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Abstract—In this letter, a single-input and regulatable multi-
output wireless power transfer system is presented. In particular,
the system uses positive and negative half-wave rectifiers and a
synchronous rectifier to realize multiple output channels. Each
output channel is controllable, providing a flexible wireless charger
to meet various charging requirements. Moreover, this system uti-
lizes the inherent half-wave-rectifier channels (#B and #C) to detect
synchronous signals for the rectifiers rather than using additional
synchronous detection circuits, thereby leading to a cost-effective
system. Finally, a 300 W laboratory prototype is contrasted with
three voltage levels, i.e., 48, 30, and 24 V. With the help of the control
logic, this system shows excellent robustness against different occa-
sions, such as load variations, input disturbance, and misalignment.
The overall efficiency ranges from 86.7% to 90.6%.

Index Terms—Single-input and regulatable multioutput
(SIRMO), synchronous rectifier, wireless power transfer (WPT).

1. INTRODUCTION

IRELESS power transfer (WPT) is a practical technol-
W ogy that contributes to a wide range of applications,
such as smartphones and electric vehicles [1]. Single-input-and-
single-output (SISO) WPT system has been widely investigated
because of its simplicity [2]. In this digital age, electric ap-
pliances have become more and more complicated. It is quite
challenging for traditional SISO WPT to meet the multiple
output charging target requirements. Therefore, the industry is
calling for emerging wireless chargers equipped with multiple
outputs.
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To achieve multiple outputs, one way is to increase the num-
ber of transmission paths by using multi-input-and-multioutput
(MIMO) systems [3]. This means that a large number of trans-
mitting and receiving equipment are involved in achieving mul-
tiple charging paths.

To save cost, simplify the structure, and reduce the cross-
coupling phenomenon caused by MIMO systems [4], it is more
popular to adopt the single-input-and-multioutput (SIMO) WPT
systems nowadays. One way to realize it is by single-T [5] or
double-T [6] resonant circuits, which can achieve voltage or
current conversion by configuring the passive components, such
as inductors and capacitors. However, such passive topologies
are difficult to adjust output voltages or currents during the
charging process. Therefore, some scholars have adopted dc—dc
converters [7]. Although dc—dc converters meet different charg-
ing requirements with varying outputs, they are still bulky as
well as requiring much additional installation space. That is why
recent investigations gradually integrate dc—dc converters into
rectifiers, i.e., active bridge rectifiers, to further save space and
improve compactness. One promising application based on the
active rectifiers should be single-input and dual-output (SIDO)
WPT system [8]. Such a SIDO system can simultaneously
realize dual regulatable outputs, which can charge the driving
system and control system of automatic-guided vehicles.

To further improve the performance of the SIMO WPT sys-
tem, this letter presents a SIMO WPT system based on the
different types of rectifiers, including one synchronous rectifier
and two half-wave rectifiers. Three regulatable output channels
are successfully built. The potential application scenarios can
be hybrid energy storage system and other systems, which
usually require three controllable voltages [7]. In summary, the
contributions and advantages of this letter can be summarized
as follows.

1) Single-input and regulatable multioutput (SIRMO): Dif-
ferent from the article presented in [7], the presented
work considers both half-wave and full-wave rectifiers to
ensure the SIRMO. Three output channels (#A, #B, and
#C) are holistically considered. Specifically, channel #A
is installed with a synchronous rectifier, while channels
#B and #C are equipped with half-wave rectifiers utilizing
the positive and negative half periods of the ac voltage
source, respectively.
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Fig. 1.

Entire circuit diagram of the presented WPT system.

2) Synchronous signal detection: In this letter, the benefits of
the half-wave rectifiers (Rectifier #B and #C) go far be-
yond the multiple outputs. They also serve as synchronous
signal detection [i.e., finding the zero-cross points (ZCPs)]
to provide synchronous signals for the synchronous rec-
tifier. Compared with the article presented in [8], the
presented structure saves valuable space on the secondary
side since there are no additional detecting circuits or
sensors for synchronous rectification, thereby leading to a
compact and cost-saving system.

