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Cross Interference Minimization and Simultaneous
Wireless Power Transfer to Multiple Frequency
Loads Using Frequency Bifurcation Approach

Narayanamoorthi R.

Abstract—Simultaneous power distribution to multiple loads us-
ing a single source in the wireless power transfer (WPT) system
is a challenging issue due to cross-coupling between the load coils,
which reduces the power transfer efficiency. In a resonant WPT
system, when two or more coils operated under over coupled condi-
tion, the original operating resonant frequency gets bifurcated, and
thereby reduction in the power transfer efficiency. Different tech-
niques are investigated in the literature to mitigate the frequency
bifurcation phenomena in the resonant WPT system. However, the
utilization of frequency bifurcation approach for the simultane-
ous power transfer to multiple loads is not addressed. This paper
proposes a simultaneous power transfer approach using frequency
bifurcation for the multiple load system designed with different
operating frequency. Mathematical, simulation, and experimen-
tal studies performed for dual, triple, and four coil WPT systems
with multiple loads. In addition, an automatic power flow con-
trol method is implemented to estimate the load current from the
source, which helps to select a new set of load coils to be charged.
The experimental results confirm the proposed power transfer,
helps to attain higher power transfer efficiency of 39.34%, 49.31%,
68.22% and cross interference of —31.2 dBV, —36.2 dBV, —41.2
dBYV for dual, triple, and four coil WPT system, respectively.

Index Terms—Frequency bifurcation, multiple receivers, selec-
tive wireless power transfer (WPT), simultaneous power transfer,
wireless power.

I. INTRODUCTION

AGNETIC resonance wireless power transfer (WPT) is
M now extensively investigated as an alternative method
to charge different electric and electronic devices [1]-[4]. In
some of the low power applications such as distributed im-
plants, swarm robots, and mobile phones may need to transfer
power to more than one receiver’s (Rx). In such applications,
the simultaneous power transfer to multiple Rx’s with a single
transmitter (Tx) will be a preferable choice by the end user. One
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of the unique features of the magnetic resonance WPT system is
the ability to concurrently charge multiple devices with a single
source [5].

However, it requires all the Rx coils must be designed with
same resonant frequency as that of Tx coil which limits the
practical usage of the WPT system and creates cross interference
between the Rx’s [6]-[8]. Hence, a simple control strategy with
a single Tx coil which can charge multiple devices with minimal
cross interference and high power transfer efficiency need to be
developed.

One way of reducing the cross interference and improving
the uniform power transfer is attained by proper design of the
independent magnetic flux path to each Rx’s [9]. The Rx coils
designed with E shaped ferromagnetic material for industrial
automation application, which allows less coupling effect be-
tween adjacent Rx’s. However, many applications are restricted
to coil size and core material usage, in such cases an alternative
solution is required to minimize cross interference [10], [11].
Cannon et al. proposed a technique to retune the Rx coil resonant
frequency, which can extract maximum power with minimum
cross coupling [12]. Similarly, in the literature [13]-[15], differ-
ent techniques like impedance matching and frequency tracking
are proposed to mitigate the Rx to Rx coupling. Nevertheless,
these methods require additional control circuitry at each Rx
coils, which increases the size and design complexity of the cir-
cuit. Also, the tuning circuit produces additional power loss, and
the Rx side tuning is not feasible in low power devices. Instead,
designing the Rx coils with different resonant frequency and tun-
ing the Tx frequency to each Rx resonant frequency makes the
power transfer uniform with minimal cross-coupling [16]. Con-
versely, the selective resonant frequency power transfer requires
a different range of capacitors at the Tx to match with the Rx res-
onant frequency. Moreover, it adds the delay in the charging of
multiple Rx system, which could restrict the parallel operation.
In [17]-[19], multiple frequency Rx’s are designed and powered
using multiple sources. Recently, the WPT system was designed
with a repeater coil between Tx and Rx to combine the power
from two sources and transfer to two different Rx’s for midrange
applications [20]. However, in case of low power applications,
using more than one source is not the preferable option. On the
other hand, to increase the power transfer efficiency in multi-
ple Rx applications, the coupling between the coils need to be
increased, and losses associated with the coils must be mini-
mized. The mutual inductance between two perfectly aligned
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parallel coils is indirectly proportional to the center center
separation between the coil [21]. For mid-range applications,
the conventional dual coil WPT system has replaced with a
triple and four coil WPT system in each Tx—Rx pairs to increase
the power transfer efficiency [22]-[24]. However, when the coils
are over coupled (OC), frequency bifurcation occurs in the Rx
power that deviates the original operating resonant frequency
and thereby reduction in the power transfer efficiency [25]. The
bifurcated frequency pattern will be changing depending on the
number of coils used in the Tx to Rx link [26]-[28]. Different
techniques like impedance matching and Tx frequency tuning
are investigated to mitigate the frequency bifurcation phenom-
ena [29]-[31]. However, there is no much work is done to use the
frequency s bifurcation phenomena for the power transmission
in multiple Rx WPT system.

