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ABSTRACT: It is expensive that each consuming power equipment needs to equip a separate wireless power charger. In addition, obtaining
constant output power and high transfer efficiency in large coupling variation ranges is challenging. In this study, the two-load transmis-
sion characteristics of a WPT system with double transmitting coils are studied. The circuit model of the two-load WPT system is first
developed, and the transmission characteristics are studied. The two-load WPT system achieving constant output power and transmission
efficiency is then studied. Finally, the two-load WPT experimental system is designed. This system can achieve self-adjusting impedance
compensation. Moreover, constant output power and transmission efficiency are achieved in each receiver, where their fluctuations are
less than 5%. Furthermore, the utilization of the charger is improved by more than 8% due to the two receivers. This topology can provide
a solution for practical application problems, such as the two-load wireless charger of the vehicle mobile phone.

1. INTRODUCTION

ireless power transfer (WPT) [1,2] has been widely
Wadopted in industry, such as in electric vehicles,
consumer electronics, and military [3,4].

However, at present, the existing traditional WPT chargers
can accept only a single load. In other words, their system can-
not meet the demands of multiple devices. Therefore, a high
demand on multi-load WPT systems has evolved [5].

In practical applications, the output power and transmission
efficiency are unsteady and very sensitive to the coupling dis-
tance, because the system undergoes the frequency splitting
phenomenon [6, 7]. This leads to the occurrence of the vibra-
tion phenomenon of the receiver-coil (or relay-coil) in a three-
coil WPT system, because of the existence of frequency split-
ting [8, 9]. Thus, the WPT system is rather sensitive to the dis-
tance and alignment changes among the coils. Any change in
the coil coupling distance and alignment from the initial opti-
mal position and orientation results in degraded output power
and transmission efficiency [6]. In other words, it is a challenge
to obtain constant output power and transfer efficiency in large
coupling variation ranges.

It is known that, if the WPT system obtains the optimal
impedance, the maximum output power and transmission ef-
ficiency can be obtained [10]. It has been shown in [11] that
the determination of the impedance zones on the two sides of
the secondary compensation network based on various con-
straints, followed by selection of the compensation topology
and parameters for performing the desired mapping between
the impedance zones, allows the optimization of system per-
formance. The authors of [12] proposed a novel parameter
design method based on double-sided inductance-capacitance-
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capacitance (LCC) compensation topology, while consider-
ing the impact of the primary phase angle (PPA) and sec-
ondary phase angle (SPA) on the system efficiency. In the
study presented in [13], the WPT system achieves the dy-
namic impedance compensation by adding or removing the
inductances or capacitances from the compensator. How-
ever, it suffers from a transient shock. In the study presented
in [14], a method is proposed to perform self-adjustment of
the impedance compensator using two series transmitting coils.
Consequently, due to the variations of the transmission distance
and orientation of the coils, constant output power and trans-
mission efficiency are obtained.

Based on the aforementioned results, a topology of the two-
load WPT system with double transmitting coils is proposed. It
can perform self-adjusting impedance compensation, and con-
stant output power and transmission efficiency are achieved in
each receiver in a fixed-frequency mode. The circuit model
is first developed, and the transmission characteristics are ana-
lyzed. The output power and transmission efficiency are then
simulated by adopting the Biot-Savart law and using the MAT-
LAB software. Afterwards, a two-load WPT experimental sys-
tem is developed. Constant output power and transmission effi-
ciency are achieved in each receiver in a fixed-frequency mode,
with fluctuations less than 5%. Furthermore, the utilization of
the charger is improved by more than 8% due to the two re-
ceivers. This topology is able to provide a solution in practical
applications, such as the two-load wireless charger of the vehi-
cle mobile phone.

2. MODELING OF THE TWO-LOAD WPT SYSTEM

In the study presented in [14], the system obtains a uniform
magnetic field by applying double transmitting coils. Constant
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FIGURE 1. Sketch of the two-load WPT system with double transmit-
ting coils (L1 and Lo2).

