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Abstract: A wireless power transfer system with a single transmitter fed by a voltage source and a
single receiver with a load is widely studied to increase load power. A system with two transmitters
is also studied, especially by controlling currents through transmitter coils to maximize load power,
which means current sources to drive transmitter coils are assumed instead of the voltage source. This
paper presents a method for adjusting voltage amplitude and phase of each voltage source embedded
in two transmitters to maximize load power. The maximized load power is also presented in an explicit
form based on circuit constants of the system. As a result, advantages of the two transmitters system
over the single transmitter system are revealed from the perspective of efficient power delivery.
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1. Introduction

A wireless power transfer (WPT) system enables power delivery without electric wires and physical
contacts, which is expected to be applied in various fields. For instance, power delivery for medical
implants [1, 2] and electric vehicles (EVs) [3—8] have been studied. Review papers such as [6]
and [7] especially prove that many studies of the system for EVs exist, which also indicates an active
application field of the system. One of reasons why EVs are the active application field of the system
is that EVs are transportation without emitting air pollutants in operation, which are expected to play a
key role in reducing environmental impact. There are still challenges for widespread use of EVs. For
example, charging spots are relatively few, and charging takes a relatively long time [9]. In addition,
increasing battery size to extend driving range of the EVs cause heavy weight of EVs, which may
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increase damage to paved roads [10]. If the embedded WPT systems in roads can charge EVs in
operation, it leads to reduced charging time and increase of the weight. Since the WPT system is
considered a promising technology to solve the challenges, many studies have been conducted. In
particular, [8] presents a tuning method for wireless charging of EVs in operation with multiple coils
for reducing electromagnetic interference and enhancing magnetic coupling compared to a single coil
configuration. Since the coil configurations such as the number of coils, placement etc. affect power
delivery, many types of the configurations have been proposed [3]. [11] has reported pentagon coils
achieve high energy transfer efficiency under coil misalignment conditions compared with other coil
shapes such as square and Double-D coils. In addition, [5] uses not only multiple coils but also multiple
voltage sources. This configuration contributes to improving reliability of the system compared to a
single voltage source configuration. In the case of medical implants, supplying power to them inside
the human body through wires and contacts requires surgical intervention, which may involve risks.
Therefore it is desirable to transfer power without the need of physical connections, that is, it is better
that the medical implant has the WPT system. [1] and [2] are focused on reducing the size of the
WPT system for implantation inside the body since the size of the medical implant should also be
taken into consideration to avoid interference with other organs. [1] proposes an impedance matching
method without additional components, while [2] introduces single-turn printed coils in the system and
proposes the optimization procedure involving self and mutual inductances, parasitic resistance and
capacitance of the coils. The WPT systems are not only expected to be applied in the above situations
where it is hard to transfer power with such connections but also to enhance user convenience because
of eliminating the need to plug and unplug cables in the case of charging devices such as EVs during
parking and mobile phones. [12] considers the case of charging a mobile battery using the WPT system.

It is found that the system with two transmitters and a single receiver has certain advantages over
the system with a single transmitter in practical usages, and studies for the system with two or more
transmitters and/or two receivers have been conducted. For example, the system with two transmitters
can improve power transfer efficiency. [13] uses two transmitters are utilized for power delivery to a
single receiver and demonstrates a successful case of improving the power transfer efficiency compared
to a single transmitter and receiver by changing current phase of each transmitter coil. [14] presents
a criterion for selecting one or two transmitters configuration based on magnetic coupling coefficients
between each transmitter coil and the receiver coil to improve the power transfer efficiency. In
more than two multiple transmitters, assuming that magnetic couplings among transmitter coils are
neglected, a method for adjusting voltage magnitude and voltage phase of each voltage source in
the transmitters to improve the power transfer efficiency is presented in an explicit form [15]. In
addition, [16] presents a load optimization method for maximizing the power transfer efficiency in a
system with two or more transmitters and the single receiver. In a system with two transmitters and
receivers, to improve the power transfer efficiency, [17] presents approximate solutions to a voltage
ratio of voltage sources and load resistance in the case when magnetic couplings between transmitter
coils and between receiver coils are neglected.

The system with two transmitters has more components compared to the single transmitter, which
means that it needs to adjust more components to deliver high power. For instance, if two transmitters
each have a voltage source, and we need to select voltage amplitude and phase of each voltage source.
This is because some selections of the voltage amplitude and phase may cause zero receiver current and
power delivery due to cancellation of magnetic field at the receiver coil [18]. Moreover, although the
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power delivery does not drop to zero, it does not guarantee high power delivery. A proper selection of
the voltage amplitude and phase for high power delivery depends on a circuit configuration including a
relative position of the coils, and it is not trivial. To handle this situation, in the system, [18] presents a
method for adjusting voltage amplitude and phase of each voltage source to maximize or minimize load
power. For minimizing the load power, the method is expressed in an explicit form, and for maximizing
the load power, it provides a proper phase selection. However, in a proper amplitude selection for
maximizing the load power, it states only that we should adjust the maximum available amplitude
of each voltage source. To maximize the load power, we should consider a voltage amplitude ratio
between voltage sources. In [19], it presents the method for maximizing the load power via maximizing
a current through a receiver coil in a receiver in which all components are connected in series by
controlling currents through transmitter coils. However, further calculations are needed to pull the
required currents from voltage sources, and thus, it does not directly express how to select the voltage
amplitude and phase. In the system with multiple transmitters and receivers, [20] presents a method
for maximizing currents through receiver coils by adjusting voltages and currents of transmitter coils.
However, it also needs further calculations to find selection of the voltage amplitude and phase of each
voltage source. Thus, a method for directly determining voltage amplitude and phase of each voltage
source to maximize load power has not been clearly presented in a system with multiple transmitters
and/or receivers.

