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Analysis and Design of a Cost-Effective WPT System With Single-Input and
Multioutput Based on Buck-Integrated Rectifier

Xinghong He ¥, Chenyan Zhu*”, Jin Tao

Abstract—Recently, wireless power transfer (WPT) has been a
competitive power supply mode due to its convenience and safety.
Normally, a WPT system provides only one output, whereas some
devices request multiple voltage levels. In this letter, a single-input
and multioutput WPT system is proposed. By integrating two buck
converters into a full-wave rectifier, three constant voltage outputs
are achieved with only four MOSFETs and two inductors. Besides,
all MOSFETs can achieve zero voltage switching by designing the
inductors. A 324-W prototype is fabricated with three voltage
levels, i.e., 48, 24, and 18 V. Experimental results demonstrate that
the three outputs are independent of loads and each other, and the
overall efficiency ranges from 91.84% to 93.33%.

Index Terms—Integrated rectifier, single-input and multioutput
(SIMO), wireless power transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) is capable of supplying
power through the magnetic or electric field without an
electrical connection. It has the technical advantage of being
safe, convenient, and reliable compared to the traditional cable
power supply method. Therefore, WPT technology is becoming
more and more desirable in the fields of consumer electronics,
electric vehicles, etc. [1], [2]. Usually, electrical equipment has
not only the main power system but also the control system,
and their voltage levels are various. Hence, it is imperative to
implement WPT to power devices with multiple voltage levels.
A simple and common way of implementing multiple voltage
outputs is adopting the multiple transmitters’ and receivers’
structure to achieve multi-input and multioutput [3]. However,
additional transmitters and receivers would increase the volume
of the system and make it complex.
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In order to simplify the system and reduce volume, a single-
input and multioutput (SIMO) structure with one transmitter
and multireceivers is proposed [4]. However, the outputs will
be disturbed by the presence of magnetic field cross-coupling
between the receivers. Therefore, a coaxial dual receiver struc-
ture with a decoupled circuit is proposed, which utilizes a
passive component connected with two receivers to cancel out
the cross-coupling between each other [5]. Unfortunately, the
cross-coupling is difficult to be accurately eliminated by the
capacitor, and the circuit is complicated when the multireceiver
structure is employed.

Compared to the multireceiver structure, the system with
one transmitter and one receiver is further streamlined. One
approach to achieve multiple outputs is to connect multiple
double-T resonant circuits to a common port at the secondary
side [6]. Whereas, a large number of passive components is
required, which increases the volume of the system. Besides, the
resonant conditions are complicated to satisfy. Therefore, dc—dc
converters are adopted to achieve multiple outputs since the
voltage regulations are easy to realize according to the requests
[7]. Although the output voltage has a high degree of freedom,
a large number of switches in the system increases the cost and
volume of the system. A dual individually adjustable output
WPT system without a dc—dc converter is proposed [8]. The
secondary rectification circuit only uses two diodes and two
MOSFETSs, which can greatly reduce the cost. But this method is
not suitable for a common ground system. To further improve
the performance of the SIMO WPT system, Li et al. [9] have
proposed a feasible solution that uses two half-wave rectifiers
and asynchronous rectifiers to achieve multiple outputs to realize
multiple outputs. However, a large number of semiconductor
devices increase the cost of the system, and still, the power
supply system cannot share the same ground.

In this letter, a cost-effective WPT system with SIMO based
on a buck-integrated rectifier is proposed, which can achieve
three load-independent outputs. The proposed structure im-
plements the functions of a full-wave rectifier and two buck
converters using only four switches. And the output voltages
share common ground, which is more suitable for most power
supply systems. The contributions and advantages of this letter
can be summarized as follows.

1) Cost-Effective: In the proposed system, LCC-S resonant

circuit is adopted, and only one transmitter and one
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Fig. 1. Circuit structure of the proposed SIMO WPT system.
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Three-channel output composition of the proposed SIMO WPT system.

Fig.2.

receiver are utilized. By employing the buck-integrated
rectifier, three load-independent output voltages are
achieved, requiring only four MOSFETs and two inductors.

