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Abstract—In wireless power transfer (WPT) system for light
electric vehicles (LEVs), adopting dual receivers on the receiver side
is an available way to offer a high-current power supply. In this arti-
cle, 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 accounts for a considerable part
of the overall power loss with a high operating frequency, can
be dramatically reduced. At last, 24 V-50 A-1200 W LEV wire-
less charging experimental setup to verify the effectiveness of the
proposed PPP control method. Compared 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—Dual receivers, light electric vehicles (LEVs),
partial power processing (PPP), power distribution method,
wireless power transfer (WPT).

I. INTRODUCTION

LONG with the rapid development of automation indus-
trial production and logistics transportation, light electric
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vehicles (LEVs) are rapidly spreading worldwide, such as au-
tomated guided vehicles, industrial robots, and unmanned vehi-
cles. 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 man-
agement. Nowadays, wireless power transfer (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]-[13]. Due to its merits, including safety,
convenience, and reliability, the WPT system can serve as a flex-
ible and automated power supply solution for LEVs [14]-[20].

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 [15], [19], which is typically
24/36/48 V and more than 50 A; 2) LEVs are so compact that
the installation space of which is small, hence the coil size of the
WPT system is limited [14], [17]; and 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 frequency
[15], [18], [19].

For the low-voltage and high-current output WPT system,
reducing the power loss caused by the equivalent series resis-
tances (ESRs) of the receiver coil, which always suffers from
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 [21] and [22]. Meanwhile, with two paralleled rectifiers, the
requirements on the conducting resistance of power MOSFETS can
be halved. Additionally, the LCC-LCC compensation network
can offer not only a constant current in the transmitter coil
and a load-independent input current of the rectifier but also
another freedom degree to release the current stress and the
ampacity requirement in the receiver coil, which are attractive in
the high-current output WPT system [21], [22]. Moreover, this
compensation network can also reduce the harmonic currents
and the corresponding power loss, especially in short air gap
applications [19], [23].

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 these issues, increasing the system operating frequency is
a general method to enhance the system power density, which is
consensual in power electronic transformers [24], [25].
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For the heat dispersion issue on the receiver side, the re-
quirement for the power loss on the receiver side 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 op-
timization method of the dual-receiver WPT system is in short
supply. In a dual-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 improving the overall efficiency is proposed in [26] and
[27]. With this method, the equivalent load impedance of each
transmitter is regulated to be equal. Thus, the coil loss and the
conducting loss can be optimized, and the overall efficiency is
improved even under misalignment conditions. Similar ideas
and methods have been widely recognized in some WPT systems
with multireceivers or multiloads [28], [29], which 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 to reduce the rectifier conducting loss. How-
ever, these kinds of MOSFETs, generally low-voltage Si MOS-
FETS, always suffer from the slow switching speed and lead
to significant switching loss in the rectifier, especially with
a high operating frequency. Though the ESRs loss of the re-
ceiver coils can be well-limited by adopting the dual-receiver
topology and designing the parameters of the LCC—LCC com-
pensation network, the switching loss of the rectifiers cannot
be easily optimized. In some situations, the switching loss
even occupies a significant proportion of the overall power
loss.

In general, the optimization of switching loss is still an
urgent problem for the compact WPT system. With the rapid
development of power electronic materials, some novel SiC
[30], [31] and GaN [32]-[34] switching devices are adopted
in the WPT systems for improving the switching performance.
However, replacing all the switching elements with these novel
devices will increase the system cost dramatically. On the other
hand, some modulation and control methods are proposed for
achieving zero voltage switching (ZVS) operations. In [35],
an auxiliary variable inductor is proposed to extend the ZVS
operation range on the inverter. In [36] and [37], to achieve ZVS
operation on both the inverter and the active rectifier with a
wide range, the variable angle phase-shift (VAPS) modulation
method is proposed. However, these methods above are always
designed to eliminate the turn-ON loss of the MOSFETS and ignore
the turn-OFF loss. In fact, the turn-OFF loss is nonnegligible and
also occupies a large percentage of the overall power loss [38].

Recently, for the dual-channel power converters, a kind con-
cept of partial power processing (PPP) has been proposed [39]-
[42]. The power transfer 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 load power demands. The main channel operates with
nearly no power processing and minimal switching loss. Thus,
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the total switching loss, even the turn-OFF loss, can be effectively
reduced without increasing the control complexity.

In this article, to achieve a 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 distri-
bution 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 article 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 cur-
rent 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, con-
sidering the load current requirements and the variation
of the mutual inductances. By calculating and comparing
the switching loss of the MOSFETS, the operation modes of
each active rectifier 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 hys-
teresis control and the PI control, is proposed. The hys-
teresis 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 out-
put 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 improvement of
the system can be achieved.

