lrec rp can be found in the datasheet or test-
ed/modelled by the users. The modelling and calculating
methods have been already introduced in [37] and [44]. Alt-
hough the calculated switching loss cannot be completely ac-
curate, the results still have a substantial reference value.
3) Inverter loss:
The inverter loss can also be expressed as
P =P +P (24)

inv inv_cond inv_sw !
where the conducting 10Ss Piny_cond @nd the switching 10SS Pinv sw
can be expressed as
P

_ 2
inv_cond 2 Il’ ' Riu\ _ds? (25)

Rll\'7~\\' = 4\ﬁ(l4iuv + Bim' )I/rl('lvf SIn (0)‘ ' (26)

where Ain=Ein off/(Uinv_oplinv p) and Biny=Qinv_oo/linv rpo indi-
cate the corresponding turn-off loss in the inverter. Similarly,
Rinv_ds, Einv_off, Uinv_pp, linv_b, Qinv_pp, and liny_rp can be found in
the datasheet or tested/modelled by the users. Here, « is the
phase difference between vinqy and iy, which can be defined as

a—arctan[an;gi;]. 27)

I1l. PROPOSED PPP BASED POWER DISTRIBUTION METHOD

With the conventional power distribution scheme based on
impedance matching, the receiver coil losses can be minimized.
However, by designing the circuit structure and its parameters,
the receiver coil losses can be limited at a low level. Meanwhile,
to release the conducting loss of the rectifier, the
low-conducting-resistance MOSFETS is always expected in the
high-current output WPT systems. Nevertheless, this kind of
MOSFETSs always performs poor in the switching speed. While
regulating the system output power by adjusting the conducting
angle of the rectifiers, the switching losses of the rectifiers
account for the majority of the power loss at the receiver side,
even in the ZVS conditions.

IEEE-TPEL

A. Principle of the PPP Control with VAPS Modulation

There are three statuses for the active rectifiers, and the
waveforms of each status are given in Fig. 6. With the Shutting
status in Fig. 6(a), only the low-side MOSFETS, i.e., Sz (Se) and
S4 (Ss), are continuously conducting. Thus, Voun (Vourz) and the
output power of the rectifier are zero. In this situation, the
switching loss of the rectifier can be ignored since there is no
switching operation. While the rectifier is regulated by VAPS
modulation and y; (y2) is less than z, as shown in Fig. 6(b), lou1
(lout2) is determined by y1 (y2). Meanwhile, according to (23),
the turn-off loss of the rectifier should be taken into account
even the ZVS operation is achieved. While y1 (y2) reaches ,
which can be regarded as the Full-load status in Fig. 6(c), the
rectifier will operate with its maximum output current. Then the
switching loss of the rectifier is limited since the turn-off cur-
rents are nearly zero when MOSFETSs turn off.

Sa(Ss) .
Sa(Se) . 153(51)[Sa(Se)’, Ss(Sn)iSaSa)
Voutl(Vgu[Q) itl‘gitzz _\ill(itzl/]l:\ - —\ in(i) : .
Vout out/ T
\\i]'\(\/oué)\\‘ (Vom;)t
@ (b) ©

Fig. 6. Waveforms of the rectifiers with (a) Shutting status, (b) VAPS modu-
lation, and (c) Full-load status.

Obviously, to decrease the switching losses of the rectifiers,
adjusting the output current of only one rectifier while keeping
the other in Shutting or Full-load status is a workable way.
Based on this idea, the PPP control method for the WPT system
is proposed in this work. According to the system required
output current, the operation modes of the receiver can be di-

vided into the following four modes, as shown in TABLE II.
TABLE Il
OPERATION MODES OF THE RECTIFIERS IN FOUR MODES

Operation mode The status of The status of
Receiver #1 Receiver #2
Mode 1 VAPS Shutting
Mode 2 Shutting VAPS
Mode 3 Full-load VAPS
Mode 4 VAPS Full-load

Here, only one rectifier will be modulated by the VAPS
method to adjust the output power dynamically. The other
rectifier will operate at the Full-load status with a low turn-off
current or shut down with no switching operating. Since the
switching loss of a single MOSFET can be regarded to be
proportional to its turn-off current, the switching loss on the
rectifier with Full-load or Shutting mode can be well limited.
Besides, with the unbalanced M1 and M,, the PPP method must
be adjusted to suit different misalignment conditions.

According to the analysis of the turn-off current and the re-
ceiver operation mode, the trends of total switching loss on the
active rectifiers Prec_sw With different operation modes against
the output current lq. are plotted in Fig. 7. When M;=M,, the
results of the two groups (Mode 1=Mode 2, Mode 3 =Mode 4)
are the same. Therefore, the operation of the rectifiers can be
divided into two modes with the variation of I, According to
(13) and (23), the trend of Prec_sw against loy: is plotted as the
solid green curve in Fig. 7(a). Besides, when Mi1#M,, the op-
eration of the rectifiers will be divided into four modes. Since



oNOYTULT D WN =

IEEE-TPEL

there are overlaps between the four operation modes, the one
with lower Prec_sw Should be picked up as the selected operation
mode. By combining the curve of the selected operation modes,
the final trend of Prec_sw is also plotted as the solid green curve

in Fig. 7(b).
Mode 3 A - Model  ----- Mode 3

I I (Mode 4) Prec sl ~----- Mode2  ----- Mode 4

/“dlv “ ,

| Al Ml ¥

(a) IOul (b) IOul
Fig. 7. The total switching loss on the active rectifiers Prec s against lo, when (a)
M;=M, and (b) Mi1<M,.

B. Power Distribution Scheme of the PPP Control

Based on the selected operation modes, the distribution
scheme of rectifier output currents with the PPP control method
is depicted in Fig. 8.

A A

4
o
A

0

ever satisfy the required power, Receiver #2 must be utilized
for power transmission individually or cooperatively. To
choose the more suitable operation mode, lgiv is defined as the
boundary line of this load range and can be calculated by
comparing the switching losses of Mode 2 and Mode 3.

While Alu<lou<Alsv, by comparing the switching losses of
the possible operation modes, y1 should still be fixed at z, and v,
is adjusted to suit the rest of the load required current, which
indicates that the receiver operates in Mode 3. The output cur-
rent of each receiver meets (29). While Agiv<lou<Aliz, Only ys is
adjusted, and Receiver #1 is shut down with no switching loss.
In this case, the receiver operates in Mode 2, i.e.,

1., =0

outl

_ . 30
I.,=1I,= Zf (sm[ 2] cos(”zyur(pD.L2 (30)

Additionally, when lo>Al, to ensure the required power, y,
is still fixed at z, and y is adjusted to suit the rest of the load
required current. Here, the receiver operates in Mode 4, i.e.,

1

=L -1 .,= Zf sin -cos| 2= y1+(p -1,
out ut out: 2 2
o . (31)

IoutZ = 7 : COS(@) : It2
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C. The Power Loss Analysis and Comparison
To verify the effect of the proposed PPP control on the effi-

t

ciency improvement in the dual-receiver WPT system, analysis

(@) (b)
Fig. 8. The output current oy and lowe against o with the proposed PPP
control method when (a) M1=M, and (b) M:<M,.

1) M;=M; with the PPP method

The trends of loun and lou against lou: With the proposed PPP
control method when M;=M are shown in Fig. 8(a). To release
Prec_sw, When lou<Aly, only y1 is adjusted, and Receiver #2 is
shut down with no switching loss, i.e.,

ot = = -2 [Sln[zj COS( 2y1+(/,D T (29

I,.,=0

out2
While lou>Alu, y1 is fixed at «r, and the rectifier in Receiver #2
is adjusted to suit the rest of the load required current, i.e.,

202

Ioutl - COS ((0)
T

2 —
Iout2 = Inuf - Inutl f (SIn( 2 J cos [Lzyz + (pj] : ‘['2

Thus, in each operatlng condition, only one rectifier is dy-
namically adjusted with limited switching loss, while the other
rectifier could operate with nearly no switching loss.

2) Mi;<M; with PPP method

Moreover, if My and M; are unbalanced, the power distribu-
tion method should consider not only the total switching loss on
the rectifiers but also the capacity of the output current from the
single rectifier. While M;<M,, the trends of louu and loue against
lout are shown in Fig. 8(b). When lou<Aly, similarly, only y; is
adjusted, and Receiver #2 is shut down, i.e., the receiver oper-
ates in Mode 1. The output current of each receiver meets (28).

When Alu<lou<Aly, there are two possible operation modes
of the receiver. Cause the output current of Receiver #1 cannot

. (29)

and comparison of the power loss in each part are necessary.
The corresponding mathematical model has been introduced in

Section 11, and the system parameters are list in TABLE III.

TABLE IlI
SYSTEM SPECIFICATION AND PARAMETER VALUES

Symbol  Value | Symbol Value Symbol Value
Ve 350V Vout 24V lout 5~50A

L, 29.5uH Cr 21.46nF Ry 40mQ
Lo 90.4uH Cp 10.4nF Ro 220.1mQ
Lu 2.63uH Cu 240.8nF Ru 2.9mQ
L 2.64uH Ce 239.9nF Re 2.9mQ
Ls1 6.92uH Ca 147.6nF R 23.0mQ
Le 7.09uH Ce 142.3nF Re 24.1mQ

f 200kHz S1-Sg IXFX420N10T | Arect Brec 138ns

Airgap  30mm P:-P,  C3MO0021120D | Aint Biny 34.2ns

According to the system circuit and power loss analysis be-
low, the theoretical power loss comparison is shown in Fig. 9.
The rectifier switching loss Prec_sw With the conventional power
distribution method under different ratios of M to M, and loy is
shown in Fig. 9(a). Here, Prec_sw is independent of M:/M; and is
affected by lou. While the system is controlled by the PPP
method, as shown in Fig. 9(b), Prec_sw is well limited since only
one rectifier is dynamically regulated, and the other rectifier
operates with a tiny turn-off current or even be shut down. This
result is consistent with the theoretical analysis.

Meanwhile, the ESRs loss at the receiver side Pesrs_rec and
the rectifier conducting 10SS Prec cond With these two power
distribution methods are plotted in Fig. 9(c) and (d). With the
low ESRs of the receiver coils in the small size magnetic cou-
pler and the designed compensation parameters, Pesrs_rec IS Well
limited. In theory, though the PPP control method will increase
Pesrs_rec, this part of power loss is still a tiny part of the overall
system power loss. Meanwhile, by utilizing the IXFX420N10T
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in the rectifier, the rectifier conducting 10sS Prec_cond IS also kept
at a low level. What needs to be emphasized is that Pesgs_rec and
Prec_cond Of the system adopting these two power distribution
methods have nearly no difference. Thus, while Prec sw is re-
duced, the improvement of the system efficiency is significant.

S0 pew 10
2 90 . 2 90 Precsy
=]
£ 60 \ ‘ " 60 x
(5
2 30 Z 30
& 0, & 0, Q
» =¥ 50 . 15 50
15 304 4, 15 B0 0
Y 110 20 (o g 110 20 o
(@) ®)
Z 10 B 8, 10 Bl
8 L Es 2
- -
£ £

z £ 16
Z g 12|
e . 8
L
. S
=¥ A ol
w50
3 20\ 520 Piny_conc
Z 15 | 215 X
S 10l : 2
2 10/ = 10
g 4] P, 2 5] y 2R
z 5 ESRs ttan 2 5 ESRs_tran
o o
&l & o
’ 40 30 : 1.5 g 0
= 30 79 Ay, 0
“ag 1010 20 1 gy 1710 20 1M
(€3] ()

Fig. 9. The calculated power loss of each part. (&) Pre_sw With the conventional
power distribution method and (b) the proposed PPP control method, (c)
Prec_cond @nd Pesgrs_rec With the conventional power distribution method and (d)
the proposed PPP control method, (e) Pin sw With the conventional power
distribution method and (f) the proposed PPP control method, (g) Piw cond @nd
Pesrs_ran With the conventional power distribution method and (h) the proposed
PPP control method.