Based on the abovementioned discussion, it is observed that
the simultaneous charging, cross-coupling elimination, and flex-
ibility to design Rx’s with different resonant frequencies are the
basic needs to be addressed in multiple Rx system. To overcome
the aforementioned limitations, this paper presents the following
novel contributions in multiple Rx WPT system.

1) The frequency bifurcation presented in the resonant WPT
system is utilized to simultaneously charge multiple loads
without much cross interference between the adjacent load
coils. The proposed method does not require any tuning
circuit at the Tx or Rx side.

2) Initially, the frequency bifurcation phenomena in dual,
triple, and four coil WPT systems are analyzed to de-
termine the mathematical expression for the bifurcated
frequency at a different coupling point.

3) The simultaneous power transfer to multiple loads is
examined by using dual, triple, and four coils at the trans-
mission link. The mathematical derivations, circuit sim-
ulation, and finite element method (FEM) analysis are
performed for the proposed WPT system to determine the
power transfer ratio.

4) Anautomatic power flow control approach has been devel-
oped to simultaneously charge a different group of loads
by changing the coupling at the Tx coils.

The experimental investigations are carried out in both CC
and OC modes to validate the proposed multiple Rx WPT sys-
tem. From the simulation and experimental results, it has ob-
served that by designing the load coils frequency as same as
Rx split frequencies, the power flow becomes simultaneous and
independent of cross interference.

II. FREQUENCY BIFURCATION IN DUAL, TRIPLE, AND FOUR
COIL SYSTEMS

The frequency bifurcation pattern in dual, triple, and four coil
WPT system under OC mode are different. In order to deter-
mine the bifurcation frequency, the analysis is carried out by
considering all the coils have the same dimensions with the
circuit parameters of R = 50.5 Q, L = 25.3 uH, C' = 10 pF,
and f = 10 MHz. The drive coil, Tx coil, Rx1, Rx2, and load
coil parameters are denoted with subscripts of D, T, R1, R2,
and L, respectively. The self-impedance, mutual impedance,
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Fig. 1. WPT equivalent circuit. (a) Dual coil MRWPT. (b) Triple coil MRWPT.
(c) Four coil MRWPT.

coupling coefficient, and critical coupling of the coil is
represented as Z; = R; + j(wL; — —-); Zij = jwM,j; 1,
j=D, T, R(R1), R2;k;; = ‘LfL and k, = ——— . The
dual coil WPT system consists of a drive coil and an Rx coil as
shown in Fig. 1(a).

By applying KVL to the circuit in Fig. 1(a)

Vsl _| b JwMpgr| |Ip W
0 jWMRD ZR IR :
Rearranging (1) with the inductor ratio of 7" = \/g Q=
D, T, R1, R2 and the transformed impedance Z; = jfif
(17:4)71:D7 T; Rl, RQ, Wherewo = ﬁ
T%rp  Z'r | |Ir| ~ jwLp |0

In magnetic resonance WPT system, under the CC and OC
modes of operation with high-quality factor (Q) coil, the mag-
nitude of jwL > R [27]. It implies % and Xi are negligible,
and the transformed self-impedance of the coil tends to one, i.e.,

Zl =1
1 Tkpgp] [Ip] [0
P 1 R IR

Solving the impedance matrix in (3), the bifurcated frequen-
cies of the Rx coil are
wo wo

D wy = .
V1+kpr ? V1—Fkpr

The coupling coefficient concerning to coil separation (dp )
is expressed as

“)

wp =

w
kpr = # 5)
i+ %0]
From (1) and (2) the PTR of the dual coil system will be
PDR _ WQk%)RRDRRLDLR (6)

(ZpZp +w?k3 o LpLg)"

Analytical simulation results of the dual coil system for dif-
ferent coupling coefficients are shown in Fig. 2(a). When the
coupling coefficient (kpp) between the coil is kept less than
0.05, there will not be any deviation in the original resonant
frequency. As kpp is increased above 0.05, the peak power in
the receiver occurs at two different frequencies.

The triple coil WPT system consists of the drive coil, Tx coil,
and Rx coil as shown in Fig. 1(b). Since the drive and Rx coils
coupled through Tx coil, the coupling between the drive and Rx
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coils are weak as compared with the coupling between drive- Tx
and Tx- Rx, hence kpr, krp can be negligible. By applying
KVL to the triple coil circuit

Z'p Tkpr 0 Ip 0
71 krp Z/T Tkrr Ir| =10]. (7)
0 T71ZRT Z’R IR 0

Solving the 3 x 3 impedance matrix (7), the bifurcated fre-
quency and power transfer ratio of the system is

wo

1— /Kb + k2

W =wp; W2 =

wo
wy = : ®)
1+ VKL + kg
The coupling coefficient concerning to drive- Tx and Tx- Rx
coil separation is given as

W w
hpr = =i b= . )
.5 2 5 2. 2
|1+ 555 1+ 5]

The power transfer ratio of triple coil WPT with respect to
coupling and inductance given as
4w4k%Tk%RL%RDRRLDLR
[Zp Zr Zp +w? (K3 p Lp Ly Zg + k2, Ly Lr Zg))°
(10

The analytical simulation results of a triple coil system are
shown in Fig. 2(b). It is observed that three frequency compo-
nents are present in the OC region and the peak-valley of the
Rx power occurs at three different frequencies including the
original resonant frequency (10 MHz).

