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Abstract—Multitransmitter wireless power transfer system gets
more and more applications as it can maintain high efficiency in
a large space range. This article focuses on modeling the multi-
transmitter system, and proposes an impedance matching method
to improve efficiency under lateral-misalignment conditions. The
theoretical analysis shows that the maximum transfer efficiency
can be achieved as long as the equivalent input impedance of the
transmitters is regulated to be the same under misalignment con-
dition. Hence, a double closed-loop control strategy is proposed to
realize maximum efficiency point tracking, where the primary con-
trol loop adjusts the input impedance of the transmitters through
pulsewidth modulation, while the second control loop maintains
constant output power by a dc–dc converter. A 500-W prototype
is built to validate the feasibility of the proposed method. The
efficiency is always higher than 90% with an improvement of up to
20.3% compared to that without such a method when the lateral
misalignment increases from 0 to 10 cm (0%–41% of maximum
coil size).

Index Terms—DC–DC converter, efficiency, impedance
matching, multitransmitter, wireless power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) is widely adopted as
a simple and convenient charging method to get rid of

twisted wire in many applications, such as vehicle [1], trains [2],
biomedical implants [3], portable electronic and cellular mobile
devices [4]. The efficiency, which is one of the most important
parameters in the WPT system, should be improved as much as
possible.

In a single-transmitter (TX) and single-receiver (RX) system,
the efficiency is dynamically changing with the load conditions
[5], the coupling coefficient [6], and quality factor [7]. In order
to satisfy the requirements of efficiency, the research focuses on
several directions, which are as follows.
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1) find the optimal operating frequency through automatic
frequency tuning [8]–[10];

2) find the optimal load through impedance matching [11],
[12];

3) uniform magnetic field by configuration of coils [13], [14].
However, when the relative position of the TX and the

RX changes too much, such methods are very limited to the
efficiency improvement because of the coupling coefficient’s
dramatic fluctuation [15]. Recently, researchers have paid much
attention to the multi-TX WPT system because it can increase
the effective charging range [16], [17], and the efficiency
can be improved dramatically when the misalignment occurs
[18]–[20].

To deliver power with high efficiency over a larger area in the
multi-TX WPT system, Gosselin proposes a novel resonance
based on the multi-TX structure [17], and the efficiency is
increased dramatically through selecting the number of transmit-
ters under different positions. In the field of portable consumer
electronic products, a reconfigurable planar array of coupled-
resonator coils is designed in [18] to charge a mobile receiver
in three-dimensional space by choosing the optimal array con-
figuration for a particular receiver position. Furthermore, a new
single-layer winding array for planar wireless battery charging
systems is presented in [16], which enables multiple devices to
be placed and charged simultaneously on the wireless charging
pad in a free-positioning manner.

Nevertheless, the uncertain position of the receiver results
in an unknown coupling coefficient between RX and each TX
during the charging period, which will decrease the transmission
efficiency. Therefore, it is necessary to find the relationship
between the system’s efficiency and the mutual inductance so
that maximum efficiency point tracking (MEPT) can be realized.
Smith proposes a phased array method in the multi-TX system
[21], and the relationship between the amplitude and phase of
voltage in each TX and mutual inductance can be used to achieve
the precise control of efficiency. In addition, researchers have
drawn a conclusion that the current in each TX should be scaled
proportionally to the ratio of coupling coefficients so that the
MEPT can be achieved in the multi-TX system [22].

Therefore, researchers regulate the current in TXs according
to the mutual inductance between each TX and RX, which is es-
timated by additional equipment, and the efficiency is improved
dramatically [23], [24]. The empirical formula is used in [23] to
predict mutual inductance by getting the system information

https://orcid.org/0000-0002-4308-0050
https://orcid.org/0000-0002-1974-6553
https://orcid.org/0000-0002-1129-7597
https://orcid.org/0000-0002-0339-7782
mailto:zhaotian_yan@163.com
mailto:546867343@qq.com
mailto:2190581829@qq.com
mailto:3166846659@qq.com
mailto:waqas.zeb@hotmail.com
mailto:mairk@swjtu.edu.cn
mailto:hezy@swjtu.edu.cn
https://ieeexplore.ieee.org


9012 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 9, SEPTEMBER 2020

Fig. 1. Equivalent circuit model of multiple transmitters system.

on both TX and RX. In order to cancel the communication
link, researchers give a good example of estimating mutual
inductance while the value of the load on RX should be known
beforehand. Besides, the estimation process is complex due to
the high-frequency sampling and heavy computational burden
[24]. In a word, it is of importance to avoid the mutual inductance
estimating in the multi-TX WPT system.