II. ANALYSIS OF THE DUAL-RECEIVER WPT SYSTEM
A. Circuit Description and Analysis

The proposed WPT system is depicted in Fig. 1. The dual-
receiver topology is adopted for increasing the power transfer
capacity and alleviating the current stress. V. is the dc input
voltage, while V. is the dc output voltage on the load re-
sistance Ry. 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,, and C),
are the compensation elements. On the receiver side, two com-
pletely similar receivers, i.e., Receiver #1 and Receiver #2, are
employed with two parallel-connected active rectifiers (S1—S4,
S5—S3). Ls1 and Lo are the two receiver coils. Similarly, L1, Lyo,
Cs1, Cy1, Csa, and Cyy form the LCC compensation networks.
By designing L;; and L5 in the LCC networks on the receiver
side, the current stress of receiver coils can be further reduced.
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Fig. 1. Schematic diagram of the dual-receiver WPT system with the
LCC-LCC compensation networks.
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Fig. 2. Model and dimensions of the magnetic coupler.

Moreover, M and M5 are the mutual inductances between the
transmitter coil and the two receiver coils. R,., R;,, Rs1, Ry1, Rso2,
and R;2 symbolize the ESRs of each loop.

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
tolerance with nearly no cross-coupling [14]. 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
auxiliary power channel. Thus, the system output power can be
ensured in different misalignment conditions.

The fundamental harmonic approximation method is used to
analyze the WPT system. The equivalent circuit of the proposed
WPT system is depicted in Fig. 3. viy(1) is the fundamental
component of the output voltage of the inverter with the operat-
ing frequency f, while vout1(1) and voue2(1) are the fundamental
components of the input voltage of the active rectifiers. Zeq;
and Z.q2 are the equivalent load impedances of the two active
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Fig. 3. Equivalent circuit of the proposed WPT system.

rectifiers. Zy is the equivalent reflected impedance at the output
side of the inverter.

To ensure the resonance of each current loop, the compensated
capacitors can be obtained as

1 1

Cr = (L) Cp=(w(Lp— L))
Ctl = (CUQLtl)_ Csl = (w2 (le — Ltl))71 (1)
CtQ = (WQLt2)71 CSQ = (OJ2 (LSQ — LQ))i

1

where w = 27f is the operating angular frequency. Based on
Kirchhoff’s Voltage Law, while ignoring the ESRs in the circuit,
the system can be derived as where

{ ‘:/outl(l) = I:tl . Zeql

A3
Vous2(1) = It2 * Zeq2- )

Substituting (1) and (3) into (2), the currents in each loop can
be obtained as (2) shown as the bottom of this page.

P M2 Zoq1 M3 Zeqo P Vi
I = Vi) - <w2L§L§1 + w2L2L2, I, = joL,
=V . MiZegy [ — V. LM
Iy = va(l) W2L5L31 Iy = V;n(l) GwLyLey
r 1/ . 24eq2 ST v . My
Is2 = Vi) W2L, L% iz = =Vinq) JoL.Leo-
“)
Thus, the currents to voltage gain can be given as follows:
— In _ M
GIVl - Vvin(l) T wL,.Ls (5)
G — Lin M
vz Vin(l) WLy Ly

where I;; and I;2 are the root-mean-square (rms) values of the
input currents of the two active rectifiers, and Vi, (1) is the rms
value of vipn(1).

According to (5), since Gry; and Grye are not related to the
load impedance, the adopted LCC-LCC compensation network
is therefore ideal to realize the load-independent constant current

Voutl(l) = (JjwLe1 + 1/ij't1 Iy —
Vout?(l) = (JjwLi2 + 1/jwct2 jt? -

Vin() = (jWLr + 1/jw0r> L — 1/ijr I

0 = jwM Iy + jwMalo + Y0, - I+ (ijp +Yiwe, + 1/jwcp) I
0= jwM I, + (jwLg + 1/ijsl + 1/ijt1 :
0= jwMpr + (jwLss + 1/jw052 =+ 1/ij’t2 I — 1/jw0c2 e

l = Yjwey, - I @

1/jUJCt1 I
1/jWCt2 L2
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Fig. 4. Waveforms of VAPS control of the WPT system.

output characteristic. Meanwhile, due to the characteristic of
the LCC-LCC compensation network, the transfer power in
each receiver is independent of the other, and no circulation
phenomenon will occur while the mutual inductances M; and
M, are unbalanced. Thus, the system overall efficiency can be
ensured with limited complexity of the controller, and the load
current /o, is the sum of the output current of the two rectifiers,
which should be defined as

Iout = lout1 + Iout2~ (6)

Meanwhile, the load current I, is also determined by the
modulation method and depth of these two active rectifiers.
The load voltage V,,,+ and load power Py, can be derived as

Vout = (Ioutl + Iout2) . RL (7)
Pout = (Iout1 + Tous2)” - R (8)

In addition, according to (4), the equivalent impedance Zy
reflected on the transmitter side can be solved as
272
wL
Zy = i (2 2\422 : ®)
(e + 32

B. VAPS Modulation Method

The VAPS modulation method is adopted in this article to
regulate the output power of the active rectifiers while realizing
the ZVS operation of the converters. With different load power
requirements, the conducting angles of the rectifiers should be
dynamically adjusted. To offer enough power supply 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 conducting angles of active rectifiers should be reduced
accordingly.

