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Two-Transmitter Wireless Power Transfer with
Optimal Activation and Current

Selection of Transmitters
Sungryul Huh and Dukju Ahn

Abstract—The paper proposes optimal driving conditions of two
transmitters (TXs) in magnetic wireless power transfer, where the
couplings from each TX to an RX are not identical. First, for
the case of identical TX coil currents, a criterion for deactivating
a specific TX element is proposed. Specifically, one TX element
among the two TXs often has weaker coupling coefficient than the
other TX element. It is found that the TX element with weaker
coupling should be deactivated if its coupling coefficient is less
than 0.414 times of the stronger coupling. Second, for the case
of adjustable TX coil currents, the optimal current ratio between
the two TX coils is proposed. It is found that the TX coil current
ratio should be equal to the coupling coefficient ratio, e.g., the TX
coil with twice coupling with an RX should carry twice current.
The results are widely applicable regardless of absolute coupling
strength and load condition because it turns out that the results only
depend on the ratio of couplings. Finally, it is discussed that the
required component values of an LCC inverter should be adjusted
based on the current ratios and coupling between adjacent TXs.

Index Terms—Inductive wireless power transfer, LCC resonant
inverter, multiple transmitters, two transmitters.

I. INTRODUCTION

THE need for the arrayed transmitter (TX), where multi-
ple small transmitters are laid out to accommodate wider

charging space, is increasing in inductive wireless power trans-
fer system. An application is wireless charging pad that consists
of two TX coils to cover wide area and lateral misalignments.
For example, transmitter designs A4, A14, or A19 of [28] are
the arrayed TX that contains two TX coils within a TX device.

There are several literature that address the wide charging sur-
face. The works [1]–[3] propose novel winding methods which
can create uniform magnetic field across the transmitter surface.
However, since the receiver is located only in narrow portion of
wide surface, it would be inefficient to generate the magnetic
field across the entire area. The works [4]–[6] utilize segmented
TX coil elements. Especially, [4] equips with small TX coils
which are parallel-connected to the common driving source. The
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drawback of the scheme is that all four TX coils are activated
regardless of the position of receiver. This leads to the power
dissipation due to the conduction loss of circulating current at
all four TX locations. It would be more efficient to deactivate a
specific TX element if the element is very weakly coupled with
the receiver. The same problem may arise in [6].

The works [7]–[9] propose selective activation of a TX el-
ement among the many elements of TX array. The efficiency
is improved by selectively activating a (set of) TX element de-
pending on the receiver location. In [7], the outer diameter of
coils is specially designed such that at least one TX coil is con-
tained within receiver. In [7, Fig. 10], three TX coils are able to
deliver power to the receiver. However, only one TX is selected
at a time in [7].

There is room to improve the efficiency further if multiple
transmitters can simultaneously operate for one receiver. The
work [10] demonstrated that a simultaneous 2-TX operation
achieves higher efficiency than 1-TX. On the other hand, a con-
flicting result has been drawn from [11] where the respective
distances between each TX to an RX are swept. Referring to
[11, Fig. 1], 1-TX system shows higher efficiency than 2-TX sys-
tem if the receiver is placed closer to a specific TX than other
TX. The work [12] discusses that the 2-TX system achieves
higher efficiency if the respective couplings between each TX
and an RX are the same, and that the 2-TX may become in-
ferior if one TX is weakly coupled to an RX compared to the
other TX. Summarizing the results in [10]–[12], the 2-TX sys-
tem may or may not achieve higher efficiency depending on
the receiver location relative to each transmitter. However, so
far, exact theoretical criterion has not yet been reported regard-
ing the boundary condition at which 2-TX (or 1-TX) starts to
outperform the 1-TX (or 2-TX) system.

Another limitation of aforementioned prior works is that the
input voltage sources for the 2-TX are assumed to be identi-
cal. There are some works which adjust the TX coil currents.
The work [13] proposes a method to focus the magnetic field
on a specific location by adjusting the strength and sign of coil
current. As a result, very sharp magnetic field shape can be
obtained with high spatial resolution. This is useful to avoid
harmful electromagnetic interference and electromotive force
effects to surrounding areas while successfully delivering the
power to the desired location. However, the efficiency aspect of
the system is not yet evaluated. The work [14] successfully max-
imizes the efficiency of 2-TX system by adjusting the voltage
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sources which model a voltage mode inverter. As will be dis-
cussed in Section III, a formula in terms of TX coil current can
be more generally applicable than the formula in voltage source.

