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Abstract: Simultaneous power transfer to multiple receiver (Rx) system is one of the key advantages
of wireless power transfer (WPT) system using magnetic resonance. However, determining the
optimal condition to uniformly transfer the power to a selected Rx at high efficiency is the challenging
task under the dynamic environment. The cross-coupling and frequency splitting are the dominant
issues present in the multiple Rx dynamic WPT system. The existing analysis is performed by
considering any one issue present in the system; on the other hand, the cross coupling and frequency
splitting issues are interrelated in dynamic Rx’s, which requires a comprehensive design strategy
by considering both the problems. This paper proposes an optimal design of multiple Rx WPT
system, which can eliminate cross coupling, frequency splitting issues and increase the power
transfer efficiency (PTE) of selected Rx. The cross-coupling rejection, uniform power transfer is
performed by adding an additional relay coil and independent resonance frequency tuning with
capacitive compensation to each Rx unit. The frequency splitting phenomena are eliminated using
non-identical transmitter (Tx) and Rx coil structure which can maintain the coupling between the
coil under the critical coupling limit. The mathematical analysis of the compensation capacitance
calculation and optimal Tx coil size identification is performed for the four Rx WPT system. Finite
element analysis and experimental investigation are carried out for the proposed design in static and
dynamic conditions.

Keywords: wireless power transfer; frequency splitting; cross-coupling; multiple receivers; magnetic
resonance

1. Introduction

Recent progress in the magnetic resonant based wireless power transfer (MRWPT) system has
stimulated its usage in wide applications such as electric vehicles, consumer appliances, and wireless
sensor networks [1-3]. Also, MRWPT technology could be the best choice for small power wearable
or implanted healthcare devices, such as blood glucose monitors, hearing aids, electrocardiogram,
micropumps, pacemakers and insulin pumps [4,5]. Similarly, with the advent of microelectronics and
semiconductor technology the size of these devices is shrinking drastically, which makes the device
portable or even implantable [6,7]. In the meantime, the number of personal electronic devices used by
a person is increasing day by day, which needs to be charged efficiently from a single power source [8].
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MRWPT system turns to be the suitable choice to simultaneously power multiple devices by
a single source [9]. However, the simultaneous power transfer to multiple devices presents to be more
challenging regarding coil optimization and uniform power distribution. Moreover, under dynamic
conditions, the power delivered to the receiving units is reduced due to the presence of cross coupling
and frequency splitting issues [10,11]. In [12], single Tx and multiple Rx system are investigated for
the static load conditions with fixed operating frequency. However, in the practical scenario, the power
rating and operating frequency of the devices cannot be maintained at the same level. Likewise,
the uniform power distribution to multiple loads is challenging to attain using a single Tx coil with
fixed operating frequency. On the other hand, the multiple Tx’s are examined to increase the power
delivery capacity to multiple loads [13,14]. Even though, multiple Tx’s can provide stable power to all
the loads, the increase in the number of Tx will not be the preferred solution for small-scale power
applications [15].

To increase the power transfer efficiency (PTE), relay coils are normally employed in the single
Tx and Rx WPT system [16,17]. These relay coils can improve the quality factor of the Tx, Rx and
load coils, thereby improvement in the PTE of WPT system. However, the addition of relay coils in
multiple Rx system requires an optimal design of the coil structure and coupling between the Tx and
Rx coils [18]. Meanwhile, the coil optimization and addition of ferrite core materials to improve the
magnetic coupling are studied for high power applications [19,20]. Nevertheless, in case of lower
power devices addition of ferrite core material is restricted and requires an alternative way for power
transfer technique.

The three-dimensional Tx coil structure is investigated for the maximum power transfer to single
dynamic Rx irrespective of the orientation [21,22]. However, the uniform power distribution to
multiple Rx with three-dimensional structure is difficult to control and requires additional control
circuitry at the Tx coil. Time division multiplexing based power transfer to multiple Rx approach
was examined to uniformly transfer the power to individual loads [23]. In this approach, the Rx coils
are designed with different resonant frequency, and the Tx frequency is varied to match with the Rx
coil frequency. However, in practical scenarios more than one Rx’s might be designed with a same
resonant frequency which leads to cross-coupling between the Rx coils [24,25].

To eliminate the cross coupling between the coils, compensation circuits are employed for the
multiple Rx system [26]. The capacitive compensation at the Rx coil was studied for static load
conditions and proved to be an effective way to filter the non-resonant magnetic field from the adjacent
Rx coils [27]. The capacitive compensation also takes less space and turns to be effective in low power
device fabrication. However, under the dynamic condition, the continuous variation in the Rx position
leads to the frequency splitting in the Rx coil power with cross-coupling among the Rx unit [28].