This article investigates the theoretical analysis of the rela-
tionship between currents, voltages, and the mutual inductance
of a multi-TX WPT system, where the couplings between each
TX and RX are different. The impedance matching method
is proposed implemented by adjusting the input impedance to
allocate the transferred power between TXs and to improve
efficiency when misalignment occurs. The maximum efficiency
point has relationship to the RX load, the absolute strength of
coupling, or the parasitic resistance of the coils so that the MEPT
could be located without any the communication link between
RX and TX.

The analysis of multi-TX systems is discussed in Section II.
The topology and regulation are derived in Section III.
Section IV gives the experimental results. Finally, the conclusion
of the proposed approach is drawn in Section V.

II. ANALYSIS OF MULTITRANSMITTER SYSTEM

The equivalent circuit with n number of transmitters and a
single receiver is depicted in Fig. 1. The input voltage of each
transmitter is Ui, while Ci, Li and CS, LS are the compensation
capacitance and the self-inductances of the coil in the TX and
RX, respectively. MiS is the mutual inductance between Li and
LS, while rS denotes the parasitic resistance in the RX. RAC

presents the equivalent ac load resistance of the rectifier.
The turns and size of each transmitting coil are set to

be the same so that the parasitic resistance (r) and the
self-inductance (Li) of each TX can be assumed to be identical
(1 ≤ i ≤ n).

As the system needs to be resonant, the relationship between
inductors and capacitors in the system is described by the
following equation:

{
jωLi +

1
jωCi

= 0, (1 ≤ i ≤ n)

jωLS + 1
jωCS

= 0
(1)

According to Kirchhoff’s voltage law (KVL), the matrix
equation can be obtained as follows:

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

r sM12 sM13 · · · sM1n −sM1S

sM12 r sM23 · · · sM2n −sM2S

sM13 sM23 r · · · sM3n −sM3S

...
...

...
. . .

...
...

sM1n sM2n sM3n · · · r −sMnS

−sM1S −sM2S −sM3S · · · −sMnS rS +RAC

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

i̇1

i̇2

i̇3
...

i̇n

i̇S

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

U̇1

U̇2

U̇3

...

U̇n

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(2)

where s = jω and ω denote the angular frequency of the system.
Due to a WPT system with n transmitters, there might exist
cross coupling in the system, which can make the analysis of
the system somehow complicated. In order to minimize the
effect of cross coupling and to simplify the analysis of the
system, a bipolar pad (BPP) coil design, proposed in [25], is
adopted here as the coupler. The coupler consists of two identical
partially overlapped coils that are mutually decoupled. With this
assumption, the cross-coupling would be small enough to be
ignored. The resonant currents in TXs and RX can be derived
according to the following equation:⎧⎪⎪⎪⎨
⎪⎪⎪⎩

i̇m =
Um·[r·(rS+RAC)+

∑j=n
j=1,j �=m ω2MjS

2]−ω2MmS(
∑j=n

j=1,j �=m Uj ·MjS)
r2·(rS+RAC)+

∑j=n
j=1 ω2MjS

2·r

i̇S =
∑j=n

j=1 ω·MjS ·Uj

r·(rS+RAC)+
∑j=n

j=1 ω2MjS
2 · 1i (n ≥ 1)

(3)
where Mmk = 0, 1 ≤ m ≤ n, 1 ≤ k ≤ n,m �= k.

The power transfer efficiency between transmitting coils and
the receiving coil can be obtained as follows:

η =
i̇S · ¯̇iS ·RAC

i̇S · ¯̇iS · (rS +RAC) +
∑j=n

j=1 i̇j · ¯̇ij · r
(4)

where ¯̇iS and ¯̇ij are the conjugation of i̇S and i̇j , respectively.
The currents of transmitting coils can be regulated to the de-

signed values to achieve MEPT. In this work, a strategy based on
an impedance matching method is proposed to realize MEPT in
a multiple-transmitter system. This approach is implemented by
adjusting the input impedance to allocate the transferred power
amongst TXs and to improve the efficiency when misalignment
occurs. The current ratio km based on one of the branches can
be presented as follows:

km =
im
i1

, (1 ≤ m ≤ n) . (5)
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By substituting (5) into (4), we can obtain the efficiency as
follows:

η =
RAC

(i1/iS)
2 · (k21 + k22 + · · ·+ k2n) · r + rS +RAC

(6)

where im and iS are the RMS value of i̇m and i̇S , (1 ≤ m ≤ n).
According to KVL, the equation for RX current loop can be
derived as follows:

iS · (rS +RL)− s ·M1S · i1 − s ·M2S · i2 − · · · −
s ·MnS · in = 0. (7)

Substituting (5) and (7), the current ratio i1/iS is a function
against k1, k2, . . . kn, which can be given as follows:

i1
iS

= g(k1, k2 . . . kn)

= k1 · rS +RAC

k1 · s ·M1S + k2 · s ·M2S + · · ·+ kn · s ·MnS
.

(8)

Then, substituting (8) into (6), the power transfer efficiency
could be simplified as follows:

η(k1, k2 . . . kn)

=
RAC

g(k1 . . . kn)
2 · r · (k21 + k22 + · · · k2n) + rS +RAC

. (9)

To look for the maximum point of the n-variable function, the
first-order partial derivative of η (k1, k2, . . . kn) is set to be zero,
which can be expressed as follows:

∂η(k1, k2, . . . , kn)

∂ki
= 0, (1 ≤ i ≤ n). (10)

By simplifying the partial derivation, it can be transformed
into

∂

∂ki

[ ∑n
j=1 k

2
j

(
∑n

j=1 (kj ·MjS))
2

]
= 0, (1 ≤ i ≤ n). (11)

Therefore, the relationship between current and mutual in-
ductance can be solved as follows:

ki ·
n∑

j=1

kj ·MjS = MiS ·
n∑

j=1

kj
2, (i = 1, 2, . . . , n). (12)

For simplification of the equation, the relationship between ki
and MiS could be obtained by the following:

ki
ki+1

=
MiS

M(i+1)S
, (i = 1, 2, . . . , n− 1). (13)

The final result is as follows:

i1 : i2 : · · · : im = M1S : M2S : · · · : MmS , (1 ≤ m ≤ n)
(14)

which states that the current at TXs should be scaled accord-
ing to the ratio of mutual inductance so that the efficiency
can obtain the maximum value. For instance, if the coupling
between TX2 and RX is half of that between TX1 and RX,
the coil current at TX2 should be scaled to half. However, it

Fig. 2. Charging process of AGV.

is inconvenient to measure the mutual inductance to distribute
the current of TXs. To solve this problem, the article will find
the relationship between voltages in TXs. Then, by substituting
(14) into (2), the voltages of the transmitters can be expressed as
follows: ⎧⎪⎪⎪⎨

⎪⎪⎪⎩
U1 = k1 · i1 · r − s · k1 ·M1S · iS
U2 = k2 · i1 · r − s · k2 ·M1S · iS
...
Un = kn · i1 · r − s · kn ·M1S · iS .

(15)

In summing up, it may be stated that the ratio of voltages and
current in every TX is equal to the ratio of mutual inductance

U1 : U2 : · · ·Un = i1 : i2 : · · · in = M1S : M2S : · · ·MnS .
(16)

In order to obtain the maximum efficiency, it may be stated
that the ratio of voltage over current in every TX is equal to the
ratio of mutual inductance between TXs and RX. The equivalent
resistance of one TX can be defined as follows:

Rm =
Um

im
, (m = 1, 2, . . . , n). (17)

As a result, (16) can be converted into the following:

R1 = R2 = R3 = · · · = Rm, (m = 1, 2, . . . , n). (18)

The efficiency will reach the maximum value if the equivalent
resistances of TXs are the same. Furthermore, these criteria (18)
do not relate to the RX load, the absolute strength of coupling
or the parasitic resistance of the coils.

III. ANALYSIS OF WPT SYSTEM IN VEHICLE CHARGING

As shown in Fig. 2, it is inevitable that the transmitting
coils are not aligned with the receiving coil during the charging
process of automated guided vehicles (AGV) [27]. It is necessary
to analyze such system, and discuss the efficiency, the power,
and the control method to realize the MEPT.
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Fig. 3. Structure of the BBP coupling model in dual TXs WPT system.