This paper investigates theoretical aspects of optimal driving
of 2-TX system where the respective couplings from each TX
to an RX are different. The first case is with identical current
for the 2-TX coils. In simple and low-cost applications, the TX
coil currents in the TX array are often fixed to be identical.
To maximize the efficiency of total system, the criterion for
selecting between 1-TX and 2-TX operation is studied. The
result is that the TX element, which is weakly coupled with
the RX than the other TX element, should be deactivated if
the weak coupling is lower than 0.414 times of the stronger
coupling. If the weaker coupling is higher than 0.414 times
of stronger coupling, then the simultaneous 2-TX operation is
better.

The second case is for more complex applications where it
is possible to adjust each TX current in TX array. It is found
that the TX coil currents should be scaled proportional to the
ratio of coupling coefficients. In other words, different TXs have
different couplings with an RX, and each TX coil current should
be proportional to their respective coupling with an RX.

Also discussed is the practical inverter consideration for
2-TX operation. The two TX coils are typically placed such
that significant portion of one TX is overlapped with adjacent
TX in order to remove null point and provide uniform coverage
[15], [16]. The overlap between adjacent TX causes magnetic
coupling, which should be considered in practical inverter im-
plementation. The variation of effective inductance of TX coil
due to the variations of adjacent TX current is formulated, and
this is used to maintain soft-switching of inverter switches.

Interestingly, the above-mentioned results are independent of
receiver load, absolute strength of coupling, and parasitic resis-
tance, as long as the two TXs have identical coil inductances
and parasitics. This is usually the case in arrayed-type multi-
ple TXs. Another key benefit over previous works is that the
analytical results are formulated in terms of TX coil currents
and, therefore, can be generally applied to wide variety of TX
inverter topologies regardless of inverter compensation and res-
onance tuning. In other words, there are many different types of
inverters whose voltage to coil-current relation is totally differ-
ent. Moreover, even a given topology of an inverter can exhibit
completely different voltage to coil-current relation. Therefore,
formulation in terms of coil current can be more easily used
than that in terms of input voltage.

Section II discusses the 2-TX system with the TX coil currents
being fixed to be identical to each other. Section III analyzes the
case where the respective coil currents of two TXs are allowed
to be adjustable. Section IV discusses the variation of effective
inductance of coils and its impact on multiple-TX inverter de-
sign. Section V presents measurement results. Section VI draws
conclusions.

II. CRITERIA FOR SELECTING TRANSMITTER COMBINATION

Referring to Fig. 1, the system efficiency is the received power
divided by the total power dissipation in the system, which can

Fig. 1. Two identical TX coils have the same current ITX and component
values. The receiver is closer to TX#1 than TX#2, and therefore k1 > k2 .

be written as
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where the two transmitters are assumed to be identical which
is typically the case in simple transmitter array. The case of
different TX currents will be analyzed in next section. To obtain
the analytical expression of ITX/IRX for Fig. 1, a Kirchhoff’s
voltage law (KVL) equation for receiver coil path is used at the
resonant frequency of RX as follows:

jωk1

√

LTXLRXITX + jωk2

√

LTXLRXITX

+ RRXIRX = 0. (2)

Although the coupling between TXs, kTX , is considered in
Fig. 1, the term kTX does not appear in (1) and (2). Equation
(1) depends only on the currents and resistances because the
inductive impedance does not dissipate power. The coupling
between TXs changes the effective inductance seen by inverters
as in Section IV. However, inductive impedances do not dissi-
pate power. Therefore, it does not affect the efficiency definition
(1). Next, (2) is the voltages across the receiver loop. The RX
voltage depends on mutual inductance between LTX − LRX
and TX coil current as in (9). The kTX does not appear at (2).
Rather, kTX may change the tuning capacitor or input voltage
that is required to produce the specified TX coil current ITX

(discussed in Section IV). However, even if the tuning capac-
itor or input voltage required to produce the specified IT X is
changed, they do not affect the equation because the voltage
induced on RX depends only on IT X and LTX − LRX by the
definition of mutual inductance. The fundamental definition of
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mutual inductance is vRX = MTX−RX
diT X

dt , which states that
the RX voltage depends only on TX–RX coupling and TX coil
current, not on the capacitors or input voltage. In other words,
although kTX may affect the capacitors or input voltage (de-
pending on inverter topology), the RX voltage is on the direct
form of IT X , and the term kTX does not directly appear when
writing (2).