Frequency splitting is the deviation in the resonant frequency of the system due to overcoupling
between the Tx and Rx coils. In [29], the auto-tuning of the impedance matching circuit has been
discussed to minimize the effects of frequency splitting for the single Tx and Rx system. In case of
multiple Rx system which is operated at different resonant frequency employing the impedance
matching circuit increases the design complexity and requires a wide range of capacitance and
inductive elements. Therefore, to minimize the effects of frequency splitting with simple control
approach a non-identical resonant coil structure was studied for different distance in single Tx and Rx
system [30,31]. However, in case of lower power multiple, Rx WPT system the size of the Rx coils is
restricted which requires the optimal design of non-identical Tx and Rx coil by considering the Rx coil
size constraints.

Based on the above discussion, it is observed that for the multiple Rx WPT system under dynamic
environment, the cross-coupling, frequency splitting, uniform power distribution to all the Rx with
improved PTE are a major challenge. It is also noted that all these issues are interrelated to each other
and requires an optimal design in multiple Rx’s by considering all the challenges. This paper proposes
a selective resonance WPT to multiple Rx’s using Tx frequency tuning circuit. Further to improve the
PTE, an additional relay coil is added to each Rx’s which can reduce the effect of load port resistance
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and improve the quality factor. The cross-coupling effect is minimized by determining the optimal
value of the compensation reactance and connecting across each load coil. Frequency splitting under
the over-coupling condition is eliminated by choosing a non-identical resonant Tx coil structure at the
minimum possible coupling distance.

The paper is organized as in Section 2 the basic structure of the multiple Rx’s WPT system at
different configurations is presented. In Section 3, the performance improvement and design strategies
of the proposed method is discussed. The validation of the proposed method using finite element
simulation and experimental measurements are presented in Sections 4 and 5 respectively.

2. Dynamic Multiple Receiver

The different possible combinations of multiple Rx’s with single Tx WPT system schematic model
is shown in Figure 1. The Tx is supplied using high frequency inverter /power amplifier and the Rx
coils are connected to the load. Both the Tx and Rx coils are configured in series-series topology of
resonant capacitor and inductor. Parasitic resistance of all the elements are combined with the source
and load port resistance of the respective coil. Figure 1a represents the four Rx’s are in a static condition
with same resonant frequency and placed at a fixed distance between Tx and Rx [32]. In this case, the
cross-coupling among the Rx’s will be a major concern. In Figure 1b the multiple Rx’s designed with
dissimilar resonant frequency and placed at a different distance is illustrated. Similarly, the Figure 1c
shows the identical coil with same resonant frequency placed at a different distance between the Tx
and Rx [33]. The main issue in identical resonant frequency configuration is the cross-coupling effect
among the Rx’s will be more and its minimum in the non-identical resonant frequency configuration,
however, the bandwidth of the frequency among the Rx must be large. The third configuration which
represents the dynamic condition of the Rx’s will produce both cross coupling and frequency splitting
whenever the coupling is increased more than the critical coupling point.

High Frequency PA
N~
\\\\
! 1)
\ //‘/
High Frequency PA

High Frequency PA

Identical Frequency Rx coil Non-Identical Frequency Rx coil Dynamic Rx coil

(a) (b) ()
Figure 1. Possible dynamic receiver configuration. (a) Identical Rx’s; (b) Nonidentical Rx’s; (c) Dynamic Rx’s.

3. Performance Improvement of Multiple Receiver WPT

To improve the performance of the multiple Rx’s systems with uniform power distribution,
cross-coupling reduction, and frequency splitting elimination in the multiple Rx WPT system is
discussed in this section.

3.1. Power Transfer Efficiency Improvement

The PTE of the MRWPT system primarily influenced by the coupling, quality factor of the Tx and
Rx coil. Quality factor of the coil reduces due to the increase in the source and load port resistance of
the circuit, which can be minimized by adding a relay coil to the circuit. The three coil WPT circuit
gives a better power delivered to the load and PTE as compared with the four coil WPT circuit [34].
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However, for the selective power distribution using time division multiplexing requires to tune the
Tx coil frequency which makes difficult to add a relay coil at the transmitter section. In this work
the additional relay coil is used at the Rx side and called as the load coil. The equivalent circuit
of three coil MRWPT system is shown in Figure 2, consist of Tx coil, Rx coil and load coil. Ry,
Ry, Ry, Ly, Ly, L3, C1, C, C3, Q, Qg and Qg are the Tx, Rx and load coil resistance, self-inductance,
capacitance, quality factor respectively.

[l
|1
C1 |§I C2 Cs3
1=
Vs IQ R2
&= R1
L1 =) L2y 5 ‘
I
R1 1<
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Figure 2. Equivalent circuit of three coil magnetic resonant based wireless power transfer (MRWPT)

system.