II. CircuiT TOPOLOGY AND SYSTEM CONTROL
A. Circuit Topology

Fig. 1 illustrates the circuit scheme of the presented WPT
system, which utilizes the inductor—capacitor—capacitor-series
(LCC-S) compensation topology. L, Lp, and Lg are the com-
pensation coil, transmitter coil, and receiver coil, respectively.
R 7, Rp, and Rg are the parasitic resistances of L7, Lp, and Lg,
respectively. Os, Qg, Q7, and Qg constitute the synchronous
rectifiers. And for the synchronous rectifier, usually, the switch-
ing sequence shall be synchronized with the current direction,
i.e., 05 (Qg) and Qg (Q7) should be ON (OFF) state when ig is
positive; Qg (Os5) and Q7 (Qg) should be ON (OFF) state when
is is negative [9]. For the positive half-wave rectifier (i.e., #C),
the output voltage can be controlled when ig is positive, while
for the negative half-wave rectifier (i.e., #B), the output voltage
can be controlled when ig is negative.

Cr, Cp, and Cg are the compensation capacitors that satisfy
the following equations:

CT = (ngT)—l’ CP = [OJZ (Lp — LT)] _1, Cs = (w2Ls)_1
ey
where w is the operating angular frequency of the inverter,
which satisfies w = 27f. Besides, Cy, C., and C, are the output
capacitors in three output channels, which are all selected as
large enough as 220 pF. Thus, the dc outputs are relatively
constant [8].

Since most of the higher order harmonics are trapped in the
resonant circuit [5], to simplify the analysis, only the funda-
mental component is considered in this letter. Phase-shifted
modulation (PSM) is used to control the inverter, and the funda-
mental inverter output voltage in phasor form can be written as
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Fig. 2. Equivalent circuit of the presented WPT system. (a) Positive half
period. (b) Negative half period.

follows [6]:

2V2Vge . 6
S1

Uin = n 5400 (2)

™

where 9 is the conduction angle.
By using Kirchhoff voltage law, the following equations can
be derived:

Un = (jXor + Rr — jXcr) Ir + jXcrlp .

0= (Xep+Rp—jXcp—jXcr)lp+jXcerlr—jXuls

0=—jXulp+ (jXrs + Rs — jXcs)Is + Us

Us = RquS

(3)

where
{XLTZOJLT XCTzl/wCT XLP ZOJLP XCPZI/LUCP

XLS ZOJLS XCS :1/wCS XM:wM RquReqa ‘ |Reqb| |R2‘_C)
and Req o, Req b, and Req . are the equivalent input resistance of
the three rectifiers (i.e., rectifiers #A, #B, and #C, respectively),
which can be obtained as follows [8]:

Reqa = %Ra; Reqb = %va Reqc = %Rc (5)
where V;, and V, are the output voltages of half-wave-rectifier
channels #B and #C, respectively. R, R, and R, are the output
resistances of the three output channels (#A, #B, and #C). Ug is
the root-mean-square value of Us.

Substituting (1), (2), and (4) into (3), one can obtain the
following:

U _ X a1t X1 Uin Req
S (Req+Rs)(2Rp Rr+XZ.p)+Rr X3, (6)
Un(2RegRp+2RpRs+X3,)

I = (ReqtRs)2RpRr+ X&)+ Rr X2,

In terms of output channel #A, according to the relationship
between the input and output voltage of the synchronous rectifier
[6], V, can be expressed as follows:

Vo = V21U, /4. (7

Fig. 2 indicates the equivalent circuit of output channels #B
and #C, where Ug is the bus voltage. The output voltage of
channel #C can be expressed as follows:

22U
V2U, sin(wt)dwt = V2U,

21 Jo T

1 2mD g
Ve

(1—cos (2rDg.))

®)
where D g is the duty cycle of pulsewidth modulation (PWM) C
(i.e., the drive signal of Q) in the positive half period. Similarly,
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Fig. 3. Flowchart for synchronous signal detection and system charging.

the output voltage of channel #B can be expressed as follows:

1 7r+27r~DQb

Vo= — — V2U, sin(wt)dwt
2r Jx
V2U,
= (1 —cos (2mDgy)) )

where D g, is the duty cycle of PWM B (i.e., the drive signal of
Q) in the negative half period.