The currents (IT X ) induced by two different TXs can be
in-phase if 1) they are driven by a common clock signal and
2) some inverters (e.g., LCC, push–pull current-fed, current-
feedback) enforce the magnitude and phase of IT X currents to
be the same. For the case of the LCC inverter, IT X by the LCC
inverter is dependent only on CP and Vd of Fig. 5. This has been
discussed in [19, (3)–(7)], i.e., ITX = −jωCP Vd . Therefore,
the IT X of the two inverters can be the same because V d , CP ,
and ω are the same. Pantic et al. [19], [22] state that the coil
current is load independent. Appendix B shows the derivations.
For a push–pull current-fed inverter [20], the TX coil current
is also insensitive to coupling. Even a simple series-resonant
inverter can produce constant TX coil current by current sensing
and feedback control [22].

The current ratio ITX/IRX is found directly from (2)

ITX

IRX
= − 1

jQRX

1
k1 + k2

√

LRX

LTX
(3)

where QRX = ωLRX/RRX .
We would like to compare the two-transmitter system and

the one-transmitter system in terms of overall system efficiency.
The efficiency of 1-TX system is written as

eff1TX =
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where its current ratio is
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Having found the efficiency expressions for the cases of 1-TX
and 2-TX, a key question is which transmitter configuration can
achieve higher efficiency. To solve the problem, a condition will
be investigated such that the 2-TX efficiency (1) is higher than
the 1-TX efficiency (4) as follows:
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To satisfy the inequality
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Rearranging the condition (7) yields

k2 ≥
(√

2 − 1
)

k1 ≈ 0.41k1 . (8)

Fig. 2. Efficiency versus k2 /k1 ratio for Fig. 1. For red square traces, k1 is set
to 0.1. For blue diamond traces, k1 = 0.05. For all cases, the weakly coupled
TX (TX#2) should be turned-OFF if the weak coupling (k2 ) is below 0.41 times
of stronger coupling (k1 ). RTX = 0.25, RRX = 5. LTX = LRX = 20 μH.
f = 200 kHz.

Expression (8) indicates that the efficiency of 2-TX system
is higher than 1-TX when the weaker coupling (k2) is higher
than 0.41 times of the stronger coupling (k1). Another state-
ment is that the TX with lower coupling should be turned-OFF

if its coupling with RX is lower than 0.41 times of stronger
coupling.

Note that the condition specifies only the relative ratio of two
coupling coefficients k1 and k2 . The load resistance RL , the
absolute strength of k1 and k2 , the intracoupling between the
two TXs, and the parasitic resistance of coils do not affect (8).

It is reported for the first time in this paper that only the rel-
ative ratio of coupling serves as the criterion for the number of
activated TX. Some previous literature have discussed the ad-
vantage of having two transmitters to power one receiver [12].
However, the boundary criterion, below which the 2-TX system
becomes inferior to the single-TX system, has not been analyzed
elsewhere. Qualitatively, it is natural to deactivate a transmit-
ter which is very weakly coupled to the receiver. Equation (8)
clarifies the exact boundary below which the weakly coupled
transmitter should be deactivated for high efficiency.

Fig. 2 presents simulated efficiencies for various coupling
configurations. For red square traces, k1 is fixed to 0.1 and k2
is swept from 0 to 0.1. For blue diamond traces, k1 is fixed to
0.05 and k2 is swept across 0–0.05. For 1-TX systems, only
k1 is activated and k2 is OFF. It can be seen that the 2-TX sys-
tems perform better when k2 > 0.4k1 . However, for the region
of k2 < 0.4k1 , the 2-TX systems become inefficient and the
weakly coupled TX should be therefore turned OFF.

One more note is that the derivations (1)–(8) are valid for the
same coil currents for the two transmitters. In some cases where
the simple series-tuned resonant inverter is used, the two coil
currents which are the output current of each inverter become
different depending on the relative ratio of k1 and k2 . For exam-
ple, Ahn and Hong [12] consider two voltage-source inverters,
where the asymmetry between k1 and k2 indeed changes the TX
coil currents, resulting in different TX coil currents from each
other. Therefore, the basic assumption of [12] and the result
are different from this paper. Ahn and Hong [12] claim that the
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required k2/k1 ratio is varied depending on the strength of k2
and k1 . This is the case when the simple fully compensated
voltage-source inverter is used, where the coil current is unpre-
dictable depending on coupling, load, and inverter parameters.
On the other hand, many practical systems maintain constant
TX coil currents in response to coupling and load variations
for stable operation [17], [22]. Equation (8) is universally ap-
plicable in this case. There are inverter topologies which pro-
duce constant coil current such as LCC [17]–[19] or push–pull
parallel-resonant inverter [20], [21].

