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Abstract—Magnetically coupled resonant (MCR) wireless power
transfer (WPT) is one of the most promising WPT technologies for
its remarkable capability of simultaneous noncontact power trans-
fer for multiple independent loads. Nevertheless, diverse energy
requirements of different loads and efficiency quota make it diffi-
cult to design and optimize the multiload system. In this paper, a
novel driver configuration for the MCR WPT system with multiple
loads is proposed, in which the transmitting resonant tank is driven
synchronously by multiple inverters operating at multiple switch-
ing frequency and sharing a common dc voltage source, then a
multifrequency superposition methodology is presented to achieve
high efficiency and targeted power distribution. The dominant fea-
tures of the methodology are listed as follows: 1) the multifrequency
power components from multiple inverters can be simultaneously
delivered to multiple loads through a single transmitter; 2) the
receiving coils are elaborately designed at different resonant fre-
quencies that correspond to the operating frequencies of multiple
inverters to achieve targeted power transfer and high efficiency; 3)
the resonant frequency of the transmitter can be modulated within
the adjacent area of multiple operating frequencies, and the power
distribution to meet the requirements of selective loads will be re-
alized; and 4) the resonant frequencies of receivers can also be
adjusted to effectively realize the power distribution. In this paper,
a double-frequency MCR WPT system with two loads is compre-
hensively investigated as a representative example, and the studied
methodology has been experimentally verified by two prototypes
of the proposed circuit configurations.
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I. INTRODUCTION

O SATISFY increasing requirements of various charging

T applications, such as electric vehicles, smart home,
portable electronic devices, and implantable devices [1]-[4],
widespread attention has been paid to the research work
of wireless power transfer (WPT) for its great convenience
of being cordless and safety in wet and harsh environment
compared with the traditional cable power transfer. In 2007, a
60-W bulb was successfully lighted up over a distance above
2 m by scientists in Massachusetts Institute of Technology,
which is viewed as a landmark event of rapidly developing WPT
technologies [5]. Currently, magnetically coupled inductive
(MCI) and magnetically coupled resonant (MCR) are two main-
stream WPT technologies, which employ near field to transfer
the power based on electromagnetic induction principles [6].
Some MCI WPT cases have exhibited high power transmission
efficiency, normally larger than 90% within the transmission
distance of several centimeters [7]. However, the transmission
distance is still constrained due to the large leakage inductance
of the loosely coupled transformers. In contrast, MCR WPT
can cover wider transmission range with high efficiency and
high power under loosely coupled conditions [8]; thus, it has
become a hotspot in the midrange WPT applications at present.
For MCR WPT technology, simultaneous delivering power
to multiple loads is a unique and attractive advantage. However,
there are still numerous challenging issues of the operation of
multiload MCR WPT systems, among which, high efficiency
and power distribution are two important issues and have been
gradually taken into consideration. Differed from single-load
systems [9]-[12], the transmission characteristics of multiload
systems are significantly affected by multiple loads and intricate
couplings among transmitter and multiple receivers, which ex-
hibit more complicated for the theoretical analysis and param-
eters design [13], [14]. Nowadays, some practical techniques
based on single-frequency power transfer have been put for-
ward to settle relevant issues. In [15], the resonant frequencies
of multiple receivers are commonly designed at the operating
frequency for maximum efficiency under specific loads, but the
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condition for maximum efficiency does not necessarily guar-
antee maximum power transfer. To maximize the amount of
power transfer, the resonant frequency of the transmitter need to
be tuned to the same resonant frequency of receivers. However,
the power distribution to the specific loads cannot be adjustable
in this system. Yin et al. [16] present a method of cascading
converters at the receiving sides to modulate equivalent load
resistances for power distribution. The defect is that the sys-
tem efficiency will fluctuate with the variation of equivalent
load resistances and be difficult to maintain at high levels in
some special operation points. Fu et al. [17] discuss the ex-
istence of optimal loads to achieve maximum efficiency for a
general single-transmitter multireceiver system under a fixed
operating frequency. Compared with the unified receiving reso-
nant frequency mentioned above, different resonant frequencies
of receivers are designed in [18]. One of multiple loads can
obtain high power and high efficiency through adjusting the
operating frequency to its own resonant frequency, but it is im-
practical to simultaneously obtain diverse power for selective
loads with persistently high efficiency. It is worth mentioning
that some literatures such as [19] and [20] put forward a time-
sharing mechanism for power distribution of multiple loads in
the single-frequency systems, essentially not transferring power
simultaneously.