As can be seen from (7)-(9), V,, V., and V,, are all affected
by bus voltage (i.e., Us). When the bus voltage is determined,
V. and V}, can be controlled independently.

The output impedance of the inverter can be calculated as
follows:

5 _ Un _ (Beq+ Rs)2RpRy + Xg1) + Ry X3, (10)
iy (2ReqRp +2RpRs + X2;) '
By calculating (4), (5), (8), and (9), Rcq can be obtained as

follows:

Req

_ 872 Ro Ry Re
7T Ry Re+(2cos(2rDgp)—2)° Ry Re4(2cos(2nDge)—2)° Ra Ry

(1)

As canbe seen from (10) and (11), since R is purely resistive,
Ziy 1s also purely resistive, indicating that the whole system can
achieve input zero phase angle (ZPA) [6].

B. Synchronous Signal Detection

The flowchart for synchronous signal detection and system
charging is shown in Fig. 3. Before the normal charging, it is
necessary for the system to find the ZCPs first. After that, the
synchronous drive signals PWM 5, PWM 6, PWM 7, and PWM
8 can be given. The system enters into the normal charging stage.
And V,, Vi, and V. can be regulated by controlling d, D g, and
D .. As shown in Fig. 3, the conduction angle § and duty ratios
Dg. and Dy, are set as dg, Dgco, and Dy to initialize the
system by transferring a small amount of energy to the receiver
for synchronous signal detection.

Because the primary controller and secondary controller are
not synchronized, the initial time reference 7y of PWM C and
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Fig. 4. Diagram of ig, driving signals (PWM C and PWM B), and the
variation of V. and V), for synchronous signal detection. (a) State I. (b) State II.
(c) State III. (d) State IV. (e) End state of synchronous signal detection.
(f) Starting waveform of state I in the experiment. (g) Intermediate waveform of
state I in the experiment. (h) End waveform of state I in the experiment.

PWM B is random, which can be given in Fig. 4(a)-(d). This
letter moves the time reference of PWM C and PWM B to search
out ZCPs for the synchronous rectifier. The ultimate state is
shown in Fig. 4(e), where PWM C and B find out the positive
and negative half-wave ZCPs, respectively. AT'is the step change
of time references, which is selected as 20 ns in this letter.
By accumulating the count number 7, the next-step voltages
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(Ve(ny1) and Vy(p41)) are measured and compared with the
previous ones (V, and Vy,,).

ZCPs for Fig. 4(a)—(d) can be found as follows.

1) As shown in Fig. 4(a), if V.o = Vo = 0, the state is
confirmed as state I. Then, the time reference would not
keep adjusting until Ve(ny1) = Ven = Vp(ng1) = Vin
> (. As a result, the correct ZCPs can be found at the
time T),.

2) As shown in Fig. 4(b), if V.1 > V.o and V1 > Vi, the
state is confirmed as state II. Then, the time reference
would notkeep adjusting until V(1) = Ve and Vi 41y
= Vp,. As a result, the correct ZCPs can be found at the
time T,.

3) As shown in Fig. 4(c), if V.1 = Vo >0 and V}; =
Viyo >0, the state is confirmed as state III. Then, the
time reference would not keep adjusting until V(1) =
Ven = Vio(nt1) = Vi = 0. As a result, the anti-ZCPs
can be found at the time 7,,. It should be noted that the
phase difference between ZCP and anti-ZCP is 180°. Thus,
the corresponding ZCPs can be found by shifting 180°
phase angle.

4) As shown in Fig. 4(d), if V.1 < V.o and Vj; < Vjo, the
state is confirmed as state I'V. Similar to Fig. 4(c), the time
reference would not keep adjusting until Vi (p41) = Vep =
Vi(nt1) = Vin = 0. The correct anti-ZCPs can be found
at the time 7,,. Similarly, the corresponding ZCPs can be
found by shifting 180° phase angle.