The switching losses of the inverter with different power
distribution methods are plotted in Fig. 9(e) and (f). The curves
of Pinv sw have similar trends of Prec sw, Which indicates the
effectiveness of the proposed PPP control for reducing the
inverter switching loss. Here, by utilizing C3M0021120D in
the inverter, Pin_sw accounts for a limited part of the overall
system loss. The comparisons of Pin cond and Pesrs tran are
shown in Fig. 9(g) and (h). Similarly, Pin cond and Pgsrs_tran OF
the system adopting these two power distribution methods have
nearly no difference and occupy a small percentage of the
overall system power loss.

D. The Control Strategy and the Diagram of the PPP control

The control diagram of the receiver side is depicted in Fig. 10.
The main control goal is to provide the required power de-

IEEE-TPEL

pending on the charging state of the vehicle battery. Meanwhile,
the ZV'S operation should also be realized by the phase tracking
modules. Within the control goals, the flowchart of the pro-
posed PPP control is designed in Fig. 11.

) b o
- . > Generator
0ss1_(Zero-cross)_lu
detection - lout
—vP1 Rectifie] T >
Phase P lout
Tracking @
jleip J

C +
L PPP = R |Vou
% ~{Controller| |~ |Controller| -
——
Vies ja)Mzip pecthie Iout2
Phase Qa2 ]
Tracking< D ok
P2
Vgs s5_(Zero-cross) _ |
detection A
S P2, pWM
B2 »{ Generation )

Fig. 10. The control diagram of the PPP-based controller on the receiver side.
Firstly, while li; and li» are measured and input to the PPP
controller, the boundary lines of the different operation modes
can be obtained. Meanwhile, the system output current o, can
be calculated with the known $1 and f,. By comparing the lou,
lu, Itz and the calculated lqy, the receiver operation mode can be
selected with hysteresis control in the PPP controller. Only one
active rectifier will be dynamically adjusted by the PI controller
with the measured Vo and the reference output Vier, while the
other is fixed with a constant conducting angle  or 0. Secondly,
the phases of iy and i, are obtained by using zero-cross detec-
tion. With the assistance of the phase comparison circuits,
phase differences @1 and ¢ are controlled to track the reference
angle ¢. Thus, the ZVS operations can be guaranteed. By test-
ing the switching performance of the MOSFETSs under the

whole power range, ¢ is set as 5here as an example.
Regulate y, by the
Pl controller

Regulate y, by the

Shut down
PI controller Measure Iy, I Receiver#l
4 v N
Shut down Calculate oy -

Regulate y; by the
Pl controller

Regulate y, by the
Pl controller

Shutdown
Receiver#2

Regulate y, by the ‘ Regulate y; by the
Pl controller Pl controller

Fig. 11. The flowchart of the PPP-based power distribution strategy.
A
Mode4 < =

Mode2

Mode3
Model

A\ 4
A

»
0 Mg Mgy Ao Alutle)
Iout
Fig. 12. The diagram of the designed hysteresis control in the PPP controller.
Moreover, to determine and transit the operation modes,

considering the characteristics of Mode 1~Mode 4, an available
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but straightforward hysteresis control method is designed in the
PPP controller. As shown in Fig. 12, due to the output current
limitation in Mode 1 and Mode 2, when lo increased to A/u
(Al), Receiver #1 (Receiver #2) is not able to provide more
power. Thus, the receiver should be switched to Mode 3 (Mode
4) at lou=Alu (lou=Al2). However, according to the experimental
test, when the receiver operation mode switches from Mode 3
(Mode 4) to Mode 1 (Mode 2), the hysteresis switching point is
set at 10,=0.98 Alu (1ou=0.98 Al). Besides, since there is a
large overlap in the power coverage of Mode 3 and Mode 2, the
switching point of Mode 3 to Mode 2 can be set at loy=1.0274iv,
while the other switching point of Mode 2 to Mode 3 is de-
signed at lou=0.9811giv.

IV. EXPERIMENTAL VERIFICATIONS

A. Experimental Prototype

To verify the validity of the proposed PPP method, a
24V-50A output experimental prototype is built and shown in
Fig. 13, using the parameters in TABLE IIl. Digital signal
processor (TMS320F28335) is used as the controller for PIWM
generation in the proposed control method.

DSP2 Voltage
sensor

e .

Current
Sensor

Inverter &,'.
Fig. 13. Experimental setup.
The magnetic coupler with the BP receiver coil structure is
employed in this experimental prototype. The dimensions of
the magnetic coupler are designed with ANSYS MAXWELL
software, as shown in Fig. 2. The simulated and experimental
mutual inductances M1 and M versus x-axis misalignment are
shown in Fig. 14. Errors of M1 and M, between the simulation
and experiment are subsistent and acceptable, which is caused
by the difference between the handmade magnetic coupler and
the ideal MAXWELL model. While the magnetic coupler is
well-aligned, the coupling coefficient between the single re-
ceiver coil and the transmitter coil is about 0.35. x € [-60mm,

60mm] is set as the movement range of the receiver coils.
12 T T T

T T T T
Designed operation area

=
o

[ee]
T

(=2}
T

—&— Sim. M,
—©- Meas. My
—-4-— Sim. M,

—'%'~ Meas. M,

IS
T

Mutual Inductance (uH)

N
T

Qg0 60 40 20 0 20 40 60 80
Misalignment Distance (mm)

Fig. 14. Simulated and measured M; and M, against the misalignment distance.

The coils in the experimental setup are shown in Fig. 15. The

20mm?-Litz-wire is utilized here. In Fig. 15(a), the transmitter

coil is made by the two-strand paralleled Litz-wire. For the BP

receiver coils, the single-strand Litz-wire is adopted for re-
leasing the weight of the receiver coil since its maximum cur-
rent is limited in 7A, as shown in Fig. 15(b). It should be noted
that, for further reducing the size and weight of the receiver,
refer to the inductor integration methods in [45]-[47], the
compensation inductors Ly and Ly, are integrated at the outside
of the ferrite in the receiver. By designing these inductors in the
DD structure, these inductors are well decoupled to the receiver
coils and the transmitter coil. Then, the load-independent con-
stant output current is still achieved. Meanwhile, since Ly and
Ly are only ~2.64uH, the cost of the Litz-wire is also limited
even the inductors are made by the two-strand paralleled
Litz-wire, as shown in Fig. 15(c).
300mm 200mm

200mm »

| - 7 s = 2
i Qecoil: 2 strands>15 tums | { BP coil: 1 strand>4 turns | | DD coil: 2 strands>3 turns |
@) () ©
Fig. 15. Structure and dimensions of (a) the transmitter coil, (b) the BP receiver

coils and (c) the DD comparison inductors.

B. Experimental Waveforms
1) Waveforms of M1=M,
i [50 Axl div] it [50 AQ/ div]
WAV A VAV ACATE TA

i [50 \fl div]  Voue[50 V/ div] | | i [50 \A/ div]  Vour [50 V/ div]

.-u s \ {d fam l J

[t: 2 ps/ div]
(€Y (b)

Fig. 16. Experimental waveforms of iy, i, Vout, Vourz With (a) the conventional
method and (b) the PPP control method when M;=M, and 1,,=37.5A.

[t: 2 ps/ div]

i, [10 A/ div] i, [10 A/ div]
is1 [20 A/ div] is1 [20 A/ div]
is2[20 A/ div] is2[20 A/ div]
YV RV N U N e N e
[t: 2us/ div] [t: 2ps/ div]
(@) (b)

Fig. 17. Experimental waveforms of iy, is, is2, Vin With (&) conventional method
and (b) the PPP control method when M;=M, and 1,,=37.5A.

Fig. 16 shows the waveforms of i, iw, Vout1, Vourz USING two
different power distribution methods in the heavy-load condi-
tion (lou>4fu) with M1=M,=8.7pH. The DC output voltage and
current are maintained at 24V and 37.5A. In Fig. 16(a), when
the conventional power distribution method is applied, rectifi-
ers are regulated to output the same i and i with the y1=y,. Fig.
16(b) shows the corresponding waveforms with the proposed
PPP control method. In this case, Receiver #1 is in Full-load
status with y1=r, and only the rectifier in Receiver #2 is ad-
justed to suit the load required current.

Fig. 17 compares the waveforms of iy, isi, is2, Vin USING tWO
control methods. When the conventional power distribution
method is adopted, Is; and I, are the same, which leads to
minimal ESRs loss on the receive coils. While using the PPP
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control method, with the rectifiers operating in Mode 3, Is is
lower than Is;. Thus, though the ZVS operation is achieved with
both power distribution methods, the measured overall effi-
ciency using the PPP method is up to 87.5%, which is improved
by 1.3% compared with that of the conventional method.

Similarly, Fig. 18 contrasts iu, i, Vout, Vouz USING two
methods in light-load condition (lou<Afi1) with M1=M>=8.7pH.
The DC output voltage and current are maintained at 24V and
18.5A. Comparing the waveforms in Fig. 16(a) and Fig. 18(a),
when using the conventional power distribution method, con-
ducting angles in the light-load condition are smaller, resulting
in more switching loss. The measured overall efficiency is
sharply decreased from 86.2% to 72.1%. Fig. 18(b) shows the
corresponding waveforms with the proposed PPP control
method. In this case, only Receiver #2 is adjusted to regulate
the system output current, while Receiver #1 is shut to avoid
extra switching loss.

1450 A/ div] i [50 a divl v 0
\VAAVANVIA R Ivan v vanv/
0[50 V] Voo [50V/ A | | [SQA G Voug [50 V1 iv]

[t: 2 ps/ div] [t: 2 ps/ div]

(@ (b)
Fig. 18. Experimental waveforms of iy, i, Vout, Vourz With () the conventional
method and (b) the PPP method when M;=M, and 1,,=18.5A.

ir [10 A/ div] [, [10 A/ div]
is1 [20 A/ div] i1 [30 AV iv]
is2 [22 Al div] is2 [20 A/ div]
[ i R N
[t: 2us/ div] [t: 2us/ div]
(@) (b)

Fig. 19. Experimental waveforms of iy, is, Is, Vin With (a) the conventional
method and (b) the proposed PPP control method when M;=M, and l,,=18.5A.
As shown in Fig. 19(a), when the conventional power dis-
tribution method is adopted, Is; and I, are still the same. With
the PPP control method, ls; is approximately equal to zero,
which verifies the theoretical analysis. Besides, as shown in
Fig. 19(b), the reactive component and harmonic content in iy
with the PPP method are less than that with the conventional
method, which reduces the turn-off loss of the inverter. The
measured overall efficiency using the PPP method is up to
79.3%, which is improved by 7.2% compared with the con-
ventional method.
2) Waveforms of M1<M,

i [50 A/ div]

i [50 A/ div]

i [SO\A/div] Vouz [0 V/ div] | i [50 AV V] Voua [50 VI div]

[t: 2 ps/ div] [t: 2 ps/ div]
@) (b)

Fig. 20. Experimental waveforms of iy, iw, Vou, Vourz With () conventional
method and (b) the PPP control method when M;=0.5-M, and l,,=30A.
When M1=0.5-M; (Mi=~5uH and M,=~10uH), the wave-

forms of the iu, iw, Vou, Vourz USiNg the conventional power
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distribution method are shown in Fig. 20(a). Vou and loy are set
as 24V and 30A. In this situation, rectifiers are still regulated
with y1=y> while iy is only two-thirds as ip, which results in high
switching loss. Here, the measured system efficiency is 86.5%.
While using the proposed PPP control method with Mode 4
under the same condition, only y: is adjusted to suit the load
requirements, and y; is still fixed at x, as shown in Fig. 20(b).
The measured overall efficiency is up to 89.6%, which is im-
proved by 0.9% compared with the conventional method.
Moreover, with the PPP control method, the drain-source
voltage and the gate-source voltage of the MOSFET S; in the
rectifier and the MOSFET Py in the inverter are shown in Fig.
21. By setting the dead time of the active rectifier 53=300ns and
the phase difference ¢p1=¢2=5< vgs s1 and vgs p1 always begin to
turn to the high level after vgs s1 and vas p1 are completely de-
creased to zero, which indicates that the ZVS operations are
achieved in rectifiers and inverter.

MZVS T

(a) (b)
Fig. 21. Experimental waveforms of (a) Vs s1 and Vgs s1, () Vas p1 @and Vg o when
M1=0.5‘M2 and Iou(:3OA.