The equivalent network model of the circuit is formulated by applying KVL to each coil

Vr Zn Zi Zis I
0 | =| Z2n Zpn Zx L 1)
0 Zy1 Zz Zzs I

where I}, I and I3 are the current in Tx, Rx and load coil respectively. The self-impedance (Z;;, i = j),
mutual impedance (Z;;,i # j) and coupling coefficient k;; of the system can be expressed as

. 1 .
Zij = Z]',' = Ri—l-]a)Li—l—]TJCi,' fOT’Z =]

Zij = Z]l = ]CUMIJ = ]le], / LZL], fOT’ i 7é ] 2)

j= ©)
v JLiL

The RMS value of input, output power and efficiency of the three coil MRWPT system as

k

Pr = %VTIl (4)
1
Pour = 513R; ®)

After solving the Equations (1) and (5) using (2), the efficiency of the system is given as

I k12*k23QrQR* Q1L
30 (14 k122QrQr + k232QrQL) (1 + k232Qr Q1)

The total amount of power delivered to the load coil can be found by multiplying efficiency with
source power

(6)

- Vr?k12%ko3?QrQr?Qr
2Ry (1 + k122QrQr + k232QrQL)*

The variation of system efficiency and PDL concerning kp3 and d53 are shown in Figure 3a,b. It can
be seen that by choosing an optimal values of kj, and kj3 the overall system efficiency and PDL can
be maximized.

@)
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Figure 3. Three coil circuit response (a) Power transfer efficiency; (b) Power delivered to load.

3.2. Selective MRWPT System

The equivalent circuit of multiple receiver selective MRWPT system is illustrated in Figure 4.
For the analysis, the system is chosen with four Rx coils, four load coils, and single Tx coil. The Tx,
Rx, and load coil parameters are denoted by the subscript of T, R;, and L; (i = 1, 2, 3, 4) respectively.
The PTE of the particular system can be maximized when the operating frequency is same as the T,
Rx and load coil resonant frequency. Using this principle, the selective power transfer to multiple
receivers can be achieved by tuning the transmitter side capacitance to match the operating frequency
to be same as the Rx and Load resonant frequency. The resonant frequency of the receiver loops f,1,
fr2, fr3 and f,4 are calculated as

1 1 1 1
fn= = i = =
27T\/LR1CR1 271’\/LL1CL1 27'[\/ LRZCRZ 277.’\/ LL2CL2
f - S - ! ®)
r3 — = s Jrd = =
27ty/LrsCrz 27t/ L13C13 27tv/LraCra 27t/ L14Cry
kel ¥ bk
1
= (] ’ 1
3 ! 1
£ b :
2 1 1
2 1 1
= _ll I ']
b I C, 1
2 | 1
] 1 1
O 1 1
i Csi :
ol
Series Resonant Capacitor
Capacitor Selegion Switches
& =
Rs = K]
£ \ -
g cFe--1---1--- ""Lé E E S
= . "‘E oL z ; E
| v 0w =
N O EE N (S - .
& S
Vs & =
B

Figure 4. Equivalent circuit of Selective MRWPT system.
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Even though the receiver devices are designed with different resonant frequencies and selected to
transfer the power uniformly to individual load there exist a cross-coupling between Tx and unselected
Rx coils. For the reason that of the non-resonant coupling effect, there exists an inter cross-coupling
among the Rx coils. As the number of coils with different resonant frequency is increasing the
cross-coupling also increases which reduces the PTE of the selected link. The simulated response of
the selective MRWPT system is presented in Figure 5. The four Rx and load coils are designed with the
resonant frequency of 1.0 MHz, 1.50 MHz, 2.0 MHz, 3.0 MHz with the circuit parameters mentioned
in Table 1. Initially, the Rx1 coil is selected by tuning the Tx coil to 1 MHz, and the response of the
system is shown in Figure 5a, the peak magnitude occurs at 1 MHz along with that the unselected
load coils magnitude are in the range of —18 dB at their respective resonant frequency. Likewise, the
resonant frequency of the Tx coils is tuned to 1.5 MHz, 2 MHz, and 3 MHz to match with the Rx2 to
Rx4 resonant frequency as shown in Figure 5b—d. Since the passband frequency of the system has
much overlapping with other resonant frequency there exist a cross-coupling effect in all the link. The
effects of cross-coupling need to be minimized to transfer the power uniformly to selected load at
high efficiency.

2
=)
=
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0
Frequency (MHz) Frequency (MHz)
(a) (b)
0
-40
~ =80
©n ]
= ]
=

0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0 0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Frequency (MHz) Frequency (MHz)

(c) (d)

Figure 5. S Parameter dB of the system without compensation (a) dB(S) when Rx1-on; (b) dB(S) when
Rx2-on; (¢) dB(S) when Rx3-on; (d) dB(S) when Rx4-on.

Table 1. Circuit design parameters.