2) Wide Applicability: In order to mitigate the potential
impact of common mode noises on the system, most
multiple-voltage-level requested systems are typically
designed with the same ground. Therefore, the buck-
integrated rectifier with three distinct output voltage levels
is proposed, which has wide applicability due to the shared
ground configuration.

3) Zero Voltage Switching (ZVS): In this letter, ZVS con-
ditions for MOSFETs of the buck-integrated rectifier are
analyzed, which is under the effect of inductor currents. By
designing the output inductors of the rectifier, all MOSFETS
in the proposed buck-integrated rectifier can achieve ZVS.

II. PROPOSED SIMO WPT SYSTEM
A. Circuit Configuration

The circuit structure of the proposed SIMO WPT system is
shown in Fig. 1. The primary LCC resonant network is composed
of inductor Lt and capacitor Ct, Cy,. V}, is the input voltage and I¢
isthe input current. L, (L) is the self-inductance of the transmit-
ter (receiver), where the current is I, (Is). M represents mutual
inductance. Cj is the secondary resonant capacitor. Sy, S, and
output inductor Ly (S3,S4, and inductor Ly) form the buck
converter of Channel #1 (Channel #2). Meanwhile, Sy, S5, Ss,
and S, consist of the active rectifier as Channel #3. C'y, C, and
Cj5 are filter capacitors. Ry, Ro, and Rj3 are the dc loads for
Channels #1, #2, and #3, respectively. The schematic diagram
of the circuit structure of each of the channels is shown in Fig. 2.
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Fig. 3. Key waveforms of the proposed SIMO WPT system.

The resonant state of the circuit should satisfy the following
equation:

w:1/\/Lfo:1/ (Lp—Lf>Cp:1/\/LSCS (1)

where w represents the operating angular frequency of the cir-
cuit, which is defined as w = 27 f5. f5 is the operating frequency
of the system. According to Kirchhoff’s voltage law, the voltage
loop equation of the system can be derived as

0 j/(wa) 0 I; Vp
7/ (wCk) 0 —JjwM I, =10 (2)
0 —jwM R I 0

where R, is the equivalent load on the ac side. By solving (2),
the ac output voltage V; can be expressed as

Vi = W Cr MV, 3)

According to (3), the ac output voltage V; is independent of the
load and only related to mutual inductance M and input voltage
V,, when the circuit parameters are determined.

B. Operational Principles

Fig. 3 shows the key waveforms of the proposed SIMO WPT
system. D, and Dy, are the duty cycle of S; and S5, respectively.
The center of S; and S3 is always 7(0.5T;) apart. Besides,
S1(S3) is always complementary to So(S4). to is set to be a
reference (tg = 0), the fourmoments¢; — t4 can be calculated as

t; =T./4 — D,T,/2

ty = Ty/4+ D, Ty/2 @
t3 = 3T./4 — DyT,/2

ty = 3Ty /4 + DTy /2

As shown in Fig. 2, output channel #3 is full-bridge rectified.
According to Fourier analysis, the ratio K between V; and the
output dc voltage V3 can be derived as

Ky =V,/Vs = V2[sin(D,7) +sin(Dyp7)] /7. (5)

Output channels #1 and #2 are converted from output channel
#3 by two buck converters, respectively. And the relationship be-
tween the output dc voltages V3, V5, and V) can be expressed as

Vi = D,Vs
{w=mw' ©
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Fig. 4. Four operating states of the proposed SIMO WPT system.

According to the energy conservation law, the equation can
be obtained as

VZ2/Roe = VP /R1 + V3 /Ry + Vi /Rs. (7
Substituting (5) and (6) into (7), R, can be derived as
Ry = K2/ (D2/Ri+ DE/Ro + 1/R3). ®)

Then, the time domain expression of the receiver current i
can be obtained as

w?Ce MV, (D2/Ry + D} /Ry + 1/R3)

is (1) = V2 e sin (wt) .
©))
The output voltages can be calculated as follows:
Vi = Daw?Ce MV, / K
Vo = Dyw?Ce MV, /Ky (10)

V3 == UJQO{‘MVP/KS

According to (10), V1, V5, and V3 are independent of the load.
Meanwhile, by configuring the parameters of the system, the
system can realize three various voltage outputs.