A. Transfer Efficiency Analysis

According to (3), the loop currents can be obtained from the
KVL equation if n is set to two⎧⎪⎪⎪⎨

⎪⎪⎪⎩
i̇1 = ω2·M2S ·(U1·M2S−U2·M1S)+U1·r·(rS+RAC)

r2·(rS+RAC)+ω2·r·(M1S
2+M2S

2)

i̇2 = ω2·M1S ·(U2·M1S−U1·M2S)+U2·r·(rS+RAC)

r2·(rS+RAC)+ω2·r·(M1S
2+M2S

2)

i̇S = ω·(U1·M1S+U2·M2S)

r·(rS+RAC)+ω2·(M1S
2+M2S

2)
· 1i.

(19)

As a result, transfer efficiency (η) can be calculated

η =
Pout

Pin
=

i̇S · ¯̇iS ·RAC

i̇1 · ¯̇i1 · r + i2 · ¯̇i2 · r + i̇S · ¯̇iS · (rS +RAC)
(20)

where Pout is the output power, and Pin is the input power.
The research focuses on applying a BBP structured coil to dual
TXs WPT system, which can eliminate the influence of mutual
inductance between TXs [25]. The coupling model is presented
in Fig. 3. The size of the receiving coil is reduced to fit the size
of the AGV. The TX is covered with ferrite cores while the RX
is not.

The coil size and moving direction are shown in Fig. 3. The
extent of overlap between the two TXs is 41 mm, and the vertical
distance between TXs and RX is 50 mm. NP1, NP2, and NS are
the turns of the transmitting coil 1, transmitting coil 2, and the
receiving coil, respectively. The results can be obtained by sim-
ulation in ANSYS MAXWELL. When RX moves toward TX1
horizontally (d is the moving distance), M1S increases, while
M2S decreases rapidly. In addition, M12 can be recognized to be
equal to zero because it is mutually decoupled. The fluctuation
of the self-inductance of the coil is small, which can be ignored.

According to (9), η has no relationship to the input
voltage Vg, but it is a function against the horizontal misalign-
ment (d) and the voltage ratio (k) among TXs. Meanwhile, the
analytical solution of maximum efficiency is given by calculat-
ing the partial derivatives, when RX is at a certain position.

To analyze the characteristics of the system, the parameters
of components are depicted in Table I.

The system’s efficiency versus voltage ratio under the differ-
ent ratios of mutual inductance is shown in Fig. 4. Such a method
can maintain maximum efficiency with different misalignment
scenarios by using the optimized voltage ratio.

At a certain misalignment, the efficiency of the system is
related to k and the load RAC. Fig. 5 shows the efficiency

TABLE I
PARAMETERS OF FBDRT FOR SIMULATION

Fig. 4. Efficiency varying with voltage ratio under misalignment condition.

Fig. 5. Efficiency varying with k and the load RL when M1S/M2S = 2.

Fig. 6. (a) Maximum efficiency curve of the proposed method and the tradi-
tional dual TXs system without any control method. (b) Output and input power
variation when the resistance of the load is constant in the proposed system.

variation when the ratio of the mutual inductance (M1S/M2S)
is equal to 0.5, and there exist an optimal load RAC and k.

According to (18), the efficiency will get the maximum value
when the equivalent impedance of each TXs are equal. Fig. 6(a)
shows the maximum efficiency curve of dual-TX system, where
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Fig. 7. (a) Transmitting coil and the receiving coil are aligned (M1S = M2S).
(b) Receiving coil is moving to TX1 horizontally while M2S is positive
(M1S > M2S > 0). (c) Receiving coil is moving to TX1 horizontally while M2S

is zero (M1S > M2S = 0). (d) Receiving coil is moving to TX1 horizontally
while M2S is negative (M1S > M2S > 0).

the equivalent impedance of two TXs are adjusted to equal
by MEPT under different position. The proposed system can
maintain a higher efficiency utilizing impedance matching. In
contrast, the efficiency of such a system without MEPT will be
decreased dramatically. The power variation can be obtained as
Fig. 6(b), where Pin1, Pin2, and Pout are the input power of TX1,
the input power of TX2 and output power, respectively.

B. Tolerance of Misalignment

It is necessary to illustrate misalignment tolerance limitation
in a multitransmitter wireless power system, and the event can
be analyzed as four conditions, as shown in Fig. 7. The mutual
inductance will fluctuate in the process of moving so that the
PWM should be adopted to distribute the energy transferred
by two TXs which undertake the same energy transmission in
condition A. The TX1 will work as the main energy transmission
channel with RX close to the TX1, as shown in Fig. 7(b).
Magnetic lines emitted from TX2 will go to RX from the bottom
and the top, respectively. However, the mutual inductance (M2S)
will be equal to zero when the magnetic line from the bottom to
the RX is equal to that from the top to the RX, as presented
in Fig. 7(c). Similarly, M2S will be smaller than zero under
condition D so that the ratio of mutual inductance (M1S/M2S) is
negative. For example, the mutual inductance will be negative if
d > 100 mm in this system, as shown in Fig. 21. Furthermore,
some researchers discuss such situation where the mutual induc-
tance is negative [26], [27], and the work [28] and [29] improve
misalignment tolerance for IPT system using such characteristic.
The physical mechanism of the negative mutual inductance can
be given in Appendix A.