On the other hand, the multifrequency concept begins to be
introduced into the multiload systems and is expected to find
appropriate methods to supply energy with high efficiency and
power distribution [21], [22]. Multiple transmitting coils are
adopted and operated under respective arranged frequencies to
simultaneously provide multifrequency power components for
individual loads, as presented in [23] and [24]. In [23], all coils
of transmitters and receivers are tuned into resonance at one
common frequency, and the dynamic power distribution to se-
lective loads and system efficiency can be enhanced by rotating
a repeater that combines multifrequency power from transmit-
ters and delivers power to receivers through couplings. In [24],
the operating frequencies are widely apart and each pair of
transmitting and receiving coils is tuned to a designed oper-
ating frequency, which means that traditional single-frequency
theory can be utilized to handle the efficiency and power dis-
tribution issues. However, in [23] and [24], all the systems are
composed of multiple transmitters, which will make the driver
circuit configuration and transmitting coils complicated.

In this paper, a novel multifrequency circuit configuration for
the MCR WPT system with multiple loads is proposed from a
new perspective, in which a single transmitting resonant tank is
driven simultaneously by multiple inverters sharing a common
dc voltage source. As a representative example, the transmission
characteristics of a double-frequency system with two loads are
analyzed in detail based on the equivalent circuit model. Then,
a methodology is proposed to explain the principle of achieving
high efficiency and expected targeted power distribution. A su-
perior feature of the proposed configuration and methodology is
that the multifrequency power components from multiple invert-
ers can be simultaneously delivered to multiple loads through a
single transmitter. Meanwhile, the receiving coils are elaborately
designed at different resonant frequencies that correspond to the
operating frequencies of multiple inverters to achieve targeted

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 10, OCTOBER 2018

Rectifier
R % Ry

P
T F—
VJ_ Inverter P ;
— Tn
Inverter x x Msisu Rectifier
2 § 2 Rua
E Ly B

— T
Inverter x X Rectifier
-n o Ry,
Rp

Configuration of the multifrequency MCR WPT system with multiple
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loads.

power transfer and high efficiency, and the resonant frequencies
of the transmitter and receivers are modulated to distribute
power to selective loads. Finally, a prototype based on the
proposed circuit configuration is built to confirm the validity
of the methodology. As a comparison, an improved circuit
configuration is presented for the double-load application and
the system efficiency is increased by about 5%.

II. DESCRIPTION OF THE PROPOSED MULTIFREQUENCY MCR
WPT SYSTEM WITH MULTIPLE LOADS

Fig. 1 shows the proposed circuit configuration of the
multifrequency MCR WPT system with multiple loads. As
illustrated, the transmitting resonant tank is driven by multiple
voltage-fed inverters sharing a common dc voltage source
and operating at multiple switching frequencies, namely
fi, fa, .., fn. To combine the square voltages of each inverter
under multiple frequencies, a superposition scheme that
adopts secondary series-connected transformers is proposed,
representing that the transmitting resonant tank is driven by a
mixed-frequency square voltage. Multiple receivers cascaded
by rectifiers are designed at different resonant frequencies that
correspond to the respective switching frequencies, and the
power components under different frequencies coming from
the transmitter are expected to be transferred to the selective
loads through the exclusive channel of specific frequency.

In Fig. 1, Lp is the self-inductance of the transmitter includ-
ing the leakage inductances of transformers. Lg1, Lso, ..., Lsy
are the self-inductances of receivers. Cp, Cg1,Cgo,...,Cg,
are the compensated capacitors. Rp, Rg1, Rso,..., Rg, are
the equivalent series resistances and considered to be constant
for simplicity, representing the conduction loss of coils, trans-
formers, power semiconductors, etc. Mpg; and Mg, g; (i =
1,2,...,m,5=1,2,...,n,i < j) are the mutual inductances
between transmitter and receivers.