Fig. 4 shows the four operating states of the proposed SIMO
WPT system.

Stage 1 (f9-11): S2 and Sy are ON, S7 and S5 are OFF. The currents
in inductors L and L, decrease, and the inductors release
energy.

Stage 2 (t,-12): S7 and Sy are ON, S and S5 are OFF. The current
in inductor L; increases, and L; stores energy. The current in
inductor Lo decreases, and Lo releases energy.

Stage 3 (f2-13): S and S, are ON, S7 and S5 are OFF. The currents
in inductors L and Lo decrease, and the inductors release
energy.

Stage 4 (t3-14): S2 and S3 are ON, S; and Sy are OFF. The current
in inductor L, decreases, and L releases energy. The current
in inductor L increases, and Ly stores energy.
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Fig. 5. Inductor versus frequency curves.

III. DESIGN OF SYSTEM PARAMETERS
A. Design of Output Inductors

It should be noted that in the proposed buck-integrated recti-
fier, the value of the inductor will influence the currents through
MOSFETs, which subsequently determine the achievement of
ZVS for MOSFETs. The time-domain expressions for output
inductors currents 1,1 and 41,2 in one period can be derived as

) — Vi/Ry + (V3 —Vi)(t — Ty/4)/ Ly
i1 (t) = Vi/Ry — Vi(t—3T,/4)/ L,

te [tl, tg)
te [tQ, t +TS]

o (1) = {VQ/RQ — Vot — Ty /4)/La t € [to,t3)
2 T\ Vo /Ry + (Vs — Va)(t — 3Tu/4) /Lo t € [t ta]
(1)

Then, the turn-ON currents g1, tsw2, tsw3, and igyq Of the
MOSFETS S, Sa, S3, and S can be calculated as

isw1 = V215 cos(Dam) —[Vi/R1— (1 — D,)Vi /(211 f5)]
iswg = ﬂ[s COS(DaTF) - [Vl/Rl + (]. 7Da)vl/(2L1fs)]
iw3 =215 cos(Dy) —[Va/Ra—(1 — Dp)Va/(2Lafs)]
iswa = /215 cos(Dym) —[Va/Ra+(1 — Dp)Va/(2La f5))
(12)

To achieve ZVS, the turn-ON currents of MOSFETs should
satisfy the following equation [10]:

Z‘swl > Oaisw2 < 07i5w3 > Oaisw4 < 0. (13)

By substituting (12) into (13), the inductor L;, Lo versus
frequency curves are obtained.

For example, when the output channels are 48 V (9.6 (2),24 V
(129), and 18 V (9 Q0), respectively, the values of the inductors
L, and L, versus frequency are shown in Fig. 5. To make all
MOSFETS can achieve ZVS, the values of the inductors should
be below the curves. It should be pointed out that excessively
small inductor values should be avoided, as they will result in
large current ripples, consequently decreasing the efficiency.

B. Power Losses Analysis and Frequency Optimization

For the proposed system, there are four parts of losses,
namely inverter losses (Pixy), WPT losses (Pywpr), rectifier
losses (FPrec), and output inductor losses (/). Since the LC
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TABLE I
ELECTRICAL PARAMETERS OF THE WPT SYSTEM

Symbol Value Symbol Value Symbol Value
Vp 100V L, 13.6 uH Ry, 11 mQ
M 15.9 uH L, 13 uH Ri» 11 mQ
Cy 110.6 nF L¢ 31.2uH R¢ 18 mQ
G 143.4 nF L, 559 uH R, 62 mQ
Cs 63 nF L 55.5uH Ry 63 mQ
14 18V 123 24V Vs 48V
R 9Q R, 12Q Rs 9.6Q

resonant circuits are the filters, only the fundamental harmonic
is considered.