To illustrate this situation better, the efficiency versus voltage
ratio (k = U1/U2) under different values of M2S (0–−1.5μH)
are given in Fig. 8(a).

As a result, the efficiency will get the maximum value if U2 is
equal to zero under the condition that M2S < 0, and it will drop

Fig. 8. (a) Efficiency versus voltage ratio under the different values of M2S.
(b) Maximum efficiency curve of the proposed method and the traditional dual
TXs system without any control method in the redesigned coil structure. When
d > dC, the mutual inductance (M2S) is negative.

off dramatically if 1/k (U2/U1) increases. In other words, the
TX2 should be turned OFF under this circumstance. Therefore, it
will become the single-TX and single-RX system. Therefore, the
tolerance of misalignment of such a method can be summarized
as –dC ≤ d ≤ dC. Fig. 8(b) gives the maximum efficiency curve
based on the proposed coil structure. The efficiency will drop
off dramatically when d > dC.

C. Effect on M12 (Mutual Inductance Between TX1 and TX2)

Generally speaking, the mutual inductance between TX1 and
TX2 (M12) will influence the efficiency dramatically. It is neces-
sary to illustrate the relationship between the system’s efficiency
and M12. The mutual decoupling of the coils constituting the
BPP is achieved by adjusting the overlap of the two coils, and
the mutual inductance between the two coils depends on the
extent of overlap [25].

M12 is taken into (20) to study the effect of M12 on the transfer
efficiency so that the images of efficiency and input conductance
versus voltage ratio k are drawn at a different value of M12.

As shown in Fig. 9, the input conductance of TX1 (TX2) will
reduce (increase) when the voltage ratio k (U1/U2) increases.
The input conductance will be equal at point E, while the
efficiency will get the maximum value at point F. In Fig. 9(a),
the system will get the maximum efficiency at point E. Whereas,
the maximum efficiency point will deviate from E when the
transmitting coils are coupled. And the efficiency will decrease
dramatically when coupling strength between two transmitting
coils are enhanced.

As a result, if M12 is too large to ignore, the system can-
not work at the maximum efficiency point using the proposed
impedance matching method. As shown in Fig. 10, the red line
is the maximum efficiency in theory (Point F), and the black
line is the maximum efficiency using the proposed impedance
matching method (Point E) when M1S/M2S = 2.

D. Topology and Control Method

The above deduction illustrates that the equivalent conduc-
tance of TXs is the same so that the efficiency can get maximum
value in a dual TXs system (M12 is too small so that it can be
ignored).
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Fig. 9. (a) Efficiency and input conductance of TXs varying with voltage ratio
when M12 = 0 μH and M1S/M2S = 2. (b) Efficiency and input conductance
of TXs varying with voltage ratio when M12 = 0.5 μH and M1S/M2S = 2.
(c) Efficiency and input conductance of TXs varying with voltage ratio when
M12 = 1.0 μH and M1S/M2S = 2. (d) Efficiency and input conductance of
TXs varying with voltage ratio when M12 = 1.5 μH and M1S/M2S = 2.

Fig. 10. Maximum efficiency versus M12. The red line presents the maximum
efficiency in theory, while the black line presents the efficiency when the input
conductance of two TX is equal (M1S/M2S) = 2.

As shown in Fig. 11, each TX is driven by a full-bridge
inverter, while a boost converter is introduced into the receiver
side. LB , SB , and DB are the inductance, the MOSFET, and the
diode in the boost circuit, respectively. Dk is the duty cycle of
Uk, while θk is the conduction angle of the kth inverter. The
sequence diagram of the MOSFET of the kth inverter is given in
Fig. 12. The relationship between Dk and θk can be obtained as
follows:

θk = Dk · 180◦. (21)

The equivalent conductance Gk of TXk is a function against
θk, which can be defined as follows:

Gk =
π · Ik

2Vg · sin(θk/2) . (22)

RAC andRLeq are the equivalent resistance of the port EF and
the port PQ, respectively. D is the duty cycle of the SB. The work
[30] and [31] give the theoretical derivation process of the input

Fig. 11. (a) Diagram of the topology in the multiple-transmitter system.
(b) Topology of the RX with a boost converter.