In this paper, we propose a method for maximizing load power via adjusting the root mean square
(RMS) value of voltage amplitude and phase of each voltage source in the system with two transmitters
and a single receiver, which is expressed in an explicit form based on the circuit constants of the system.
To measure the effectiveness of the proposed method, numerical simulations are performed by LTspice
for two cases that adjust the voltage with and without the proposed method. This paper also aims
to clarify advantages of the system compared with a conventional single transmitter fed by a voltage
source.

2. Maximizing load power with two transmitters

We consider the WPT system with two transmitters and a single receiver shown in Figure 1 called
a Multi Input Single Output (MISO) configuration. L, L,, and L; denote self inductances of coils
1, 2, and 3 respectively. M,,’s denote mutual inductance between coil p and g, where p # ¢, and
p.q € {1, 2, 3}. C,C,, and C5 denote capacitances of capacitors 1, 2, and 3 respectively. R,
denotes a pure resistive load. V; and V, denote the voltages of the voltage sources which generate
sinusoidal voltages with the same angular frequency w in phasor domain receptively. Rp; and Ry,
denote internal resistances of the voltage sources respectively. I;, I,, and I3 denote circuit currents
respectively. We call an electric power of load R; load power P;. In this paper, our goal is to find a
method for maximizing the load power P, via adjusting voltages V; and V,, and we take the following
approach: as a first step, we express the load power P; by circuit constants and the voltages V; and V.
As a second step, we clarify the relationships between V; and V, and circuit constants based on the load
power P, obtained the previous step. Finally, we find how V; and V, should be set based on circuit
parameters to maximize the load power P;. We first represent the behavior of the WPT system by
circuit constants and the voltages V; and V, to derive the load power P, expressed in circuit constants
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Figure 1. The WPT system with two transmitters and a single receiver.
and the voltages. The behavior of the WPT system is expressed in

Vi 21 JoMyy joMis| |1
ol = [joMi1y 2o jwM||l (2.1)
0 jwMi3 jwMy  z3 |13

where z; = Ro1 +j(wLy = 1/(wC1)), 22 = Roz +j (Wl — 1/(wC2)), z3 = Ry +j (wls — 1/(wC3)) and
j denotes an imaginary unit [18]. In the WPT system, the load power P; is expressed in P, = R;|I;5|.

Therefore, we first solve Eq. (2.1) for the current /5 by Cramer’s rule, and then we can express the load
power P; in the following form based on circuit constants with the voltages V; and V;:

R
PL=—2 1BV +BrVaP 22)
where @, 81, and 3, correspond to Egs. (2.3), (2.4) and (2.5) respectively, and det denotes determinant.

) . 2
21 JoMp JwMis

a = |det|jowM;, ) JoMy|| , (2.3)
M3 joMy; 23

B = wMi3(—jRoz + wly — 1/(wC?)) — MixMazw), (2.4)

B2 = w(My(=jRo1 + wLi — 1/(wC)) = M ;M 3w) (2.5)

We note that @, §;, and 5, do not include the voltages V; and V,, which are represented by circuit
constants.

We consider a method to maximize load power P, by adjusting the voltages V; and V, of the
voltage sources. In linear algebra, it is well known that a symbolic solution exists for the problem for
maximizing P; expressed as shown in Eq. (2.2) by V; and V, under a constraint that |V;|*> + |V is
constant, and therefore, to configure an optimization problem, we impose a constraint |V;|> +|V;|* = g>
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where g is any positive constant. In sum, for a given g > 0, we consider the optimization problem that

is
2
max R;|L5|
Vi, Vo€

subject to Eq. (2.1), [Vi* + |V,* = g%

The solution to the optimization problem Eq. (2.6) is

)= e
V2 1+ |d|2 10’
where 6 is any real number and d is expressed in Eq. (2.8):

_ M3 (wly — 1/(wC)) + JM3R0; — wM 2 M>3
My (wLy — 1/(wC))) + jMxRo1 — oM 2 M3’

d

(2.6)

2.7)

(2.8)

and then, if we use the voltages given by Eq. (2.7) for the voltage sources, the load power P, reaches
its maximum value, and the maximum value of the load power P .« 1s represented in Eq. (2.9):

aw* + a0 + ayw?