In this paper, a typical double-frequency MCR WPT system
with two loads is investigated in detail as a representative ex-
ample for simplifying the theoretical analysis, and its circuit
configuration is given in Fig. 2. As shown, two half-bridge in-
verters and double-voltage rectifiers are adopted for the voltage
conversion, and external capacitors are inserted in series with the
primary winding of transformers to block the output dc voltage
component of inverters.
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Fig. 2. Configuration of the double-frequency MCR WPT system with two
loads.
1 §<L>:
Vint e
0 t

(=}

t

<
(=}
~

Vol
isl
[y t
Vo2 M
isZ
(U t
Fig. 3. Key voltage and current waveforms of the double-frequency MCR
WPT system.

Fig. 3 depicts the key voltage and current waveforms of
the double-frequency system. v;,,1 and v;,2 are the midpoint
voltages of half-bridge inverters operating at the frequencies of
fi and fy, respectively. i,,4s1, and iy are the resonant cur-
rents of transmitting coils and receiving coils. v, and v, are
midpoint voltages of double-voltage rectifiers. From Fig. 3, it
can be known that the resonant currents consist of the multi-
frequency components because the transmitting coils are driven
by a mixed-frequency square voltage. Meanwhile, the dominant
frequency components of each output are f; and f,, which in-
dicates that the power components at different frequencies are
mainly transferred to the selective loads effectively.

III. MODELING AND ANALYSIS OF TRANSMISSION
CHARACTERISTICS

Generally, the quality factors of resonant tanks are high
enough to adopt the fundamental harmonic analysis (FHA)
method for the steady-state analysis, which only considers
the fundamental component and neglects the dc component or
higher harmonics. The equivalent circuit model of the system
consisting of double-frequency components based on FHA is
shown in Fig. 4, in which phasors Ul(n1 ) and Uif ), respectively,
stand for the fundamental harmonics of the output ac voltages
at frequencies of f; and f5 in two half-bridge inverters with
dc input voltage Vi, phasors 111, "), and I{) are the reso-
nant currents of transmitter and receivers at f;, respectively, and
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Fig. 4. Equivalent circuit model of the double-frequency MCR WPT system.
Rricq and Rpo., are the equivalent values of load resistances
R; and R looking from the double-voltage rectifiers.

Due to the half-bridge configuration, the norms of Ui(nl) and
Uif ) can be calculated as follows:

‘:Q

|- gv (1)

o _ HU‘(I)

V;na U1(112) = HUl(nQ)

The relationships between the equivalent load resistances
Rricq, Rr2eq and the real load resistances Ry, [Rro are

2 2
RLlcq = pRLly RLZcq = pRLQ- (2)

At the steady state, the circuit matrix is given below at a
certain operating frequency f; (¢ = 1 or 2)

A Z\) —JwiMpsy  —jwiMps) j?
0 | = |-JjwiMpsi zy) JwiMsis2 | - Iélf
0 —JjwiMpgs  jwiMsig2 Zy) i

3)

where w; = 27 f;, ngf) =Rp + j(wiLp — 1/w;Cp), Zgil) =
Rs1 + Riieq + jwiLs1 —1/wiCs1),and Z§y = Rsa +Rpaeq
+j(wiL52 — l/wing).

Solving (3), one can get

jl(j) - Ui(lf)/Zigf) @)
7w U (wiZMPS?Mé*lS? +J'WiMP51Z§£Q)) (5)
S1 — ; Z_ Z_

Zi<n> [Zél)Zég + (wiM51S2)2}
i) Ui(lf)(wi2MP51M5152 +jw7;MPSng1>)
Igy = ©

in

z\) [ZL(S'ZI)Zg?) + (wiM51S2)2}

where the input impedance of the system is, Eqn. (7) as shown
bottom of the next page.

Therefore, the transmission power of each load and the system
efficiency at f; can be expressed as, Eqn. (8-10) as shown
bottom of the next page, where Re() means the real part of a
complex number.

As the two equivalent voltage sources of fi and f, drive the
transmitter simultaneously, the total transmission power and the
overall system efficiency can be obtained as

Py =Py + P (an
Foo :P(SQI) +P(E22) (12)
77sys _ ol ol 02 02 . (13)

PO 4 p

in in
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According to the theoretical analysis above, it can be re-
vealed that the transmission characteristics of the system are
intensively related to the operating frequencies, the resonant
frequency of transmitting tank, and the resonant frequencies of
receiving tanks.