III. TWO TRANSMITTERS WITH ADJUSTABLE CURRENT

In some system where complex control circuitry is allowed,
the coil currents of the two transmitters can be adjusted to
be different from each other. There exists a set of TX pa-
rameters that maximize the overall efficiency. For example, in
[14] the input source voltages are optimized for maximum effi-
ciency. Ideal voltage source which resembles fully compensated
series-resonant inverter is assumed. However, practical series-
resonant inverter is designed to drive inductive load for high
efficiency. The voltage source behavior of fully compensated
series-resonant inverter makes the current and voltage unstable
in response to coupling or load variations [22].

In general, by the definition of mutual inductance, the voltage
induced at secondary coil is written as

v2 = M
di1
dt

= k
√

L1L2
di1
dt

(9)

which indicates that the only transmitter parameter that affects
the received voltage is the TX coil current [i1 in (9)] and TX
inductance. In other words, the TX input voltage or TX tuning
capacitor does not directly affect the received voltage. Instead,
source voltage might alter the TX coil current and thus indi-
rectly affects the received voltage. The relation between source
voltage and TX coil current depends on many factors includ-
ing compensation topology, TX resonance frequency, coupling,
and receiver load. Therefore, the characterization using source
voltage is not universally applicable to various compensation
topology and TX resonance tuning.

Therefore, in this paper, coil currents condition is investi-
gated to obtain a generally applicable formula instead of volt-
age source condition. Referring to Fig. 3, denote coil currents
at TX#1 and TX#2 as IT X and AIT X , respectively, where A
is a scaling factor and can be either larger or smaller than unity
during derivation procedure.

The efficiency with two different TX currents is written as

eff =
|IRX |2RRX

RTX |ITX |2 + RTX |AITX |2 + |IRX |2RRX
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. (10)

Fig. 3. Similar to Fig. 1 except that the TX coil currents are allowed to be
different. The currents at TX#1 and TX#2 are ITX and A∗ITX , respectively,
where A is an arbitrary scaling factor which can be higher or lower than unity.

The current ratio ITX/IRX is found by KVL equation on RX
current loop

jωk1

√

LTXLRXITX + jωk2

√

LTXLRXAITX

+ RRXIRX = 0 (11)

which gives the current ratio

ITX

IRX
= − 1

jQRX

1
k1 + Ak2

√

LRX

LTX
. (12)

To maximize the efficiency in (10), the following expression
is differentiated with respect to the scaling factor A:

d

dA

1 + A2

(k1 + Ak2)
2 = 0. (13)

The final result is

A =
k2

k1
(14)

which states that the current at TX#2 should be scaled according
to the ratio of coupling coefficient. For example, if the coupling
between TX#2 and RX is half of the coupling between TX#1
and RX, then the coil current at TX#2 should be scaled to
half.

Note that the result (14) also does not depend on the RX
load, the absolute strength of coupling, the parasitic resistance
of coils, and the intracoupling between adjacent TXs. It is the
relative ratio of two couplings that determines the required TX
coil current ratio for the highest efficiency.

Fig. 4 presents the efficiencies for various TX coil current
ratios. The red circle trace is for the k2 /k1 ratio of 0.8. Its
maximum efficiency occurs when the TX coil current ratio
A = ITX2/ITX1 is equal to coupling ratio 0.8. The black trian-
gle trace is for the k2 /k1 ratio of 0.4, and the maximum efficiency
occurs at the TX current ratio of 0.4.

IV. INVERTER COUPLING CONSIDERATION FOR MULTIPLE TXS

The LCC resonant inverter of Fig. 5 is chosen rather than the
simple series-resonant inverter due to the stability in TX coil
current. The magnitude and phase of coil current of the LCC
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Fig. 4. Efficiency versus TX current ratio for Fig. 3. For black triangle trace,
the ratio of k2 /k1 is 0.4. For red circle trace, the ratio of k2 /k1 is 0.8. The
maximum efficiencies occur when the TX coil current ratio A = ITX2 /ITX1 is
equal to the coupling ratio. LTX = 14.6 μH. LRX = 13.9 μH. RTX = RP =
0.15. RL = 10.

Fig. 5. Notations and topology of the LCC resonant inverter in this paper.

inverter is constant regardless of the coupling or load changes
as discussed in [19], which is desired for stable operation. The
TX coil current is proportional to the inverter input voltage
regardless of coupling or load conditions. Therefore, it is easy
to set the current ratio between TX coils as required by previous
sections.