Fig. 12. Sequence diagram of the MOSFET of the kth inverter. θk is the angle
where Sk1 and Sk4 are both on.

impedance in the DCDC converter. Similarly, the relationship
of RAC, RLeq, and RL at continuous conductive mode (CCM)
and discontinuous conductive mode (DCM), respectively, can
be described as follows:

⎧⎪⎨
⎪⎩

RAC = 8
π2 ·RLeq = 8

π2 · (1−D)2 ·RL CCM

RAC = 8
π2 ·RLeq

=
4RLTbD

2+16LB+4·
√

RL
2Tb

2D4+8LBRL

π2TbD2 DCM.

(23)
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Fig. 13. Output power varying with k and the load RL when M1S/M2S = 2.

Fig. 14. Efficiency and the input power varying with k under the constant
output power mode (Pout = 500 W, M2S /M1S = 0.5).

The theoretical derivation process can be given in Appendix B.
RLeq is the function of D. The output power of such dual TX
system can be described as follows:

Pout = i̇S · i̇S ·RAC(D)

=
RAC(D) · ω2 · U1

2 · (M1S +M2S)
2

k2 · [r · (rS +RAC(D)) + ω2 · (M1S
2 +M2S

2
)]2
(24)

where k = U1/U2. The essence of maintaining the constant
output power by adjusting the duty cycle of the boost is to
adjust the equivalent impedance from the port PQ. Fig. 13 shows
the dependence of Pout on RL and k under the condition that
M2S/M1S = 0.5. Unless otherwise specified, all the theoretical
analysis results and figures are based on the parameters listed in
Table I.

As shown in Fig. 13, points on the rated power curve own
the different value of RAC and k. Taking these points into (24),
the input power and efficiency varying with k can be presented
as Fig. 14(a). The efficiency has the maximum value, while the
input power owns the minimum value when k is equal to the

Fig. 15. Comparison of power losses at TX coils and the RX coil with respect
to the TX voltage ratio (M2S /M1S = 0.5).

Fig. 16. Maximum efficiency versus the output power level.

ratio of M1S and M2S. Under this condition, RLeq is equal to
77 Ω by adjusting the duty cycle of boost.

Fig. 15 shows the power loss distribution as a function of the
ratio k (k = U1/U2). As RX moves to TX1, RX and TX2 are
weakly coupled so that the current in TX2 (i2) will increase.
The proposed method can adjust the input voltage of TXs to
reduce the unnecessary current by changing k.

Fig. 16 gives the relationship between the efficiency and
the output power under different misalignment. The maximum
efficiency point will drop down when the output power increases.

The control strategy of a multiple-transmitter system based on
two decoupled control feedback loops can be designed. The first
controller is used to boost to realize constant output power by
regulating the equivalent resistance of RLeq(D). Such a control
loop has a faster response time to keep the constant output power
quickly.

The second control loop, which is the primary controller, is
used to achieve impedance matching and find the minimum value
of input power (Pin) by adjusting θk. The RX moves toward TX1
horizontally so that M1S>M2S. The equivalent input impedance
of the kth transmitter can be given in (25), shown at the bottom
of this page.

Therefore, the kth input conductance Gk can be reduced
(increased) when the voltage of kth transmitter (Uk) is reduced

Gk =
Ik
Uk

=
[r · (rS+RAC) +

∑j=n
j=1,j �=k ω

2MjS
2]− 1

Uk
· ω2MkS(

∑j=n
j=1,j �=k Uj ·MjS)

[r2 · (rS +RAC) +
∑j=n

j=1 ω
2MjS

2 · r] (25)
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Fig. 17. Input conductance of each Tx is set to be a target value GS(N), so
that all Gk are equalized (G1 = Gk = Gn).

Fig. 18. Overall system optimization procedure. e(ΔG) is the polarity of ΔG,
which is 1 or –1. The Pin monitoring is by sensing dc voltage and current at dc
supply node.

(increased). It is realized by a PI feedback control within an
individual transmitter. Fig. 17 shows that all Gk are enforced to
approach a target value, GS. Therefore, the Gk can be controlled
by adjusting θk. This achieves the first step of control which
realizes G1 = G2 = · · · = Gk.