PL = L
e b5w6 + b40.)5 + b3w4 + b2w3 + b1w2 + b()

RLg’, (2.9)

where a;’s and b;’s are given in Egs. (2.10)-(2.18) with u;’s in Egs. (2.19)-(2.21).

ap = Cy (M35 (RS, +143) + M3y (R, + 1))

+ 2M1a M3 M3

a; = —2CM ;M3 My,

a = CoMy; (MIZ(M]23 + M§3) - 2L2M13M23)
by = C, (R% + ug) (Rél + u%) (an + u%)

by = =2C(—(M7,(R] + u3)(Ro1Roz — u12))
+ Mi3(RG, + 13)(yus — RRoy)

- M§3(Rél + M%)(RLRoz — usu3))

by = =4CyM ;M3 Ma3(R (u2Ro1 + uiRop)
+u3 (Ro1Rox — uu2) )

by = C2(2M,(M3; (R Roy + uyu3)

+ M3 (RLRoy + uau3)) + My(R; + u3)

+ 2M123M§3(R01R02 + ugly)

+ Myy(RS, + up) + M{5(RS, + u3))

by = —AC, My Mys Moy (Myus + My + M)
bs = 4CaM, M3 M3,
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wC1

AIMS Electronics and Electrical Engineering

(2.10)

(2.11)
(2.12)
(2.13)

(2.14)

(2.15)

(2.16)

(2.17)
(2.18)

(2.19)

Volume 10, Issue 1, 129-149



134

1
=wl, — — 2.20
U = why wCs ( )
1
=wl; — — 221
Uz = WLj wC; ( )

We note that any solution to the optimization problem Eq. (2.6) is represented in Eq. (2.7). Thus,
if we set the voltages of voltage sources to Eq. (2.7) for a given g > 0 and a real number 6 , the load
power P; reaches Prn.x. 6 plays a role as an initial phase of each voltage. If 8 is changed, all voltages
and currents in the circuits are simultaneously shifted by 6/w in the time domain. If a real number
is chosen as 6, we set V| and V, to Eq. (2.7) with 8 and find the load power P;, and the same load
power P is obtained even if another real number is chosen as 6. Thus, it is enough to choose a real
number as a representative value for 6. In the proposed method below, we set 8 = 0, as a representative
value for 6. g is a scaling factor to adjust load power to the required value. For a given g, under the
constraint |V|>+|V,|> = g2 represented by the voltage amplitude of each voltage source, the load power
P, reaches its maximum value Pj,.x if we set the voltages of voltage sources to Eq. (2.7). Hence, if
the load power P, does not satisfy the required value, we need to readjust g until the load power P,
satisfies it.

We state an outline of proof for the solution Eq. (2.7) to the optimization problem Eq. (2.6) in
appendix A.

The proposed method

We consider the WPT system with two transmitters and a single receiver shown in Figure 1. To
maximize load power P, = R;|I;]* by adjusting the voltages V; and V, in phasor domain, we should
select V| and V, as following procedures:

Let the values of L], Lg, C], Cz, M12, M13, M23, w, R01, R02, and RL be giVCIl.

Substitute the values into Eq. (2.8) to obtain d.

Substitute g = 1 and 6 = 0 into Eq. (2.7) to obtain the V; and V.

Substitute V; and V; into the load power P; = R;|I5|* by Eq. (2.1).

Use /Preq/PLVi, +/Preq/PLV> as the voltages to scale the load power just to a required load
power Py (if necessary).

M.

The proposed method implies that to maximize load power P;, the voltages of voltage sources V,
and V, should maintain a ratio V; : V, = d : 1 and adjust voltage magnitude by g to satisfy required
power delivery. Vi : V, = d : 1 means that both phase condition which is argV, — argV, = argd
and voltage magnitude condition which is |V;|/|V,| = |d| are needed to maximize P;. The conventional
method to maximize P, in [18] considers essentially only the phase condition, although the constraint
of that method is different from ours. That is, the voltage magnitude of each voltage source should be
adjusted by maintaining the ratio |V,| : |V»| = |d| : 1 scaled by g as mentioned in Introduction.

3. Effectiveness of the proposed method and advantages of two transmitters

To measure effectiveness of the proposed method, and to clarify advantages of WPT system with
two transmitters,we perform numerical simulations with two scenarios:
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Figure 2. The overview of our Scenario A and B to investigate improvement of the WPT
system using the proposed method.

e Scenario A:

We measure the effectiveness of the proposed method with a WPT system involving two
transmitters and a single receiver (i.e. a MISO configuration).

e Scenario B:
We clarify characteristics of a WPT system involving a single transmitter and receiver system
called a Single Input Single Output (SISO) configuration, and a WPT system with a MISO
configuration by comparison between both systems. From the comparison, we clarify advantages
of the WPT system with the MISO configuration.

Figure 2 provides the overview of our Scenario A and B.
In Scenario A, we consider two situations:
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e Situation 1:
We use a WPT system in a MISO configuration, which is shown in Figure 1 with circuit constants
shown in Table 1. The pair of Transmitter 1 and Receiver, as well as the pair of Transmitter
2 and Receiver can transfer power as SISO configurations. Two SISO configured systems are
merged into one WPT system forming the MISO configuration that would be expected to achieve
higher power transfer than the SISO configurations. As mentioned in Introduction, the SISO
configurations often are optimized using impedance matching to obtain high power delivery.
Therefore, in this situation, impedance matching applies to both SISO configurations.
In the WPT system with the MISO configuration, the numerical simulations are performed by
LTspice to find load power for the two cases: one is using the proposed method to adjust the RMS
value of voltage amplitude and phase of each voltage source. The other is not using the proposed
method to decide the voltage amplitude and phase. For instance, as a first attempt, suppose we
choose V; = V, = 1V as the selection of each the voltage amplitude and phase in phasor domain.
The selection is a simple choice to consider whether the WPT system can transfer more power
with two transmitters than a single receiver or not.
However if we select the voltage amplitude and phase by using the proposed method for the same
WPT system, it would be expected that the WPT system can transfer more power than the case
of voltage selections with V| = V, = 1 V. Since the first attempt is chosen V; = V, = 1V, if the
voltage selection is performed with the proposed method, we first calculate |V|> + [V|* = 2, and
then, from comparison with the constraint in Eq. (2.6), we find g = V2. We choose 6 = 0 since
the load power can be maximized as well as the case when 6 is another real number. The voltage
selection is found with the proposed method using ¢ = V2 and 6 = 0, which are V; ~ 1.095V
and V, ~ 894.4mV in phasor domain, and we find that voltage phase of V; is extremely close to
zero radian in this case.