Main transmitter Main receiver

| I | | S )
R1 N R3
. -~ f N .
@Us L) L)< ——>CL i) Rf|UL
< - <
Cs /(. C;
[ M\ /y, [ |
i Vv 1
R, . / \ R,

LTS Vo Y =~ :
@Us ) LYIE=>CL iy R||U
< ¢
CS ° C4
| | | |

Sub-transmitter Sub-receiver

FIGURE 2. Equivalent circuit of the two-load WPT system with double
transmitting coils.

output power and high transmission efficiency are also obtained
in a fixed-frequency mode. Based on aforementioned results,
this paper presents a topology of the two-load WPT system with
double transmitting coils. The two-load transmission character-
istics with double transmitting coils are then studied.

A diagram of the two-load WPT system with double trans-
mitting coils is shown in Fig. 1, where constant output power
and transmission efficiency with two loads are achieved. A
sketch of the two-load WPT system with double transmitting
coils (L and Ls) is shown in Fig. 2. The double transmitting
coils are linked into the transmitter loop, and the main trans-
mitter (M-Tx) and sub-transmitter (S-Tx) loops are then created
using the same circuit of the transmitter, as shown in Fig. 2.

The parameters of this two-load WPT system are shown in
Table 1. Note that, for the convenience of analysis, the mutual
inductance of the M-Tx and S-Tx coils is ignored because M,
Ms, Ms, and M, are much larger. The mutual inductance of
the M-Rx and S-Rx coils is also ignored.

A convenient reference for the analysis of the transmission
characteristics of a two-load WPT system is provided by the
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TABLE 1. Parameters of the two-load WPT system.

Parameter Value
Input power Us
Load voltage U I
Wmdmg ohmic ‘ Ry Ro. Rs. Ra
resistance of the coil
Load resistance Ry,
Inductance of the coil Ly, Lo, L3, Ly
Capacitance Cs,Cs, Cy
Coupling distance d1, dy, da, da, ds
=dy +deords =d3 +da
Mutual inductance M1, My, Ms, My

equivalent circuit model. The assumed parameters of the M-
Tx, S-Tx, M-Rx, and S-Rx are presented in Table 2.

The two-load WPT system with double transmitting coils can
be written as:

lel 7jwM1j3 - jwM2j4 == US
Z2j2 - jwM3f4 - jwM4j3 US
Z3]3 —]lell - jwM4IQ =0
Z4I4 - ]wlel - ]wMglg =0

(1

where w is the driving source of angular frequency.
The self-impedances of M-Tx Z;, S-Tx Zy, M-Rx Z3, and
S-Rx Z4 are given by [13]:

Zy = =Ry + jwl; + ijS

(O-+ Jw]%LC:JU + ]UJOICRL:.?)R (O.+-]£)R (2)
Zs=/24=Rs+ Rp + jwLs + jUJC3

= (1+ ke 4 L o9)R = (1+jOR

The impedance coupling factors 71 75, 73, and 74, which indicate
the ability of the impedance coupling [13], are given by:

T o= wMy :w]%l >0
! \/RI(R3+RL Vor) 1
o.)Mz
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\/RI(R4+RL T VoR? 2> 3
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FIGURE 3. Sketch of the mutual inductance of the two-load WPT sys-
tem, which includes the M-Tx coil L1, S-Tx coil Lo, M-Rx coil L3,
and S-Rx coil L.
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TABLE 2. Assumed values for the individual circuit elements of the M-Tx, S-Tx, M-Rx, and S-Rx.

Resonant angular frequency

Parameter Value
Capacitances Cs=C3=0C,=C
Inductances Ih=Ls=L3=Lys=1L

Resistance Rs+ R, =Rs+Rr. =R

Ratio R, =BR(0<B<1),
Ri=Ry=0R (0 >0)
Resonance frequency f=w/2m
Frequency detuning factor §E=Qw/w—w/w)
w=1/(LC)%?,

W1 = W2 = W3 =Wyqg =W

Quality factor

Q =wL/R=1/(wCR),
Q1 =Q2=wL/R; =1/(wCRy) = Q/o,
Qs =Qs=wL/(Ri+Rr)=1/(wC(Ra+ Rr)) =Q

According to Equations (1), (2), and (3), and parameters of Ta-
ble 2, the currents can be expressed as:

; (1459 [1+58) (0 +5&)+o (r3+7i—Tima—T273)] Us
Il - 2 2 - N 2 2 2 4
(143020 +3O2 + o1+ +7& (rF+r3+73+73) B
+02 (r273 + 7373 — 271737274)
j— (1458)[+58) (0 +5&)+o (rf+75 —m1ma—T273)] Us
2 14792+ +o(+i) (o +46) (rF+3+3+-3) R
+02 (rf73 + 7373 — 271737274) )
foei Vo [(145€) (04+5€) (ritTa)+o (1175 +7am3 —TiT2Ta—T2T3Ta)| Ug
B 0% 4 02 o 1o+ 6 (1R 45+ T2+ 3) R
+o2 (r%r% + 7373 — 27 T37'2‘r4>
I~ s ﬁ[(l#—gf)(mkj{)(71+T4)+a(73712+727'f77'1727'477'1737'4)] US
A 0%+ 302 + oL+ 36 (0 + 78) ((2+73+3+-3) R
+o2 (-rfr% + 7273 — 21'17'37'21'4)

By applying Equation (4), the output powers of the M-Rx Py
and S-Rx Pg are respectively written in Equations (5) and (6),
and the transmission efficiencies of the M-Rx 7y, and S-Rx g
are presented in Equations (7) and (8), respectively. By assum-
ing that OPy;/0¢ and OPg/J¢ are null, the WPT system has
three roots [16]. By applying these roots, the system achieves a
maximum output power (Poymax) of (8 Ug) /(40 R). Thus, the
normalized output powers of M-Rx and S-Rx can be written as

rr = Pt/ Poumax a0d 5 = Ps / Poymax, respectively.
Py =|I3*Ry,
={Be{e2(1+ o) + )2 + [(n + 1) (0-€2)
+ o (nri+nri-nnm-rnn) | JU3}/
R{€* Bo(1+0) +262(1 - 0)]° (5)
+ [t =& — (0% +40) € + o2
+o(c—-&) (T +m+713+717)

+ 02 (7'12732—1-7'22742—2717'27374) ]2}
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Ps =|I,*Ry,
:{50{52(1 +0)* (11 + 10)*+ (11 + 1) (0-€7)
+ o (rRr+rin-nnm—rmn) ) JU3}/
R{€* [30(1 + o) +26%(1 — 0)]”
+ ¢t =& = (0? +40) 2 + 0?
+o(0=8) (rf +75 + 75 +7f)

+ 02 (T12’7'32+T227'Z—2T17'27'3’7'4) ]2}

_ I]°R,,
li1|2R1+|i2|2Ra+]i3|?(R3+ Rr)+|i4|?(Ra+ Ryr)

=B{€(1+0)2(r1 + 7)* + [(m + 1) (0~ €2)
+ o (nri+nri-nnm - nrn)]’}/
{0+ i+ +[(0-€) (n+m)
Ty I Ep———
+(1+€%) {252(1 o) -2 to
TIPS O E—

— [52-1-0—1-0(7'12 +722 — T1T4 —727'3)]2 }}

(6)

(7
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FIGURE 4. Characteristic curves of the normalized output powers of M-
Rx 1 ar and S-Rx 1) using the electromagnetic field superposition prin-
ciple, with £ = 0.265 and dz = 32mm.
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+(1+) {2821 +0)? - [ +0
+ o (7'3? + T42 — T1T4 — 7'273) ]2

—[E+o+o(rf+m-—nm —727'3)]2 }}

3. ANALYSIS OF THE TWO-LOAD WPT SYSTEM

Figure 3 shows a sketch of the mutual inductance of the two-
load WPT system that uses double transmitting coils. Note that
each receiver achieves constant output power and transmission
efficiency. The underlying parameters are determined by the
Biot-Savart law and the mutual inductance shown in Fig. 3.
They are presented in Table 3.

The My, Ms, M3, and M, mutual inductances can be deter-
mined according to the magnetic induction intensities B1, Ba,
Bs, and By [15], and the mutual inductance shown in Fig. 3:

M :g:ﬂrgBl:Wuo(nlng)o's(r1r3)2
=T I 2(ri+d3)3/2
M, — Dy _ TFT§B2:ﬂuo(nzng)g's(’l‘z’f‘3)2
27T Iz 2(r3+d3)3/? ©)
Ma = 28 — TrriBs:ﬂuo(n1n4)0'5(r1r4)2
3 I I 2(ri+d3)3/2
M, — Sy _ 71'7234:71';,&0(77,2714)0'5(7‘27‘4)2
4 Iy Iy 2(r3+d3)3/2
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FIGURE 5. Characteristic curves of the normalized transmission ef-
ficiencies of M-Rx 7as and S-Rx ns using the electromagnetic field
superposition principle, with £ = 0.265 and d3 = 32 mm.