According to Fig. 14, there exists the minimum input power
when the voltage ratio (k) changes. In other words, there exists
an optimum target input conductance (GS), which can minimize
the input power. As shown in Fig. 18, the overall loop searches
for an optimum GS while the voltage ratio setting of Fig. 17
is also performed in each TX. This article mainly discusses the
dual-transmitter system in AGV (n = 2).

IV. EXPERIMENT RESULTS

As shown in Fig. 19, a prototype WPT system is set up to
verify the proposed impedance matching method according to
the parameters in Table II. fs is the frequency of such a system

Fig. 19. Experimental setup.

TABLE II
PARAMETERS OF THE PROPOSED METHOD FOR EXPERIMENT

Fig. 20. Size of the transmitter coils and the receiver coil, respectively.

while N is the turns of RX and TXs, which are equal. L1 (C1),
L2 (C2), and LS (CS) are the self-inductance (compensation
capacitor) of the transmitting coil one, transmitting coil two, and
the receiving coil, respectively. SiC MOSFETS (C2M0160120D)
are chosen as the switches in two inverters with a single dc input
source (IT6526D) in TX. The gate drives the signal, and the
MEPT method with impedance matching is generated by the
DSP28335. The single RX coil has connected the rectifier, and
an electronic load (IT8818BS) serves as a load resistor. The air
gap between the TX and RX is 5 cm, while the TX is covered
with ferrite cores.

As shown in Fig. 20, the dimensions of TXs and RX are all
24.1 cm × 20 cm. The coil is wounded by Litz wire of 3 mm
× 600 strands.Fig. 21 shows the fluctuation of M12, M1S, and
M2S when the horizontal misalignment occurs, and distance (d)
changes from 0 to 14 cm.

The voltage of TX1 can be adjusted by changing θk when
RX is moving toward TX2. The voltage ratio of two TXs can be
given as follows:

k =
U1

U2
=

sin (θ1/2)

sin (θ2/2)
. (26)
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Fig. 21. Mutual inductance of the proposed coupling model under misalign-
ment condition.

Fig. 22. (a) Equivalent conductance and efficiency versus angle θ2 in the-
oretical analysis. (b) Equivalent conductance and efficiency versus angle
θ2 in experimental results. The blue lines represent the equivalent conduc-
tance of TX1 and TX2, while the red lines represent the transfer efficiency
(M1S/M2S = 4/3, Pout = 500 W).

Fig. 23. (a) Equivalent conductance and efficiency versus angle θ2 in the-
oretical analysis. (b) Equivalent conductance and efficiency versus angle
θ2 in experimental results. The blue lines represent the equivalent conduc-
tance of TX1 and TX2, while the red lines represent the transfer efficiency
(M1S/M2S = 2/1, Pout = 500 W).

θ2 should decrease so that the energy transferred through TX2
will decrease, while TX1 serves as the main channel of energy
transmission because of the constant value of θ1=180°. The
voltage ratio of two TXs can be converted into k = sin(180◦/2)

sin(θ2/2)
=

1
sin(θ2/2)

. For the convenience of experimental records, the sys-
tem’s efficiency, and the equivalent conductance versus angle θ2
are shown in Figs. 22 and 23.

In Fig. 22, the voltage ratio will be changed by adjusting θ2.
The ratio of mutual inductance is 4/3, and the voltage ratio (k)
should be set to 4/3 so that the equivalent conductance of two

Fig. 24. Efficiency curves of the proposed system with MEPT and without
MEPT. The red lines are based on the experiment data, while the black lines are
based on the simulation data.

Fig. 25. (a) Output power and input power of the proposed system with MEPT.
(b) Output power and input power of the proposed system without MEPT. The
red lines are based on the experiment data while the black lines are based on the
simulation data.

TXs is equal. In such a condition, the transfer efficiency can get
the maximum value. The experiment can be shown in Fig. 22(b),
and the value of voltage ratio (θ = 100°, k = 1

sin(θ2/2)
) is 1.305

while the ratio of mutual inductance (M1S / M2S) is 1.33. The
experimental results are very close to the theoretical analysis.
In both experiment and theoretical analysis, the efficiency will
get the maximum value when the equivalent conductance of two
TXs are equal.

Similarly, Fig. 23 gives the theoretical analysis and experi-
mental results of equivalent conductance and the efficiency when
M1S / M2S = 2/1.