We perform numerical simulations using LTspice with AC analysis, and simulation models that
include above configurations are shown in Figure 3. We note that all parameters shown in Figure
3 are displayed with four significant figures, and the voltage magnitude and phase of each voltage
source are displayed as voltage amplitude and degrees respectively. The mutual inductances are
also displayed as coupling coefficients respectively.

e Situation 2:

It is possible that the Transmitter 1 or 2 is moved due to placement reasons. Therefore, assuming
that the Transmitter 2 moves toward the Transmitter 1 and Receiver, it causes that M, and M»;
increase 1% from the corresponding values in Table 1. Since the M}, and M,; change, Transmitter
2 - Receiver pair goes out of impedance matching condition, and it may lead to cause degrade
power delivery than Situation 1.

If the proposed method can enhance power delivery in Situation 2, since we do not add any extra
components such as additional impedance matching circuit to internal or external system, it may
be a better choice. In this situation, as well as Situation 1, we perform numerical simulations
using voltage selections with/without the proposed method by LTspice. For voltage selections
without the proposed method, we use V| = V, = 1 V as a first attempt as well as Situation 1.
Therefore, for voltage selections with the proposed method using ¢ = V2 and 6 = 0 which are
derived by the same procedures in the case of Situation] since the voltage selections without the
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.param RO1 = 100.0m RO2 = 150.0m RL=10.00
.param L1 = 10.00m L2=100.0u L3=5.000m
.param C1 = 1.017n C2=252.1n C3=10.00n
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_ . . Vamp2=1.265 Vphase2=0
.param Vamp2=1.414 Vphase2=0 param
.ac list 40k 50k 60k -ac list 40k 50k 60k

(a) (b)

Figure 3. The simulation models and conditions in Situation 1: (a) without the proposed
method (b) with the proposed method.

proposed method are V; = V, = 1 V,weuse V| ~ 0.4995 +j1.257V and V, ~411.9 mV in phasor
domain. We note that V; has an imaginary part, which means the phase difference between V;
and V, exists. The 1 % increased values to M1, and M,3 are M, ~49.32 uH and M,; ~493.2 uH
respectively.

If Transmitter 1 is moved and M, and M3 increase by 1% from the corresponding values in Table
1. Transmitter 1 - Receiver pair goes out of impedance matching condition. In this situation, we
also compare the load power of the system with and without the proposed method. Similarly,
suppose we use V; = V, = 1V for the voltage selections without the proposed method, voltage
selections with the proposed method using ¢ = V2 and 6 = 0 which are derived by the same
procedures as the case when Transmitter 2 is moved, which are V; =~ 0.2169 - j0.5459 V and
V, =~ 1.286 V in phasor domain. The 1 % increased values to M, and M3 are My, =~ 49.32 uH
and M3 ~ 402.7 uH respectively.

We perform numerical simulations using LTspice with AC analysis as well as Situation 1, and
simulation models for the case when Transmitter 2 is moved are shown in Figure 4 and the case
when Transmitter 1 is moved are shown in Figure 5. We also note that all parameters shown
are displayed with four significant figures, and the voltage magnitude and phase of each voltage
source are displayed as voltage amplitude and degrees respectively. The mutual inductances are
also displayed as coupling coefficients respectively.

In sum, we set V| = V, = 1 V as the voltage selections without the proposed method, and we
set Vi ~1.095V and V, =~ 894.4mV as voltage selections with the proposed method, which is the
first situation in Situation 1 of Scenario A. As Situation 2 of Scenario A, if Transmitter 2 is moved,
the system is the same as Situation 1 except using M, ~ 49.32 uH and M,; ~ 493.2 uH, and we set
Vi = V, = 1V as the voltage selections without the proposed method, and we set V; =~ 0.4995 +
j1.257V and V, ~ 411.9mV as voltage selections with the proposed method. Similarly, if Transmitter
1 is moved, My, and M3 are changed to My, ~ 49.32uH and M3 =~ 402.7uH respectively. We
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.param RO1 = 100.0m RO2 = 150.0m RL=10.00

.param L1 = 10.00m L2=100.0u L3=5.000m
.param RO1 = 100.0m RO2 = 150.0m RL=10.00 .param C1 = 1.017n C2=252.1n C3=10.00n
.param L1 = 10.00m L2=100.0u L3=5.000m
.param C1 = 1.017n C2=252.1n C3=10.00n

K111120.04932

K213 0.05638

K1L1120.04932 K312130.6975

K2L1130.05638

K3 L2 L3 0.6975 .param Vamp1=1.913 Vphase1=68.33
.param Vamp2=0.5825 Vphase2=0

.param Vamp1=1.414 Vphase1=0
.param Vamp2=1.414 Vphase2=0 .ac list 40k 50k 60k

«ac list 40k 50k 60k

b
@) (b)

Figure 4. The simulation models and conditions in Situation 2 (if Transmitter 2 is moved):
(a) without the proposed method (b) with the proposed method.

use V; = 0.2169 - j545.9mV and V, =~ 1.286 V in phasor domain as the voltage selections with the
proposed method. We use these numerical simulation conditions to measure the effectiveness of the
proposed method.