Four coil WPT system has a drive coil, Tx coil, Rx1 coil,
and Rx2 coil as shown in Fig. 1(c). The coupling between the
drive- Rx1, drive- Rx2, and Tx- Rx2 are small, this makes
kpro, krop, krre, kror, kpri, and kgip negligible and
the voltage current relationship of four coil systemis (11) shown
at the bottom of this page.

The bifurcated frequency of the four coil system is in (12)
shown at the bottom of this page.

The analytical simulation results of PTR for the four coil
MRWPT system are shown in Fig. 2(c). Four peak-valley
occurs at a different frequency in the Rx2 power under OC

Ppr =
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TABLE I
FREQUENCY AND PTR FOR DIFFERENT COUPLING

1]\);1?\1;3# Triple coil MRWPT Four coil MRWPT
fi fi fa
(k) f2 f2 f3 fi f2 f3
V) i) (V1) (M) | (M) /(M) (MTz) /| (M) | (F112)
/ PTR /PTR | PTR |/PTR| PTR | /PTR
bos 10 | _ [ 84| 10 [129 [85 [ 127 | 129 [ 132
P 048 0.173 0.244 | 0.230 |0.979] 0.981 | 0.784 | 0.953
boo O [112 83 [ 10 | 134 |81 [ 87 | 121 | 143
% 0.49 |0.498 [0.726] 0.791 | 0.742 [0.642] 0.911 | 0.963 | 0.964
b3g 86 [ 12481 [ 10 [ 1460 [ 79 | 89 | 116 | 161
> 0.49 | 0.49 [0.953] 0.981 | 0.969 |0.869| 0.980 | 0.949 | 0.898
bsol 82 | 14178 [ 10 [ 167 [ 76 | 91 [ 113 | 190
~%0.496 | 0.498 [0.909] 0.965 | 0.952 [0.591| 0.91 | 0.962 | 0.927
besl 78 |1690[ 75 [ 10 [ 205 |74 | 92 | 110 | 25
©210.498 | 0.499 [0.663] 0.883 | 0.863 |0.565| 0.969 | 0.985 | 0.927

mode. Based on the abovementioned analysis, it is observed
that with the increase in the number of coils in the WPT system,
the number of bifurcated frequency components also increases
under OC mode. Also, in even number of coil system the origi-
nal resonant frequency is not present under OC mode, whereas
in an odd number of coil system original resonant frequency
is present along with bifurcated frequency components. The
magnitude of received power at each bifurcated frequency is
higher in OC mode as compared to CC mode. The PTR for dual,
triple, and four coil systems for different coupling coefficients
are given in Table I.

III. SIMULTANEOUS SELECTIVE WPT SYSTEM

For the simultaneous charge of multiple devices which are lo-
cated close to each other, the resonant frequency of each should
be different to minimize cross coupling, and the source needs
to transfer the power at multiple resonant frequencies. The pro-
posed method operates on frequency bifurcation based power
division technique for multiple loads which are designed with
the different resonant frequency. It can be achieved by design-
ing the load coil resonant frequency as same as the bifurcated
frequency in the Rx coils and operating the Tx and Rx in OC
mode. When the Tx and Rx coils are operated under CC mode,
only a single load which is designed with the same frequency
as of drive coil can get maximum power. However, under OC

Z'p

TZpr 0

0 Ip

T Zrp Z'p TZrr1 0 It 8
0 T ' Zpir Z'p TZrig2| |Ir1 ~ o (b
0 0 T ' Zpor Z'Ra IR> 0
wi2 = o 1/2
J 2+ (ﬂ{ k%}l +k%[(’,l+k?‘fll(2i|:(k%)1' +k§'1(’,1 )2+2k“12\'11(),2 (k‘%h’l 7]6%)'1 )+k}1ﬁllf2:| %} )
Vi (12)

w34 =

1
L) T

, L ‘ , 7
2(ﬁ{k%TJrk’z[‘Rl+k§?IR2i[(k%T+k%RI) +2k§?|32(k%1?1*k%7")+k11?1m} } )
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triple, and four coil transmission link. The dimmed portion rep-
resent the CC mode and bright portion of the coil represent
the OC mode. Whenever the coupling between coil changes, the
bifurcated frequency values will be changing and to track the de-
signed load frequency, proper selection of distance between the
Tx and Rx and coupling coefficients are required. The selection
of load coils resonant frequency from the bifurcated frequency
of Rx coil is done with minimum bandwidth separation between
different loads to curtail the cross coupling effect

1 1
Wi = e Wy = e
VLpCp VL2Cro
1 1
w3 = wy = (13)

VL1sCrs’ VLiCry
The distance between the Rx and load coils is maintained at
a CC mode or loosely coupling mode such that there will not be
any further deviation in the resonant frequency between the Rx
and loads. The received power at the load depends on the loss
in each resonator coil and leakage flux at each stage. Table III
gives the calculated values of bifurcated frequencies, coupling
coefficient, and circuit design parameters of the system. The
load coils are designed by first determining the bifurcated fre-
quency, inductance values and then calculating the capacitance
from (13). The inductance values are calculated using wheeler’s
formula by considering the design constrains, and the same val-
ues are used for circuit simulation [32]. The complete design
procedure of the proposed WPT system illustrated in Fig. 6.