IV. METHODOLOGY FOR HIGH EFFICIENCY AND TARGETED
POWER DISTRIBUTION

For single-frequency MCR WPT systems, it is easy to achieve
high system efficiency when the power distribution of multiple
loads is irrespective. However, when specific demands of power
allocation are taken into consideration, it will be difficult to
realize high efficiency because the regulation of the mutual in-
ductance and equivalent load resistances, as effective means
of power distribution, makes the system efficiency very low at
some operation points. In this paper, considering the transmis-
sion characteristics of the multifrequency system as analyzed
above, a practical methodology for high efficiency and targeted
power distribution of the multifrequency MCR WPT system is
proposed in the following.

A. Design for High System Efficiency

Substituting (10) into (13), the overall system efficiency can
be expressed as

Tys = ki) + kanl) (14)

where k; and ks are coefficients related to input power of the
system, and k; + ko = 1(k; > 0 and ky > 0)

P P
e e Mt

From (14), nsys is the weighted average of 775312 and nﬁfﬂ

Obviously, high 7, can be easily realized if both nég,g and
17532 reach high values, respectively, and then the influence on
the overall efficiency from the variations of k; and ks can be

neglected.
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Fig. 5. System efficiency versus resonant frequency of the transmitter.

Under given specifications, as (10) revealed, 175@1 is princi-
pally influenced by operating frequency f; and resonant fre-
quencies of receivers. To achieve high efficiency at both f; and
f2, the resonant frequency of Receiver 1 (corresponding to Ry1)
fs1, is designed at f; and the resonant frequency of Receiver 2

(corresponding to Ry9) fgo, is tuned at fo, i.e.

1 1
= 7f2 = .
27/ L51051 QW\/m

Substituting (16) into (10), it can be found that both 7)) and
77532 can reach high levels. Fig. 5 illustrates the curves of system
efficiency as a function of transmitting resonant frequency,
and the specifications are listed as follows: Vi, =24V, f| =
fs1r = 190kHz, fo = fso, = 210kHz, Lp = Lg; = Lgy =
21 MH,MPSl = Mpsg =1.7 MH,MSlSQ =0.39 uH, Rp
=0.25 Q7 RSI = RSQ =0.11 Q, and RLl = RLQ =10 Q. As
shown in Fig. 5, the values of ngg and 77532 are not affected by
the transmitting resonant frequency, which can also be proved
by (10). However, the system efficiency, 7y shows a slight
difference under different transmitting resonant frequency,
because the variation of f,, will change the input impedance at

specific receiving resonant frequency according to (7), and the

h

(16)

7z, = ﬁ =27z + (wWiMps1)?ZY) + (wiMps2)? 2 — 72w Mp gy Mpga Mgy s @)
in I P 70 (0) Y, 5 .
" 5129y T (wiMs1s2)
N2
(4) (i) |2 Uin (wiQMPmMst —&-jwiMpSlZé’Q))
P = i8] Rireq = s . i
o S1 q Z(’L) Z(z)Z(l) 3 .
in 51459 T (wiMg1g9)
N2
O _ |0’ Uin (wi2MPSlMSISZ +jwiMpng§f)
Py = ‘152 Rpgeq = (1) | (i) (i) 2 Rioeq ©
Zin [ZSIZSQ + (wiMSISQ) j|
i ' o
wi Mps2 Mo +jwiMP51Zé2> wi?Mp g1 Mg1s2 +JWiMPS2Zfs‘1)
G) . pli) (@) ) 2 Riieq @ 5@ : Riseq
T<i> — Pol +.P02 — ZSIZS2 + (wiMSISQ) 251252 N (WiMSISQ) (10)

sys

P(Z)

in

Re (Z(i)*)
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Fig. 6. System efficiency versus resonant frequency of Receiver 1.

related input power will change accordingly. From (15), it can
be known that k£, and ko will change along with dynamically
varied input power Pl(n1 ) and Pl(n2 ) , which results in the variation
of system efficiency tendency under different transmitting
resonant frequency. It is noteworthy that the fluctuation of
system efficiency curve is so minor that it can be neglected in
the practical design. Due to k; + ko = 1 (k1 > 0 and ky > 0),
7sys always fluctuates between ns(VIZ and 77532, and thus high
overall system efficiency can be always achieved.