Fig. 4 shows the key waveforms of the converters. The inverter
operates at a constant frequency, a fixed duty cycle, and a
zero phase-shift angle. Thus, the fundamental component of the

7459

output voltage of the inverter can be expressed as

Viayy = 2v2Vae /7. (10)

Meanwhile, as shown in Fig. 4, while using VAPS modulation
in the active rectifier, adjusting the conducting angle of the
active rectifier y; (7y2) and the phase difference between the
input current and voltage of the rectifier 51 (f2) is available to
regulate the system output power. ¢1 (=) is the phase difference
between the positive-to-negative zero-crossing point of izy (i2)
and S; (S5), which is always expected to be a tiny positive value
to ensure the ZVS operation of all MOSFETs in rectifiers. 1 (72)
and (1 (B2) should satisfy

{ﬁl = + 7T—2’Yl > 7T—2’Yl
— T T
Bo = o + 2 > 5.

(11)

For the sake of analysis, Receiver #1 is picked up for analyzing
the circuit model of the receiver side as an example since the
operation principles of both receivers are the same.

Here, the output voltage and current of the rectifier can be
expressed as

2V2 ,
Vourr() = ——Voursin (2 (12)
2V/2 —
Tout1 = T\[ . (sin (%) - COS (W 2% + <,01)> Iy
(13)

According to (13), the conducting angle ~y; can be derived as

\/iﬂlouﬂ) ) (14)

Y1 = 1 + arccos (COS (901) - 27,
t1

Substituting (4), (10), and (12) into (3), the equivalent
impedance Z.,; can be derived as

Voutl(l) WLy L1 Vous
Legl = - = .

Itl Vchl
sin (%) - (cos (B1) + 7 -sin(B1)) .

Then, according to (4) and (15), the rms value of the current
in the receiver coil /41 can be derived as

15)

Isl

_ 2V Wou (ﬂ) . (16)

mwly 2

Besides, according to the waveforms in Fig. 4, it is evident that
only §1 and S» can turn-OFF at a nearly zero current, and the turn-
OFF current of S35 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 presents the turn-OFF angles
of the MOSFETs in the rectifiers. Since ¢ (¢2) is a constant tiny
positive angle, the turn-OFF loss is mainly determined by the
conducting angle v; (7y2).
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TABLE I
TURN-OFF ANGLES OF THE MOSFETSs IN RECEIVER #1

Sl Sz S3 S4
turn-OFF angle 01 01 o1ty o1ty
A A
A+l Aty
Mo
1,
I, out2
UH
S _
Louu outt
0 ) 0= =
Al Alitlo) oy Ay Z(lutho) Ioul
(a) (b)
Fig. 5. Iout1 and Ioyt2 against oyt with the conventional power distribution

method when (a) M1 = M5 and (b) M1 < M>.

C. Conventional Power Distribution Method Based on
Impedance Matching

In the whole charging process of vehicle batteries, the varia-
tion range of the load resistance is extensive. In the dual-receiver
WPT system, for the same P,;, there will be many different
power distribution schemes between the two receivers. Here, to
reduce the power loss on 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 multitransmitters (receivers), the
power distribution method based on impedance matching is
already proposed [26]-[29]. Whether the mutual inductances
between the transmitter coils and receiver coils are equal or not,
the balance of 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 M; < M. Besides,
to achieve the ZVS operation in both rectifiers, here 1 and 5
are set as a constant value ¢ and A = 2‘f cos(¢p) is defined.

1) M; = My With the Conventlonal Power Distribution
Method: As shown in Fig. 5(a), when M, = M, the rectifiers
are regulated to output the same current, i.e., loyt1 = lout2 and
Y1 = 2. According to (6) and (13), the system output current
meets

4+/2 —
Towi = i - [ sin <£> - COS —m + -1y
T 2 2

42 -
5. () (52 )2

Thus, the switching losses of the rectifiers are totally the same.

2) M; < My With the Conventional Power Distribution
Method: To release the ESRs losses and the current stresses
of the receiver coils, with the conventional power distribution
method, 757 and Iso are always regulated as the same value.
According to (16), when M; < Ms, to ensure the balance
between Is; and Iz, v1 = 72 is also necessary since Ly =
L. Thus, as shown in Fig. 5(b), the ratio of Iy, and Ioygo 1S
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the same as the ratio of /;; and ;2. The system output current

meets
- 2v/2 .M ™=V

Tow = — (sm (5) - cos ( 5 +o ) ) (In+12)
- 2V2 . (2 T — Y2
=— (Sm (?) - cos ( 5 +o) | (In+ Le).

(18)

Moreover, according to (9) and (15), the reflected impedance
Zg can be derived as

Z _ WL Vdc
! ]\/[1 sm(21 (cos (B1) 4+ -sin(B1)) v
¥3 - sin () - (cos (Ba) + j-sin (82)) | V"
(19)

D. Power Loss Calculation

To clarify the main factors affecting the overall power loss,
the power loss model is established and analyzed as follows.