Fig. 4(f)—(h) show the experimental starting waveform, inter-
mediate waveform, and end waveform of state I to find the ZCPs.
By comparing Fig. 4(f)—(h) with Fig. 4(a), it can be seen that the
change characteristics of V.. and V}, can well correspond, and two
PWM signals (PWM B and PWM C) can capture ZCP almost
without deviation, which verifies that the proposed system can
achieve synchronous signal detection.

C. System Control

The control logic of the proposed system is shown in Fig. 1.
There are two controllers, i.e., the primary controller and the
secondary controller. Furthermore, there are three closed control
loops in the presented system, including one outer loop (Loop
#A) to regulate V, and two inner loops (Loop #B and Loop #C)
to regulate V;, and V..

In terms of outer control loop #A, the secondary controller
samples the output voltage V, by using the A/D module after
the voltage divider and then transfers it to the primary side. The
primary controller picks up the information of V,. The error
between V, and the reference V.. is sent to the proportion—
integral (PI) controller, and then, the processed resultis delivered
to the PSM controller for conduction angle ¢ calculation for
regulating Us and thus V. As for inner control loops #B and
#C, the secondary controller samples the output voltage V;, and
V. by adopting the A/D module after the voltage divider. Error
information (V; and Vi,ef, and V. and V.,.f) are sent to their
PI controller, respectively, and then voltages V; and V. can
be regulated by controlling Dg; and D g, respectively. It can
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Fig. 5. Photograph of the experimental prototype.
TABLE I
SYSTEM PARAMETERS
Vdc LT LP Ls RT
30V 43.3 uH 104 uH 103 uH 0.12Q
Rs Cr Cp Cs Rp
0.26 Q 81 nF 58 nF 34 nF 0.26 Q
Va Vo Ve f M
48V 30V 24V 85 kHz 324 uH
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Fig. 6. Diagram of the ZPA validation. (a) R, = 10 Q and R, = R, =20 Q.
b)R, =102 and Ry = R, =30 Q. (¢c) R, =20 Q and Ry, = R. = 20 Q.
(d)R, =20 Qand R, = R, = 30 Q.

be seen the loop #A can affect the output bus voltage (Us):
therefore, adjusting V, will also cause changes in V} and V..
As for loops #B and #C, they can only regulate V; and V.,
respectively.

III. EXPERIMENTAL VALIDATION

A. Experimental Prototype

In order to verify the feasibility of the proposed SIRMO WPT
system, an experimental prototype is fabricated, as demonstrated
in Fig. 5. The parameters of the system are listed in Table I.

B. ZPA Validation

Fig. 6 illustrates the output voltage and current of the inverter
(uin, and i3,) and the dc voltage outputs when (a) R, = 10 2 and
Ry=R.=20Q,(b)R,=10Q and R, = R. =30, (¢c) R,
=20Qand Ry = R, =20 €, and (d) R, = 20 Q) and R, =
R. =30 €. As can be seen from Fig. 6, u;, and i;,, are in the
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Fig. 8. Dynamic response to the input disturbance.

same phase regardless of the change of R,, R, and R, which
indicates that the inverter can achieve ZPA and the circulation
of the reactive power is not significant [6].

C. Dynamic Response Under Load Variation Conditions

Fig. 7(a)—(c) illustrate the dynamic response when the load
changes in the outer loop (Loop #A) and two inner loops (Loop
#B and Loop #C), i.e., R4, Ry, and R, respectively. Fig. 7(a)
depicts that the change of outer loop #A’s load (R,) affects not
only itself but also two inner loops (Loop #B and Loop #C). It
shows that R, is changed from 10 to 20 2 and back to 10 2 again.
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Fig. 10. Measured efficiency results correspond to changes in (a) R, and Ry

and (b) R, and R...

And all the voltages can be controlled to their reference values,
i.e., 48, 30, and 24 V. Fig. 7(b) depicts that the change of inner
loop #B’s 1oad (R}) only affects itself. It shows that R}, is changed
from 20 to 30 2 and back to 20 2 again. Itself voltage V; can
be maintained at 30 V with a small over/undershoot. And there
is almost no change for V, and V.. Similarly, Fig. 7(c) depicts
that the change of inner loop #C’s load (R.) only affects itself.
It shows that R, is changed from 20 to 30 2 and back to 20 {2
again. Itself voltage V. can be maintained at 24 V with a small
over/undershoot. And there is almost no change for V, and V5.