It should be noted that nb(é,)b (z = 1 or 2) is not the maximum
value when fs1, = f1 and fgo, = fo. Assuming fgo, = fo,
the system efficiency curves under various resonant frequencies
of Receiver 1 is plotted in Fig. 6, in which fp, is adopted at
200 kHz. Taking 775(\22 as an example, as illustrated, 7]5\22 increases
first and then decreases along with fg1,. The peak value of 77532
occurs in the vicinity of fo (210 kHz), instead of f; (190 kHz).

However, if fg1, is tuned to the neighborhood of f> to maximize

ns(fg, the overall system efficiency 7, will dramatically decay

along with né;Z, which indicates that the overall efficiency can-

not be kept a high level only by maximizing 77532 As a result,

there is a tradeoff in designing né;l and 77;22, and each efficiency
component should be taken into consideration comprehensively
to obtain relatively high overall efficiency.

Given that the resonant frequencies of multiple receivers are
severally tuned in accordance with the operating frequencies,
a group of system efficiency curves with various receiving
resonant frequencies as a function of transmitting resonant fre-
quency is plotted in Fig. 7. As illustrated, the overall system
efficiency can be generally maintained at a high level, and there
is no obvious difference between efficiency curves under differ-
ent groups of receiving resonant frequencies, which proves that
the proposed high efficiency implementation method is insensi-
tive to the variation of both receiving resonant frequencies and
transmitting resonant frequency.

B. Method of Targeted Power Distribution

Substituting (8), (9), and (16) into (11) and (12), the output
power of Ry, and Ry, can be obtained, see (17) and (18) shown
at the bottom of the next page.
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Transmission power of Receiver 1 versus transmitting resonant fre-

1) Modulate the Resonant Frequency of the Transmitter:
From (17) and (18), the resonant frequency of the transmitter,
fpr is a key parameter that can be utilized for power distri-
bution without detriment to the system efficiency. Through the
modulation of fp, within the adjacent area of f and f5, di-
verse targeted power distribution to the selective loads can be
achieved.

For Ry, as fg1, is designed at f; and differs from fs, the
impedance of Receiver 1 at fo, Z é?l)

A éll)_ The current component of f5 jfi)

is larger than that at fi,
is seriously attenuated

compared to the component of fi, I é}l); thus, the power

2)

component of f5 Po(1 is overall small and the majority of P,;

is provided by the power component of f, P(fll >, as shown in

Fig. 8, which means that the variation trend of P,; is primarily
determined by P(Ell ). And the peak value of P,; almost coincides
with that of Po(l1 >, by which the corresponding fp, can be
calculated by seeking for the minimum input impedance, Z. (1),

m
Similarly, the targeted power transfer to R;» can be obtained
and the variation trend of P,s can be predicted through the
modulation of fp, under elaborative parameters design.
Comprehensively considering the double-frequency superpo-
sition on the two selective loads, the targeted power distribution

as a function of transmitting resonant frequency is plotted in
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Fig. 9, in which three typical groups of power distribution are
marked by solid lines with labels. As illustrated, varied power
distribution is obtained successfully with wide range of power
ratio by modulating fp, elaborately.

2) Modulate the Resonant Frequency of Receivers: As an
alternative, adjusting receiving resonant frequencies (equal to
operating frequencies) can be treated as another effective means
to implement the targeted power distribution. In Fig. 10, a group
of transmission power curves versus transmitting resonant fre-
quency is plotted under the aforementioned three series of re-
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ceiving resonant frequencies, where P,; and P, are illustrated
in solid and dashed lines, respectively. As depicted, the peak
transmission power of each load shifts along with various com-
binations of receiving resonant frequencies. By modulating re-
ceiving resonant frequencies, the power ratio of receivers can
be controlled under a specific transmitting resonant frequency,
as given by the solid line with different labels. It is noteworthy
that two operating frequencies should be designed taking the
transmitting resonant frequency into consideration together to
achieve arbitrary targeted power distribution under the modula-
tion of the resonant frequencies of transmitter and receivers.