A. Power Transfer Ratio of SSWPT System

The power transfer ratio of the proposed SSWPT system
is derived by considering the permissible assumption that the
cross coupling between different load coils are negligible due
to different self-resonant frequency.

(a) (b)
Fig. 2. Power transfer ratio of WPT. (a) Dual coil. (b) Triple coil. (c) Four coil.
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Fig. 5. Four coil SSWPT.

mode, the dual, triple, and four coil systems can simultaneously
transfer power to two, three, and four loads, respectively, which
are designed with the different resonant frequency. Figs. 3-5
illustrate the schematic model of the proposed simultaneous
selective wireless power transfer system (SSWPT) with dual,

Case 1: Dual coil SSWPT system

The voltage and current relationship of the dual coil SSWPT
system can be derived by applying KVL to the circuit shown in
Fig. 5. Since the load coils are designed with different resonant
frequency and coupled through Rx coil, the cross coupling be-
tween the load coils can be neglected, i.e., k1792, k113, KLoL3,
]{ZDL, kLD . kLQLl , k‘Lng 5 and kLSLQ are assumed to be zero. The
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Choose the type of WPT system(Dual/Triple/
Four) Based on the Number of Loads

C Obtain the Split Frequency Values w.r.t to )

original drive coil frequecy
Dual Coil WPT | Triple Coil WPT Four Coil WPT |
A v

v

Calculate the mutual
inductance Mpr,

Calculate the mutual

e — - Calculate the mutual

inductance Mpr, Mg

(uNpNRA/L) Mri, MRir2
Obtain the coupling Obtain the coupling Obtain the coupling
coefficient(kpr) coefficient(kpr, krr) coefficient(kpr, krri, krirz)

Calculate the Split Calculate the Split frequencies Calculate the Split frequencies
frequencies m; ®, from (4) ®),0,05 from (9) ®1,0,, 03 04 from (12)

v

etermine the Distance between the coils
w.r.t to coupling coeffCIent using d* —(rrn
3k?®)-r2, 1,j=D,T,R1,R2

v

Design the load coils based on the split
frequency values

Fig. 6. Flowchart of proposed system design.

current in each resonant coil can be estimated as

Ip Zp Tprkpr - 0
I | Tyhrkrp ZR Trrskrrs
.. 0 RleLuz . 0
s 0 Triskisr 213
Vi
0 (14)
X
0
0
The drive and load coil currents are
‘/;( HLI _|_ HLQ k;l‘fi _ZR>
~Vikprkrri .
I, = DRMRLL =1, 2, 3 (16)

s DRRRL L
TprTrLiZ1i A
1 2 kz [ &
Where A - [k%)l? + ZD( RL[ + Z]?L[f) ZRL[; N ZR)] .
From (15) and (16), the power transfer ratio of each load is
P
Pp

2 2
kDRk?nu Rpi

k2 .. 2
RLi Riz ~RL3 __
[TDRTRLLZLL ( ZL2 213 ZR>} Ep

)

i=1,.3. a7

For the fixed distance and CC mode between the Rx and
loads, the PTR of each load from the drive coil depends on the
coupling between the drive - Rx and self-resonant frequency
of the load coil. The load impedance Z11, Z1o, Z3 values

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 11, NOVEMBER 2019

are calculated at the self-resonant frequency of w;, ws, and ws,
respectively.

Case 2: Triple Coil SSWPT

For the triple coil SSWPT system shown in Fig. 6, the voltage
current relation can be obtained by neglecting the cross coupling,
ie,kriro,krirs.krors,kpr.krp.kror1.krsr1, krsre, kre,
krr,and kp R are assumed to be zero

-1

Ip Zp . 0 " 0
TB;]{,‘TD TTRkTR .. 0
Ip| = 0 .. Zr Trrskrrs
Triokior - 0
I3 0 Triskisr Zrs
Vs
0
x| (18)
0
0
The drive and load currents are given as
VB
Ip = 5 ;2 k2 K2 (19)
Kor (2 — G - o - ) +2ZpB
where B = Zp( “11 + Z“ + ZR“ + — Zp) and the

power transfer ratio for each Joad is calculated from (19)—(20),
eq. (20) shown at the bottom of this page.

Pri _ khpik? g Rri
Pp ZEZ'TDTTRLLTTRB RD

=1, 2, 3. 21
Case 3: Four Coil SSWPT System
Similarly, for the four coil SSWPT system the voltage cur-
rent relationship is governed by applying KVL to Fig. 6 and
neglecting the cross coupling i.e., kr179, kr103, kr1n4> K105,

krors, kroras krors, krsras krsrs, kpr, koo, kLri, krir,
kpro, krr, kpr, kppr1 are assumed to be zero.