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

- PESRsfreC + PESRsftran

= I3 R+ %R+ I} Ry + IRy + I*R, + Ing
(20)

Prsrs

where PrsRs rec and PesRs tran indicate the ESRs losses on the
receiver side and the transmitter side, respectively.

2) Active Rectifiers Loss: The power loss on the active rec-
tifiers P,o. can be divided into the conducting loss and the
switching loss, i.e.,

Prec - Prec_cond + Prec_sw (21)

where Piec_cond presents the conducting loss of the MOSFETS in
rectifiers and Pre. sy presents its switching loss. Ignoring the
conducting loss on the anti-paralleled diodes of the MOSFETs,
which occupies a tiny part of Prec, Prec_cond €an be expressed
as

Precfcond =2 (It21 + Itzg) . Rrecfsd (22)

where Pi.. sq 1S 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 [43], [44]

Prec_sw = 2\6 (Arec + Brec) Voutf

. (Itl -+ (Isin (p1)] + [sin (o1 + 7 = 71)]) )
+1ig - (|sin (92)[ + [sin (92 + 7 —72)])
(23)

where Ayec = Erec_oft/(Urec_ DD Irec_p) indicates the value of the
turn-OFF energy of the MOSFETs in the rectifier at the standard test
condition, and Byec = Qrec_DD/Irec_rp indicates the value of the
switching loss of the anti-paralleled diodes. Eyec off, Urec DD>
Iiec D> Qrec DD, and I.oc gp can be found in the datasheet
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A S ) ' y ’
Sa(Ss) | [S2(Se)[Si(Ss)k 1S5(Se) [S1(S5)]
52(S6) 1S3(SDESa(Sw), [Sx(SDlS(S)

Voull(Vg‘ulZ) il]‘gilZZ _\itl(it2l/]l_<\ R —\ iu(ip) R
t "\Vuutl \¥ i Voutl/
(Vomz) (Voutl)
(a (b) (©)

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

or tested/modeled by the users. The modeling and calculating
methods have already been introduced in [38] and [45]. Although
the calculated switching loss cannot be completely accurate, the
results still have a substantial reference value.

3) Inverter Loss: The inverter loss can also be expressed as

an = (24)

inv_cond + anfsw

where the conducting loss Py cona and the switching loss
Pinv sw can be expressed as

]Dinv_cond =2- qu : Rinv_ds (25)
anfsw = 4\/5 (Ainv + Binv) VdCITf |Sin (a)| (26)
where Ainv = inc_off/(EU_DDIinv_D) and Binv = Qinv_DD

/Iy rp indicate the corresponding turn-OFF loss in the in-
verter. Slmllaﬂy’ Rinv_ds’ Einv_off’ Uinv_DD’ Iinv_D’ Qinv_DDs
and [, rp can be found in the datasheet or tested/modeled by
the users. Here, « is the phase difference between vin(1) and i,
which can be defined as

« = arctan < 27

Im(Zf)>
Re(Zf) )

III. PROPOSED PPP-BASED POWER DISTRIBUTION METHOD

With the conventional power distribution scheme, the receiver
coil losses can be reduced. However, while utilizing the low-
conducting-resistance MOSFETS to release the conducting loss of
the rectifier with such high output current, their poor switching
performance should also be well considered. 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 total power loss on the receiver side even the
ZN'S operation is achieved.

A. Principle of the PPP Control With VAPS Modulation

With the adoption of VAPS modulation, there are three sta-
tuses 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., So (S¢) and Sy (Sg), are continuously
conducting. Thus, vout1 (Vous2) 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 v; (y2)
is less than 7, as shown in Fig. 6(b), I,ut1 (Iout2) is determined by
v1 (772). Meanwhile, according to (23), the turn-OFF loss of the
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TABLE II
OPERATION MODES OF THE RECTIFIERS IN FOUR MODES

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

Mode 1 VAPS Shutting
Mode 2 Shutting VAPS
Mode 3 Full-load VAPS
Mode 4 VAPS Full-load
P, Mode 3 A - Nodel -eee- Mode 3
rec_sw| oo —eees (Mode 4) Pmciw ffffff Mode2  ----- Mode 4
l/ “\ ’/ ll : ‘\\ /’I ‘\
{ | 7 (1 |
| I
Al Mal B ey
0 | 7 ; 0 [ i 12 7 ;
(a) out (b) out
Fig. 7. Total switching loss on the active rectifiers Prec_sw against I, when

(a) M1 = M3 and (b) M1 < Ms.

rectifier should be taken into account even the ZVS operation
is achieved. While 7, () reaches m, which is 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 lim-
ited since the turn-OFF currents are nearly zero when MOSFETS
turn-OFF.

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 article. According to the load power require-
ments, the operation modes of the receiver can be divided into
the following four modes, as shown in Table II.