When the two TX coils form a TX array, the two TX coils
are laid out to have geometrical overlap with each other to re-
move null points [15], [16]. This overlap causes intracoupling
between TX coils within a TX array. It has been discussed in
[12] that the TX resonance frequency is altered due to the in-
tracoupling. However, the general case of different coil currents
and its impact on inverter are not analyzed elsewhere.

The coupling between the two TX coils modifies the effec-
tive inductance of the TX coils. Then, the component values of
other passive components in inverter need to be modified con-
sidering the coupling between TXs. It is important to estimate
the effective inductance due to the coupling under the array
condition.

Referring to Fig. 6, the two TX coils carry different magnitude
of currents as in the case of previous sections. The KVL equation
for the TX#1 coil is

VCOIL1 = jωLTXITX1 + jωkTX

√

LTXLTXITX2 . (15)

Fig. 6. Two adjacent TX coils are coupled to each other by a coupling co-
efficient kTX . Denote the currents at TX#1 and TX#2 as ITX1 and ITX2 ,
respectively. The effective coil inductance of TX#1 is increased as in the right
side of equivalent circuit.

The impedance of TX#1 coil is found using (15) as

ZCOIL1 =
VCOIL1

ITX1
= jωLTX + jωLTXkTX

ITX2

ITX1

= jωLTX

(

1 + kTX
ITX2

ITX1

)

(16)

which states that the coil impedance is initially jωLTX but
increased by a factor of kTXITX2/ITX1 when adjacent coil is
activated.

Although the output coil current of the LCC inverter is con-
stant regardless of such variation of inductance, the efficiency
of inverter may degrade significantly if proper adjustments of
component values are not performed against such inductance
variation.

The nominal design equations of the LCC inverter of Fig. 5
are

1√
LS CP

= ω (17-a)

1
√

(LTX − LS )CS

= ω. (17-b)

Fig. 7(a) presents normal waveforms with single TX opera-
tion. The switch current i,M 4 is small and the switch is turned
ON at low Vd voltage, leading to low switching loss. On the
other hand, Fig. 7(b) presents waveforms when the adjacent TX
is coupled to this TX and is activated with the same magnitude
of current. This case is equivalent to the LTX increment by a
factor of 1 + kTX . The switch current i,M 4 shows spike at turn
ON instance of switch, 241.7 µs, which means the failure of soft-
switching and high switching loss. Also note that the switch cur-
rent i,M 4 and the inductor current i,LS are higher than Fig. 7(a)
while producing the same coil current IT X . This leads to higher
conduction loss than the case of Fig. 7(a). Moreover, not only
the coupling itself but also the current ratio between adjacent
TX and this TX affects the effective inductance and compo-
nent adjustment. LTX is 14.6 μH, kTX is 0.117, LS = 2.5 μH,
CS = 23.3 nF, and Cp = 114 nF.

Therefore, the tuning capacitor CS of the LCC inverter needs
to be adjusted for each ratio of TX coil currents such that (17-b)
is still satisfied with the modified LTX value. In the experiments
in this paper, the tuning capacitor CS is manually adjusted for
each different current ratio. In actual automated system, relay
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Fig. 7. Waveforms of the LCC inverter. (a) Normal single-TX condition. (b) Adjacent TX starts operating. Deviations in inductance values. The currents on
MOSFET switches and compensation inductor are significantly increased, leading to higher losses.

Fig. 8. Simulation with and without the intra coupling kTX . For the k1 /k2 ratio of 0.6. The ITX1 /ITX2 is therefore set to 0.6 as in (14). The overall system
efficiency with and without kTX is simulated as 83.0% for both cases. (a) Without coupling between TXs. LTX = 14.6 μH and CS = 23.26 nF for TX#1 and
TX#2. (b) With coupling of 0.1 between TXs. CS of TX#1 and TX#2 are 19.4 and 21.7 nF, respectively.

switches [24] or dynamic resonance tuning [23] would be nec-
essary to reconfigure CS for each TX current ratio.

Although the intracoupling kTX changes the effective
impedance seen by the inverter and consequently the tuning
capacitor CS , it does not affect the efficiency or output power
level as long as correct tuning capacitor is selected. Fig. 8 shows
the simulation results with and without kTX . The resultant TX
coil current IT X , the RX current and load voltage, and inverter
switch currents are the same for both cases regardless of cou-
pling between TXs. The total efficiency is also simulated to be
identical. This is possible because the tuning capacitor CS is
designed to be different accounting for kTX .