Scenario B clarifies characteristics of both SISO configured and MISO configured WPT systems
using the same WPT systems in Scenario A under 10 W as the required load power from perspective
of power dissipation in the internal resistance of each voltage source, currents through circuits and
each required RMS value of voltage amplitude. The reason why we choose 10 W as the required load
power is that, if we consider wireless charging of mobile devices as one of the possible applications
of the proposed method, such mobile devices typically comply with the Qi standard and are rated
on the order of 10 W. Numerical simulations are performed for both SISO configured and MISO
configured WPT systems by LTspice, and we note that the SISO configurations have two types; that
is Transmitter 1 and Receiver, and Transmitter 2 and Receiver. If we simulate Transmitter 1 and
Receiver, Transmitter 2 is eliminated from the circuit. It is also that Transmitter 1 is eliminated as
we simulate Transmitter 2 and Receiver. Since we perform numerical simulations in the case of
10 W as required load power, we set V; =~ 2.000V and V, ~ 2.449V in the SISO configurations.
To derive these voltages, we find the load power of each SISO configuration as V;, = V, = 1 [V].
For Transmitter 1 - Receiver pair, the load power P;; = 2.5 W, and for Transmitter 2 - Receiver
pair equals to the load power P;, ~ 1.667 W. In the configuration, each load power is proportional
to the square of the voltage amplitude. Thus, each voltage to satisfy P,y = P, = 10 W, and
we solve 10 = 2.500|V,|> and 10 = 1.667|V,|*> for V; and V,. We have V; =~ + 2.000V and
Vo, ~ + 2,449V as the solutions. The sign part of each solution denotes an initial phase, which
does not contribute to load power. Therefore, we use V; ~ 2.000V and V, ~ 2.449V. We set
also Vi = 1.800V and V, ~ 1.470V in the MISO configuration using the proposed method. The
voltages in the MISO configuration can be derived by the following procedure of the proposed method:
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AC {Vamp2} {Vphase2}
cp2

{c2}

.param RO1 = 100.0m RO2 = 150.0m RL=10.00
.param L1 = 10.00m L2=100.0u L3=5.000m

‘param ROL = 100.0m RO2 = 150.0m RL=10.00 ‘param C1 = 1.017n C2=252.1n €3=10.00n
.param L1 = 10.00m L2=100.0u L3=5.000m
param C1 = 1.017n C2=252.1n C3=10.00n K1L1120.04932

111120.04932 K21L1L30.05695
K21 13 0.05695 K3 L2 L3 0.6906
K3 L2 L3 0.6906 .param Vamp1=0.8308 Vphase1=-68.33
.param Vamp1=1.414 Vphase1=0 .param Vamp2=1.819 Vphase2=0
.param Vamp2=1.414 Vphase2=0 .ac list 40k 50k 60k
.ac list 40k 50k 60k

(a) (

Figure 5. The simulation models and conditions in Situation 2 (if Transmitter 1 is moved):
(a) without the proposed method (b) with the proposed method.

. We set parameters such as Ly, L,, Cy, C,, M5, My3, M>3, w, Ro1, Ro», and R to Table 1.

. We find d by Eq. (2.8) with the values: d ~ 1.225.

. We find V; and V, by Eq. (2.7): V| ~ +774.6 mV and V, ~ + 632.5mV

. We calculate P; with the V; and V,: P; ~ 1.852W

. We use /Preq/PLVi, +/Preq/PLV> with Py = 10 as the voltages to reach P, = 10 W: V| =
1.800Vand V, ~1.470V

DN B W N =

We note that these choices of all V| and V, are in phasor domain. In the case of our numerical
simulation for the MISO configuration, we find that the voltage phase of V| is extremely close to zero
radian. We note that we show only power of the internal resistance and load in the case of Transmitter
1 and Receiver as a result of power calculation by the numerical simulation in SISO configurations.
This is because the power is the same between in the case of Transmitter 1 and Receiver, and in the
case of Transmitter 2 and Receiver since Transmitter 1 as well as Transmitter 2 is impedance-matched
to Receiver.

Table 1. WPT system parameters.

Parameter ~ Quantity Parameter Quantity

Ro1 100.0mQ L, 10.00mH
Ror  150.0mQ L, 100.0uH
C, 252.1nF M; 4883 uH
R, 10.00 Q L; 5.000mH

w 314.2krad/s

We also perform numerical simulations using LTspice with AC analysis, and simulation models that
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include above configurations shown in Figure 6. As in Scenario A, we note that all parameters shown
in Figure 6 are displayed with four significant figures, and the voltage magnitude and phase of each

voltage source are displayed as voltage amplitude and degrees respectively, and the mutual inductances
are also displayed as coupling coeflicients.