-1

Ip Zp .. 0 0
TB%kTD .. 0 0
Ips| = 0 ZR2 Trorskrars
0
Irs 0 Trarskrsro A%
Vs
0
x | 0. (22)
0
0

VkDTkRszTR

I =

ZriTprTrriTrR [k (ZR - ZHLLll o

(20)
2 L2
G2~ s ) 4 7, B
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TABLE II TABLE IV
SSWPT SYSTEM PARAMETERS PTR OF TRIPLE COIL SSWPT SYSTEM
Parameters 2 coil | 3 coil | 4 coil f (MHz) Py, P4 P, P;s
Lo/ Lt/ L/ Lo (uH) | 253 | 253 | 253 f(MHZ)Mode 5~ P, P, Py
Rp/ Rt/ Rpi/ Rpp (Q 50.5 50.5 50.5 10 10
DND /TNT / ‘I‘\‘Im /RIfIR(Z ) s s 5 oC 10.08(0.06) | 0.04(0.03)
Qu/ Qr/ Qri/ Qrz 172 172 172 8.1 CcC ‘ 0.1(0.06)
R L o
L1 (P 2coil =
R (Q) 0.5 0.5 0.5 faconr =10 14.6 cc | RG]
NG 5 5 s Fo =10 oC 0.02(0.01) [0.02(0.02)
Qui 172 172 172 () denotes analytical result
Lip (uH) 34.1 | 385 | 405
Ci (pF) 10 10 10| froou =86 TABLE V
Ri2(Q) 05 05 05 facoir = 8.1 PTR OF FOUR COIL SSWPT SYSTEM
N> 7 8 8 ﬁtcuil =79
Qu 245 | 231 | 223 f | Mode P, Pi3 Py Pys
Ly (uH) 1649 | 119 | 32 (MHz . . P, P, P, P,
Cws (pF) 10 10 10| froon =124 0] 0.02
Ri;(Q) 0.5 0.5 05 | facou =14.6 (0.001)
Nis 3 3 6 facon =8.9 0.16 | 0.02 0.04
Qus 282 | 291 | 166 0.1) |(0.01) (0.03)
Lis (pH) - - 18.5 7.9 ‘ ‘
Cus (pF) 10 10 10
Rui(Q) 0.5 0.5 05 | focou =11.7
NL4 - - 4
Qus - - 212 8.9
Lis (uH) - - 9.7
Cis (pF) 10 10 10
Ris(Q) 05 05 05 | ficon =16.1
Nis _ _ P 11.7
Qus - - 298
TABLE III
PTR OF DUAL COIL SSWPT SYSTEM LS
If (MHZz),
() denotes analytical result
10 0.08(0.06
0.18(0.17) 0.04(0.03)
8.6 — 0.11(0.001 | 0.02(0.0) B. Simulation Verification of SSWPT System
:

| 0.04(0.03)

12.4

0.02(0.01)
() denotes analytical result

0.04(0.02)

The power transfer ratio of each load coil to the drive coil is

2 2 2 2
Pr; kDTkTleRlRQkRzLiRLi

= 1=1.5 (23)
2 2 2 2 2 2 )
Pp ZLiTDTTTRlTRIRQTRQLiE Rp
_ k’.%ele k.%zsz kﬁzuz k’%zu:; k%{?LS
WQhere E= ZD( Z11 + Zro Zr3 Z1 Zrs
k
2R1R2
i ZR2)

The load impedance 211, Zro, Z13, Z14, and Zp5 values
are calculated with the self-resonant frequency of wi, ws, ws,
wy, and ws, respectively.

In all the cases, the power transfer to the load depends on
the Rx coil power and the coupling between the load and Rx.
The overall efficiency of the system depends on the power loss
at each coil and PTR between the resonators. The analytical
calculations of load PTR are performed for each case with the
specifications given in Table II and the results are compared
with the simulation results as shown in Table III-V.

The proposed SSWPT model is simulated in time and fre-
quency domain using advanced design system software tool to
determine the PTR and voltage received at each load. Fig. 7
shows the magnitude of PTR between drive- Rx and drive- load
coils under CC and OC modes for dual, triple, and four coil
SSWPT systems. It is observed that under CC mode, the load 1
which is designed with 10 MHz resonant frequency is receiving
maximum PTR of 0.59, 0.69, and 0.78 in dual, triple, and four
coil SSWPT system, respectively. The PTR of load 2 to load
5 are less than 0.15 under the CC mode. When the coupling
coefficient between the Tx and Rx is increased to 0.35, the load
2 and load 3, which are designed with 8.6 MHz and 12.4 MHz
are receiving maximum power in dual coil SSWPT system. In
case of triple coil system, the PTR of all the three loads are
maximum at the bifurcated frequency and for the four coil sys-
tem, except load 1 the remaining four loads are receiving the
maximum power at the designed self-resonant frequency.