Parameters Tx Rx1/Loadl Rx2/Load2 Rx3/Load3 Rx4/Load4
Frequency (MHz) - 1.0 15 2.0 3.0
Inductance (uH) 112.58 25.33 11.248 6.333 2.814
Capacitance (nF) - 10 10 10 10

Resistance (€2) 50.5 0.5/50.5 0.5/50.5 0.5/50.5 0.5/50.5
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3.3. Cross-Coupling Rejection

Even though all the Rx coils are designed with different resonant frequency in selective MRWPT
system, the cross coupling between the coil is unavoidable. Also under the dynamic environment,
the multiple Rx coils position will keep on change, and there exists a cross-coupling between the
coils. The wide range selection of different resonant frequency between the receiver is limited in some
applications like medical implants and tiny electronics, which leads to resonant frequency overlapping
between the Rx coils. Moreover, when the separation among the Tx and Rx coils are reducing below
the critical value, frequency splitting will be present in the system which leads to the variation in the
resonant frequency and increases the cross coupling between the coil. In order to overcome the effects
of cross coupling and increase the PTE of the selective MRWPT system, the compensation is required
at each load coil.

The optimal value of the compensation reactance is calculated by applying KVL to Figure 6.

ococooeg
4 []
$ pr—— o) -
E : Csy 0
= []
) ] []
g J. (] '
g 8 Cs (]
2 ' ]
% ’ '
5 Fo——— =
£ ' C ]
- ¢ '
= ’ '
] - 0 []
M J
s Cs N C
bococcce ‘Rl [
Series Resonant Capacitor Rg; L, Y=
. . . Lii L Ry,
Capacitor Selfction Switches et
Rg .~ |
g I_
= _ =
] = L2
Ey Q é Cr2 [Kd X1 =2
..- boocodoecadocs --.‘ﬁ § L: L Res Lis I - S
2 = s R2 Ccz 12 =
' &= g Ly z e dat g
D : z 5 g =
M Cp; Cp, (&) Cpy N 2 & & -
bepocedoecedocadees E
O
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=
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S8

Figure 6. Equivalent circuit of Selective MRWPT system with Compensation.
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Since the Tx coil coupling with load coil is negligible as compared with Tx and Rx, the mutual
inductance Mty1, Mtr2, MT13, MT14, MP1T, MI12T, M13T and M4t could be assumed as zero. Under
the resonance condition the reactive impedance of the circuit is cancelled and only the resistance, of
the coil is present. Resolving (8) the obtained value of Rx coil and load coil current is
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4 jwiMTiMikIT .
i Zk:l, i#k R; + Ry + Ry; ! ks Lk (10)

Using (10) the input port impedance can be calculated by substituting in the first row of (9)

ZM 2
OO i =Ry, L (11)

4

From (9) and (10) we can observe that the cross-coupling between the receiver loop coil is not
many negligible variations will occur in the input current and input port impedance which leads to a
reduction in the overall power transfer efficiency. The optimal value of the load reactance is calculated
from (10) and (11)

X =- Zk:Rl,..R4 W1MK/1;T1£\(/I£:<_,(_1;2L—2’_)RL2) (12)
S P % ®
X3 =— Zk:Rl,.,RzL w3MﬁT3]f\(/I£:k4(_1;6L:)RL6) (14)
X4 == 4 ri, ra wleﬁ;(]\(/I ;:]i%L:)RLé) (15)

where X1, X12, X3 and Xj4 are the additional inductance added to the load coils to compensate
the cross coupling. Optimal value of load reactance be subject to the mutual inductance between the
coils, load resistance and coil resistances and the equivalent circuit of the selective MRWPT system
with compensation is shown in Figure 6. In practical implementations the maximum possible value
of the mutual inductance between the coils are calculated and using discrete capacitor tuning the
optimal load reactance can be achieved. The simulated response of the selective MRWPT system with
cross coupling compensation is illustrated in Figure 7. Figure 7a display the dB value of S parameter
when the Tx is operated at 1 MHz, it’s observed from the graph that the unselected link has less cross
coupling effect in the order of —50 dB. Similarly, when the Tx is operated at 1.5 MHz, 2 MHz and
3 MHz resonant frequency the S parameter responses are shown in Figure 7b—d. In all the cases the
unselected load S parameter value is less than —50 dB, which indicates the much reduction in the
cross coupling effect. The calculated capacitance values and circuit parameters are shown in Table 2.
However, the effect of frequency splitting needs to be considered in the design whenever the coils are
used in dynamic environment. All the simulations are performed at the constant coupling coefficient
value of 0.1 between the Tx and Rx coil.

dB(S)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40 45 5.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0
Frequency (MHz) Frequency (MHz)
(a) (b)

Figure 7. Cont.
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Figure 7. dB of the coil with cross-coupling compensation (a) dB(S) when Rx1-on; (b) dB(S) when
Rx2-on (¢) dB(S) when Rx3-on; (d) dB(S) when Rx4-on.