Ui, (OJ12MP52M5152 + Jwr MPSlng))

P()l =

RLleq

720 4 (wl]bfpg;l)nglz) + (W1]\/IPSQ)ZZ§>}I> — j2wi® Mps1 Mpga Msis: 70 70 (w1 My19)?
P D ) 2 S1 452 1 S152
Zg{ Zgy + (w1 Msis2)
2
Uin (WQQMPS2]\/[SISQ +jw2MPSIZ§22))
" Mps1)2 2% Mps2)2Z2) — j2ws Mpgi Mpga M Brteq
Z(Q) " (w2 PSl) 50 T (WQ PS2) g1 — JewW2 PS1Mpg2VIg182 Z<2)Z(2> + (w Mo )2
P 2,02 3 S1 ZS¢ 2V1S5152
ZSI ZSQ + (WQZ\/[SISQ)
(I7)
2
Ui <w12MPS1M5152 + jwi MPS2Z§,‘11>)
= 1), @1 Mps1)*Z5) + (w1 Mpgs)* 2§, — j2wi® Mpsi MpssMsisa | 10,0 2 i
Zp + o0 3 [Zs1 Zgy + (w1 Ms152) }
Zg{ Zgy + (w1 Msis2)
2
Uin (WQQMPSIM51SQ +jW2N[PSQZ§21))
" 2) (ngpm)Qng?Q)+(w2JV[P52)QngQI) — j2wy* Mps1 MpgaMg1s: (2) ,(2) 2 fiazea
Zp' + 7373 4 (wy Mgrgo)? [251 Zsz + (@2 Msis2) }
S1 4S9 24V1S5152
(18)

where Zéll) = Rg1 + Rrieq, and Zézz) = Rgo + Rraeq
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C. Comparison Between the Proposed Method and Other
Multiload WPT Techniques

To illustrate the superior performance of the proposed su-
perposition methodology in this paper, the comparison between
different multiload and multifrequency MCR WPT topologies
has been carried out in Table I, in the perspective of transmis-
sion mechanism, number of transmitters, system performance,
etc. As shown in Table I, due to only one transmitting coil in
the proposed configuration, the topology in this paper has a
compact size and low weight; meanwhile, it can also achieve
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Fig. 13. Calculations and experiments of transmission characteristics when
f1 = 187.5kHz and fy = 212.5 kHz based on original circuit configuration.
(a) System efficiency. (b) Transmission power.

TABLE I
COMPARISONS BETWEEN DIFFERENT MULTILOAD/MULTIFREQUENCY WPT
TOPOLOGIES
Transmission Number of System System
mechanism transmitting  efficiency  configuration
coils

[18] Simultaneous Single Medium Simple
[19] Time-sharing Single - Simple
[23] Simultaneous Multiple Medium Complex
Proposed Simultaneous Single High Simple
method in
this paper

simultaneous power transfer to multiple loads and relatively
high system efficiency by designing the resonant frequency of
receivers appropriately.