V. EXPERIMENT RESULTS AND DISCUSSION

Fig. 9 shows experiment setup. In TX arrays, the adjacent
transmitter coils should be close together and should have an
overlap in order to remove the “dead zone” between transmitters.

The necessity of overlap between adjacent TXs has been dis-
cussed in [29] and [30]. Each TX coil is fed by its dedicated
LCC resonant inverter. A board on the left-side of Fig. 9(a)
contains two independent LCC inverters with separated dc
inputs and ac outputs, except that the gate drive signals share
a common clock. For 2-TX case, it is possible for the one PCB
to contain two inverters. However, for larger number of array,
the inverters would use separate PCBs. In this case, the clocks
can be shared by signaling wires. In fact, to operate separate
inverter PCBs, wire connections between inverters and a master
controller are necessary because each inverter PCB requires a
dc power input and control signals as well as the clocks from
an external controller. Such example can be found in [16].

The RX coil is connected to rectifier board on right-side
of Fig. 9(a). The vertical distance between TX plane and RX
plane is varied across 2.5–5.8 cm, although the photos are taken
from top view and vertical separation is therefore not visible.
Electronic load equipment serves as a load for the RX. The
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Fig. 9. (a) Overall experiment setup. (b) The RX location is for k1/k2 = 0.6. Moving the RX toward left for a given vertical separation leads to higher k2 /k1
ratio. (c) Coupling coefficients for various vertical separations between TX and RX throughout the experiments.

Fig. 10. Comparison between 2-TX and 1-TX operation. 2-TX operation is more efficient if the weaker coupling (k2 ) is higher than 0.41 times of stronger
coupling (k1 ). (a) Vertical separation between TX and RX is 3.9 cm. (b) Vertical separation of 2.5 cm. (c) 2.5 cm separation with reduced load current. (d) Simulated
inverter efficiencies for (a) and (c). The inverter efficiency is relatively constant compared to the large variations of overall efficiencies of (a)–(c).
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operating frequency is 300 kHz. The diameter of TX and RX
coils is 17 and 9.5 cm, respectively. The number of turns for
TX and RX coils are 6 and 10, respectively. The inductance of
TX coil and RX coil are 14.6 and 13.9 μH, respectively. The
measured parasitic resistance of coils is 0.15 and 0.14 Ω for
TX and RX coils, respectively. The Q-factors of TX and RX
coil are 183 and 187, respectively. The coil is fabricated using
0.06 mm 200 strands Litz wire. The intracoupling between two
TXs, kTX , is measured to be 0.117.

Fig. 9(b) shows the RX location when k2 /k1 = 0.61. For given
vertical separation, the RX is moved toward left or right to im-
plement various coupling ratios. Fig. 9(c) provides the coupling
coefficients for various k2 /k1 ratios for different vertical sep-
aration between TX and RX, which are used throughout the
experiments.

For all experiments with different positions/separations, the
received voltage is regulated to be 15 V by manually adjust-
ing the inverter input. The simulated and measured efficiencies
include dc-to-ac inverter efficiency, coil-to-coil efficiency, and
rectifier efficiency. The simulation is done using LTspice soft-
ware.

Fig. 10 compares the efficiencies of 2-TX and 1-TX system
in order to verify the discussions in Section II. For 2-TX mode,
the coil currents of each TX are set to be identical to each other.
For 1-TX mode, the TX#2 is deactivated by setting the coil
current of TX#2 to zero. For the relative coupling k2 /k1 of ∼0,
the receiver is initially located at right edge of Fig. 9(b). To
increase the relative coupling k2 /k1 , the RX is moved gradually
from right to left. The RX sweep stops at k2 /k1 = 1, where the
RX is located at the midpoint between TX#1 and TX#2.

From Fig. 10, it can be seen that the efficiencies of 2-TX
and 1-TX systems intersect at k2 /k1 ratio of ∼0.41 for differ-
ent vertical separations and load currents. For k2 /k1 ratio higher
than 0.41, which corresponds to the RX location near midpoint,
2-TX case achieves higher efficiency. However, for k2 /k1 ratio
below 0.4 which means the RX is far from TX#2, the TX#2
should be turned-OFF for higher efficiency. The simulated in-
verter efficiency of Fig. 10(d) shows that the inverter efficiency
is relatively constant compared to the large variations of overall
system efficiency. The rectifier efficiency is the same because
the rectifier output is always regulated to 15 V. Therefore, most
of the efficiency variations are due to the coil-to-coil efficiency
that is analyzed in Section II.