3.4. Frequency Splitting Elimination

In the dynamic environment, the movement of the Rx devices causes the changes in the magnetic
over the coupling and leads to frequency splitting. It degrades the system efficiency also the fluctuation
in the output power of the receiver loop, which can be avoided by maintaining the mutual inductance
of Tx and Rx section is almost constant irrespective of the coil separation. The non-identical coil
structures can be used to eliminate the frequency splitting by keeping the mutual inductance to be
constant irrespective of the distance variation. However, the PTE of the system depends on the
coupling between the coil, many reductions in the mutual inductance can minimize the system
efficiency. To determine the optimal coil radius, considering the Rx and Tx coils are having the radius
of rr1, TR2, TR3, R4, YT and the separation distance of d;. The mutual inductance M can be derived
as [35]

M= yo\/T [(z - gz)K<g2> —2F (gz)} where i = Ry, Ly (16)

2 drrr;

S — (17)
d2 + (rr +1;)?

8
where E(*) and K(*) are the second and first order complete elliptic integrals. As the separation
between the Tx and Rx approaches to zero, the term g?> becomes one when the radius of the coils are
same. At g? = 1, the first order and, second order elliptic integrals become infinite and one respectively
which makes rapid increase in the mutual inductance when the distance reduces. In order to overcome
the above constraint g> must be kept less than unity also without affecting the coupling and system
efficiency for large separation gap between Tx and Rx unit. A different set of mutual inductance are
calculated for various dr and dgr1, dro, dr3, dr4 as illustrated in Figure 8. As the diameter of the Tx
coil is increased the mutual inductance values are reduced for the small gap and changes very less
for the larger air gap separation. However, when the diameter of the Tx coil is less the variation in
the mutual inductance is drastic over the distance. From Figure 8 it’s observed that the changes in
the mutual inductance for the Tx coil diameter of 12.5 c.m is from 0.67 to 0.59 for the distance 2 c.m
to 10 c.m and almost constant from 2 c.m to 8 c.m of distance between the coil. Further increase in
the Tx coil diameter of 14.5 c.m, 15.5 c.m result in reduction of the mutual inductance value which
can reduce the PTE and the comparison of mutual inductance for selected diameter is presented in
Table 2. Hence an optimal value of 12.5 c.m Tx coil diameter is selected for the design to eliminate the
frequency splitting by considering the PTE. However, the size of the Tx coil will change depending on
the number of Rx, distance, diameter of Rx and number of turns.
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Figure 8. Mutual inductance values for different transmitter diameter (a) dr; = dry =dr3 =dra =4 c.m;

(b) dg1 =4.5cm, dgy; =4 cm, dgz =3.5cm, dgrg =3 c.m; (c) dg1 =4.5 cm, dg, =4.5 cm, dgz =3 c.m, dgy

=3 cm;(d)dg1 =4 cm,dry =4 c.m, dg3 =3.5 cm, dgg =3 c.m.

Table 2. Mutual inductance at different Tx and Rx coil diameters.

dr1 = 4.0 cm,

dr1 = 4.5cm,

dr1 = 4.5 cm,

dr1 =4.0cm,

Dl(stan)ce dry = 4.0 cm, dry = 4.0 cm, dry = 4.5 cm, dry = 4.0 cm,

¢m dr; = 4.0 cm, dr3 = 3.5cm, drs = 3.0 c.m, drs = 3.5 cm,

drgs = 4.0 cm drs =3.0cm drs =3.0cm drg = 3.0cm

Tx Dia

(c.m) 6.5 125 145 155 65 125 145 155 6.5 125 145 155 6.5 125 14.5 15.5
1.0 095 0.68 057 036 094 068 055 035 151 068 056 036 0.85 068 047 026
2.0 093 068 057 035 092 068 055 034 130 0.68 056 036 083 0.68 047 0.25
3.0 090 066 053 033 090 066 053 031 1.00 0.67 054 032 080 0.67 043 023
4.0 086 0.65 050 030 084 065 051 029 095 065 051 030 076 065 040 0.20
5.0 081 0.64 048 028 082 064 047 026 092 064 048 027 071 0.63 038 0.18
7.0 074 061 045 025 073 0.60 043 022 084 061 045 024 064 061 036 0.16
9.0 068 059 042 021 064 059 040 019 076 059 043 021 058 059 034 0.13
10.0 058 057 040 020 059 056 037 017 069 057 041 019 048 056 0.31 0.11