According to Equations (3) and (9), the 7, 79, 73, and 74
impedance coupling factors can be rewritten as:

_mwpo(ning)®P(rirs)® _ mwpo(naing)®®(rirs)?

T1

2 /o R(r7+d3)3/2 _2\/ER(T‘%+(d1;d2 +2)2)3/2
Ty = ﬂwyo(ngny;)o'52(r1r4)2 _ ﬂwpg(n1n4)0'5(r1r4)2
2o R(r?+d3)3/2 2\/ER(rf+(d1+d2 —x)2)3/2 (10)
T3 = wwuo(nzné)o'srz(rsz: wwpo(nang)®® (rary)?
2VOR(r3+d3)3/2 T2 /G R(r3+(1E2 4y)2)3/2
= mwpo(nens)®®(rars)® _ mwpo(nang) '%(7'27‘3)2
2VFR(3+dE7 T 2 /GR(r3+( TR —y)?)/?

Based on Figs. 1-3, it is assumed that the coupling distances of
the M-Tx and S-Tx coils (ds = dy + ds and d5 = d3 + dy)
have constant values of 32 mm and 40 mm, respectively. When
the M-Rx coil (L3) or S-Rx coil (L4) moves from the M-Tx
coil (L) to S-Tx coil (L2), the coupling distance d; (or d3)
and d3 = ds — d; (or d4) are variable. The normalized output
powers of M-Rx and S-Rx, determined based on Equations (5)—
(8), are shown in Fig. 4. The transmission efficiencies of M-Rx
and S-Rx are shown in Fig. 5. The normalized output pow-
ers of M-Rx and S-Rx, determined based on Equations (5)—(8),
are illustrated in Fig. 6. The transmission efficiencies of M-Rx
and S-Rx are presented in Fig. 7. This paper studies the two-
load transmission characteristics of a WPT system with double
transmitting coils.

It can be seen from Figs. 3—5 that, since the M-Tx and S-Tx
coils are parallel, the output powers of O3 and O, are obtained.
Between points O; and Os, the WPT system reaches constant
output power and transmission efficiency of the M-Rx or S-Rx,
because the double transmitting coils can determine the uni-
form magnetic field [16]. Outside points O and O, the output
power and transmission efficiency are significantly reduced.

Figure 6 shows the normalized output powers of M-Rx and
S-Rx related to parameters o, &, 71, T2, T3, and 74. Three states
exist: (a) over-coupled region (7; > 1), (b) critical-coupled
point (73 = 1), and (c) under-coupled region (7; < 1). In
the over-coupled region, frequency splitting occurs, and thus
the normalized output power reaches its maximum value. The
maximum value of the normalized output power is obtained
at the critical-coupled point. At the under-coupled region, the
normalized output power significantly decreases. Based on the

WWwWw.jpier.org
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TABLE 3. Parameters of the two-load WPT system of the magnetic induction intensity and geometric structure.

Parameter

Magnetic induction intensity of the circular coil L at the position of the coil Lz | By =

Magnetic induction intensity of the circular coil L at the position of the coil Lz | By =

Magnetic induction intensity of the circular coil L at the position of the coil Ly | B3 =

Magnetic induction intensity of the circular coil L at the position of the coil Ly | By =

Radius of the M-Tx, S-Tx, M-Rx, and S-Rx coils

T1, 72,73, T4

Permeability of vacuum (H/m)

pu=4r x 1077

Turn number of the M-Tx, S-Tx, M-Rx, and S-Rx coils

ni, N2, N3, N4

Central point between the M-Tx and S-Tx coils (0]

Geometric center of the M-Tx, S-Tx, M-Rx, and S-Rx coils 01, O2, O304
Magnetic flux of the magnetic field excited by the coil L; through the coil L3 3
Magnetic flux of the magnetic field excited by the coil Lo through the coil L3 )
Magnetic flux of the magnetic field excited by the coil L; through the coil L4 D3
Magnetic flux of the magnetic field excited by the coil Lo through the coil L4 Dy

T10r T3

FIGURE 6. Characteristic curves of the output powers of M-Rx and S-
Rx, foroc = 2,75 =0,and 74 = 0.

frequency detuning factor £ = Q(w/w0 — w/w), the two-load
WPT system achieves the maximum output power at the split-
ting angular frequencies w; and wq, which belong to lower and
higher frequency modes, respectively.