{L1}
—RLp
AC {Vamp1} {Vphasel}
Vcpl
{c1}
L3 R5
Vpwr2 133G {RL}
c3
Vep3: I—
Vpwr2n {c3y 4

AC {Vamp2} {Vphase2}

{c2}

.param RO1 = 100.0m RO2 = 150.0m RL=10.00
.param L1 = 10.00m L2=100.0u L3=5.000m
.param C1 = 1.017n C2=252.1n C3=10.00n
K1L1120.04883
K2L1130.05638
K3 L2113 0.69055
.param Vamp1=2.546 Vphase1=0
.param Vamp2=2.078 Vphase2=0

.ac list 40k 50k 60k

(a)

Lo RLp
Vpwrin L3, R5
L1y NG {RL} L3 RS
{33 {RL}
c3
AC {Vamp1} {Vphasel} vent Vep3 L c
{c1y ? 3y <7 Vep3 I}
{3 <

Baram Lt = 10.00m La05.000m .param RO2 = 150.0m RL=10.00

.param C1 = 1.017n C3=10.00n -:::: :-:iilz-ggg: Iéf;iig%%l:

K2 L113 0.05638 i =232 =10.

.param Vamp1=2.828 Vphase1=0 K:’a:-:n:-::’:r-:9g§3 464 Vohase2=0

.ac list 49k 50k 51k P p2=3. P! =

.ac list 49k 50k 51k

() (©)

Figure 6. The simulation models and conditions in Scenario B: (a) MISO configuration (b)

SISO configuration (Transmitter 1 - Receiver pair ) (c) SISO configuration (Transmitter 2 -
Receiver pair).
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3.1. Scenario A: the effectiveness of proposed method

3.1.1. Situation 1: a pair of a transmitter and receiver is tuned by impedance matching

Load Power [W]

0 L
With the Proposed Method Without the Proposed Method
Method

Figure 7. The load power in Situation 1 with and without the proposed method.

It is found that if the WPT system is configured with well tuned transmitters and a receiver such
that the Transmitter 1 - Receiver and Transmitter 2 - Receiver pairs are tuned by impedance matching
respectively, the proposed method slightly improves load power. The result of numerical simulation
for Situation 1 is shown in Figure 7, and we find that in the case of using the proposed method, the
load power increases by approximately 1.01 times to the case of not using the proposed method as the
voltage selections of voltage sources. In Situation 1, the proposed method can improve the load power
and does not provide significant improvement. We note that in Situation 1, the WPT system has the pair
that is performed by impedance matching of transmitter and receiver such as the pair of Transmitter
1 and Receiver and the pair of Transmitter 2 and Receiver. For Transmitter 1 and Receiver, the input
impedance Z;,; := Vi, /1, in Figure 8(a) is impedance-matched to Rp;. Similarly, for Transmitter 2 and
Receiver, the input impedance Z;, := Vi /I, in Figure 8(b) is impedance-matched to Rp,. The circuit
parameters including the result of impedance matching are shown in Table 1. In the WPT system, it
is already tuned well to achieve high power delivery by impedance matching, and therefore, it may be
only a small space to improve the power delivery.

ng *
i b Sr
‘/in2 121 l]3 L

() NS

[ — i

Cy &

A
Transmitter 2 Receiver n2

(a) (b)

Figure 8. The input impedance parts Z;,; and Z;,,, for impedance matching: (a)Transmitter 1
- Receiver pair, (b) Transmitter 2 - Receiver pair.
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3.1.2. Situation 2: variation of M, and M3

In contrast to the WPT system is configured with well tuned transmitters and receivers such as
Situation A, if the WPT system is not, the proposed method clearly improves the load power. The result
of numerical simulation for Situation 2 is shown in Figure 9. We also find that in the case of using
the proposed method, the load power increases by approximately 1.66 times to the case of not using
the proposed method as the voltage selections. In Situation 2, the proposed method can significantly
improve the load power. This result indicates that the changes in position of Transmitter 2 degrade the
power delivery, and however it can improve the power delivery by the voltage selections of voltage
sources with the proposed method if the pair of Transmitter 2 and Receiver goes out of impedance
matching condition. It only adjusts voltages of the voltage sources to improve higher power and does
not require external compensation circuits.

Load Power [W]

0 ]
With the Proposed Method Without the Proposed Method
Method

Figure 9. The load power comparison in Situation 2 with and without the proposed method
if Transmitter 2 is moved.

3.1.3. Situation 2: variation of M, and M;;

We also find the system using the proposed method can transfer more power to the load not only
when Transmitter 2 is moved but also when Transmitter 1 is moved. The result of numerical simulation
for Situation 2 when Transmitter 1 is moved is shown in Figure 10. It is found that in the case of using
the proposed method, the load power increases by approximately 1.56 times to the case of not using
the proposed method as the voltage selections.

Load Power [W]

0
With the Proposed Method Without the Proposed Method
Method

Figure 10. The load power comparison in Situation 2 with and without the proposed method
if Transmitter 1 is moved.
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3.2. Scenario B: the comparison between SISO and MISO configurations

Transmitter 1

Internal
resistance of V}

Impedance-matched 6.40 W Roq
: Impedance-matched
Transmitter 1 Receiver ng \
Internal R

resistance of V) My Receiver

Rou 100w
Ly L;
§ 1 3 é RL
10.0 W T 11 1 I3
\% \/ Load
M3 <
200 W Internal Load
resistance of V; 10.0wW

— |

|
|
3

ng/’ ]

M Gray filled arrows indicate the electric power flow gl Impedance-matched
_—

200w

Transmitter 2

M Black filled arrows indicate the electric power flow

(a) The electric power flow in SISO configuration

(b) The electric power flow in MISO configuration

Internal Transmitter 1

resistance of Vj

Impedance-matched

3 AN

M3 Receiver

I Lsg < 2D
M

Internal Load
resistance of V3 10.0 W
7 Mo [l (Total)
Roz ’ Il
o Cs
040W 2
2 l Impedance-matched
-_
2.40W 2.00wW
{ I Tr: i 2
C,

W Gray filled arrows indicate the electric power flow if only Transmitter 1 and Receiver
work her and i 2is elimi d (i.e. a SISO configuration).