3.5. Overall System Design and Parameter Estimation

The design procedure of the dynamic multiple Rx system by considering the frequency splitting,
cross-coupling issues with selective uniform power transfer is illustrated in Figure 9. From the above
analysis, the complete system parameter estimation of the proposed method with the selected operating
frequency of 1.0 MHz, 1.5 MHz, 2.0 MHz, 3 MHz along with the circuit parameters are presented in
Table 3, and different scenarios are considered for the calculation. In scenario 1 the Rx and Tx coils are
considered at a fixed distance of 3.5 c.m and in scenario 2 the distance between Tx and the Rx1, Rx2
and Rx 3, Rx4 are maintained at 3 c.m, 5.5 c.m respectively.
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resonant capacitance the Rx and Load coil using (16)

l | Frequency Splitting Elimination |
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[ PTE (alculation |

Change the switch position at the Tx side to
select capacitance at different frequency

v

( Determine the PTE for each Tx- Rx unit >

Figure 9. Design Flowchart of Proposed Method.

In scenario 3 and 4 the Rx’s positions are changed to 3.5 cm, 3 c.m, 5.5 c.m, 6.0 cm and 4 c.m,
3.5 cm, 4.5 c.m, 7 c.m respectively. In all the cases it is observed the variation in the compensation
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capacitance at the load side is about 0.02 pF to 0.12 pF which can be achieved by using a discrete
capacitor at each load coils. Similarly, for the Tx coil diameter of 12.5 c.m, the mutual inductance
variation in all the scenarios are from 0.6 to 0.51 which will not deviate the operating frequency of
the circuit.

Table 3. Calculated Compensation Capacitance for different Scenarios.

. Tx Coil . . . .
lefere'nt Diameter Mutual Inductance Compensating Capacitance =~ Compensating Capacitance
Scenarios (c.m) at Tx (pF) at Load (pF)

Mrri Mgz Mrrs Mrre  fy fo f fi  Cipt Cipz Cips Crps
Scenario 1 12.5 068 068 068 068 202 913 572 221 671 842 1123 1411
Scenario 2 12.5 063 063 055 055 202 913 572 221 642 813 1045 1391
Scenario 3 12.5 068 064 055 054 202 913 572 221 671 822 1045 13.84
Scenario 4 12.5 061 066 059 051 202 913 572 221 632 836 11.11 1331

4. Finite Element Method Verification

The Finite element modeling of the proposed system is performed using COMSOL Multiphysics
software (5.2a, COMSOL Multiphysics Pvt. Ltd., Bengaluru, India) for five different scenarios.
The AC/DC module, magnetic field, electric circuit and frequency domain study toolboxes are used to
determine the magnetic field intensity on the Rx coils. The physics controlled mesh is used to reduce the
computation time and memory usage during the analysis. The coil parameters of the designed system
are given in Table 4. The Tx coil is excited with 10 V AC source with selective frequency sweep of
1 MHz, 1.5 MHz, 2 MHz and 3 MHz. First, all the Rx’s are considered to be static, and the Tx frequency
is switched to match the resonant frequency of each Rx without any cross-coupling compensation.
The induced magnetic field on each Rx is shown in Figure 10. It is visible that the selected resonant coil
is receiving the maximum field intensity. However, the non-resonant coils magnetic field strength also
receiving 40% field strength of resonant coil. In the second case, the compensated capacitor is added to
each load coil, and the Tx frequency is switched from 1 MHz, 1.5 MHz, 2 MHz, and 3 MHz to select Rx1
to Rx4 as shown in Figure 11. The magnetic field intensity of the non-resonant coils is less than 15% of
the resonant coil, which indicates uniform power distribution to selected load with much reduction of
cross coupling. In the third case, the Rx1, Rx2 and Rx3, Rx4 resonant frequency and the corresponding
load coil resonant frequency are changed to 1 MHz and 2 MHz respectively. The analysis is performed
for two set of the axial distance between the Rx coils as shown in Figure 12. When the distance between
the Rx’s are reduced to 3 c.m the field strength at non-selected load coil is close to 18% of the resonant
coil field strength and when the distance between the Rx coil is increased to 6 c.m the field strength of
the non-resonant coil is less than 15%. Finally, the lateral distance between the Tx and Rx, load coils
are changed to 3 c.m, 6 c.m and the resonant frequency is switched from 1 MHz to 3 MHz, and the
field strength is shown in Figures 13 and 14. In both, the cases the non-resonant coil field is minimum
and the resonant coil field is maximum, which indicates the rejection of cross-coupling between the
coil and elimination of frequency splitting under over coupled region. The high field strength at the
resonant coil indicates the maximum and uniform power delivery to the selected load coil.

Figure 10. Magnetic field Intensity of Selective Power Transfer without compensation.
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Table 4. Design parameters of coil.

Parameters Tx Rx1/Load1 Rx2/Load2 Rx3/Load3 Rx4/Load4
Diameter (c.m) 12.5 45/4.5 4/4 3.5/3.5 3/3
Number of turns 08 10 8 8 6
Compensation capacitance (pF) - 6.71 8.42 11.23 14.11
Wire AWG 30 30 30 30 30
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Figure 14. Magnetic field Intensity of Selective Power Transfer with lateral separation of 6 cm.