V. EXPERIMENTAL VERIFICATIONS

To verify the validity of the theoretical analysis and the feasi-
bility of the proposed methodology, a prototype is implemented
in the laboratory, as shown in Fig. 11. The specifications are
given in Table II.
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TABLE II
PARAMETERS OF THE PROTOTYPE
Parameter Symbol Value Parameter Symbol Value
Input voltage Vi 36V i . fi 185kHz
- Operating frequencies —
Inductance of transmitter Lp 22uH Case 3 1 215kHz
ase
ESR of Lp Rp 0.25Q Capacitor of Receiver-1 Cs 34.89nF
Inductance of Receiver-1 Ls 21.1uH Capacitor of Receiver-2 Csy 25.68nF
ESR of Lg; Ry 0.11Q Transmitting Radius rp Ilem
Inductance of Receiver-2 Ls» 21.2uH coil Turns Np 7
ESR of Ls» Ry 0.11Q . . Radius rs1 Ilem
. Receiving coil-1
Load Receiver-1 Ry, 10Q Turns Ng; 7
resistances Receiver-2 Rp 10Q . . Radius rs2 I1lcm
- Receiving coil-2
. . fi 190kHz Turns Ns» 7
Operating frequencies — - -
f 210kHz . Transmitter to Receiver-1 dpsi 15cm
Case 1 - - - Transmission - -
Capacitor of Receiver-1 Cs 33.15nF dist Transmitter to Receiver-2 dpsy 15cm
istance
Capacitor of Receiver-2 Csy 26.95nF Receiver-1 to Receiver-2 ds152 30cm
X X fi 187.5kHz Transformer ratio Nt 1:1
Operating frequencies — - -
Case2 5 212.5kHz Mutual Transmitter to Receiver-1 Mpg) 1.7uH
ase
Capacitor of Receiver-1 Csi 34.04nF X utua Transmitter to Receiver-2 Mpg> 1.7uH
_ : inductances _ _
Capacitor of Receiver-2 Csy 26.43nF Receiver-1 to Receiver-2 M5 0.39uH
1.0
S P T 0.9 Jeereereeions
............. 08
S N TS USRI SRR RSO SRRPONS RSP NOSSOSS SO
NGl <
06 ..........
0.5 —— calculation .. 0.5 |-eee —— calculation |..
—— experiment —— experiment
0.4 : : : H H H H 0.4 H H : : H H H
180 185 190 195 200 205 210 215 220 180 185 190 195 200 205 210 215 220
Jir (kHz) Jir (kHz)
(a) (a)
100 : T o 120 - T o
90 —— calculation [, —— calculation
%0 —— experiment 100 P SR S S —— experiment |.
70 ....................
—~ 60 P
g so ¥ 2 .
Al 40 o
30
20
10 o=
0 H H H i H H i 0 H H M H H b
180 185 190 195 200 205 210 215 220 180 185 190 195 200 205 210 215 220
Jrr (kHz) Jfrr (kHz)
(b) (b)
Fig. 14. Calculations and experiments of transmission characteristics when Fig. 15. Calculations and experiments of the system with unequal load

f1 = 185kHz and f, = 215 kHz based on original circuit configuration.
(a) System efficiency. (b) Transmission power.

A. Original Circuit Configuration

According to theoretical calculation and experimental mea-
sured data, the transmission characteristics with transmitting
resonant frequency of f; = 190 kHz and f, = 210 kHz (Case

(Rp1 =15 Q,Rro =10 Q) when f; =190kHz and fo = 210kHz.
(a) System efficiency. (b) Transmission power.

1) based on the original proposed circuit configuration in Fig. 2
are plotted in Fig. 12, and the other curves at f; = 187.5 kHz and
fo =212.5 kHz (Case 2), and f; = 185 kHz and f; = 215 kHz
(Case 3) are shown in Figs. 13 and 14, respectively. It is observed
that the experimental results are well in agreement with the the-
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Fig. 16. Key experimental waveforms at f; = 190 kHz and fo = 210 kHz
based on original circuit configuration. (a) fp, = 190kHz. (b) fp, =
200 kHz. (¢) fp, = 210 kHz.

oretical analysis by comparison. Thanks to the methodology of
tuning the resonant frequencies of receivers at operating fre-
quencies, high system efficiency can be always achieved within
the variation of f,,.. There is a minor error between the theoret-
ical and experimental efficiency due to the nonnegligible losses
of power devices. And various power distributions of multiple
loads are successfully realized simultaneously by the modula-
tion of transmitting resonant frequency and receiving resonant
frequencies.

As a necessary supplemental verification, Fig. 15 demon-
strates the theoretical and experimental transmission character-
istics of the system with unequal loads (R;; = 15 Q, Ry» =
10 ©2); as shown, the tendency of curves is similar to those
of the system with equal load, and the output power of each
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Fig. 17. Calculated power distribution when f; = 190kHz and fo =

210 kHz. (a) fp, = 190 kHz. (b) fp, = 200 kHz. (c) fp, = 210 kHz.

load exists inherently a peak value in the adjacent area of res-
onant frequency point. Therefore, the proposed power distri-
bution method is definitely applicable to the real system with
independent and time-varying loads. In the real system, one can
introduce a dc/dc converter cascaded at the output terminal of
each rectifier to control the output power of each load; thus, the
output power can be easily controlled independently by modu-
lating the duty cycle of each dc/dc converter dynamically.