C. Efficiency Comparison and Analysis

TABLE IV
SYSTEM SPECIFICATION AND PARAMETER VALUES OF THE SINGLE RECEIVER
WPT SYSTEM

Symbol ~ Value | Symbol Value Symbol Value
Ve 350V Vout 24V lout 10~50A
Ly 14.4uH Cy 53.8nF Rsq 60.1mQ

L 2.64uH Cyq 239.9nF R 2.5mQ

f 200kHz S1-S4 IXFX420N10T | Air gap 30mm

Moreover, to offer a fair and complete comparison, a single
receiver WPT system with the LCC-LCC topology is also built.
Here, the transmitter is remained, while only the receiver coil
and its compensation network are replaced in the sin-
gle-rectifier receiver. The key parameters of the single receiver
system are listed in TABLE IV, where Lg is the receiver coil,
while Csq, Liq and Cyq are the compensation elements in the LCC
network. Rsq and Ry are the ESRs in the corresponding loops.
The coils of the magnetic coupler in the experimental setup are
shown in Fig. 22(a).
200mm

N
o
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0

[
o

Mutual Inductance (uH)
=
(=2}

N
N

1
0—80 -60 -40 -20 0 20 40 60 80
Misalignment Disdance (mm)

_______________________________

Fig. 22. (a)Structure and dimensions of the single receiver coil, (b) the mutual
inductance Mg against the misalignment distance.
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To achieve the same maximum system output current, the
mutual inductance between the single receiver coil and the
transmitter coil Mg is designed at 17.4uH when the magnetic
coupler is well-aligned. The receiver coil is designed with
1-strand and 7-turns Litz-wire and the same size as the BP
receiver coils. The mutual inductance against the misalignment
distance is plotted in Fig. 22(b).
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Fig. 23. The system efficiency against the output power when the misalignment
distance (a) x=0mm, (b) x=-45mm, and (c) x=-60mm.

The trends of the overall system efficiency against the sys-
tem output power with different misalignment distances are
plotted in Fig. 23. When the magnetic coupler is well-aligned,
the rectifiers operate under Mode 2 and Mode 3 at the corre-
sponding load power demands with the proposed PPP control
method, as shown in Fig. 23(a). Compared with the conven-
tional power distribution method with the dual-receiver WPT
system, the proposed method can improve the system effi-
ciency by up to ~9%. When the mutual inductances are un-
balanced, the receiver will operate respectively under four
modes at the corresponding load power demands with the PPP
method. In this situation, the proposed method can increase the
system efficiency by ~10%, compared with the conventional
method, as shown in Fig. 23(b) and (c). Meanwhile, the effi-
ciency of the dual-receiver WPT system is always much higher
than that of the single receiver WPT system with the whole
operation range.

||:| PESRs - Piny EI Precl

M;=M, M;=0.66M, M;=0.5M,
Conv.  cony,
Conv.
Conv. Conv.
PPP PPP
PPP PPPCOHV.

PPH

o+— 1 ; 1 1 1 1 1 1
250W 500W 750W 250W 500W  750W 250W 500W  750W
Fig. 24. The power loss distributions under different ratios of M; to M,.

In Fig. 24, the power losses of each stage are analyzed under
different mutual inductance conditions. Compared with the
conventional power distribution method, when Mi=M, the

proposed PPP control method can decrease the rectifier loss by
~26% @ Pou=250W, ~41% @ Po.=500W and ~31% @
Pou=750W. When M;=0.66-M, the rectifier loss can be re-
duced by ~42% @ Pou=250W, ~26% @ Pou=500W and ~24%
@ Pou=750W. Furthermore, the rectifier loss is reduced by
~45% @ Pou=250W, ~26% @ Po.w=500W and by ~24% @
Pou=750W as M1=0.5-M,. Besides, the inverter loss is also
reduced with the proposed PPP control method, while the ESRs
are maintained at a low level. In conclusion, with the PPP
control method, the rectifier loss is reduced apparently in the
experimental setup, which indicates the effectiveness for effi-
ciency improvement of the proposed method.

D. Dynamic Response

Tou [50 A/ div]

, (@)
1o [50 A giv]g 1,4i50 A/ giv]
t=oor hel7A T TS m0A” loa=26A i |m:20A': "~ 1ou=26A |
L s
P Ay Pig[20 AVdiv]
P ia[20A/div] i | o W] b
H IS‘ 20 Algliv] & | tis, [20 Aldiv] i
Mode2 i Mode3 i Mode2 [* Mode4 Mode2 1" Mode4
(b) (©)

Fig. 25. Experimental dynamic response waveforms of Vo, lou, is1, is2 While (a)
switching between Mode 1 and Mode 3, (b) switching between Mode 3 and
Mode 2, and (c) switching between Mode 2 and Mode 4.

To verify the actual effect of the designed hysteresis control
and PI control, the dynamic response waveforms of Vou, lout, is1
and is, when the load current is changing are provided in Fig.
25. With M1=0.5M2, when lo varies slowly between 13A and
15A, the receiver is switched between Mode 1 and Mode 3.
During the load variation process in Fig. 25(a), Vout can be
maintained at a constant value without obvious oscillation or
fluctuation, and no frequent switching phenomenon is ob-
served. The same conclusion can also be obtained from Fig.
25(b), (c), which show the dynamic response waveforms when
lout Varies between 17A (Mode 3) and 20A (Mode 2), and be-
tween 20A (Mode 2) and 26A (Mode 4). Thus, the dynamic
performance of the control system can be well proved.

Misalignment Well-aligned Misalignment  Misalignment Well-aligned Misalignment
1 4 ]
L =] ] L =)
louw [SOA div] o [50 A/ div]
1,u=34A " « To=26A >
H—-—_—
: v N t i [20 A/ divi® i
2 (200 0] i (20 AV div) L b A

| i1 Mode4 H |
i H H |

a b
Fig. 26. Experimen(tzzl dynamic response waveforms of Vom(, I)om, is1, Is; while the
receiver is moving with (a) lo.=34A and (b) lou=26A.
Moreover, for the dynamic applications, the waveforms
when the receiver moves with a low speed are shown in Fig. 26.
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While the receiver is moving, as shown in Fig. 26(a), Vou and
lout can be kept as 24V and 34A, and the receiver operates in
Mode 4 stably. When loy is set to 26A, the designed hysteresis
control will switch the receiver into the corresponding operat-
ing mode with different misalignment conditions, as shown in
Fig. 26(b). With the cooperation of the PI control and the hys-
teresis control, Vout and loit can be maintained without noticea-
ble overshoot or oscillation in the moving process, which in-
dicates its good performance of dynamic response and stability.

E. Comparison with the Other Low-voltage and high-current
output WPT system for LEVs charging

In the last decades, several methods have been investigated
for the low-voltage and high-current power supply system, e.g.,
LEVs charging application to achieve a high power transfer
efficiency [13], [14], [18], [19]. In [13], the du-
al-receiver-system with a DC-DC converter is adopted, which
results in a low overall system efficiency. Besides, the volume
of the receiver is also sacrificed due to the utilization of addi-
tional DC-DC converter. In [14], the series-series (S-S) com-
pensation network is used in the 24V-75A output WPT system
with ~89.9% efficiency. However, the multi-strands-paralleled
Litz-wire in the receiver coil increases the cost and the weight
of the magnetic coupler. In [18], the LCC-LCC compensation
network is employed in the low-voltage and high-current out-
put WPT system with the optimized current stress of the re-
ceiver coil. However, with only one receiver, the power loss in
the receiver cannot be further reduced. In [19], with the S-S
topology and the dual half-wave rectifier, multiple loads can be

IEEE-TPEL

supplied with a 10A output current. Nevertheless, the receiver
coil suffers from a large current stress due to its single receiver
coil structure, which will lower the overall efficiency.

Compared with the above literatures, the main contribution
of this paper is to reduce the ESRs loss and optimize the
switching loss in the dual-receiver WPT system by reallocating
the power flow through the receivers. When the load required
current is varying with different misalignment conditions, the
proposed system can obtain a stable output with a high overall
efficiency. The comparisons are summarized and listed in
TABLE V.

V. CONCLUSION

In this work, an efficiency improving method based on the
PPP control is proposed for the dual-receiver WPT system.
According to the mathematical analysis of the switching loss on
the active rectifiers, the operation modes of the receiver are
divided into four categories, and the corresponding character-
istics for four modes are summarized. To reduce the rectifier
switching loss and improve the overall system efficiency, a
closed-loop control strategy is designed for selecting the oper-
ation mode of the rectifiers and regulating their conducting
angles. To verify the proposed method, a 24V-50A prototype is
set up. The experimental results show that, compared with the
conventional power distribution method based on the imped-
ance matching, the proposed PPP method can improve the
efficiency by 6~7% with different misalignment situations,
achieving as high as over 92.2% at the heavy load conditions.

TABLE V
SUMMARY AND COMPARISON OF THE PREVIOUS LOW-VOLTAGE AND HIGH-CURRENT WPT SYSTEMS
Reference Power regulating Circuit | Compensation Outpu.t _ Receiver coil size Operating Coupll_ng Output Efficiency
method structure network characteristic frequency | coefficient | power
[13] DC-DC converter re?:ie\lller S-P 30V-10A 300mm*300mm*26mm 10kHz 0.35 300W 88%
[14] . f’c'gﬁleer S-S 24V-75A | 220mm*220mm*10mm | 85kHz 07 1.8kW | 89.9%
[18] . ;‘QE/‘; Lcc-LcC 24V-75A | 220mm*220mm*10mm | 85kHz | 0.68~0.92 | 1.8kW 88%
[19] Half wave Singe S-S 48V-10A 85kHz 0.23 480W | 90.93%
rectifier receiver
This Active Dual . « o
paper Rectifier receiver LCC-LCC 24V-50A 200mm*160mm*25mm 200kHz 0.35 1.2kw 92.2%
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B Reviewer: #1
Comments to the Author:

(1) The paper focuses on wireless charging for light electric vehicles, like AGV. In this scenario, a small

size, lightweight, simple receiver is desired. The proposed dual-receiver IPT and the LCC-LCC topology

seem not suitable for the proposed application. The simple SS is more attractive.

Response: Thanks for your valuable review. Exactly, the simple SS compensation network or LLC
compensation with only one receiver will cost less passive and active elements. However, considering the
power transfer capacity, the power loss and the misalignment tolerance, adopting the dual receiver WPT
system with the LCC-LCC compensation networks is more reasonable and adaptive. Although more
elements are employed in the LCC-LCC compensation networks, these passive elements could even be
integrated into the coupler, while the size and weight of the receiver are not increased apparently [R1]-
[R3]. Here, the detailed analysis is provided as follow.

1) Power transfer capacity

In the past researches of the low-voltage and high-current output WPT systems, the single receiver
topology with one receiver coil and one rectifier is already reported [R4]-[R5]. However, to increase the
power transfer capacity and release the current stress of the low-voltage and high-current WPT
system, the dual receiver topology with two receiver coils and two rectifiers is also attractive. Due
to the ampacity limitation of the Litz-wire, the MOSFETs in the active rectifier and other passive elements,
increasing the number of the power transfer channels is an effective way to reduce the equivalent series
resistances (ESRs) loss and the conducting loss of the rectifier. Since the currents in each power transfer
channel can be halved, the total ESRs loss and rectifier conducting loss can also be halved, which could
obviously improve the system power transfer capacity.

2) Power loss

While adopting the dual receiver system to increase the power transfer capacity and reduce the power
loss on the receiver side, the compensation network should also be well selected and designed. To provide
a flat electromagnetic field and a constant current output characteristic, the LCC-LCC compensation
network is adopted. Compared to the conventional SS compensation network, the LCC-LCC network
not only well limits the transmitter coil current while misalignment occurs, but also provide more
freedom degrees to release the coil current, which further reduces the ESRs loss and the ampacity
requirements of the receiver coils [RS]. By designing the parameters of the LCC networks, the current

stress of the receiver coils can be further reduced. In the revised manuscript, a 24V-50A output WPT
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system is rebuilt, and the key parameters are listed in TABLE RI. When the system output current is up
to 50A, the currents in the receiver coils with different compensation networks are listed in TABLE RII.
In the rebuilt experimental setup, due to the characteristic of the LCC-LCC compensation networks, the
current in each receiver coil is lower than 7A, which is much lower than that of the SS compensation with
the single receiver and dual-receivers. Moreover, the ESRs loss on the compensation inductors is also

limited because of its low ESRs value.