The effect of cross coupling from the other Rx’s are minimum
in dual and triple coil system, whereas in four coil system out of
four split frequency components the lower two are present close
to each other, i.e., 7.9 MHz and 8.9 MHz that could cross couple
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Fig. 7. Magnitude of power transfer ratio for SSWPT system. (a) Dual coil
CC mode. (b) Dual coil OC mode. (c) Triple coil CC mode. (d) Triple coil OC
mode. (e) Four coil CC mode. (f) Four coil OC mode.

more as compared with other load coils. It can be avoided by
placing the closer frequency load coils spaced away from each
other in the practical scenario.

C. FEM Modeling and Simulation

The proposed SSWPT systems are modeled and analyzed
in Comsol Multiphysics software and the dimensions of the
designed coils are the same as given in Table II. The resonant
coils are enclosed with a rectangular shape Gaussian boundary.
The drive, Tx, Rx coils are designed with multi turn single open
conductor type and the load coils are of a lumped port type. The
resonant capacitance is connected with the coil terminal and with
a load resistance for each load coil. In-built copper material is
selected for all the coil with the conductivity of 58.5 x 10° S/m
and air is chosen as the surrounding medium. Physics control
mesh and frequency domain analysis is selected for meshing and
for the study of the designed system. Drive coil is excited with
ac source of 10 V, 10 MHz supply with the source resistance
of 50 ). The magnetic field intensity under CC and OC modes
for dual, triple, and four coil SSWPT systems are shown in
Fig. 8. The distance between the Tx and Rx coils are changed
and analyzed for CC and OC modes of operation. It is observed
that in CC mode of operation the load 1, which is designed
with the same resonant frequency as of supply frequency is
getting much field strength as compared to other coils. When
the distance between Tx to Rx is reduced and operated in OC
mode, the magnetic field intensity at the other load coils is more,
which indicates a uniform distribution of power simultaneously
to selected loads. In the dual and four coil SSWPT systems under
the OC mode, the load 1 is not getting stronger magnetic field
strength as compared with other loads due to change of resonant
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coil OC mode. (c¢) Triple coil CC mode. (d) Triple coil OC mode. (e) Four coil
CC mode. (f) Four coil OC mode.

FEM simulation of SSWPT system. (a) Dual coil CC mode. (b) Dual

TABLE VI
MAGNETIC FIELD INTENSITY (x 10~3) A/M OF SSWPT SYSTEM

. Triple Coil .
Mode [Dual Coil SSWPT] SSWPT Four Coil SSWPT
Load | 1 [2 3 [ 1 [2T]3 1] 2 31415

cc 35-45|8-12|10-15|60-70| 8-12 [25-38|70-80| 8-12 [10-15|10-15 15-20

30- |55 65(65-75(60-70(65-78|45-52]65-80| 1057 | 105-1105-

OC 1015/ ¢ 110 | 110 | 118

frequency in the Rx coil. Whereas in a triple coil SSWPT system,
the load 1 is receiving stronger field strength in both the modes
of operation. The magnetic field strength values for all the cases
under CC and OC modes are presented in Table VI.

D. Automatic Power Flow Control

The load power estimation of SSWPT system can be per-
formed without wireless or wire communication from the load.
The output power is determined using the known information
of the input voltage (Vp) and current (Ip) alone. Measuring
the load power in SSWPT system will be useful to estimate the
charging state of the loads and further to increase the number of
load coils powered by the same SSWPT system. By changing
the position of Tx coil to get another set of frequency split com-
ponents, and designing the load coils with that frequency, the
number of loads can be increased. The position of the Tx coil
can be adjusted automatically to the preset value, once the load
power reaches to a required value. The schematic diagram of
the automatic power flow control method of a dual coil SSWPT
system is shown in Fig. 9. The drive coil current, voltage is mea-
sured, and the estimation algorithm which runs on a PC or low
cost microcontroller determines the load power and changes the
position of Tx to a new preset value. However, the change of
position will be based on the maximum charging time required
by the load in the group. The load power of the proposed system
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Fig. 9. Automatic power flow control of dual coil SSWPT system.

is derived from the estimated load current in Section III-A. The
system parameters such as self-inductance, mutual inductance,
resonant frequency, coil resistance, and capacitance values are
known parameters and then by measuring Vs and I the load
currents can be estimated.

The estimated load current from (15)—(17) can be used to
determine the load power of the dual coil SSWPT system is