As an example, the key experimental waveforms at f; =
190 kHz and f» = 210 kHz under different transmitting reso-
nant frequencies are given in Fig. 16. As shown, ¢,; and i49
mainly consist of two frequency components, which manifests
that the output power of each load is inherently composed
of the same frequency components. When fp, = 190 kHz,
the midpoint voltage of Rectifier 1, v, is larger than that of
Rectifier 2, v,2, which means that higher power is assigned to
Ry, and when fp,. = 210 kHz, more power is distributed to
Rp5. When fp, = 200 kHz, the output power of R, and Ry
is approximately equal as the output power curves overlap under
this operation point according to Fig. 12.

Fig. 17 shows the calculated distribution of the power losses
under the transmitting resonant frequency of 190, 200, and
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Fig. 18. Configuration of an improved double-frequency system with two
loads.
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Fig. 19. Experimental transmission characteristics when f; = 190 kHz and

fo = 210 kHz in the original and improved circuit configuration. (a) System
efficiency. (b) Transmission power.

210 kHz. It can be observed that the power losses are domi-
nantly distributed in transformers, transmitting coils, and receiv-
ing coils, in which the losses of transformers can be eliminated
by removing the additional transformers. In double-load MCR
WPT systems, the transformers can be easily saved by optimiz-
ing the driver circuit configuration, which will be discussed in
the following. In multiload MCR WPT systems, the opportuni-
ties to get rid of the additional transformers really exist, such

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 10, OCTOBER 2018

—— original
—— improved

195 200 205 210 215 220
Jrr (kHz)

4 : :
180 185 190

—— original
— improved |-

180 185 190 195 200 205 210 215 220

Jfrr (kHz)
(b)

Fig. 20. Experimental transmission characteristics when f; = 187.5 kHz
and fo = 212.5kHz in the original and improved circuit configuration.
(a) System efficiency. (b) Transmission power.

as integrating multiple driving signals with different switch-
ing frequency into power switches, which will be investigated
thoroughly in the future work.

B. Improved Circuit Configuration

Fig. 18 shows the improved double-frequency MCR WPT
system without additional transformers, in which a full-bridge
inverter is adopted and two bridge legs are operating at differ-
ent switching frequencies. The output voltages of each bridge
leg are subtracted to produce an alternative voltage driving the
transmitting resonant tanks. Although this improved configu-
ration cannot be extended to the application of multiple loads
(more than two loads), it will be very beneficial to increase the
overall efficiency for double-frequency and double-load MCR
WPT system due to the removed transformers and dc blocking
capacitors. Adopting same system parameters, the transmission
characteristics versus transmitting resonant frequency of the
original and improved topologies are plotted in Figs. 19-21. As
shown, the system efficiency of improved circuit is increased
by about 5% compared with the original driver circuit, owing
to the reduction of the magnetic core loss and the transmitting
equivalent resistance. Meanwhile, the overall power levels of
each load are also improved.
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Fig. 21. Experimental transmission characteristics when f; = 185 kHz and
f2 = 215 kHz in the original and improved circuit configuration. (a) System
efficiency. (b) Transmission power.

VI. CONCLUSION

To provide energy for multiple loads with high system ef-
ficiency and targeted power distribution, the concept of mul-
tifrequency is proposed from a new perspective. A multifre-
quency driver circuit configuration for the MCR WPT system
with multiple loads and an applicable superposition methodol-
ogy are proposed in this paper. As a representative example, the
transmission characteristics of a double-frequency system with
two loads are analyzed, and the methodology is discussed in
detail to explain the principle of achieving high efficiency and
expected power distribution. The proposed configuration and
methodology have the following superior characteristics: 1) the
simultaneous multifrequency power transfer can be achieved
by utilizing a mixed-frequency voltage superimposed by sec-
ondary series-connected transformers to drive a single trans-
mitting tank; 2) the receiving coils are elaborately designed at
different resonant frequencies that correspond to the operating
frequencies of multiple inverters to achieve high system effi-
ciency and make selective loads realize targeted power transfer;
3) through the modulation of the transmitting resonant frequency
within the adjacent area of multiple operating frequencies, the
power distribution to meet the requirements of selective loads
can be realized; and 4) the resonant frequencies of receivers can
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also be modulated to effectively realize the power distribution.
Moreover, an improved circuit configuration is put forward to
increase the transmission efficiency in the application of the
double-load MCR WPT system. Finally, experiments from two
prototypes are implemented to verify the validity of the theoret-
ical analysis and the feasibility of the proposed methodology.
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