Here, only one rectifier will be modulated by the VAPS
method to adjust the output power dynamically. The other recti-
fier 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 My and M>, the PPP method must be adjusted
to suit different misalignment conditions.

According to the analysis of the turn-OFF current and the
receiver operation mode, the trends of total switching loss on the
active rectifiers Pyq._sw With different operation modes against
the output current /¢ are plotted in Fig. 7. When My = M>, the
results of the two groups (Mode 1 = Mode 2 and Mode 3 = Mode
4) are the same. Therefore, the operation of the rectifiers can be
divided into two modes with the variation of /. According
to (14) and (23), the trend of Piec_sw against oy is plotted as
the solid green curve in Fig. 7(a). Besides, when M1 # M>, the
operation of the rectifiers will be divided into four modes. Since
there are overlaps between the four operation modes, the one
with lower Py sy should be picked up as the selected operation
mode. By combining the curve of the selected modes, the final
trend of Ppec sw 15 plotted as the solid green curve in Fig. 7(b).
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Fig. 8. Output current /o1 and Ioy¢2 against I, with the proposed PPP

control method when (a) My = M5 and (b) M1 < Ms.

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.

1) M; = My With the PPP Method: The trends of I,,;1 and
Iouto against 1,4 with the proposed PPP control method when
My = Ms are shown in Fig. 8(a). To release Prec_sw, When Io,¢
< Alyy, only 4 is adjusted, and Receiver #2 is shut down with
no switching loss, i.e.,

Towtr = Lout = % < (sin (%) - cos (52 + ) - In
Iout2 =0.

(28)
While 1,4 > Al:1, 71 is fixed at 7, and the rectifier in Receiver
#2 is adjusted to suit the rest of the load required current, i.e.,

]outl =A- Itl

_ _2V2
Iout2 - Iout - Ioutl - 1

(sn (%) - cos (552 +§)) - T

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

2) M; < My With PPP Method: Moreover, if M, and M,
are unbalanced, the power distribution 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
M7 < Mo, the trends of 1,41 and I,,42 against I, are shown in
Fig. 8(b). When I+ < Al;1, similarly, only v; is adjusted, and
Receiver #2 is shut down, i.e., the receiver operates in Mode 1.
The output current of each receiver meets (28).

When Aly < Ioyy < Alyo, there are two possible operation
modes of the receiver. Because the output current of Receiver
#1 cannot ever satisfy the required power, Receiver #2 must be
utilized for power transmission individually or cooperatively.
To choose the more suitable operation mode, /4;, 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 A1 < Iout < Algiv, by comparing the switching losses
of the possible operation modes, 1 should still be fixed at 7, and
72 is adjusted to suit the rest of the load required current, which
indicates that the receiver operates in Mode 3. The output current
of each receiver meets (29). While Alg;, <lout <Aly2, only o is
adjusted, and Receiver #1 is shut down with no switching loss.

(29)
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TABLE III
SYSTEM SPECIFICATION AND PARAMETER VALUES

Symb. Val. Symb. Val. Symb. Val.
Ve 350V Vout 24V Low 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 Ry 2.9mQ
Lo 2.64uH Ceo 239.9nF Ro 2.9mQ
Lg 6.92uH Cq 147.6nF Rq 23.0mQ
Lo 7.09uH Co 142.3nF Ry 24.1mQ
f 200kHz | Si-Ss  IXFX420N10T | Arect Brec 138ns

Airgap  30mm | P-P;  C3M0021120D | Ainyt Binw  34.2ns

In this case, the receiver operates in Mode 2, i.e.,

{ Towe1 =0
Tonz = Tone = 242+ (sin (%) o5 (5% + ¢)) - T
(30)
Additionally, when I,,;>Al2, to ensure the required power,
9 is still fixed at 7, and ~y; is adjusted to suit the rest of the load
required current. Here, the receiver operates in Mode 4, i.e.,

Ioutl = Iout - Iout? = ¥
(sin (121) -cos(”;71 +<p)) Iy 31

Tout2 = A - Iio.

C. Power Loss Analysis and Comparison

To verify the effect of the proposed PPP control on the effi-
ciency improvement in the dual-receiver WPT system, analysis
and comparison of the power loss in each part are necessary.
The corresponding mathematical model has been introduced in
Section II, and the system parameters are listed in Table III.

According to the system circuit and power loss analysis below,
the theoretical power loss comparison is shown in Fig. 9. The
rectifier switching loss Pec sw With the conventional power
distribution method under different ratios of My to My and I,¢
is shown in Fig. 9(a). Here, P,cc sw is independent of M;/M»
and is affected by I,,¢. While the system is controlled by the
PPP method, as shown in Fig. 9(b), Pycc_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 on the receiver side Prsgrs_rec and
the rectifier conducting 108S Prec_cond With these two power
distribution methods are plotted in Fig. 9(c) and (d). With the
low ESRs of the small size receiver coils and the designed
compensation parameters, Prsrs rec 1S well limited. In the-
ory, although the PPP control method will increase Prsgrs rec»
this part of power loss is still a tiny part of the overall sys-
tem power loss. Meanwhile, by utilizing the IXFX420N10T
in the rectifier, the rectifier conducting 10ss Piec cond 1S also
kept at a low level. What needs to be emphasized is that
PrEsRs rec and Prec_cond Of the system adopting these two power
distribution methods have nearly no difference. Thus, while
Prec_sw 18 reduced, the improvement of the system efficiency is
significant.
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Fig. 9. Calculated power loss of each part: (a) Prec_sw With the conventional