TABLE RI
SYSTEM SPECIFICATION AND PARAMETER VALUES OF THE REBUILT EXPERIMENTAL SETUP
Symb. Val. Symb. Val. Symb. Val.
Ve 350V Vout 24V Low 5~50A
L, 29.5uH C; 21.46nF R, 40mQ
L, 90.4uH (8 10.4nF R, 220.1mQ
L 2.63uH Cy 240.8nF Ry 2.9mQ
Lo 2.64uH Co 239.9nF Ry 2.9mQ
Lg 6.92uH Cq 147.6nF Ry 23.0mQ
L 7.09uH Cq 142.3nF Ry 24.1mQ
f 200kHz | Si-Ss  IXFX420N10T | Arect Brec 138ns
Air gap 30mm P-P,  C3M0021120D | At Biny 34.2ns
TABLE RII

COMPARISON OF THE RECEIVER COIL CURRENTS WITH DIFFERENT RECEIVER TOPOLOGIES

SS compensation with a SS compensation with LCC-LCC compensation
single receiver dual-receiver with dual-receiver
50A 25A TA

Meanwhile, the LCC circuit can reduce the harmonic currents, especially in short gap
applications, while the harmonic currents in the SS compensation system will effectively induce
extra power losses [R5]. Besides, here is another issue while adopting the SS compensation networks in
the dual receiver WPT system. Since the circuit characteristic of the SS compensation network, while the
mutual inductance between the transmitter coil and the two receiver coils are not balanced, the circulation
phenomenon will occur, which seriously affects the overall system efficiency. However, in the dual
receiver WPT system with LCC-LCC compensation networks, the ratio of receiver output currents is only
determined by the mutual inductance M and M- ratio, and no circular current will be produced on the
receiver side. In conclusion, adopting the LCC-LCC compensation network in this situation is an available
way to improve the ESRs loss and avoid the extra loss caused by harmonic currents and circulation.

3) Misalignment tolerance

Compared with the single large coil, the BP coil structure used in this paper is widely introduced in
much literature before. With two individual coils are placed at both ends of the receiver, the magnetic

field at the BP coil structure-based receiver side will be more uniform, and a better misalignment
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tolerance can be achieved [R6]-[R9].

Ferrite

Transmitter ¢
(15 turns)

@)

BP Receiver coils
(4 turns)

Single receiver coil
(7 turns)

Ferrite

(15 turns)

(b)

Fig. R1. The model and dimensions of the magnetic couplers (a) with the BP receiver coils and (b) the single Q receiver coil.

To quantize the improvement of the misalignment tolerance, the simulation models of these two

couplers are built in ANSYS MAXWELL software. The model and dimensions of the magnetic couplers

are shown in Fig. R1. Here, in the revised manuscript, a new coupler size is adopted. The length and width

of the transmitter coil are still 300mm and 200mm, while the length and width of the receiver coil are

reduced to 200mm and 160mm for suiting the actual Light Electric Vehicles (LEVs). The trends of the

simulated mutual inductances against the misalignment tolerance are plotted in Fig. R2. With the same

size of the magnetic coupler and the same maximum mutual inductance, compared with that of the BP

structure, the mutual inductance of the single receiver coil decreases more when the misalignment

occurs, which well prove the improvement of the misalignment tolerance with the BP receiver coils.

= = -
o1 o ~

=
'S

Mutual Inductance (uH)

oM +M, —aM,

-60 -40 -20

20 40 60 80

Misalignment Disdance (mm)

Fig. R2. The simulated mutual inductance between the transmitter coil and the receiver coils against the misalignment distance.

4) Size and weight

Although adopting two receivers seems to increase the complexity of the WPT system, the size

and weight can be limited. As shown in Fig. R1, with the same coupler size and fully covered ferrite,

the costs of the ferrite are totally the same in the single large coil and the BP coils. Meanwhile, the 20mm?-

Litz-wire is used in this design. The single large coil costs ~4.83m two strands in parallel Litz-wire.

Besides, the BP receiver coils totally cost just ~4.24m single strand Litz-wire in total with half current
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stress.

Compensation inductors
(3 turns)
N

Ferrité'
Fig. R3. The model and dimensions of the compensation inductors integrated into the magnetic coupler.

To make the system more compact, the compensation inductors can also be integrated into the
magnetic coupler. Similar ideas are already proposed in [R1]-[R3]. As shown in Fig. R3, by placing DD
coils at the outside of the ferrite in the receiver as the inductors, the size and weight of the
compensation inductors can be saved without any extra ferrite. The trends of simulated mutual
inductances between each coil integrated into the coupler are plotted in Fig. R4. Here, M1 and M- are the
mutual inductances between the transmitter coil and the individual BP receiver coil. Mp-11 and Mp-2 are
the mutual inductances between the transmitter coil and the DD compensation inductors. Msi-t1, Msi-2,
Ms2-11 and Ms2-2 indicate the mutual inductances between the BP receiver coils and the DD compensation
inductors. In addition, Msis2 indicates the cross-coupling between the BP receiver coils, while M-
indicates the cross-coupling between the DD compensation inductors. The simulation results show that,
with the BP receiver coil structure and the integrated DD inductors, all the coils at the receiver side
can be well decoupled, and the compensation inductors are well decoupled with the transmitter coil.

Then, the load-independent constant output current can be achieved.

12 180
160 |
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5 £
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Fig. R4. The simulated mutual inductance between each coil in the coupler against the misalignment distance.
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| Q coil: 2 strands15 turns |

Fig. R5. Structure and dimensions of (a) the transmitter coil, (b) the BP receiver coils and (c¢) the DD comparison inductors.

The experimental setup of the coils in the designed WPT system is shown in Fig. RS, since the
compensation inductors are integrated with the receiver coils. The extra ferrite for these inductors is not
ever required. Meanwhile, the cost of the Litz-wire for the inductors is also limited, which is only 2.88m
two strands in parallel Litz-wire in this paper. Thus, the size and weight of the proposed receiver can
be well limited.

The new experimental setup is shown in Fig. R6. Benefits of the high-frequency characteristic of the
capacitors, while the system frequency is increased, the ESRs of the capacitors are reduced, which means
that fewer capacitors are required in the setup for the high current conditions. In addition, to further reduce
the size of the passive elements, the compensated capacitors in one LCC compensation network Csi, Cti
and Cs2, C2 can also be integrated as entire capacitor elements since they share a common node, as shown

in Fig. R6.

DSP2 B Voltage
sensor

Current [

~Inverte

Fig. R6. Experimental setup in the revised manuscript.

In conclusion, the comparison between the simple SS compensated system and the LCC-LCC
compensated dual-receiver system is listed in TABLE RIII. The LCC-LCC compensated dual-receiver
system has advantages in power transfer capacity, power loss and misalignment tolerance.
Meanwhile, though more passive elements are required in the proposed WPT system, the increase

of the size and weight of the receiver can be well limited by some integration methods.
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TABLE RIII

COMPARISON OF THE RECEIVER COIL CURRENTS WITH DIFFERENT COMPENSATION NETWORKS

Simple SS compensated LCC-LCC compensated

system dual-receiver system
Power transfer capacity Low High
Power loss High Low
Misalignment tolerance Ordinary Improved
Size and weight Small and light Well limited

[R1]F. Lu, H. Zhang, H. Hofmann, W. Su, and C. Mi, “A dual-coupled LCC compensated IPT system with a compact
magnetic coupler,” IEEE Trans. Power Electron., vol. 33, no. 7, pp. 6391-6402, Jul. 2018.

[R2] H. Zhang, C. Zhu and F. Lu, “A Compact and Low-Distortion Inductive Charging System for Automatic Guided
Vehicles Based on LCC Compensation and Integrated Magnetic Coupler,” 2019 [EEE Transportation
Electrification Conference and Expo (ITEC), 2019, pp. 1-5.

[R3] P. Zhang, M. Saeedifard, O. C. Onar, Q. Yang and C. Cai, “A Field Enhancement Integration Design Featuring
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36, no. 4, pp. 3852-3867, April 2021.

[R4]F. Lu, Y. Zhang, H, Zhang, C. Zhu, L, Diao, M. Gong, W. Zhang, and C. Mi, “A low-voltage and high-current
inductive power transfer system with low harmonics for automatic guided vehicles,” in /EEE Trans. on Veh.
Technol., vol. 68, no. 4, pp. 3351-3360, Apr. 2019.
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vol. 66, no. 9, pp. 6867-6875, Sept. 2019.

[R6] G. Covic, M. Kissin, D. Kacprzak, N. Clausen, and H. Hao, “A bipolar primary pad topology for EV stationary
charging and highway power by inductive coupling,” Proc. IEEE Energy Convers. Congr. Expo., Phoenix, AZ,
USA, 2011, pp. 1832-1838.

[R7] A. Zaheer, D. Kacprzak, and G. Covic, “A bipolar receiver pad in a lumped IPT system for electric vehicle charging
applications,” Proc. IEEE Energy Convers. Congr. Expo., Raleigh, NC, USA, 2012, pp. 283-290.

[R8] A. Zaheer, G. Covic, and D. Kacprzak, “A bipolar pad in a 10-kHz 300-W distributed IPT system for AGV
applications,” in /EEE Trans. Ind. Electron., vol. 61, no. 7, pp. 3288-3301, Jul. 2014.

[RI]F. Lin, S. Kim, G. Covic, and J. Boys, “Effective coupling factors for series and parallel tuned secondaries in IPT
systems using bipolar primary pads,” in [EEE Trans. Transp. Electrif., vol. 3, no. 2, pp. 434—444, Jun. 2017.

(2) The author claimed that this work is for the low-voltage and high-current charging case. However, in

the experiment, the voltage is 72V and the current is lower than 10A. It is not a real low-voltage and high-

current application. The typical low voltage should be 24V/36V/48V and the high-current should be more

than 50A. In this case, the equivalent resistance is very small and receiver coils design will be difficult,

which is the main challenge.

Response: Thanks for your review and suggestion. According to your suggestions, we rebuilt a 24 V-
S50A output WPT system in the revised manuscript to verify the performance of the proposed PPP
method. The LCC-LCC compensated dual-receiver topology is adopted, as shown in Fig. R7.

The magnetic coupler and the rebuilt experimental setup are shown in Fig. RS and Fig. R6. The
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parameters of the rebuilt experimental setup are introduced in TABLE RI. As shown in Fig. R5(a), the
transmitter coil is in the unipolar square shape. The transmitter coil current 7 is only about 9A, and the
two-strand paralleled Litz-wire is adopted in the transmitter coil. Due to the well-designed LCC-LCC
compensation parameters for the BP receiver coil, the maximum current in the receiver coils is limited at
7A, and single-strand Litz-wire is also adopted, as shown in Fig. R5(b). For the compensation inductors,
since the RMS value of the current is approaching more than 27A, the two-strand Litz-wire is used to
make Lu and Li, as shown in Fig. R5(c). The power MOSFETs are also reselected. At the receiver side,
the low-voltage-low-conducting-resistance MOSFET IXFX420N10T is selected for reducing the

conducting loss of the active rectifier.

gy

+
T Vo_ut[] RL

Receiver#2

Fig. R7. Schematic diagram of the LCC-LCC compensated dual-receiver WPT system.

With the rebuilt experimental setup, while the magnetic coupler is well-aligned, the output current
can be up to 50A, and the maximum power transfer efficiency can be obtained at 92.4%. According to
the results of the rebuilt setup, we can find that the WPT system with the proposed PPP method performs
higher system overall efficiency than the system with the conventional power distribution method, and
the power loss of the rectifiers, mainly the switching loss, has been apparently reduced. A detailed analysis

of the experimental results is introduced in the revised manuscript.

(3) The caption of Fig.l is incorrect.

Response: Thanks for your careful review. We have corrected the caption as “Schematic diagram of the
dual receiver WPT system with LCC-LCC compensation networks.” in the revised manuscript, and the

modification are highlighted in red.

n_the active rectifier, the duty cycle is not always . why? For efficiency optimization? This wi
(4) In _the acti tifier, the duty cycle is not al 50%, why? For effici timization? This will

induce additional power loss and reduce the power. When the misalienment occurs, the duty cycle

becomes smaller, which will further decrease the power in the misaligned case. This control is adverse to
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the power output.