W Black filled arrows indicate the electric power flow if Transmitter 1, Transmitter 2, and
Receiver work her (i.e. a MISO ion).

(c) The summary of each electric power flow in SISO and MISO configurations

Figure 11. SISO vs MISO: power dissipation at internal resistance under 10 W consumption
at load.
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Table 2. The required RMS value of voltage amplitude to reach 10 W power at the load and
the currents through the circuits with SISO and MISO configurations in Scenario B.

Circuit configuration Magnitudes of each voltage

and current
Transmitter 1 & Receiver |71 = 2:00 Vrms
(SISO configuration) |11 = 10.0 Arms
§ |I,| = 1.00 Arms
Transmitter 2 & Receiver V2] = 2.45 Vrms
(SISO configuration) |I;| = 8.16 Arms
® |I5] = 1.00 Arms
[Vi| = 1.80 Vrms
Transmitter 1, 2 & Receiver [Va| = 1.47 Vrms
(MISO configuration) || = 8.00 Arms
: |I,| = 1.63 Arms
|I;] = 1.00 Arms

Figure 11 and Table 2 show the numerical simulation results for Scenario B. The MISO
configuration has lower power dissipation at internal resistance of each voltage source under the
condition that the same power is delivered to the same load as an advantage over the SISO configuration
by tracking electric power flow in each configuration. In Figure 11(a), the gray filled arrows indicate
the electric power flows as Transmitter 1 transfers 10 W power to a load in Receiver if Transmitter 2
is eliminated (i.e. the WPT system works in the SISO configuration). The voltage source V; supplies
20 W power, and half of the power is consumed at the internal resistance of the voltage source V.
The rest of the power reaches the load. These results show that Transmitter 1 and Receiver are under
impedance matching conditions. In Figure 11(b), the black filled arrows also indicate the electric
power flows Transmitter 1 and 2 transfer totally 10 W power to the load in the Receiver. We note
that Transmitter 1 and Receiver are the same as the SISO configuration and we add Transmitter 2
that is impedance-matched to Receiver to them as the MISO configuration. The voltage source V|
supplies 14.4 W power, and 6.4 W is consumed at the internal resistance of the voltage source V;.
The rest of the power reaches the load. The voltage source V, also supplies 2.4 W power, and 0.4
W is consumed at the internal resistance of the voltage source V,. The rest of the power reaches the
load. We summarize the electric power flow between each configuration in Figure 11(c). If the same
power delivery to the same load R;, it shows clearly that power dissipation at each internal resistance
in the MISO configuration is lower than the power dissipation in the SISO configuration. Especially,
the MISO configuration reduces the power dissipation by approximately 3.2 W compared to the SISO
configuration. In practical applications, the power dissipation in internal resistance of each voltage
source wastes energy as heat, and therefore, it is desirable that the power dissipation is close to zero.
As load power demand increases, it also increases the power dissipation and heat. Therefore, it needs
further efforts to thermal design, which may lead to complex system design. At this point, the MISO
configuration is a better choice than the SISO configuration.

Table 2 provides a summary of the circuit currents |[;|, |l,|, and |/3] obtained by the numerical
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simulations in Scenario B and the required RMS value of voltage amplitude of each voltage source to
reach 10 W at a load among configurations. It is clearly found that the RMS value of currents |/;| and
|I;| through the transmitters are lower in the MISO configuration compared to the SISO configurations.
Especially, it can be found that the current |I;| reduces significantly by approximately 6.53 A. In the
MISO configuration, the required RMS value of voltage amplitude in each transmitter is lower than
the required RMS value of voltage amplitude in SISO configurations. Especially, the RMS value of
voltage amplitude |V;| in Transmitter 2 reduces by approximately 1 V. These results indicate that the
system can transfer power with margin of spare power or saving component cost in each transmitter
since it allows for suppression of required rating of each voltage and current.

4. Conclusions

In this paper, we have proposed the method for maximizing load power to adjust independently
voltage amplitude and phase of each voltage in the WPT system with two transmitters and a single
receiver. The method clearly optimizes each voltage amplitude and phase based on circuit constants in
the WPT system.

We have confirmed by numerical simulation as well as mathematical proof that the proposed method
improves power delivery in the WPT system. While it is a little improvement of power delivery in the
case of the system that has a pair of a transmitter and receiver under impedance matching condition, it is
significant improvement of power delivery in the case of the system that has a pair of a transmitter and
receiver under out of impedance matching condition. The proposed method has an advantage because
it can only adjust each voltage amplitude and phase without any external circuits and replacing physical
components for the improvement.