power distribution method, (b) proposed PPP control method, (¢) Prec_cond and
PrsRs rec With the conventional power distribution method, and (d) proposed
PPP control method, (e) P,y sw With the conventional power distribution
method, (f) proposed PPP control method, (g) Piny cond and PrsRs tran
with the conventional power distribution method, and (h) 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 Py sw have similar trends of P,ec sw, Which indicates the
effectiveness of the proposed PPP control for reducing the
inverter switching loss. Here, by utilizing C3M0021120D in
the inverter, P,y sw accounts for a limited part of the overall
system loss. The comparisons of P,y cond and PESRs tran are
shown in Fig. 9(g) and (h). Similarly, Piny_cond and PESRs_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. 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 depending
on the charging state of the vehicle battery. Meanwhile, the ZVS
operation should also be realized reliably. Within these control
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Fig. 10.  Control diagram of the PPP-based controller on the receiver side.
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Flowchart of the PPP-based power distribution strategy.

goals, the flowchart of the proposed PPP control is designed in
Fig. 11.

First, while /;; and ;2 are measured and input to the PPP
controller, the boundary lines of the different operation modes
can be obtained. Meanwhile, the system output current /,,; can
be calculated with the known /31 and [35. By comparing the /,.¢,
111, 112, and the calculated Ig;y, 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 V,,;; and the reference output Vi,
while the other is fixed with a constant conducting angle 7 or
0. Second, the phases of i;; and i;2 are obtained by using zero-
cross detection. With the assistance of the phase comparison
circuits, phase differences (; and ¢4 are controlled to track the
reference angle . Thus, the ZVS operations can be guaranteed.
By testing the switching performance of the MOSFETs under the
whole power range, ¢ is set as 5° here as an example.

Moreover, to determine and transit the operation modes,
considering the characteristics of Mode 1-Mode 4, an available
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 I, increased to Als
(M12), Receiver #1 (Receiver #2) is not able to provide more
power. Thus, the receiver should be switched to Mode 3 (Mode
4) at Iy, = Alyy (Uouy = Mly2). However, according to the
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Fig. 12.  Diagram of the designed hysteresis control in the PPP controller.
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Fig. 13.  Schematic diagram of the experimental setup.

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 I,y = 0.98:Al1; (louy = 0.98-A19).
Besides, since there is a large overlap in the power coverage of
Mode 3 and Mode 2, the switching points between Mode 3 and
Mode 2 can be set at I,y = 1.02114;y and I,y = 0.98A 145y .

IV. EXPERIMENTAL VERIFICATIONS

A. Experimental Prototype

To verify the validity of the proposed PPP method, a 24 V-50
A—-1200-W output experimental prototype is built and shown in
Fig. 13, using the parameters in Table III.

Digital signal processors (DSPs) TMS320F28335 are used for
dual side controls. 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 M and M5 versus x-axis mis-
alignment are shown in Fig. 14. Errors of M7 and M, between
the simulation and experiment are subsistent and acceptable,
which is caused by the difference between the handmade mag-
netic coupler and the ideal MAXWELL model. While the mag-
netic coupler is well-aligned, the coupling coefficient between
the single-receiver coil and the transmitter coil is about 0.35.
x€[—60 mm, 60 mm] is set as the movement range of the
receiver coils.

The coils in the experimental setup are shown in Fig. 15.
The 20 mm?-Litz-wire is utilized. In Fig. 15(a), the transmitter
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Fig. 15.  Structure and dimensions of (a) transmitter coil, (b) BP receiver coils,
and (c¢) DD comparison inductors.
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Fig. 16. Experimental waveforms of i1, it2, Vout1, and veouge with

(a) conventional method and (b) PPP control method when M; = M2 and
Iout =37.5A.

coil is made by the two-strand paralleled Litz wire. For the BP
receiver coils, the single-strand Litz wire is adopted for releasing
the weight of the receiver coil since its maximum current is
limited in 7 A, 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 [46]-[48], the compensation
inductors Ly and Lo 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 constant output
current is maintained. Meanwhile, since L;; and L;o are only
~2.64 1H, 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).