It can be observed from Fig. 7 that the transmission efficiency
reaches its the maximum value at the resonance angular fre-
quency w. When 11 and 73 increase, the transmission efficien-
cies of the M-Rx and S-Rx gradually increase, respectively.

In summary, because the double transmitting coils of the
two-load system can provide a uniform magnetic field, con-
stant output power and transmission efficiency of M-Rx and
S-Rx are obtained with a suitable transmitting distance ds. In
the sequel, experiments are first conducted, then the simulated
and experimental results are compared.

4. EXPERIMENTAL RESULTS

The two-load WPT experimental block diagram is shown in
Fig. 8 where D1—D, are the rectifier diodes; Ck is the filter
capacitor; and Uy is the DC voltage. The parameters of the
two-load WPT experimental system are shown in Table 4.

71
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FIGURE 7. Characteristic curves of the transmission efficiencies of M-
Rx and S-Rx, for 5 =1, 75 = 0, and 74 = 0.

The two-load experimental equipment includes the power
amplifier, wave generator, voltage probes, capacitances, oscil-
loscope, transmitter, main receiver, sub-receiver, load, M-Tx
coil, S-Tx coil, M-Rx coil, and S-Rx coil, as shown in Fig. 9.

The wave generator of the two-load WPT experimental sys-
tem generates a sine signal, as shown in Figs. 8 and 9. The latter
is amplified by the power amplifier. Sine power current flowed
resonant circuit and power magnetic field are then generated.
The M-Rx and S-Rx coils are put into the power magnetic field,
and a high-frequency power current is induced. Afterwards, the
power current is rectified and consumed by the two-load sys-
tem.

In the experiments, dj is set to 20, 30, and 40 mm while d; or
ds are set to 10, 15, and 20 mm. The input and output voltages
and currents are measured at different frequencies. The results
shown in Figs. 10—13 are obtained using these data. It can be
seen from Figs. 10 and 11 that, when the transmission distances
of the M-Tx and S-Tx coils are adjusted to 20 mm, the output
power peaks of M-Rx and S-Rx occur at 125 kHz and 165 kHz,
respectively. When dj is adjusted to 30 mm, the output power

Www.jpier.org
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FIGURE 8. Experimental block diagram of the two-load WPT system
that uses double transmitting coils to achieve constant output power
and transmission efficiency.
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FIGURE 10. Output power of M-Rx function of the frequency.
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FIGURE 12. Transmission efficiency of M-Rx function of the frequency.

peaks of M-Rx and S-Rx occur at 130kHz and 155 kHz, re-
spectively. When db is adjusted to 40 mm, the output power
peaks of M-Rx and S-Rx occur at 150 kHz. It can be seen from
Figs. 12 and 13 that, when dj5 is adjusted to 20, 30, and 40 mm,
M-Rx and S-Rx attain their maximum transmission efficiencies
at 150 kHz. When d5 decreases, the transmission efficiency in-
creases and its curves move to the higher frequency direction.

72

Oscilloscope . Wave generator [ Power amplifier

FIGURE 9. The two-load WPT experimental system that uses double
transmitting coils to achieve constant output power and transmission
efficiency.
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FIGURE 11. Output power of S-Rx function of the frequency.
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FIGURE 13. Transmission efficiency of S-Rx function of the frequency.

It can then be deduced that, when ds = 20mm, the out-
put powers of M-Rx and S-Rx reach their maximum values at
125kHz and 165 kHz, respectively. When d5 = 30 mm, the
output powers of M-Rx and S-Rx reach their maximum values
at 130 kHz and 155 kHz, respectively. When ds = 40 mm, the
output powers of M-Rx and S-Rx reach their maximum val-
ues at 150 kHz. If the driving source of frequency is increased,
the aforementioned frequencies remain constant when the two-
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FIGURE 14. Output power of M-Rx function of the distance.
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FIGURE 16. Transmission efficiency of M-Rx function of the distance.