Response: Thanks for your careful review. We do increase the active rectifier's duty cycle to 50% when
the system is fully loaded. However, when the load required power is reduced, the active rectifiers should
be regulated to suit the load demands, and their duty cycle will be decreased. The main contribution of
this paper is to improve the overall system efficiency by adjusting the power distribution in different
power channels, while the active rectifiers are regulated for adapting different load and different

misalignment conditions.

(5) In the conventional design, the currents are more balanced, which aims to achieve the minimum coil

loss, which should be smaller than the PPP strategy. However, in fig.20, it seems the conventional method

does not show the advantage in ESR loss.

Response: Thanks for your careful review. As you said, the ESRs loss in the receiver coils with the
conventional power distribution method is lower than that of the PPP control. However, as we mentioned
before, since the current stress of the receiver coils is well limited by designing the parameters of
the LCC-LCC compensation networks, the actual ESRs losses on the receiver coils occupy only a
tiny part of the overall ESRs loss. Meanwhile, the ESRs loss of the LC loop in the primary side, i.e., Lr
and Ct, is also improved with the PPP control, which occupies a significant part of the overall ESRs loss.

Thus, the advantage of the ESRs loss with the conventional power distribution method is not apparent.
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Fig. R8. The power losses division with different ratios between M, and M.
Here, with the rebuilt experimental setup, the ESRs loss of each part are listed in Fig. R8. According
to the experimental results, we can obtain a similar conclusion that the system with the conventional

power distribution method performs no apparent advantage in improving ESRs loss while the ESRs and

the currents of the receiver coils are well limited.
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(6) What are the transfer distance and the coefficients? Please provide such information in the experiment

part.

Response: Thanks for your review. We apologize that the parameters of the transfer distance and the

couple coefficients are not shown in the table of the experimental setup parameters. Here, to provide more

persuasive experimental results, we rebuilt a 24V-50A output experimental setup, and the corresponding

parameters are shown in TABLE RIV. The transfer distance, i.e., the air gap of the magnetic coupler, is

30mm. Meanwhile, the coupling coefficient between the transmitter coil and the single BP receiver coil

is about 0.35 when the transmitter and the receiver are well-aligned.

SYSTEM SPECIFICATION AND PARAMETER VALUES

TABLE RIV

Symb. Val. Symb. Val. Symb. Val.

Vie 350V Vout 24V Lo 5~50A
L, 29.5uH C 21.46nF R: 40mQ
L, 90.4uH G 10.4nF R, 220.1mQ
Ly 2.63uH Cu 240.8nF Ru 2.9mQ
Lo 2.64uH Co 239.9nF Ro 2.9mQ
Lq 6.92uH Ca 147.6nF R 23.0mQ
Lo 7.09uH Co 142.3nF Ro 24.1mQ
f 200kHz | S-S5 IXFX420N10T | Arect Brec 138ns

Air gap 30mm Pi-P,  C3MO0021120D | Ainvt Biny 34.2ns
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B Reviewer: #2
Comments to the Author

(1) In general, dual receiver systems need to use DCDC to prevent circulation. However, DCDC has not

been added to this system. Will circulation occur when M1 is not equal to M2? The key current waveform

should be given to illustrate.

Response: Thanks for your careful review. Indeed, the circulation phenomenon easily occurs in the SS
compensated dual-receiver WPT system while M1 is not equal to M>. In this paper, the authors utilize
the LCC-LCC compensation network, which suppresses the circulation by its characteristics.
Therefore, the DC-DC converter is replaced with the active rectifier regulated by the VAPS control
method. The characteristic difference of the SS and LCC-LCC will be analyzed as follow:

1) For the SS compensation networks

3 4

joMz, g dﬁ Sl
Receiver#

Fig. R9. The dual-receiver WPT system with SS compensation network.

When the SS compensated WPT system is resonant, the receiver coil currents can be expressed as

_ I/in(l)
sl .
JjooM, R1)
; 1/‘;11(1)
]v‘ =
2 joM,
The transmitter coil current ip is related to the two receivers. Thus the current must satisfy
I = —2\/5 —,VI’““ sin| &= —2\/5 —,VI’““ sin| 22|, (R2)
! T joM, 2 T joM, 2

where y1 and y2 are the conducting angles of the active rectifiers. As shown in Fig. R9, the output sides of

sin(%j sin(y%)
the rectifiers are paralleled to each other. Thus, only when TR, is achieved, the formula
1 2

(R2) can be set up. However, with the possible misalignment conditions of the magnetic coupler, formula
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(R2) can be hard to set up while the conducting angles y1 and y2 are regulated for efficiency improvement.

Then, the circulation phenomenon will easily occur with a sharp decrease in the system output power and

the overall efficiency. Therefore, the SS compensated WPT systems always utilize the diode rectifier with

the DC-DC converter for rectification and power regulation.

2) For the LCC-LCC compensation networks

P ﬂ/ll jleip

e Receiver#l

Receiver#2

Fig. R10. The dual-receiver WPT system with LCC-LCC compensation network.

Y

=1
=

[[=%

When the LCC-LCC compensated WPT system is resonant, the currents in the LCC-LCC

compensated WPT can be obtained as

Voo )
"L L,

I :V . M].2Z0q1 + M22Zc(12
A P s
. . M. Z .
I = V . 1%eql I
s in(1) 1
o’L L, '
. . M,Z .
I2 — V . 2% eq2 ] —
s in(1) 2
szrLé '

V. .
in(1) _]'CULYLLZ

(4)

According to (4), it is evident that the transmitter coil current /, is independent of the mutual

inductance and the equivalent impedance of the rectifiers. Thus, the unbalance of the mutual inductance,

and the equivalent impedance will not result in the circulation phenomenon in the LCC-LCC compensated

WPT system with the active rectifiers.

The MATLAB/Simulink models of the dual-receiver WPT system with SS compensation and LCC

compensation are set up, respectively, and results are shown in Fig. R11. In the SS compensated WPT

system, while the mutual inductances are balanced, the currents in the two receiver coils are also balanced,

as shown in Fig. R11(a). However, the circulation occurs when mutual inductances of receivers are

different, as shown in Fig. R11(b). The current i1 in the receiver coil with a smaller mutual inductance

will lead the voltage vout1 to input the rectifier, and the amplitude of it is reduced for balancing voltages

output of the two rectifiers. Additionally, the amplitude of the receiver #2 coil current ir> with a larger
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mutual inductance is significantly increased, and the phase remains. Therefore, the characteristic of the
constant current in the SS compensated WPT system is affected. The reactive power in receiver#1 not
only occupies the limited power transfer capacity of the channel, but also produces huge extra power loss.

In the LCC-LCC compensated WPT system, there is no circulation in the system when mutual
inductances of receivers are different, as shown in Fig. R11(c) and (d). No matter how much the
difference between the two mutual inductances is, the constant current characteristic of the LCC-LCC

compensation networks is still maintained, and the current ratio is always equal to the mutual inductance

ratio.
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Fig. R11. The key waveforms of the SS compensated system (a) with M;=M,; (b) M,=0.66M,, and the LCC-LCC compensated system (c) with M,=M,; (d)
M] :066M2

(2) The transmitter side circuit in Fig. 3 is not marked with Ir, so it is suggested to modify Fig. 3

Response: Thanks for your careful review. We have corrected this issue in the revised manuscript, and

the modifications are highlighted in red.

(3) The second formula of formula (2) is the voltage equation of the transmitting circuit. Your derivation

does not include the voltage of capacitor Cp and the voltage of Lp. The capacitance Cp and the

capacitance Cr are not equal. How do you derive this formula?

Response: Thanks for your careful review. We are sorry that we provided an incomplete equation and

confused you. However, the derivation of the final loop currents is correct.
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Here, the complete equation (2) should be

V.,

O:ja)]\[ +ja)]\[ }/ oC. I "{J”L +}/Q)C }/(/)C )
0= ,jCUAJl]p +(.jw[/>l +%a)0hl +%CUCH j[ﬂ _%U)C” .[tl
| | | (2)
0= jowM,I -i—(‘wah2 +%wC') +%w012j[“2 _%0)0‘2 Lo
I/mn (‘/wL +}/wcll) t _%wCll .]\I
I/<)m)(| = (]wa) +%(/)012le2 _%wCIZ ']\2

where

¢ =@L)* ¢ =(*(L,-L))

Cu = (wZL“)_l Ca = (wz (le _Lﬂ))il : (1)

C,= (szm)il Cy, = (wz (Lsg —-L, ))

Here, since the transmitter coil Lp, the compensated capacitor Cp and Cr are serial resonant, their

impedances can be compensated completely, which means that

(j oL+ Yo, * %wq,jfp =0. (R3)

Thus, the initial formula and its derivation results are correct.
To avoid misleading reviewers and other readers again, we have revised equation (R2) into (R1) in

the revised manuscript, and the modifications are highlighted in red.

(4) What are the reasons for the errors of M1 and M2 in the simulation and experiment in Fig. 13? Is the

error within a reasonable range?

Response: Thanks for your valuable comments. The errors of M; and M, in the simulation and
experiment are mainly caused by the difference between the handmade magnetic coupler and the
ideal MAXWELL model. Frankly, these errors are contingent and difficult to eliminate completely.
Although we can accurately control the air gap between the transmitter coil and the receiver coils,
some other geometric parameters like the area of the coils, the distances between the coils and the ferrites
and the stacked angle of the two BP coils may not be adjusted very accurately. These issues may slightly
affect the mutual inductances between the transmitter coil and receiver coils. Meanwhile, the simulation
model in MAXWELL is solved by finite element analysis, and there may be some errors between the

simulation results and the actual situation, especially when the distance between the transmitter coil and
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the receiver coils are large. However, in Fig. 13, the simulated and measured mutual inductance trends
against the misalignment distance are very consistent. We believe the error is acceptable and can be used
to guide the design of system parameters.

In the revised manuscript, a new magnetic coupler is designed to suit the 50A output current. The
MAXWELL software is also adopted for assisting coupler design. The simulation model and the
dimensions are shown in Fig. R12. The simulated and measured mutual inductances between the
transmitter coil and the receiver coil against the misalignment distance are plotted in Fig. R13. Here, due
to the reasons mentioned above, the errors between M1 and M in the simulation and experiment still exist.
However, these errors are still limited and acceptable.

BP Receiver coils

Ferrite

Transmitter coil -
(15 turns)

Fig. R12. The model and dimensions of the magnetic couplers.
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Fig. R13. The mutual inductance between the transmitter coil and the single receiver coil against the misalignment distance.

(5) Are the two coils in the manuscript designed to be the same size? What is the reason for this design?

If one of the coils is designed to be smaller, so that the power can pass through the small coils as much

as possible, the coil loss can be effectively reduced in low voltage and high current occasions.

Response: Thanks for your valuable comments. Indeed, in some designs of DC-DC converters with the
PPP control [R10]-[R13], the power channels are always divided into the main channel and the auxiliary

power channel. The majority of power is transferred through the main channel with a large transformer
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winding, and the auxiliary channel processes the minor power with a small transformer winding for power
regulation. Thus, a lower overall power loss can be achieved since less power is processed.

However, this paper adopts the BP coil structure on the receiver side to improve the misalignment
tolerance of the WPT system. For the Light Electric Vehicles (LEVs) wireless charging applications, we
cannot anticipate the vehicles’ misalignment direction and distance. Here, the two receiver coils are
designed almost identical. Thus, no matter the LEV is parked on the left or right, at least one of the
receiver coils can be used as the main power channel, and the other one can be regarded as the auxiliary
power channel, as shown in Fig. R14. Then, the system output power can be guaranteed with different

misalignment conditions.

Receiver Receiver
Coil #2 L .i/ Coil #1
L -
Yooy Main
Channel

Auxiliary
Channel

Receiver Receiver
Coil #2 ‘F e NG ,\/ Coil #1
Main {
Channel

k\; Main
Channel

Receiver ‘ Receiver
Coil #2 =< Coil #1
. [\ S
Main 1 Auxiliary
Channel i Channel
A

Fig. R14. Schematic diagram of power transfer with two channels under different misalignment conditions (a)on the left, (b) well-aligned, (c) on the right.