B. Experimental Waveforms

1) Waveforms of M; = Myp: Fig. 16 shows the waveforms of
it1s 142, Vout1,> and veueo using two different power distribution
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Fig. 17.  Experimental waveforms of i, i1, is2, and vi, with (a) conventional
method and (b) PPP control method when My = My and Iy = 37.5 A.
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Fig. 18. Experimental waveforms of i1, it2, Vout1, and veout2 with
(a) conventional method and (b) PPP method when M; = My and
Ious = 18.5 A.
i,[10 A/ div] [10 Al dlv]
/\W is1 [20 A/ dlv]
i [20 A/ div] i [20 A/ div]
e N e N
[t: 2ps/ div] [t: 2ps/ div]
(a) (b

Fig. 19. Experimental waveforms of i, is1, is2, and vi, with

(a) conventional method and (b) proposed PPP control method when M; =
Mo and I,y = 18.5 A.
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Fig. 20. Experimental waveforms of i1, it2, Vout1, and veout2 with
(a) conventional method and (b) PPP control method when M; = 0.5-M5 and
Ious =30 A.

TABLE IV
SYSTEM SPECIFICATION AND PARAMETER VALUES OF THE SINGLE RECEIVER
WPT SYSTEM
Symb. Val. Symb. Val. Symb. Val.
Ve 350V Vout 24V Towt 10~50A
Ly 14.4uH Cy 53.8nF Ry 60.1mQ
Ly 2.64uH Cy 239.9nF Ry 2.5mQ
f 200kHz | S;-S; IXFX420N10T | Airgap  30mm

7465

Ve pi [100 V/ div]

Ve o [10 V/div]

(2 ' (b)
Fig. 21.  Experimental waveforms of (a) vgs s1 and vgs_s1, (b) vgs_p1 and

Vgs_p1 When My = 0.5-M2 and I,y = 30 A.
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methods in the heavy-load condition (/o >A1;1) with My = M,
= 8.7 puH. The dc output voltage and current are maintained
at 24 V and 37.5 A. In Fig. 16(a), when the conventional
power distribution method is applied, rectifiers are regulated to
output the same i;; and i;5 with the 1 = 9. Fig. 16(b) shows
the corresponding waveforms with the proposed PPP control
method. In this case, Receiver #1 is in full-load status with v, =
m, and only the rectifier in Receiver #2 is adjusted to suit the
load required current.

Fig. 17 compares the waveforms of i, iy, is2, and vj, using
two control methods. When the conventional power distribution
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Fig. 26. Experimental dynamic response waveforms of Vout, lout, is1, and

is2 while the receiver is moving with (a) Iout = 34 A and (b) Iout = 26 A.

method is adopted, /57 and Iso are the same. While using the
PPP control method, with the rectifiers operating in Mode 3,
Iso is lower than Ig;. Thus, although the ZVS operation is
achieved with both power distribution methods, the measured
overall efficiency 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 i;1, it2, Vout1, and voug2 Using two
methods in light-load condition (It < Alyp) with My = Mo
= 8.7 pH. The dc output voltage and current are maintained at
24V and 18.5 A. Comparing the waveforms in Figs. 16(a) and
18(a), when using the conventional power distribution method,
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conducting angles in the light-load condition are smaller, re-
sulting 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.

As shown in Fig. 19(a), when the conventional power distri-
bution method is adopted, /51 and /5 are still the same. With the
PPP control method, I; is approximately equal to zero, which
verifies the theoretical analysis. Besides, as shown in Fig. 19(b),
the reactive component and harmonic content in i, 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 conventional method.

2) Waveforms of My; < Ms: When M; = 0.5-My (M =
~5 pH and My = ~10 pH), the waveforms of the i;1, i42, Vout1,
and vt using the conventional power distribution method are
shown in Fig. 20(a). Vot and I, are set as 24 V and 30 A. In
this situation, rectifiers are still regulated with y; = 5, while ;1
is only half as /5, 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
71 is adjusted to suit the load requirements, and ~ys is still fixed
at 7, as shown in Fig. 20(b). The measured overall efficiency
is up to 89.6%, which is improved by 3.1% compared with the
conventional method.

Moreover, with the PPP control method, the drain-source
voltage and the gate-source voltage of the MOSFET §7 in the
rectifier and the MOSFET P; in the inverter are shown in Fig. 21.
By setting the dead time of the active rectifier 0 ; = 300 ns and the
phase difference @1 = @2 = 5°, vgs_s1 and vgs_ 1 always begin
to turn to the high level after vqs_s1 and vqs 1 are completely
decreased to zero, which indicates that the ZVS operations are
achieved in rectifiers and inverter.

C. Efficiency Comparison and Analysis

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 single-rectifier
receiver. The key parameters of the single-receiver system are
listed in Table IV. Lyq is the self-inductance of the square
receiver coil, while Cyq, Liq, and Cyq are the compensation
elements in the LCC network. Ryq and R4 are the ESRs in the
corresponding loops. The receiver coil of the single receiver
is shown in Fig. 22(a). To achieve the same maximum system
output current, as shown in Fig. 22(b), the mutual inductance
between the receiver coil and the transmitter coil M, is designed
at 17.4 puH when the magnetic coupler is well-aligned. The
receiver coil is designed with one-strand and seven-turns Litz
wire and the same size as the BP receiver coils.