Py, = I? real (Z11) |,1; under CC mode (24)
Pry = % real (Z

re = Tppreal (Ziz) | - under OC mode.  (25)
Py = I7real (Z13) |ws

Similarly, the load power for the triple and four coil SSWPT
systems can be derived from (19) to (21) and (22) to (23) as

i =1,2,3 for 3 coil SSWPT

2 .
Pri=Tnreal (ZLi) o 95 2 1 5 for 4 coil SSWPT
(26)
The load current estimation accuracy depends on the mea-
surement accuracy of input voltage, current, circuit parameters
R;, L;, C;, M;;, and resonant frequency w. Meanwhile, to in-
crease the accuracy of the estimation, the conduction loss in the
coil needs to be reduced which can be obtained by operating
the coil with low current and high voltage. The power transfer

efficiency of the proposed system to each load is determined as

1 =1,2,3 for 2 coil SSWPT
; 1 =1,2,3 for 3 coil SSWPT
i =1,2,3 for 3 coil SSWPT
27
where P, is the estimation error, the load power estimation by
this method can be done under fixed load conditions, variation in
the load will slightly change the operating frequency of the load,
thereby reduction in the efficiency of the system. The simulation
of the dual coil SSWPT system with six loads at the coupling
coefficients of 0.2, 0.35, and 0.65 are shown in Fig. 10 and the
design parameters of load coils are given in Table VII. It is
observed that for each case, the corresponding loads designed
with the particular resonant frequency are receiving maximum
power.

PLi - Perror

"IDLi = «Pin
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Dual coil SSWPT PTR -six load. (a) k = 0.20. (b) k = 0.35. (c) k =

TABLE VII
DuAL CoiL SSWPT PARAMETERS

k fi f2 L (uH) | L(pH)
(MHz) | (MHz) fi f2
0.20 9.1 11.2 30.58 20.19
0.35 8.6 12.4 34.1 16.49
0.65 7.8 16.9 41.6 8.86

Fig. 11.  Experimental setup of SSWPT system.

@ )

Fig. 12.  Measurement coil setup. (a) Dual coil. (b) Triple coil. (c) Four coil.
(d) Load coils.

IV. EXPERIMENTAL ANALYSIS

To validate the proposed SSWPT system, an experimental
measurement has been conducted and the test setup is shown
in Fig. 11. Fig. 12 shows the designed dual, triple, and four
transmission link coils and load coils. The drive, Tx, Rx1, Rx2
coils are designed with 28 AWG Litz wire based on the speci-
fications given in Table III and fixed on an acrylic sheet with a
piece of cart board in the center for support. The load coils are
designed using 32-AWG Litz wire and wound on a round shape
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Fig. 13.  Dual coil SSWPT system CC mode.

three-dimensional printed acrylonitrile butadiene styrene plastic
material for support. The power source for the drive coil is con-
nected from National Instruments Virtual Bench (NI VB-812)
through a power amplifier. The load power estimation algorithm
is designed in LabVIEW and for the automatic control of Tx po-
sition, NI Quanser dc Motor control setup is utilized due to the
readymade availability of the instruments. It has a fine position
control mechanism with feedback encoder and data acquisition
feature. A spindle is attached with the gear setup to the dc motor
to convert the rotational motion into linear displacement. The
length of the thread is calibrated based on the angular displace-
ment of dc motor; the developed closed-loop control mechanism
automatically adjusts the position of the drive coil. The drive
voltage and current are measured using NI VB-812 digital mul-
timeter and the measured data is feed to the developed control
algorithm. The position of the dc motor rotor is adjusted based
on the estimated load power and the user requirement to change
the distance between Tx and Rx. The Rx and load voltages are
measured for dual, triple, and four coil SSWPT system using
keysight dual channel digital storage oscilloscope.

A. Dual Coil SSWPT

For the dual coil SSWPT system, the drive coil is supplied
with 10 V, 10 MHz from the power amplifier and Rx, load
voltages are measured under CC and OC mode. Initially the
distance between the coil is set to be dpr = 3.5c¢m in CC
mode and the measured voltages are shown in Fig. 13. It is
observed that the load 1 voltage of 4.4 V is maximum with the
designed resonant frequency of 10 MHz. Fig. 13 also shows
the FFT spectrum of measured voltage under CC mode. The
distance between the coil is reduced to 2.5 cm to operate in
OC mode with the kpp = 0.35, the measured Rx voltage has
two peaks at 8.6 MHz and 12.4 MHz and the load 1 voltage
is minimum. The load 2 and load 3 voltage contains the peaks
at 8.6 MHz and 12.4 MHz and the induced voltage of 4.2 V
and 4.3 V as shown in Fig. 14. It is seen that under the OC
mode, the Rx coil consist of two frequency components which
are divided and evenly transferred to the harmoniously tuned
load 2 and load 3 coils. The magnitude of the cross coupling
voltage in each load is very less as compared with individual
load resonant voltage. The distance between Rx and load coils
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Fig. 15.  Triple Coil SSWPT system CC mode.
is fixed at 3.5 cm in such a way that it will not make OC with
Rx coil irrespective modes of operation.