[R10]D. Neumayr, M. Vo6hringer, N. Chrysogelos, G. Deboy, and J. Kolar, “P3DCT—partial-power pre-regulated DC
transformer,” in /EEE Trans. on Power Electron., vol. 34, no. 7, pp. 6036-6047, Jul. 2019.

[R11]J. Zientarski, M. Martins, J. Pinheiro, and H. Hey, “Evaluation of power processing in series-connected partial-
power converters,” in I[EEE J.Emerg. Sel. Topics Power Electron., vol. 7, no. 1, pp. 343-352, March. 2019.

[R12]V. Iyer, S. Gulur, G. Gohil, and S. Bhattacharya, “An approach towards extreme fast charging station power
delivery for electric vehicles with partial power processing,” in IEEE Trans. on Ind. Electron., vol. 67, no. 10, pp.
8076-8087, Oct. 2020.

[R13]J. Anzola, 1. Aizpuru, A. Arruti, A. Alacano, and C. Bernal, “Review of architectures based on partial power
processing for DC-DC applications,” in [EEE Access, vol. 8, pp. 103405-103418, Jun. 2020.

(6) In this paper, ZVS operations of the inverter and rectifier are achieved, please the author provides

the waveforms of the Vds and Vas of the MOSFET to certify the achievement of the ZVS operation.

According to (10), a fuzzy range of 1 (B2) for the ZVS condition is given, please explain how to design
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the specific parameter of 51 (52) in the close-loop control.

Response: Thanks for your valuable comments. For the design of the phase difference angle between
the input current and the voltage of the active rectifier f1 and £, the parasitic parameters of the
driver and the converter should be well considered. The following will analyze the design of this
parameter from both theoretical and experimental perspectives.

The basic model of the MOSFET is shown in Fig. R15(a), and the equivalent model of the MOSFET
is shown in Fig. R15(b). Here, some parasitic elements are illustrated. Cgs, Ced and Cas are the
interelectrode capacitance of the MOSFET; Coss=Cast+Ced 1s defined as the output capacitor of MOSFETs.
Rmg, Rmd and Rms are the parasitic resistors, which are series-connected to the gate, the drain, and the
MOSFET source. While analyzing the switching process of the MOSFETs, these parasitic capacitors are

essential.

@)
Fig. R15. (a) MOSFET schematic, (b) the MOSFET equivalent circuit.

The schematic diagram of the active rectifier in the WPT system is illustrated in Fig. R16(a), and the
typical key waveforms for the ZVS operation of the rectifier in the proposed WPT system is illustrated in
Fig. R16(b). Here, the process for S2 turning off and S1 turn on is analyzed as an example. The key to
achieve ZVS operation is that the drive signal of 1 should be pulled to high after the drain-source
voltage vqs 51 is decreased to 0. Thus, there will be no crossover of the waveforms of the current flowing
through the MOSFET and the drain-source voltage, which means there is no turn-on loss on the MOSFET.
Here, to analyze the prerequisites for the ZVS operation, the dead time o4 of the rectifier drive signal
should be carefully considered and designed.

As shown in Fig. R16(b), after the drive signal of $2 is turned to the low level, it takes a period ¢
before the gate-source voltage vgs s2 drops to a certain level and Sz is completely turned off. After Sz is
completely turned off, it takes another period time foss to reduce vasi to 0, the drive signal of S1 can be
turned to a high level. Thus, the dead time o4 should cover these two periods of time. The calculation

processes of # and toss are introduced as follow.
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Fig. R16. (a) The schematic diagram of the active rectifier in the WPT system, (b) typical key waveforms for the ZVS operation of the rectifier in the proposed

WPT system.

1) The turn off process of the MOSFETs

As shown in Fig. R16(b), from the drive signal of S> turn to low level until S2 is completely turned
off, there is another period #, and this period can be divided into these three stages:

Stagel [to-t1]: In this stage, the gate-source capacitor Cgs s2 1s discharged through the gate resistance
and the driver circuit, the gate-source voltage vgs s2 decreases exponentially, and the duration can be

calculated as

T,=T -In _Vaver =V , (R4)
C N+l 9=V,

where Vriver IS the gate-driven voltage; Vi is the gate threshold voltage; Tq is the RC time constant of the
gate; lo is equal to the drain current Iq here; g is the transconductance; Vsat is the driving circuit pull-down
transistor saturation voltage drop, which can be obtained in the data sheet of the manufacturer or be
determined by the design of the driver circuit.

Stage?2 [ti-t2]: The gate voltage is in the plateau period, the reverse transfer capacitor Cgd s2 starts to
be charged by id s2, and the drain-source voltage vds s2 increases until it reaches Vout. Thus, the duration 7>
can be expressed as

V' CuR

T — out drive , RS
L Viallg-V, (R

where Rarive 15 the gate series-connected resistance, including the internal and external resistance.
Stage3 [t2-t3]: In this stage, vgs s2 continues to decline to Vi exponentially, and the drain current ia s

decreases to zero. The duration 73 can be can be given as
Vi+lylg=V, ) (R6)
V-V,

sat

After t3, S2 is completely turned on, then #r can be calculated as
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t=T+T,+T,. (R7)

2) The discharging process of Cos;s

For achieving the ZVS operation, completely discharging the stored charge in the equivalent output
capacitance Coss of S1 before the drive signal of S is turned to a high level is necessary. Here, to simplify
the analysis while ensuring the ZVS operation of the MOSFETs, we can consider that the equivalent
output capacitance Coss starts to discharge by id s1 at time t3. Thus, the discharging time foss can be
calculated as follow.

While Sz is conducting, the drain-source voltage vds s1 is equal to Vout, and the charge stored on the

equivalent output capacitance Coss can be expressed as

Q,=C.V (R8)

oss © out *

To discharge Coss in the switching process, when the drive signal of S turns to a low level, the rectifier
input current it must be reverse to positive, or the ZVS operation cannot be achieved. The relationship

between toss and Osi can be expressed as

J- toss \/E

Q, = . 7Itlsin(wt+¢l)~dt, (R9)

where i is the RMS value of the input current of the active rectifier, and ¢: is the phase difference
between the positive-to-negative zero-crossing point of i1 and Si.

Substituting (R9) into (RS), toss can be solved as

'\/ga)coss‘/out il
g

arccos {cos (o) 7
t. = = . (R10)

0]

According to (R10), we can draw this conclusion that the larger ¢ is, the discharging current of Coss
is higher, which could shorter the discharging process. Thus, while ¢1=0, the maximum discharging time

foss max can be calculated as

1_ \/Ewc(ms‘/(mt :|

arccos
-
- . (R11)

0]

08s__max

Moreover, to guarantee Coss is discharged completely, the toss always be set larger than foss max in the

experiment.
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Fig. R17. Waveforms of VAPS control based dual-receiver WPT system.

In conclusion, to cover these two periods # and foss, the dead time should satisfy cd>foss maxtt.
However, to ensure the ZVS operation and limit the dead time not to be too large, ¢1 and g2 are always
reserved as a tiny positive value. Thus, the waveforms of the VAPS control based dual-receiver WPT
system are shown in Fig. R17. To ensure the ZVS operation of the rectifiers, f1 and f2 must satisfy

T—N

Bi=p+
Lo (R12)
2
2

By =0, +

In the revised manuscript, a 24V-50A low-voltage-high-current output WPT system is designed with
adopting IXFX420N10T as the MOSFETs in the rectifiers. According to the parameters in TABLE RV,
we can get a set of parameters of dead time 6,=300ns and the phase difference p1=¢,=5°. Then, the
ZVS operation can be achieved in the active rectifiers. It should be noted that in the above analysis
process, to ensure the realization of ZVS operation under different high-frequency conditions, aq, ¢1 and

@2 time has already retained a large margin, and it is no longer necessary to amplify them.

TABLE RV
PARAMETER VALUES FOR THE MOSFET AND THE RECTIFIER CIRCUIT

Symb. Val. Symb. Val.

Varive 15v Vi 2.5V

Coss 4.65nF @24V Cu 550pF @24V

Viat 0.2V (Typical) T, 118ns

Run 2.46Q (Including the I 0.2 (Approximate

internal and external) value)

The experimental results of the ZVS operation of the MOSFET Si in the rectifier are shown in Fig.
R18. While the rectifier is regulated by the VAPS modulation method and conducting angle y: is set as

0°, 50° and 110°, the ZVS operation can be achieved in all conditions.
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Fig. R18. Experimental waveforms of vy 1 and v, 51 while the conducting angle y, is set as (a) 0°, (b) 50° and (c) 110°.

Moreover, with the MOSFETs C3M0021120D adopted in the inverter, a similar method for designing
the dead time for achieving the ZVS operation can also be used. However, these kinds of MOSFETs are
more accessible to achieve the ZVS operation due to the advantages of the SiC MOSFETs. The
experimental result of the ZVS operation of the MOSFET P in the inverter is shown in Fig. R19. While
the conducting angles of the rectifier y1 and y2 are set as 0°, which indicates the passive power and the

turn-off current of the MOSFETs are small, the ZVS operation is still achieved in this condition.

Fig. R19. Experimental waveforms of vy ,1 and vy 1 while the conducting angles of the rectifiers y, and y, are set as 0°.
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B Reviewer: #3
Comments to the Author:

(1) The main claimed contribution from this manuscript is that a Partial Power Processing (PPP) control

can be used to adjust each receiver operating at full or nearly no load in which the switching off loss is

negligible thus the efficiency can be improved. The PPP is based on reallocating the load flow via two

receivers. However, I am confused by one fundamental issue of the entire idea. If it is a dual-receiver WPT,

should two receivers for two independent loads? The dual-receiver WPT is commonly considered for light

EV charging where multiple or two light EVs such as two e-scooters can be wirelessly charged by one

transmitter (station). The confusing part is that the authors have depicted a dual-receiver WPT connected

in parallel to one single load in this manuscript, as shown in Fig 1. Is it still a dual-receiver WPT? The

authors should realize that, if it is a proper dual-receiver WPT, the loads are independent to each other

and the entire work of this manuscript, by reallocating power flow between two receivers, becomes

groundless.

Response: Thanks for your review. We are very sorry that our inaccurate description confused you about
the “dual receiver”. In this paper, the dual receiver WPT system is designed to increase the power
transfer capacity and improve the overall system efficiency, and similar ideas are already reported in
many literatures [R14], [R15].

Here, each receiver consists of the same receiver coil, compensation network and the active
rectifier. The output of the active rectifiers is connected in parallel. Thus, the system output current
is the sum of the output current of each active rectifier, and the output current of each receiver is
independent to the other. Then, since the output currents of the receivers are inputted to the same load, a
power regulation method or a power flow reallocating method for improving the overall system efficiency

in each power channel is necessary.

[R14]A. Zaheer, G. Covic, and D. Kacprzak, “A bipolar pad in a 10-kHz 300-W distributed IPT system for AGV
applications,” in /EEE Trans. Ind. Electron., vol. 61, no. 7, pp. 32883301, Jul. 2014.

[R15]Y. Li, T. Lin, R. Mai, L. Huang and Z. He, “Compact Double-Sided Decoupled Coils-Based WPT Systems for
High-Power Applications: Analysis, Design, and Experimental Verification,” in /EEE Trans. Transp. Electrif., vol.
4, no. 1, pp. 64-75, March 2018.

(2) If the ‘dual-receiver’ WPT in this manuscript is deemed to have one signal load, then it is more

appropriate to compare with single receiver system. The work from this manuscript might be meaningful,

subject to thorough investigation and substantial revision work in a completely different system and

Comparison.
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Response: Thanks for your valuable review and suggestion. We have rebuilt a 24V-50A output WPT
system in the revised manuscript. Meanwhile, according to your suggestion, a single receiver system
is also built to provide a fair and complete comparison.

The circuit topologies of the dual receivers WPT system and single receiver WPT system are shown
in Fig. R20. Meanwhile, the model and dimensions of the magnetic couplers are shown in Fig. R21.
Compared to the dual receiver system, the current stress of the receiver coil and the active rectifier are
doubled in the single receiver system. Moreover, while regulating the system output current, the large

50A output current will be processed with a single active rectifier, which caused a vast switching loss.