The trends of the overall system efficiency against the system
output power with different misalignment distances are plotted
in Fig. 23. When the magnetic coupler is well-aligned, the rec-
tifiers will operate under Mode 2 and Mode 3 with the proposed
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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 Couph'ng Output Efficiency
method structure network characteristic frequency | coefficient | power
[13] DC-DC converter re?;il(sr S-P 30V-10A 300mm*300mm*26mm 10kHz 0.35 300W 88%
[14] Singe S-S 24V-75A | 220mm*220mm*10mm | 85kHz 0.7 1.8kW |  89.9%
receiver
[18] rfc‘;%eer LCC-LCC 24V-75A | 220mm*220mm*10mm | 85kHz | 0.68~0.92 | 1.8kW 88%
Half wave Singe
[19] . . S-S 48V-10A 85kHz 0.23 480W 90.93%
rectifier receiver
This Active Dual LCC-LCC 24V-50A | 200mm*160mm*25mm | 200kHz 035 12kW | 922%
paper Rectifier receiver

PPP control method, as shown in Fig. 23(a). Compared with the
conventional 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 unbal-
anced, 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 efficiency of the
dual-receiver WPT system is always much higher than that of
the single-receiver WPT system with the whole load range.

In Fig. 24, the power losses of each stage are analyzed
under different mutual inductance conditions. Compared with
the conventional power distribution method, when M; = Mo,
the proposed PPP control method can decrease the rectifier loss
by ~26% @ Py, =250 W, ~41% @ P,y =500 W, and ~31%
@ P,y = 750 W. When M; = 0.66-M5, the rectifier loss can be
reduced by ~42% @ P,y =250 W, ~26% @ P,y = 500 W,
and ~24% @ P,,; = 750 W. Furthermore, the rectifier loss is
reduced by ~45% (@ P,y =250 W), ~26% @ P, = 500 W,
and by ~24% @ P,y =750 W as M; = 0.5-M>. Besides, the in-
verter 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
efficiency improvement of the proposed method.

D. Dynamic Response

To verify the actual effect of the designed hysteresis control
and PI control, the dynamic response waveforms of V¢, lout,
is1, and iso when the load current is changing are provided in
Fig. 25. With My = 0.5M5, when I, varies slowly between 13
and 15 A, the receiver is switched between Mode 1 and Mode
3. During the load variation process in Fig. 25(a), V¢ can be
maintained at a constant value without noticeable oscillation or
fluctuation, and no frequent switching phenomenon is observed.
The same conclusion can also be obtained from Fig. 25(b) and
(c), which show the dynamic response waveforms when It
varies between 17 (Mode 3) and 20 A (Mode 2), and between
20 (Mode 2) and 26 A (Mode 4). Thus, the dynamic performance
of the control system can be well proved.

Moreover, for the dynamic applications, the waveforms when
the receiver moves with a low speed are shown in Fig. 26. While

the receiver is moving, as shown in Fig. 26(a), V,,t and /5, can
be kept as 24 V and 34 A, and the receiver operates in Mode 4
stably. When 7, is set to 26 A, the designed hysteresis control
will switch the receiver into the corresponding operating mode
with different misalignment conditions, as shown in Fig. 26(b).
Meanwhile, since the waveform of the rectifier input current is
a smooth sine wave without visible harmonics and distortion,
the sampling and the zero-crossing point detecting are relatively
reliable and straightforward in the active rectifier with software
phase-locked loop implemented in the DSP. Thus, in the ex-
perimental results, it is proved that the ZVS operation is well
realized in a wide operating range, and no waveform distortion
or considerable temperature rise caused by the hard-switching
operating is observed. Furthermore, with the cooperation of
the PI control and the hysteresis control, Vo and I, can
be maintained without noticeable overshoot or oscillation in
the moving process, which indicates 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 [14], [15], [19], [20]. In [14], the dual-receiver system
with a de—dc converter is adopted, which results in low overall
system efficiency. Besides, the volume of the receiver is also
sacrificed due to the utilization of additional dc—dc converters.
In [15], the series—series (S—S) compensation network is used
in the 24 V=75 A output WPT system with ~89.9% efficiency.
However, the multistrands-paralleled Litz wire in the receiver
coil increases the cost and the weight of the magnetic coupler.
In [19], the LCC-LCC compensation network is employed in
the low-voltage and high-current output WPT system with the
optimized current stress of the receiver coil. However, with
only one receiver, the power loss in the receiver cannot be
further reduced. In [20], with the S-S topology and the dual
half-wave rectifier, multiple loads can be supplied with a 10 A
output current. Nevertheless, the receiver coil suffers from large
current stress due to its single-receiver coil structure, lowering
the overall efficiency.

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

V. CONCLUSION

In this article, an efficiency improving method based on the
PPP control is proposed for the dual-receiver WPT system. Ac-
cording 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 characteristics 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 operation mode of
the rectifiers and regulating their conducting angles. To verify
the proposed method, a 24 V=50 A prototype is set up. The
experimental results show that, compared with the conventional
power distribution method based on the impedance 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.
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