D. Disturbance Rejection

Fig. 8 depicts the input disturbance rejection response of the
system. The input voltage varies from 80 to 70 V and then
back to 80 V again. Due to the control strategy, the presented
system can maintain the three voltages at 48, 30, and 24 V,
respectively.

Fig. 9 shows the dynamic response of the system when
misalignment occurs, i.e., mutual coupling (M) varies. M varies
from 32.4 to 28.2 ©H and then back to 32.4 ;H again. As can
be seen from Fig. 9, the three voltages can be controlled at the
target values of 48, 30, and 24 V, respectively.
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TABLE II
COMPARISONS BETWEEN THIS LETTER AND THE ARTICLES PRESENTED IN [3], [4], [5], [6], [7], AND [8]

Output

Volume and

Ref Method Channels Cost Efficiency Characteristic
[3] MIMO 6 High 45.1% Multiple transmitting and receiving coils
[4] with multsig\l/i(r)eceivers 2 High 84.5% Multiple receiver coils
5] SIMO with multiple single-T resonant 2 Hich 89.3% Multiple high-order single T-compensation
circuits & e networks
SIMO with multiple double-T resonant . Multiple high-order double T
[6] 2 High 91.1%
circuits & e compensation networks
SIMO with multiple DC/DC . o Regulable multiple outputs (RMOs) with
7] converters 3 High 8% DC/DC converters
[8] SIMO with multiple active rectifiers 2 Med 90.9% RMO; Using hall current sensor
This letter  SIMO with multiple active rectifiers 3 Low 90.6% SIRMO; Two type rectifiers without

additional sensors

The measured efficiency results that correspond to load vari-
ations are shown in Fig. 10, where Fig. 10(a) shows the results
correspond to changes in R, and R, while R, = 20 €2; Fig. 10(b)
shows the results correspond to changes in R, and R, while R, =
20 €2. As can be seen from Fig. 10, the overall efficiency ranges
from 86.7% to 90.6%.

IV. DISCUSSION

A comparison between this letter and the articles presented in
[31,[4]. [5], [6], [7], and [8] is summarized in Table II. Compared
with the articles presented in [3] and [4], the proposed method
can realize multiple outputs with only one receiver coil, saving
space and cost, and avoiding cross coupling between multiple
receivers. Compared with the articles presented in [5] and [6],
the proposed method can achieve multiple outputs without using
a large number of high-order compensation networks on the
receiver side, such as single-T or double-T topology, so its
volume and cost are considerable. Besides, unlike the passive
topologies in [5] and [6], the proposed method can achieve mul-
tiple controllable outputs. Compared with the article presented
in [7], the proposed method realizes multiple regulable outputs
through active rectifiers instead of dc/dc converters. Therefore,
the volume and cost of the proposed method are more advanta-
geous. Compared with the article presented in [8], the proposed
method utilizes the inherent half-wave-rectifier channels (#B
and #C) to detect synchronous signals for the rectifiers rather
than using additional synchronous detection circuits, thereby
leading to a volume-saving and cost-effective system. As for
the efficiency, the efficiency of this letter is close to that of the
articles presented in [6] and [8] but higher than that of the articles
presented in [3], [4], [S], and [7].

V. CONCLUSION

This letter presents a SIRMO (WPT) system. Three regulat-
able output channels are successfully built. Different types of
rectifiers are thoroughly considered, including one synchronous
rectifier and two half-wave rectifiers. Moreover, this system

utilizes the inherent half-wave-rectifier channels (#B and #C)
to detect synchronous signals. A 300 W laboratory prototype
is contrasted with three voltage levels, i.e., 48, 30, and 24 V.
The experimental results show that adjusting V, will also cause
changes in V;, and V.. As for the closed loops #B and #C, they
can only regulate V;, and V., respectively. With the help of the
control logic, this system shows excellent robustness against
different occasions, such as load variations, input disturbance,
and misalignment. The overall efficiency ranges from 86.7% to
90.6%.
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