04

>

=
3

lout

cd +

a Vo_m[ oL Voul ] R
R,
Single
Receiver

Receiver#2
(@) (b)

Fig. R20. Schematic diagram of (a) the dual-receiver WPT system and (b) the single receiver with LCC-LCC compensation network.

BP Receiver coils _ Single receiver coil
0m (4 turns) (7 turns)

Ferrite e

S ——

Transmitter col
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(@) (b)

Fig. R21. The model and dimensions of the magnetic couplers (a) with the BP receiver coils and (b) the single Q receiver coil.

Ferrite

Transmitter coi
(15 turns)

The key parameters of the dual receiver and single receiver systems are listed in TABLE RVI and
TABLE VII. The coils of the magnetic coupler in the rebuilt experimental setup are shown in Fig. R22.

. 300mm

200mm_ i )

200mm

| Q coil: 2 strands15 turns |

Fig. R22. Structure and dimensions of (a) the transmitter coil, (b) the BP receiver coils and (c) the single large receiver coil.

By regulating the active rectifier with the Variable Angle Phase Shift (VAPS) modulation method, the
system output power can be regulated, and the trends of power transfer efficiency against the output power

are also plotted in Fig. R23. Apparently, the efficiency of the dual-receiver WPT system is much
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higher than that of the single receiver WPT system with the whole operation range under different
misalignment conditions. Meanwhile, with the 24V-50A output WPT system, the proposed PPP
control method still performs well in improving the overall system efficiency by reallocating the

load flow via two receivers, which is the main contribution of this manuscript.

TABLE RVI
SYSTEM SPECIFICATION AND PARAMETER VALUES OF THE DUAL RECEIVER WPT SYSTEM
Symb. Val. Symb. Val. Symb. Val.
Vie 350V Vout 24V Lot 5~50A
L 29.5uH C; 21.46nF R: 40mQ
L, 90.4uH G, 10.4nF R, 220.1mQ
Lq 2.63uH Cy 240.8nF Ry 2.9mQ
Lo 2.64uH Co 239.9nF Ry 2.9mQ
Lg 6.92uH Cs 147.6nF Rq 23.0mQ
Ly 7.09uH Cy 142.3nF Ry 24.1mQ
f 200kHz | S-Sy IXFX420N10T | Aect Brec 138ns
Air gap 30mm P-P,  C3MO0021120D | At Biny 34.2ns
TABLE VII
SYSTEM SPECIFICATION AND PARAMETER VALUES OF THE SINGLE RECEIVER WPT SYSTEM
Symb. Val. Symb. Val. Symb. Val.
Vae 350V Vou 24V Tout 5~50A
L, 29.5uH C; 21.46nF R, 40mQ
L, 90.4uH | G, 10.4nF R, 220.1mQ
Ly 144uH | Cq 53.8nF Rq 60.1mQ
Ly 2.64uH | Cy 239.9nF Ry 2.5mQ
f 200kHz | S;-Sg IXFX420N10T | Apect Brec 138ns
Air gap 30mm P-Py  C3M0021120D | Ainyt Biny 34.2ns
10Q 10Q T 10 — T
. Mbdel, Mode2z | Mode4 Model 'Mode2, Mode4
9 - 9 |f | 9 14 |
Mode3 . MKA/A,A
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Fig. R23. The efficiency trend of the dual receiver system and the single receiver system with (a) M,=M,, (b) M,=0.66M>, and (c¢) M,=0.5M,.

(3) The other technical issue is loss calculation. I am not sure the Eoff values used by the authors and

the information is missing. The authors claim that the Eoff in (26) is from the device datasheet but the

device IXFK170N20T has not given Eoff at the datasheet. In fact, most of low voltage MOSFETs do not

give Foff in their datasheets and this value is subject to testing/modelling by users. It is also incorrect to
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have Eoff as a fixed value in (26), Eoff varies therefore the result of loss analysis might be invalid.

Response: Thanks for your careful review. We are very sorry that we missed the value of Eofrin the last
edition of the manuscript. Meanwhile, we must apologize for the slip that “Eofr, Upp, Ip, Opp, and Ir D
are some inherent parameters of the MOSFETs, which can be found or fitted in the datasheet.”. As the
reviewer mentioned, these values of this kind should be tested or modelled by users. With the modelling
method introduced in [R16], [R17], the turn-off energy of the high-frequency MOSFETs, even the low
voltage Si MOSFETSs, can be well calculated. Additionally, the turn-off energy is not a fixed value exactly.
However, this parameter is also nearly proportional to the turn-off current of the MOSFET and the DC
output voltage of the rectifier. Thus, an available but straightforward method to evaluate the turn-
off energy of the MOSFETSs with different switching currents and output voltages is to calculate or
test a specific value of Eofr test With its test turn-off current Ip and voltage Upp. Then, when the

switching condition is changed, the approximate value of the turn-off energy can be calculated as

E
E. — off _test I V (R13)

T Uy Iy
where Isw and Vsw are the corresponding actual current and voltage at the switching point.

In the proposed WPT system, while evaluating the turn-off loss of the active rectifiers, /sw can be
regarded as the real-time value of the rectifier input sinusoidal current when the MOSFET is turned off,
and Vsw can be regarded as the output voltage of the rectifier Vour. Thus, the turn-off energy of the single
active rectifier in the proposed WPT system with the variable angle phase shift modulation method can

be expressed as

E
EturlLoffl = [/f)ff—7f? ' (Zﬁjtl (|Sln (gpl )| + |SIn ((01 - y1)|)) ‘/‘"“’
DD D , (R14)
E
Etumioﬁ‘z = U‘)ffitelht : (2\/§It2 (|S|n ((02 )| + |Sln (¢2 +T— yZ )|))1/out
DD D

where Ewm offt and Ewm off2 are the turn-off energy of the active rectifier in Receiver#1 and Receiver#2,
respectively. Although the calculation results of the turn-off energy may not be wholly accurate, and
it is possible to be influenced by the high order harmonics and parasitic parameters of the main
power circuit and the driver circuit, the results still have a substantial reference value.

With the rebuilt experimental setup in the revised manuscript, a 24V-50A low-voltage-high-current
system is built and analyzed. The ultra-low conducting resistance MOSFETs IXFX420N10T are selected
as the switch devices of the active rectifiers. Based on the mathematical model in [R17], the datasheet of
IXFX420N10T and the other parameters of the rectifier, the turn-off energy is calculated as about 130uJ

(@ Upp=24V and Ib=40A). The experimental and calculated results of the rectifier power loss under
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different misalignment conditions are shown in Fig. R24. Although there are some unavoidable errors
between the calculated and experimental results, they are still consistent overall, proving the reliability of

this calculation model of the turn-off energy.

o I I I I I
12 - —;‘\_ ks 12 12 —= Exp._Conv. —A— Exp._PPP
o T oA -0 Cal,_Conv. —A- Cal._PPP
10 10i 104 I
- |7 o | = o | adio-
s Zs 23 ~ ‘*\ -
8 8
d AT : T
6 - == 60 e % 6 - —
=~ ﬂ/ A == -~ T K{ - \*
—8-Exp._Conv. —A—Exp._PPP —&-Exp._Conv. —&—Exp._PPP L -
40| Cal. Conv. - Cal._PPP 4 0~ Cal._Conv. —-A- Cal._PPP_ | 40=
200 300 400 500 600 700 800 200 300 400 500 600 700 800 200 300 400 500 600 700 800
Output power (W) Output power (W) Output power (W)
(a) (b) (c)

Fig. R24. The experimental and calculated power loss of rectifiers with (a) M =M,, (b) M,=0.66M,, and (c) M,=0.5M,.

Based on these calculation results and the calculation model in (R14), the PPP control method and
power distribution strategy are designed. The experimental results show the excellent performance of the
proposed PPP control method in reducing the switching loss of the rectifiers and improving the system's

overall efficiency.

[R16]D. Christen and J. Biela, “Analytical switching loss modelling based on datasheet parameters for MOSFETSs in a
half-bridge,” in IEEE Trans. on Power Electron., vol. 34, no. 4, pp. 3700-3710, Apr. 2019.

[R17] W. Eberle, Z. Zhang, Y. Liu and P. Sen, “A practical switching loss model for buck voltage regulators,” in IEEE
Trans. on Power Electron., vol. 24, no. 3, pp. 700-713, Mar. 2009.

(4) The manuscript appears to have a smooth and coherent narrative. However, it lacks justification and

rigour, and some technical analysis is likely to be incorrect or incomplete. Without substantial revision,

it cannot be accepted.

Response: Thanks for your review. More technical details, analysis, and experimental comparisons are
provided in the response file and the revised manuscript. Some detailed analysis and experimental setup
are substantially revised, considering your and other reviewers’ valuable and valuable comments and
suggestions. We have made many changes in response to these comments and suggestions, and we hope

our modification will satisfy you and the other reviewers.
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B Reviewer: #4
Comments to the Author

(1) It seems that only secondary loss is considered. Does there exist difference on the reflected impedance

from the secondary to the primary with the proposed and conventional control schemes? If ves, how does

the proposed control scheme affect the primary loss? From the waveforms and the analysis in Fig. 20, the

inverter loss is also reduced, but what is the reason behind? Please explain.

Response: Thanks for your careful review. Indeed, there does exist difference on the reflected impedance
from the secondary to the primary side with the proposed PPP control scheme and the conventional
schemes, which even makes less inverter loss and the ESRs loss in the primary side in the WPT system

with the proposed control schemes. The detailed analysis is introduced as follow.

. . \ Zeg
Ik L ih Cp ﬂ’ll {i Cu Oml(l)ﬂ] ’
Cqd . *
B/ R v .
Tn[] L |n(1) CT }g Y i Lo o
M,* Ce -'ﬁl
KAZ g_l—isz T Vou()| |Zeq
Rs2
Receiver#2

@ (b)

Fig. R25. (a) Schematic diagram and (b) the equivalent circuit of the proposed dual-receiver WPT system.

»

IOLII

1) Reflected impedance analysis

The schematic diagram of the proposed dual-receiver WPT system is depicted in Fig. R25(a). At the
same time, ignoring the ESRs of the passive elements and the power loss in the converters, the simplified
AC equivalent circuit of the proposed WPT system can be depicted in Fig. R25 (b).

The Kirchhoff’s voltage law can be listed as
= (ijr +%w0r)jf _%a)q 'jp
0= jCUM1js1 +ja)M2is2 +%w0r ol'r +(ja)Lp +%w0r +%w0pjj"
0=joM,I, +(ja)th +%w051 +}§w0ﬂjf§l —%wcﬂ 1,
0= jwMJp +(ja)Ls2 +%a)052 +%th2jjﬁ2 —%wctz ~I.t2
VO“‘Z ( ol +}/a)C ) Ly _%thQ L

; 2)

where
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Von=1I,2Z
{ out1(1) t1 eql ) (3)

V:mcm) =1,Z

ea2
Zeqi and Zeq2 are the equivalent load impedances of the two active rectifiers at the receiver side. To ensure
the resonance of each current loop, the compensation network should satisfy

C =) ¢ =(*(L,-L))

Cy=(@L,)" C,=(0"(L,-L,)) (1)

C,= (szm)il Cy, = (wz (Lsg —-L, ))

where w=27fis the operating angular frequency.

Then, to analyze the reflected impedance from the secondary to the primary side, the system
equivalent circuit can be further depicted in Fig. R26. Zr is the equivalent reflected impedance at the
output side of the inverter, which is affected by the equivalent load impedances Zeq1 and Zeqo.

La Ca is1 Ly ia

Cu +

T Voutl(l) Zeql

Ls, Cs is2 Ly e

jleip

. ) Cp + .
JoMaip T Vout2(t)| [Zea2

Fig. R26. The equivalent reflected impedance circuit of the proposed dual-receiver WPT system.