According to Li et al. [11], Pnv and Prgc mainly consist
of switching losses and conduction losses. For the inverter, the
switching losses can be ignored since the input zero phase angle
is achieved. For the rectifier, the turn-ON losses are zero since
ZVS is achieved. Therefore, Piny and Prec can be calculated as

-PINV = 2IfQRcon

4
€ .
PREC = Vv?)fs [VE;};{ + %] Z’stn

n=1

2

+ TL/OT {lis () = iua (O + [is (9) = in2 (O]

X Reondt (14)

where R.., is drain-source on-state resistance, eggr is the turn-
OFF energy losses of MOSFETs under reference voltage (V) and
current (/g). And Qrr and Igp are the reverse recovery charge
and the reference current of the diode, respectively.

The main losses in WPT are determined by inductors resis-
tances, which can be represented as

Pwpr = If Ry + IR, + IRy 15)

where I%¢, R}, and IR are the internal resistance of L¢, L, and
Ly, respectively. I, I;,, and I can be calculated by (2). Due to
the skin effect, the ac internal resistance of the litz-wire increases
with frequency. And the ac-to-dc winding resistance ratio Frymr
of litz-wire can be expressed as [12]

Frome = 14 7° (5N — 1) dg g £2/ (2880p., 2 p°)  (16)

where Ny is the number of winding layers and sublayers, and
dg 1s the optimum conductor strand diameter for windings
conducting sinusoidal. p is free space permeability. p,, is
conductor resistivity, and p is the distance between center of
the wires/strands in the inductor layer and sublayer. It is ob-
served from (16), with augmenting frequency, the resistances
of the inductors will increase when the other parameters are
determined.

The last part, output inductor losses F,, can be expressed as

T Ts
b, = {./ iLl(t)QRlet ' +/ iLQ(t)zRLth] /Ts D)
0 0

where Ry jand Ry are the resistance of the output inductors.
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Fig. 8. Experimental waveform with rated outputs. (a) Output of the inverter
and input of the rectifier. (b) Voltages and currents of the output inductors Lj
and Ls. (c) ZVS of §1 and Ss. (d) ZVS of S3 and S4.

Therefore, the total loss of the system is the sum of four parts,
which can be calculated as

B oss = Binv + Pwer + Prec + Pr. (18)

Table I illustrates the actual parameters of the system designed
for 85 kHz. With the parameters listed in Table I, the system effi-
ciency and power loss as a function of frequency are calculated,
as depicted in Fig. 6. It can be found that the optimal frequency
range for the proposed SIMO WPT system is between 30 and
300 kHz.
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TABLE I
COMPARISON BETWEEN THE REFERENCES (6], [7], [8], [9] AND THIS WORK
Original configuration Three output channels with the same methods
Ref Method Output |Additional passive izaf:sngsct;oer Efficiency | Output [Additional passive fiir\?ilcc:sng:lmtg:
channels components . . (%) channels components R .
receiver side receiver side
[6] Multiple Double-T Resonant Circuits 2 12 8 diodes 91.1 18 12 diodes
. 4 diodes 4 diodes
[7] Multiple dc-dc converters 3 3 + 8 MOSFETs 85 3 +8 MOSFETSs
. . 2 diodes 3 diodes
[8]  [Rectifier with Two half-wave Channels| 2 0 +2 MOSFETs 90.9 3 0 +3 MOSFETSs
9] Rectifier with Two half-wave Channels 3 0 2 diodes 906 0 2 diodes
and One Full-wave channel + 6 MOSFETs ) + 6 MOSFETs
This work Buck-integrated Rectifier 3 2 4 MOSFETs 93.3 2 4 MOSFETs
180V/ 2 240V/ 3 480V/ 4 200A/ 2.500s 1.000s/ 1.3
v 8.3) i 18.6V] | 18.3Y
I " "
Vs landd3) P | 245V [ 24.3)
& : : 2
48.6 ! 48.7V . 48.6Y =
V3 - ) 2
. ; p o
/ 1% W Ld:
! | m
¢ D0A i ‘ l‘,UA ‘ | —0A
(€))
18.0V/ 240V/ 3 480V/ 4 2008/ 2.500s 1.000s/ ik
v g3y i [184V L 18.3
I ¥ Y
v hadd) P |24.8V i d4.3Y
1486V | 483V | 48.6)
V3 ! '
I fw
. Do : LOA LD OA 2
2 ; z —£-07 g
. H 2
[}
(b) 2
180V/ 2 240V/ 3 480V/ 4 5004/ 2.500s _ 1.000s/ ik m
3Y 18.5V | 18.3Y 192
Vi : ) 16.8
| a3y 25V T tha
4.3 | 24.3Y 16 12 Ry
v, , Ry(Q) 1296 ()
= 1 48.6Y 50.1V | 48.6Y (b)
1 )3 v e Fig. 10. Experimental efficiencies. (a) Versus R; and Rj3. (b) Versus Rg
5.0A N ' 5.0A and R
e SOAC } 3-
©
Fig. 9. System output waveforms when one of the loads varies. (a) When R;  experimental waveforms of the switching state are exhibited in