5. Experimental Verification

To validate the proposed multiple Rx coil WPT system, an experimental measurement is
performed under the static, dynamic environments and the experimental setup is presented in Figure 15.
The Tx, Rx and load coils are designed using 30 AWG Litz wire to minimize the ohmic drop in the coil.
National Instruments (NI) virtual bench (VB-8012) (National Instruments, Bengaluru, India) is used
to give the trigger signal to the power amplifier, and NI myRIO is used for the switching between
different capacitive elements to select the different resonant frequency at the Tx coils. Two channel
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KEYSIGHT digital storage oscilloscope is used for the measurement of the voltage across each load
coils. The dimensions and circuit parameters of the coils are same as the simulation parameters as
given in Table 4. Measurements are performed for three different cases as follows.

Digital Storage

Oscilloscope -
pEmmp—r 3 H

r

Multiple Receiver WPT

] NI myRIO § NI Virtual Bench
X

Figure 15. Experimental setup of proposed MRWPT system.

5.1. Selective Power Transfer at Static Load Condition

Initially, the separation of the Tx coil and the receiving section is maintained at 5 c.m, and the
source and Tx resonant frequency are changed from 1 MHz to 3 MHz to select the Rx 1 to Rx 4. The load
coil voltages are measured as shown in Figure 16. Figure 16a represents load-1 and load-2 voltage
waveform, when the Tx coil is operated at 1 MHz the voltage at load-1 is 4.8 V and the other load
voltages are less than 0.4 V.

500V/ 2 5.00v/ 2000: 20008  Stop £ 1008 | 500v/ 2 500V 20005/ 2000¢  Stop £ 1003
L = Acquisition
Normal Loadl [Voltage L] Normal
‘ 250MSals ¥ 250MSals
f H
Channels L £ i Chamels
2 2
¥ 1 ac 1001| ¥ AC 1001
- : Measurements [+ Measurements
E d-Load Freq('} Fxpanged Toad] v m Freq(
1.029MHz 998kHzZ
AW "\ ANAS Wi T FreqZ]
Fh/ i FRY A/ f 1.46MH: 4 e
\V‘ \ } R Y ALY \J — Expanded Load? V 1 - 150Wz
T = AP A A A A A AT A A A A A AR A A A A A A
¥+ EYRVAVAVRTAVATRVAVAYRVAVATAVAVAVSVAVAVAVAVAVAVATAVRVAVAVAVATAY
(a) (b)
500v/ 2 5.00v/ 20005/ 20005 Step  § 1008 500V 2 5.00v/ 20005/ 2000%  Stop £ 10,03
Load3Voltage = Aoquisition [£ Acquision =
E A [ioass Violtage T Nomal
250MSas : 250MSas
5 Chamnels :| | Toadd folmge [£ Chamels =
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AC 1001 = AC 10.0:1
& Measurements = Measurements
Expanfled Load3 V Freqll). Freq |}
2.53MHz Expanded Load3| Voltage {vaveforni 2.53Hz
TR T W Tl e 20 S, J
H LA LLALTE RN Freal2] Freql2]
l‘} Y Al lu‘- .‘ i — EdUEB Expanded Loadd Valtage fvaveform el
expan A A S LA A R A AR A AR A DA AR L L A RS AA A AR Sl A
¥ SV VRVVUV VWY UV UV VRV VYR VTV VTV VU VYUY

(c) (d)

Figure 16. Measured load voltage of selective WPT system. (a) f =1 MHz; (b) f = 1.5 MHz; (c) f =2 MHz;
(d) f =3 MHz.
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Similarly, when the Tx frequency is changed from 1 MHz to 1.5 MHz, 2 MHz and 3 MHz the
respective load coil voltage is increased to more than 4.5 V and other non-resonant load coil voltages
are below 0.5 V as shown in Figure 16b—d. It shows that the selective uniform power transfer is
accomplished with the very minimal amount of cross coupling. Under the static condition, the effect
of frequency splitting also not present in the load voltages as the measured voltage consists of the only
single frequency component.

5.2. Identical Resonant Frequency Receivers

To analyze the effects of identical frequency the Rx1, Rx2 and Rx3, Rx4 are designed with the
resonant frequency of 1 MHz and 2 MHz respectively. Initially, all the distance between the Tx and
Rx are maintained at 5 c.m, and the operating frequency of the Tx is selected at 1.0 MHz. The load-1
and load-2 voltages are maximum at 1 MHz operating condition and load-3, load-4 voltages are less
than 0.5 V as shown in Figure 17a,b. Next, the operating frequency is changed to 2 MHz the load-3
and load-4 voltages are at 4.6 V, 4.4 V respectively and the load-1, load-2 voltages are less than 0.4 V
as shown in Figure 17¢,d respectively. It is observed that the effect of cross coupling on each Rx is
reduced and both the coil voltages are reached more than 4.4 V under the identical resonant frequency
condition. The uniform power distribution to the selected Rx also obtained as the non-resonant coil
voltages are less than 0.4 V.