Figs. 11 and 12 present the efficiency when the respective
coil currents of each TX are adjustable as in Section III, in
contrast to the fixed identical coil currents of Section II. The TX
coil currents ITX1 and ITX2 are adjusted by manually changing
the input dc voltage of each inverter. During the current ratio
adjustment, the dc output voltage of receiver is maintained to
be 15 V by manually adjusting the TX inverter inputs.

For Fig. 11(a), the receiver location is fixed at Fig. 9(b) so that
the k2 /k1 ratio is 0.61. It shows that the maximum efficiency oc-
curs when the TX current ratio ITX2/ITX1 is also at 0.61 which
is the same with coupling ratio. In Fig. 11(b), the receiver loca-
tion and therefore the k2 /k1 ratio are changed to 0.4. As a result,
the maximum efficiency occurs when the TX coil current ratio is
at 0.4. These results are derived and expected in Section III. The

Fig. 11. Efficiencies when the relative ratio of TX coil currents is adjustable.
The vertical separation between TX and RX is 3.9 cm. (a) The k2 /k1 ratio is
fixed to 0.6. The optimal current ratio occurs also at 0.6. (b) The k2 /k1 ratio
is set to 0.4. Similarly, the optimal TX current ratio is at 0.4. (c) Simulated
inverter efficiency for k2 /k1 = 0.6, which is relatively constant compared to
overall system efficiency.

same phenomenon is observed at different vertical separations
of 5.8 cm in Fig. 12.

Fig. 13(a) shows the waveforms when only TX#1 is activated.
This is a typical normal waveform of the LCC inverter. However,
once TX#2 also starts operation as in Fig. 13(b), the TX#1 is
deviated from resonance matching because its effective LTX is
increased due to the nonzero ITX2 term of (16). This off-tuning
can be compensated by reducing the capacitor value of CS such
that (17-b) is satisfied. The compensated result is shown in
Fig. 13(c).

A. Discussion

Although turning the weaker TX OFF would limit the max-
imum power capability, the planar array of TX coil should be
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Fig. 12. Efficiencies when the relative ratio of TX coil currents is adjustable.
The vertical separation is 5.8 cm. The k2 /k1 ratios are set to (a) 0.4, (b) 0.6, and
(c) 0.8, respectively.

Fig. 13. Waveforms for the LCC resonant inverter. (a) Normal waveforms
when only TX#1 is activated and TX#2 is OFF. (b) TX#2 is also activated
with ITX1 = ITX2 . Due to the coupling between TX#1 and TX#2, the effec-
tive inductance of TX#1 is increased, resulting in the resonance mismatching.
(c) Corrected to normal waveforms by reducing the CS value.

designed such that 1-TX operation can also satisfy the power re-
quirement of RX. Looking at Fig. 9(b), the worst-case scenario
is when the receiver position is at right-edge location. The TX
array should still be able to deliver the required power regardless
of RX location. In worst-case location, TX#2 contributes neg-
ligible power and, therefore, the required power should solely

be supplied by TX#1. Therefore, to cope with the worst-case
location, a single TX should have the capability of delivering
sufficient power and, hence, there is no need to activate both
TXs for the purpose of maximum power. Now that 1-TX is
able to satisfy the required power, it is better to achieve higher
efficiency by turning the weaker TX OFF.

Although the fabrication cost will be increased due to addi-
tional inverters and tuning circuits, simply driving all the TX
coils using a single inverter will lead to efficiency degradation
if there are uncoupled TX coils. As can be seen from Fig. 10,
driving both TXs reduces the efficiency by ∼10% if one TX is
not coupled to RX. Note that high efficiency is essential to apply
for governmental certification marks such as EnergyStar [27].
Such specifications require power conversion efficiency higher
than certain level. Therefore, increasing the efficiency is a major
concern for product certification, especially for wireless power
products because of their typical low efficiency.

The size and weight problem of additional inverters would
not be significant because the arrayed TX configuration targets
wide charging area. In fact, the necessity of multiple TXs is
due to the wide coverage area. The additional inverters may not
be the areal burden because the system area and volume are
also large to accommodate wide charging area. Regarding the
weight, the TX array station is to be embedded underneath the
surface or to be mounted on top of a surface. Therefore, the
weight increment may not be an issue.