According to (1)-(2), the equivalent impedance Zr reflected the primary side from the two receivers

can be derived as

g oL, )
o [Mfz A, J

L2 eql LZ eq2

t1 t2

In the proposed scheme, the variable angle phase shift (VAPS) modulation method regulates the active
rectifiers, and the key waveforms are shown in Fig. R27. With the variable angle phase shift (VAPS)

modulation method, Zeq1 and Zeq2 can be derived as

V. wLL V. . :
Z _ OL.ltl(l) — 1" out | [&\J ;. , 15
= M sin (cos(B,)+j-sin(B,)) (15)
and
I/.:)ut,Z(l) CUL LtQV t H [yZ j ol
- Jou2m O Vou 22 |, . . R15
ez Lz Vchz .l 2 (COS(ﬁZ)-f-] Sm(ﬂz )) ( )

where f1/f2 is the phase difference between the input current and voltage of the rectifier, and yi/y2 is the



Page 41 of 47 IEEE-TPEL

oNOYTULT D WN =

conducting angle of the active rectifier. To ensure the ZVS operation of all the MOSFETs in these two
rectifiers, y1/y2 and f1/f2 should satisty

T—N . T—h

2.2 (11)
”_Vz>7r_72

2 2

Bi=o+
B=0,+
where ¢1/¢2 is the phase difference between the positive-to-negative zero-crossing point of iti/ir2 and S1/Ss,

which should always be set as a positive value to ensure the ZVS operation in the rectifiers.

Thus, substituting (R15) and (15) into (9), the equivalent impedance Zr can be obtained as

7 = ‘/”.‘(” — wL]’I/d(: X 19
f

L (]Lwl-sin[2]-(cos(ﬂl)+]‘-sin(ﬂl))+ ]212 .sin[y;J-(cos(ﬂz)+j-sin(/32))}-V..m

t2

Fig. R27. Waveforms of VAPS control of the dual-receiver WPT system.

In the WPT system with the conventional power distribution method, the active rectifiers are
controlled by the VAPS method to obtain the optimal current ratio to average the power losses between

the two receivers. Therefore, the reflected impedance Zr conv 0f the receivers can be calculated as

Zf conv er‘/dC > (R16)
* (M M,

: L).sin(;j-(COS(ﬁ)H-Si”(ﬁ))'Vom

t1 t2

where f=£1=0> and y=y1=y2, which indicate that the conducting angle and the phase difference between
the input current and the voltage of both active rectifiers are the same.

In the WPT system with the proposed PPP control method, there is always only one active rectifier
operating with the VAPS control method, and the other rectifier is shutting or full-load. According to the
load power requirements, the operation modes for the two rectifiers can be divided into the following four
modes, as shown in TABLE VIII. The specific methods and steps of mode division will not be repeated

here, introduced in the revised manuscript in detail. Then, the reflected impedance Zr ppp can be obtained
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as
L, 2 ! i out
M : MwL_rVdC _ »  Mode3
{I«j.(cos(ﬁl)+j.8|n(ﬁl))+L;.Sm(y;j.(cos(ﬁz)+j'5|n(ﬂz))J'Vout
oLV,
[Ml.sin[ylj-(COS(ﬁ1)+j.sin(ﬁ1)r)+MZ.(cos(ﬁ2)+j.sin(ﬁ2))j.vt’ Hoded
Lio A2 L,
TABLE VIII

OPERATION MODES OF THE RECTIFIERS IN FOUR MODES

Operation mode The status of Rec#1 The status of Rec#2

Mode 1 VAPS Shutting
Mode 2 Shutting VAPS
Mode 3 Full-load VAPS
Mode 4 VAPS Full-load

Meanwhile, a is determined as the phase difference between the output current and voltage of the

inverter, which can be expressed as

o = arctan { Im(Z, )] . (27)

Re(Z,)

The value of « indicates the proportion of the passive power in the WPT system. According to (R16),
(R17), and (27), we can plot the trends of a against the system output current with two different power
distribution methods. As shown in Fig. R28(a). Since keeping the other at full-load or shut-down
conditions can minimize the proportion of passive power, the system with the proposed PPP method

always has a lower o compared with the conventional method.

T A

Psw_i nv

Pcond_inv+PESR Lr

IOU\ IOJI IDUI
@ (b) (©

Fig. R28. Trends of (&) a, (b) Psw_inv, and (C) Pong_invtPesr_Lr against the system output current with two different power distribution methods while M;=Mj.

2) Primary loss analysis

Moreover, with the imaginary part of Zr decreasing, the switching loss and the conducting loss of the
inverter and the ESRs loss in the primary side can also be reduced.
(a) The switching loss of the inverter

The inverter operates at a constant operating frequency £, a fixed duty cycle, and the zero phase-shift
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angle. Thus, the ZVS operation can be easily achieved. Thus, the switching loss of the inverter can be

expressed as

P, .. =82(A, +B, )V,Isin(a)f, (26)

where Ainv=Foft inv/(UbD inv[D INv) dedicates the value of the turn-off energy of the MOSFETs in the
inverter at the standard test condition, Binv=0pD inv/IRD inv dedicates the value of the switching loss of the
anti-paralleled diodes. a is the phase difference between the output current and the output voltage of the
inverter, as shown in Fig. R27. Eoft inv, UDD inv, ID inv, ODD inv, and IrD inv are some inherent parameters of
the MOSFETs, which can be fitted in the datasheet or tested/modelled by the users.

Therefore, we can find that the switching loss of the inverter is affected by the inverter output current

Ir and the phase difference a. Here, combining (2), (R15) and (15), Ir can be solved as

M?*|Z M|z
I 2‘/1::(1)'( 1| mll|+ 2| “*zqzzﬁvm“~[%-sin[&j+—M2 -sin[y—zj]. (R18)

' o IPIE o', ol \ L, 2) oL, 2

Then, substituting (R18) and (27) into (26), the trends of the switching loss of the inverter can be
plotted in Fig. R28(b). Obviously, with lower reactive components of the reflected impedance Z; and
the inverter output current /., the switching loss of the inverter with the proposed PPP control
method could be apparently reduced.
(b) The conducting loss of the inverter and the primary ESRs loss

Ignoring the conducting loss on the anti-paralleled diodes of the MOSFETs, which occupies a tiny

part of the overall power loss, the conducting loss of the inverter Pcond can be expressed as

P =2.I*.R,

cond_inv ds_inv 9 (25)
where Rds inv dedicates the turn-on resistance of the MOSFET in the inverter. Meanwhile, although
the current in the transmitter coil 7, is not affected by the load condition apparently, the ESR loss on the

resonant inductor L: can also be reduced with the decreasing of 7;. The ESR loss on this inductor can be

defined as

PESRJJ =I7-R

T T *

(R19)

Thus, according to (R18), (25), and (R19), the trends of the sum of the inverter conducting loss and
the ESR loss on L: can be plotted in Fig. R28(c). With the reduced RMS value of I, the conducting loss
and the ESR loss on L: are decreased by adopting the PPP control method with the same system output
current.

The experimental results of the primary loss are shown in Fig. R29. Compared with the conventional
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control method, the proposed PPP control can effectively reduce the power loss of the inverter conducting

and the ESR loss, which is consistent with the theoretical analysis.

|—— Conv._M,=M, —d— Conv._M;=0.66M,—@p— Conv._M;=0.5M,
- PPP_M,=M, =/~ PPP_M,=0.66M, —>= PPP_M;=0.5M,
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Fig. R29. The power loss of the transmitter side under different misalignment conditions.

(2) As shown in Fig. 7, there are multiple modes, how to ensure the seamless transition between these

modes in the control diagram? Discussion on this issue is suggested.

Response: Thanks for your valuable review and suggestion. In the experimental setup, both PI control
and hysteresis control are adopted in the control system. PI control is used to ensure the stability of
the output voltage in a single operation mode, while the hysteresis control is used to ensure the

seamless transition between different operation modes.
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Fig. R30. The output current lo,u and o, against the load required current I, with the proposed PPP control method.

As shown in Fig. R30, with the proposed PPP control method, the boundary lines between different

operating modes include A/u, Al and Aldiv, where 1= &COS(q)) and ¢ is a tiny positive angle. 4iv can be
T

obtained by sampling the value of /i, /2 and calculating based on the power loss model. Based on this
operation modes division strategy, a valuable and straightforward hysteresis control method can be

designed.
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Fig. R31. The diagram of the designed hysteresis control with the proposed PPP control method.

The diagram of the designed hysteresis control is shown in Fig. R31. To avoid the frequent switching
between the different operation modes, the hysteresis curve and switching points are designed considering
the characteristics of Mode 1~Mode 4. The details of the proposed hysteresis control are introduced as
follow.

1) Switch between Mode 1 and Mode 3

Due to the limitation of the output current in Mode 1, while the required system output current Zout
increased to A/, Receiver#1 cannot provide more power. Thus, the operation mode should be switched
to Mode 3 at lou=Alt1. However, while the receiver operates in Mode 3, the extra power loss is produced
by regulating the active rectifier in Receiver#2, which decreases the minimal system output power of
Mode 3. Thus, based on some experimental tests, when the receiver operation mode switches from Mode
3 to Mode 1, the hysteresis switching point can be set at Jou=0.98-Al11.

2) Switch between Mode 3 and Mode 2

There is a large amount of overlap in the power coverage of Mode 3 and Mode 2, so it is actually
easier to design a hysteresis control curve between the two modes. With the experimental test results,
while the required /out increases and the operation mode switches from Mode 3 to Mode 2, the switching
point can be set at lour=1.024/4iv. On the other hand, the other switching point for /out decreasing can be
designed at Jou=0.981div.

3) Switch between Mode 2 and Mode 4

Similarly, due to the limitation of the output current in Mode 2, while the required system output
current Jout increased to A2, Receiver#2 cannot provide more power individually, and the operation mode
should be switched to Mode 4 at lou=Alz. Moreover, there is also a tiny part of overlap in the power
coverage of mode 2 and mode 4 caused by regulating the active rectifier in Receiver#1. Therefore, when
the receiver operation mode switches from Mode 4 to Mode 2, the hysteresis switching point can be set
at Jou=0.98-1l0.

To verify the actual effect of the designed hysteresis control and the corresponding PI control, the
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dynamic response waveforms of receiver mode switching are also provided in Fig. R32. Whether the
operating mode is switching or not, the output voltage Vout can be maintained at a constant value without
apparent oscillation or fluctuation. The waveforms of is1 and is2 show that the control system with the
proposed hysteresis control works very well, and no frequent switching is observed, which indicates the

seamless transition and well dynamic performance of the control system.
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Fig. R32. Experimental dynamic response waveforms of Vi, Lo, Zs1, is2 While (a) switching between Mode 1 and Mode 3, (b) switching between Mode 3 and

Mode 2, and (c) switching between Mode 2 and Mode 4.

(3) The control diagram shown in Fig. 7 seems to be useful in static applications with misalicnment

problems. Can it apply on dynamic applications? How to ensure fast dynamic response?

Response: Thanks for your valuable review. We have supplemented the experiment about the dynamic

WPT system with a low speed, as shown in Fig. R33.
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Fig. R33. Experimental dynamic response waveforms of Vo, lows, is1, iso While (a) 1,,=34A and (b) /,,=26A.

When the output current keeps constant as 34A, the output voltage of the system can be maintained
at the required value while the receiver is moving, and the receiver operates in Mode 4 stably, as shown
in Fig. R33(a). When the output current is varied to 26A, the designed hysteresis control will regulate the
system operate in the corresponding operating mode with different misalignment conditions, as shown in
Fig. R33(b). Meanwhile, the output voltage can be maintained with the PI control without any obvious

overshoot or oscillation. Moreover, benefits from the designed hysteresis control strategy and



Page 47 of 47 IEEE-TPEL

oNOYTULT D WN =

corresponding PI control, the output of the system performs excellent dynamic response and

stability in the low-speed dynamic conditions.

(4) Compared with the conventional control, is any additional effort paid to implement the proposed

control?

Response: Thanks for your review. In the produced control method, compared to the conventional control,
the additional hardware may be the current sensors in the receiver side, which are utilized to sample the
RMS values of the active rectifiers' input currents and provide the basis of receiver operation mode
selection. Moreover, due to the demands of operation mode switching, a hysteresis control strategy is
adopted in the control system. Cause there is no DC/DC converters or other large-sized devices for power

regulating, the additional effort paid to implement the proposed control is well limited.

Finally, we appreciate the reviewer and editor for thought provoking discussion and valuable
comments. The paper has been carefully checked and revised again. We hope that this version is up

to the standard of publication.