TABLE 4. Parameters of the transmitter (M-Tx and S-Tx), main re-
ceiver (M-Tx), and sub-receiver (M-Rx) of the MCR-WPT system.

Parameter M TxorS Tx | M-Rx or S-Rx

Inside diameter 68  10-2 30 % 10-2

of the coil ¢/m

Outside diameter
of the coil ®/m
Layers of the coil

78 %1073 38 %1073

3
20
140
58.5
11.45

3
20
140

29.25
22.09

Number of turns n

Frequency f/kHz
Inductance L/pH
Capacitance C/nF

20, 30, or 40
2
0.265
0.5
20
40

Distance ds = dy + do mm

Impedance scaling factor o

Frequency detuning factor £
Load Ry 2
Input Voltage V/

Input power W

load system functions. When dj is constant, the input and out-
put voltages are measured in the case where d; or ds changes
(i.e., the M-Rx or S-Rx coils moves from the M-Tx coil to the

73
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FIGURE 15. Output power of S-Rx function of the distance.
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FIGURE 17. Transmission efficiency of S-Rx function of the distance.

STx coils). The input and output currents of the system are also
measured. The obtained results are shown in Figs. 14—17. It can
be seen that, in the lower frequency mode (i.e., d5 = 20 mm,
f = 125kHz; d5 = 30mm, f = 130kHz; d5 = 40 mm,
f = 155kHz), the output power and transmission efficiency
reach constant values when d; or ds increases, with fluctua-
tions less than 5%. However, in the higher frequency mode
(i.e., ds = 20mm, f = 165kHz; d5 = 30mm, f = 155 kHz),
when d; or d3 increases, the transmission efficiency reaches its
minimum value at point O, and the output power significantly
decreases. In addition to the higher frequency mode, the exper-
imental results are consistent with the simulated ones [14, 16].

Table 5 shows the output powers and transmission efficien-
cies of M-Rx and S-Rx for different distances. It can be seen
that, for different distances, the fluctuations of the transmission
efficiency and output power are less than 5% in each receiver.

TABLE 5. Output powers and transmission efficiencies of M-Rx and
S-Rx for different distances.

ds/mm | Ppy/W | Ps/W M Ns
20 14.51 14.56 | 0.491 | 0.492
30 14.42 14.12 | 0.492 | 0.488
40 14.45 1442 | 0.396 | 0.368
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In addition, in contrast to the results obtained in [14] and [16],
the utilization of the charger is improved by more than 8% due
to the existence of at least two receivers.

In general, the WPT system with double transmitting coils
is a self-adjusting impedance compensator. More precisely,
when it uses double transmitting coils and the coupling distance
changes, it can perform impedance self-compensation. There-
fore, the WPT system can always lead to constant output power
and transmission efficiency.

5. DISCUSSION

In the considered topology, two receivers (or more) are placed
between double transmitting coils. In fact, space limitations ex-
ist. Fig. 18 shows a feasible solution, where two mobile phones
are simultaneously placed on the charging groove. Further-
more, by applying the proposed two-load WPT system, a new
topology, incorporating small output power and transmission
efficiency fluctuations in open space, can be established.

Mobile phone charging groove
Anti static silicone pad

Two transmitting coils
Magnetic sheet

PCBA

Aluminum shell for heat dissipation

FIGURE 18. Explosion diagram of the two-load wireless charger for
mobile phones.

6. CONCLUSION

This study proposes an efficient topology for a two-load WPT
system which includes double transmitting coils. The transmis-
sion characteristics of the WPT system are simulated and ana-
lyzed by adopting the Biot-Savart law and using the MATLAB
software. The main contributions and results can be summa-
rized as follows:

(1) The developed WPT system with double transmitting
coils is a self-adjusting impedance compensator. As long as the
receiving coil moves between the two transmitting coils, con-
stant output power and transmission efficiency can be obtained.

(2) In a fixed-frequency mode and lower frequency mode, the
output power and transmission efficiency fluctuations of each
receiver are less than 5%. More precisely, they obtain almost
constant values in each receiver. In addition, the utilization of
the charger is improved by more than 8% due to the existence
of at least two receivers.

(3) This topology can provide an efficient solution for prac-
tical application issues, such as the two-load wireless charger
of a vehicle mobile phone.
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