VI. CONCLUSION

The optimal driving of 2-TX system is investigated to maxi-
mize the power transfer efficiency of magnetic wireless power
transfer. To account for more general usage scenarios, the cou-
plings between each TX to an RX are assumed to be different.
Two cases are studied. For simple low-cost applications, the
TX coil currents are fixed to be identical. Second case is more
sophisticated application where the relative magnitude of each
TX coil current is allowed to be adjusted.

Theoretical and experiment results indicate that the coil cur-
rent ratio should be set to the coupling coefficient ratio in order
to obtain the highest efficiency. This achieves higher efficiency
than the 1-TX operation and the same-current-2-TX operation.
However, for applications where low-cost and simple imple-
mentation are important, the TX current adjustment may not
be allowed. For such low-cost system, the TX coil currents are
usually set to be identical. Then, a specific TX should be turned
OFF and 1-TX operation is more efficient as long as the weak
coupling is less than 0.41 times of stronger coupling (or, 2-TX
is more efficient if the weaker coupling is higher than 0.41 times
of stronger coupling). Note that the results are not verified for
three or more TXs, and it would be one of the further research
topics.

The results are simple but universal in that they relate the
coil current ratio with the coupling coefficient ratio—the re-
sults are independent of the TX-to-RX separation and the load
variations. They provide guideline for the optimal selection of
TX element(s) and coil currents among the arrayed TXs for the
highest overall efficiency.
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APPENDIX

A. Inverter Loss and the Number of Inverters

Fig. A1. Two-inverter two-coil system is compared with the single-inverter
two-coil system. The power loss from gate driving circuits is accounted for.
Increasing the number of inverter does not exacerbate the losses from inverter.

TABLE A-I
LOSS BREAKDOWN OF FIG. A1

Losses One inverter (W) Two inverters (W)

TX coil 2.53 2.54
RX coil 0.42 0.42
Rectifier 1.24 1.24
Inverter switch 0.504 0.368
Gate drive 0.025 0.05
RX load 24.23 24.29

The two-inverter two-coil system is compared with the single-
inverter two-coil system. For the latter case, the two coils share
one inverter. The input and RX output voltage characteristics
of both cases are measured to be the same except for a small
efficiency difference. The overall system efficiency of the two-
inverter two-coil system is slightly higher than that of the one-
inverter two-coil system. Therefore, increasing the number of
inverters does not exacerbate the losses from inverter. This result
is expected because the dc input current is divided into two
inverters for the given RX output power. The current flowing
through the switches and tuning inductor is reduced per one
path, reducing the conduction and switching losses per one path.
Recall that the conduction loss is proportional to I2R where I
and I2R are reduced to half and 1/4, respectively. However, the
improvement in overall efficiency is less than 1% and this is
not the main claim of this paper. Rather, the key point of this
section is that increasing the number of inverters does not at
least exacerbate the losses of inverters.

B. In-Phase Coil Current by the LCC Inverter

The KVL equations for inverter-TX #1 of Fig. A2 are

Vin1 = jωLS Iin1 +
(

jωLTX +
1

jωCS

)

ITX1

+ jωkTXLTXITX2 + jωk1

√

LTXLRXIRX (A1)

Vin1 = jωLS Iin1 +
1

jωCP
(Iin1 − ITX1) . (A2)

Fig. A2. Two LCC inverters and TX coils with different coupling factors of
k1 and k2 . The TX coil currents ITX1 and ITX2 are in-phase with each other
regardless of k1 and k2 .

Note that it is (A1), not (A2), that is affected by couplings
k1 , k2 , and kTX . Equation (A2) is independent of couplings.
Equation (A2) can be rearranged to

Vin1 =
(

jωLS +
1

jωCP

)

Iin1 − 1
jωCP

ITX1 . (A2-a)

One of the design relation of the LCC inverter is 1√
LS CP

= ω

[19]. Substituting this relation into (A2-a) cancels the term in
parenthesis. This gives Vin1 = − 1

jωCP
ITX1 . In other words

ITX1 = −jωCP Vin1 . (A2-b)

Equation (A2-b) states that ITX1 is 90 degree slower than
Vin1 regardless of couplings.

Following the same procedure, the TX coil #2 current is
obtained as

ITX2 = −jωCP Vin2 . (A2-c)

ITX2 is also 90 degree slower than Vin2 regardless of cou-
plings. Therefore, as long as the input voltage Vin1 and Vin2
are in-phase by the shared clocks, the coil currents ITX1 and
ITX2 have the same phase to each other regardless of different
couplings. Note that the same derivation can be found in [19].
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