B. Triple Coil SSWPT

The distance between the drive and Tx coils are fixed to 2 cm
with kpr = 0.4 and the distance between Tx to Rx is set to be
3.5 cm for CC mode. The load 1 is receiving the rms voltage of
5.8 V at 10 MHz, and load 2 and load 3 voltages are less than
0.2 V as shown in Fig. 15. When drr changed to 2.5 cm with
the coupling of kpp = 0.35, the Rx voltage peaks are present
in three different frequencies of 8.1 MHz, 10 MHz, 14.6 MHz
with the rms voltage of 5.9 V, 3.8 V, and 4.1 V, respectively, as
shown in Fig. 16. The cross coupling effects are still present at
each load voltage, but the magnitude of cross coupling voltage
is less than 0.1 V which is in the permissible range. It is noticed
that in the triple coil system, the source resonant frequency also
existing along with the bifurcation frequency, whereas, in a dual
coil system, the resonant frequency of the source is diminished.
Similar to the dual coil system, the distance between the load
and Rx coil is maintained at 3.5 cm in both the modes of oper-
ation. In OC mode due to frequency bifurcation present in the
transmission side, the Rx voltage is not appearing as a single
sinusoidal waveform due to multiple frequencies. At the same
time, the loads which are in resonant with the split frequencies
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are getting maximum induced voltage and maintaining the si-
nusoidal nature of the waveform. The non-sinusoidal nature of
the waveform is because of multiple frequencies in the Rx coil
and the non-resonance condition of the load coils. The triple
coil system could be useful in applications such as master slave
swarm robot control, where the master robot always requires
power to operate and to make a decision.

C. Four Coil SSWPT

For the four coil SSWPT, the dp and dg g9 are fixed to be 2
cm with the coupling of kpp = kriro = 0.4 and the dyp; are
changed for CC and OC mode. Under the CC mode the drr; is
set to 3.5 cm and the voltages across Rx2, load are measured as
shown in Fig. 17. The peak value Rx2 voltage occurs at 10 MHz
and the load 1 voltage is 6.8 V. As the system is operated in
OC mode by changing dr 1 and the coupling k71 to be 0.35,
Rx2 contains four peak voltages at 7.9 MHz, 8.9 MHz, 11.6
MHz, and 16.1 MHz as shown in Fig. 18. The load 1 to load 5

voltages at OC mode are 0.2 V, 3.9 V,49V,48 V,and 4.9 V,
respectively. Since the load 1 is not in resonance with the Rx2
under OC mode the induced voltage is very less and the load 2
to load 5 voltages are maximum due to the OC resonance with
the Rx2 coil. The experimental results of rms value of voltage
across the Rx and load coils of dual, triple, and four coil SSWPT
systems are given from Tables VIII-X.
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D. Automatic Power Flow Control

Based on the design parameters and the load power require-
ment the desired position of the Tx coil will be adjusted with the
automatic power flow control algorithm to charge the different
set of loads.

By selecting the coil system (dual/ triple/ four) and entering
the impedance matrix, load resistance values of the output power
will be estimated. The power flow control method is tested for
the dual coil SSWPT system with an additional four load coils.
Initially, the distance between the drive and source coil is set to
be 1.0cmtoget kpr = 0.65 and the load voltages are measured.
The maximum voltages of 1.9 V and 1.7 V are received in
load 5 and load 6 at the frequency of 7.8 MHz and 16.9 MHz,
respectively. Next dp p is set to 2 cm with the kpp = 0.35 and
the maximum voltages of 1.85 V and 1.76 V occurs at load 3
and load 4, respectively. Finally, the dp p is increased to 2.8 cm
with kpp = 0.2, the load 1 and load 2 are receiving maximum
voltages of 1.9 V, 1.8 V at 9.1 MHz, 11.2 MHz, respectively.
The measured load voltages of the dual coil SSWPT system at
different coupling are given in Table XI.

The efficiency of the proposed system is calculated from the
maximum value of the load voltage in the group with drive coil
voltage at fixed load condition. Table XII gives a comparative
analysis of different power transfer methods for multiple load
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TABLE XII
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RECEIVER MRWPT SYSTEM
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(8] | 42 | 3 | Yes| Yes | 29 | No | Applicable to dynamic
condition
. Load coils can be dynamic
. 3.5 (2,34] No | Yes 33, 46, Yes | but the Tx section coils is
Work 67 static

system with the proposed system. It is observed that the pro-
posed system does not requires any extra control circuitry to
change the frequency and power flow between the drive and
load. The reduction in the number of coil is possible by pacing
the intermediate coils at a different angle with respect to source
coil and operating it at over coupling mode, thereby the triple
coil WPT system can function as four coil WPT. The comparison
of the proposed method with the literature is given in Table XII.

V. CONCLUSION

This paper has demonstrated the frequency bifurcation based
SSWPT system to multiple load coil. The SSWPT system can
provide a uniform power distribution to multiple resonant loads
with negligible cross coupling in a proximate environment. The
theoretical, simulation, and experimental results validate the
proposed dual, triple, and four coil SSWPT systems suitable for
simultaneously charging two, three, and four loads, respectively.
The results confirming the proposed power transfer strategy to
attain the higher power transfer efficiency of 39.34%, 49.31%,
and 68.22% with a negligible cross coupling of —31.2 dBV,
—36.2 dBV, and —41.2 dBV for dual, triple, and four coil, re-
spectively. In addition, the implementation of automatic power
flow control for the dual coil SSWPT increases the number of
loads to six at the different coupling point. The proposed method
can be employed in the simultaneous power transfer applications
such as distributed implants, wireless sensor networks, and mi-
cro robot.
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