We have also performed the numerical simulation for the cases of two transmitters with a single
receiver called the MISO configuration and a single transmitter with a single receiver called the SISO
configuration. As the result of the numerical simulation, it can be found that the MISO configuration
has advantages which are lower magnitude of the required voltage of each voltage source, magnitude
of each current through the WPT system circuits, and the power dissipation in each voltage source
compared to SISO configurations under the same load power. Therefore, from the perspective of an
efficient power delivery and margin of spare power, the WPT system with the MISO configuration
would be a better choice than the SISO configuration. This result implies that power delivery
performance of the conventional WPT system with the SISO configuration can be improved by an
addition of a new transmitter to the system without any modifications such as replacing internal
physical components and changing circuit topology of the conventional system.
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Appendix
A. An outline of proof for the solution to the optimization problem

An outline of proof for the solution Eq. (2.7) to the optimization problem Eq. (2.6) is as follows.
We note that -7, -*, and ~ denote transpose, Hermitian transpose, and complex conjugate respectively.

uy, up, and us correspond to Egs. (2.19), (2.20), and (2.21) respectively.
Let x = [V; V] and let A be the Hermitian matrix consisting of

lg1? q_lfh]
A= _ Al
[%% lg2I? &b
where
g1 = W(M3(=jRo2 + uz) — Mis My w), (A.2)
q> = W(M(=jRo1 + uy) — MiaM3w). (A.3)
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The eigenvalues 4; and A, of A are

A4 =0 (A4)
A lg11* + |ga? (A.5)

which are non-negative values respectively. Therefore A is a positive-semidefinite Hermitian matrix.
The load power P; = R;|I3* can be expressed in

PL=R; Y Ax , (A.6)
500 + f1w® + it + Ho? + fiw? + fo
where f;’s are given in Eqs.(A.7)-(A.12).
fs = 4M3, MM, (A7)
fo = =AMy MysMoy(Masu, + Misup + Miyus), (A-8)
o = My (RS, + ul) + 2M3, M35 (Ro1Ros + uyur)
+M (R, + u3) + M, (R} + u3) (A.9)
+2M7, (M55 (R R0t + uiuz) + Mi5(R Ry + uau3)),
f= —4M12M13M23(RLR02M1 + RiRo1uy (A.10)
+Ro1Ro2u3 — uyuzu3),
fi = 2AM;(RG, + u3)(RiRor — tiu3)
+ M35 (RY, + 1 )(RLRop — uzu3) (A.11)
+M},(RoiRoz — w1un)(R] + u3)),
fo = Ry, +u})(R3, + u3)(R] + u3). (A.12)

We note that the voltages V| and V; are only included in a numerator of P, Eq. (A.6), and it is expressed
in the Hermitian form x*Ax scaled by the load resistance R;. It is well known in linear algebra that a
procedure for finding x that maximizes x*Ax under the constraint x*x = g? is an eigenvalue problem.
We will investigate the maximum of x*Ax under the constraint |V;> + [V,|> = g2. Let s, and s, be
the unit eigenvectors corresponding to the eigenvalues A; and A, represented in Eqs (A.4) and (A.5)
respectively, and then p; and p, are expressed in

iP1 _
5 = e—[ qzl/%], (A.13)
VI+lg/q:1?
i®2 = =
P [‘h{qz], (A.14)
V1 +1G1/3:?

where ¢, and ¢, are arbitrary real numbers. Since in general the unit eigenvectors of a complex matrix
have degree of freedom for phases, Egs. (A.13) and (A.14) have terms of e/*' and /2. Let S = [s; s,],
and then we find §*S = SS§* = I, where I is the identity matrix, and thus § is the unitary matrix by its
definition. Furthermore, we have

(A.15)

* _ /ll 0
SAS—[O /12].
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We consider variable transformation such that
x=3Sy (A.16)

where y = [y; y2]” and y; and y, are complex numbers respectively and then, with [y|*> > 0, [y,|* >
0,4, < 4, and Egs. (A.15) and (A.16),

XAx = y'S*ASy = Aulyil® + Aalyal® < (i + 1yal). (A.17)

We note that y*y = [y;|> + [y»|* and y*y = (P*x)*y = x*x = g? by the its definition. Thus with Eq.(A.17),
we find
X*Ax < g2 . (A.18)

Eq. (A.18) implies that the maximum value of x*Ax is g>1,. We now find x that maximizes x*Ax. We
need to find x under the equality in Eq. (A.18) holds and by using Eq. (A.4), we obtain

vl = &, (A.19)
il + ol = &, (A.20)

where the last equation comes from y*y = x*x = g%. To find x, we solve Egs. (A.19) and (A.20) for
y1 and y,, and then we find x by using Eq. (A.16). From (A.19) and (A.20), we find y; = 0. Let y;
be represented in the exponential form, i.e., y, = re’®> where r > 0 and ¢; is an arbitrary real number.
From Eq. (A.19), we find r = g since g > 0 and r > 0 by the definitions. Thus we obtain y = [0 ge/**]”
and then, for x, we calculate Eq. (A.16), and we finally

i8¢ [d] (A21)

Vi !

where 6 = ¢, + ¢3 and d = G,/3,. This Eq. (A.21) corresponds to Eq. (2.7). If we set x to Eq. (A.21),
then x*Ax reaches its maximum value g>1,, and the load power represented in Eq. (A.6) reaches its
maximum value represented in Eq. (2.9). A solution to this problem is that we should set x to a unit
eigenvector multiplied by ge'’, corresponding to the maximum eigenvalue of A. m|
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