changes from 9 to 18 2. (b) When Ro changes from 12 to 24 Q. (c) When R3
changes from 9.6 to 19.2 Q.

IV. EXPERIMENTAL VERIFICATION

To verify the feasibility of the proposed system, a 324-W
prototype operating at 85 kHz has been built, as shown in Fig. 7.
The experimental parameters are shown in Table I.

Fig. 8 shows the experimental waveforms under the rated
power of the system. Fig. 8(a) depicts the output of the inverter
and input of the rectifier, and Fig. 8(b) illustrates the voltages
and currents of the output inductors L; and Ls. And the

Fig. 8(c) and (d), where it can be observed that all four MOSFETS
can achieve ZVS.

Fig. 9(a) shows the output waveforms when Ry = 122, R3 =
9.6 2, and R; varies from 9 to 18 €2. The voltage fluctuation rates
of V1, V5, and V3 are 1.67%, 0.83%, and 0.21%, respectively.
Fig. 9(b) shows the output waveforms when R; =9, Rg =
9.6 2, and R» changes from 12 to 24 ). The voltage fluctuation
rates of V1, V5, and Vs are 0.55%, 2.1%, and 0.21%, respectively.
Fig. 9(c) shows the output waveforms when R; =9, Ry, =
12, and R3 ranges from 9.6 to 19.2 (2. The voltage fluctuation
rates of V7, V5, and V3 are 1.11%, 2.92%, and 3.13%, respec-
tively.
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Fig. 10(a) shows the system efficiency when Ry = 12, R;
varies from 9 to 182, and R3 varies from 9.6 to 19.2 ), re-
spectively, which ranges from 93.28% to 91.87%. Fig. 10(b)
shows the system efficiency when Ry = 92, R varies from 12
to 242, and Rj3 varies from 9.6 to 19.2 (2, respectively, which
ranges from 93.33% to 91.84%. The overall efficiency ranges
from 91.84% to 93.33%.

Table IT shows the comparison between this work and others’
work in terms of original output channels, number of additional
passive components, semiconductor devices on the secondary
side, and system efficiency. It should be noted that the additional
passive components are connected after the receiver compensate
networks. It can be found that, though the proposed method has
two small additional output inductors, the least semiconductor
devices. To compare more fairly, the number of passive compo-
nents and semiconductor devices with three output channels by
various methods are also listed. Still, the proposed method has
the least semiconductor devices. Therefore, the proposed system
has the advantage of low cost.

V. CONCLUSION

This letter presents a SIMO (WPT) system. Compared with
the traditional SISO system, three load-independent output
voltages are achieved, requiring no additional semiconductor
devices but only two inductors. A 324-W laboratory proto-
type is fabricated with three voltage levels, i.e., 48, 24, and
18 V. Experiments have proved that when a single load varies,
the voltage fluctuation of the other load is within 3.13%.
All the MOSFETs in the proposed buck-integrated rectifier can
achieve ZVS. The overall efficiency ranges from 91.84% to
93.33%.
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