5.00v/ 2 5.00v/ 2.000%/ 20.00%/ Stop £ 1009 500V/ 2 5.00v/ 2.000%7 20.00%/ Stop 5 1008
ad. I Yy
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Figure 17. Measured load voltage of selective wireless power transfer (WPT) with two identical Rx
resonant frequency (a) Vi1, Vip at i1 = fro =1 MHz (b) Vi3, V14 at f;1 = fro =1 MHz (¢) Vi3, V4 at
fra=fra=2MHz (d) Vi1, Vi, at fy3 = fr4 =2 MHz.

5.3. Dynamic Conditions

The Rx1 position is changed to analyze the effects of dynamic conditions, the Rx2, Rx3 and Rx4
positions are kept constant. The induced voltage at load-1 varying from 6.4 V to 4.2 V for the variation
of separation from 3 c.m to 7 c.m as shown in Figure 18a,b at 1 MHz. The load-2, load-3 and load-4
are designed with the resonant frequency of 1.5 MHz, 2 MHz, 3 MHz respectively. The non-resonant
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load voltages are less than 0.45 V as shown in Figure 18a,b. The effect of cross coupling on each
Rx is reduced, and the frequency splitting also eliminated for the closer coupling distance of 3 c.m.
The measured frequency of the load-1 voltage at 3 c.m is of 1 MHz, and the frequency deviation is not
present in the load-1.

5 UUWV 2 200% 20005/ 20.005/ Stop § 10.0% 5.00% 2 200V 2.000%/ 20.00:/ Stop § 100%
e ———— f T
! : - ! ! ! ! !7 Acauisition | ] : Acquisition
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250MSa/s R A Ui i il i 250MSal's

Chamnels  ¢| [~ Loadd Voltage| r T = - [ |z Channels
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Expanfed-boad}-voi . Frea ) Freal )
A A A A N oA o AlA A A A 4 A A A A M 1.004MHz2 E a4 Load]- Vol 1.008MHz
: Y f T i = Exp - 2
it f I A [ | Freq(2) Wo, M A A AN A BRA NN DA A NN A /] Freq)

R ) ! IRV 1.50MHz JIV VIV YN VIVVEN VIVVIVVN VIV 1.52MHz
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B e TV W oW aew e FX, o e e e e R e e e S e
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Figure 18. Measured load voltage of selective WPT system with load-1 variation (a) Rx1 at 3 c.m; (b)
Rx1 at7 c.m.

The comparative analysis of the proposed method with the existing design in the literature is
presented in Table 5. It is observed that the proposed design for the Rx WPT system with identical or
non-identical operating frequency gives a better and simple solution to eliminate frequency splitting
and cross coupling with improved PTE.

Table 5. Comparison of Proposed Method with Literature for Multiple Receiver WPT.

Methods of No. of Tx No. of Rx No. of Relay f (MHz) Remarks
Reference
Multiple Rx, Requires two Tx and analyzed
Multiple Tx [15] 2 2 0 1 MHz under static condition
Selective Power 1 3 0 21.5 MHz to tsl};lrtla})lf :Elélurrufoim Eoﬁfr issu
Transfer [24] 23.5 MHz ste Cross-coupling 1ssue

for identical Rx’s

The uniform power distribution
1 3 0 1 MHz and frequency splitting
elimination is not achieved

Cross-Coupling
Elimination [27]

Dynamic Rx The cross-coupling and frequency
WPT [20] ! 3 0 1 MHz splitting is not addressed
1 MHz to The cross-coupling, frequency

This Work 1 4 1 splitting issue is addressed with
3 MHz .
selective power transfer

6. Conclusions

The analysis and design of WPT to multiple Rx system is discussed in this paper by considering
the cross-coupling, frequency splitting, and uniform power distribution challenges. The simulation,
finite element analysis on the four Rx WPT system for different scenarios of static and dynamic Rx’s are
performed. To minimize the effects of cross-coupling, the capacitive compensation to the individual
load coil is investigated and from the analysis it is observed that the capacitive compensation provides
the less electromagnetic interference. It can be suitable for tiny electronics or medical implants where
the device size is the major constraints. Further, to improve the uniform power distribution to the
selected Rx a three-coil based selective MRWPT system is accomplished by tuning the Tx frequency to
match the Rx resonant frequency. The simulation and the experimental results show that the proposed
design technique could be the simple and better solution for the multiple Rx WPT system.
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