Fig. 24 shows the efficiency curve of the proposed system
with MEPT and without MEPT, respectively. The red lines are
based on the experiment data, while the black lines are based
on the simulation data. Such the MEPT method can maintain
a higher efficiency utilizing impedance matching in contrast to
that without this method. The efficiency is higher than 90% when
the RX moves from 0 to 10 cm.

Fig. 25 gives the output power and the input power of the
proposed system with MEPT and without MEPT, respectively.
The blue lines are based on the experiment data, while the
black lines are based on the simulation data. Such a system can
maintain a constant output power utilizing a boost converter in
RX with or without the use of MEPT.

Fig. 26 shows the measured ratios of mutual inductance and
TX coil currents with respect to the RX position for 10 cm
lateral distance separation. The theoretical analysis states that
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Fig. 26. Measured mutual inductances and TX coil currents for the proposed
control method. (a) Output power is 500 W. (b) Output power is 600 W.

Fig. 27. Experimental waveforms of voltages u1, u2, and currents i1, i2 when
M1S/M2S = 1.

Fig. 28. (a) Experimental waveforms of voltages u1, u2, and currents i1, i2
when M1S/M2S = 3/2. (b) Experimental waveforms of voltages u1, u2, and
currents i1, i2 when M1S/M2S = 2/1.

the current ratio and the voltage ratio should be set to the same
as the mutual inductance ratio so that MEPT can be realized. It
can be seen that the current ratio successfully tracks the mutual
inductance ratio using the proposed method.

The experimental waveforms of voltages u1, u2, and currents
i1, i2 are shown in Fig. 27, with the operating conditions of
Vg=110 V and Pout=500 W when transmitters and the receiver
are aligned.

When the RX moves toward the TX1, the voltage of TX2
will decrease so that i2 will drop down, and the TX1 will serve

Fig. 29. (a) Experimental waveforms of voltages u1, u2, and currents i1, i2
when M1S/M2S = 2/3. (b) Experimental waveforms of voltages u1, u2, and
currents i1, i2 when M1S/M2S = 1/2.

Fig. 30. (a) Input current fluctuation of two inverters in the dual-transmitter
system using the proposed MEPT method (M1S/M2S = 3:2). (b) Input current
fluctuation of two inverters in the dual-transmitter system using the proposed
MEPT method (M1S/M2S = 2:1).

TABLE III
EQUIVALENT INPUT CONDUCTANCE OF TWO TRANSMITTERS

as the master transmitter. Fig. 28 gives the waveforms when
M1S/M2S = 3/2 and M1S/M2S = 2/1, respectively.

Similarly, the voltage of TX1 will decrease so that i1 will
drop down when the RX moves towards the TX2, and the TX2
will serve as the master transmitter. Fig. 29 gives the waveforms
when M1S/M2S = 2/3 and M1S/M2S = 1/2, respectively.

The input current fluctuation of two inverters in the dual-
transmitter system using the proposed MEPT method can be
shown as Fig. 30. The efficiency is very low before t0, while the
efficiency is increased dramatically by such a method.

The current ratio after t0 can be obtained. In Fig. 30(a),
I1/I2 = 1.49, while M1S/M2S = 1.5. In Fig. 30(b), I1/I2 = 1.97,
while M1S/M2S = 2. The current ratio is roughly equal to the
mutual inductance ratio. The equivalent conductance of the kth
inverter can be given as follows

Gk =
π · Ik

2Vgsin(θk/2)
. (27)
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Fig. 31. (a) Distribution of magnetic lines between RX and TX2 when
M2S < 0. (b) Reference direction of the current direction in TX2 and RX.

The equivalent input conductance of two transmitters can be
summarized in Table III, according to Fig. 30. G1 is roughly
equal to G2 after t0, and the efficiency is increased dramatically.

V. CONCLUSION

In this article, an impedance matching method for the multi-
TX wireless power system is proposed to realize MEPT under
misalignment conditions. According to the theoretical analysis,
the efficiency will reach the maximum value if the equivalent
impedances of TXs are the same. The equivalent impedance
of multi-TX is adjusted at different positions, and efficiency is
improved compared to that without such a method. The proposed
method is validated by a 500-W experimental prototype. The
experimental results show that the efficiency is always higher
than 90% with an improvement of 20.3%, and the output power
fluctuates very little when the RX moves from 0 to 10 cm (0%–
41% of maximum coil size).

APPENDIX

A. Corresponding Physical Mechanism When the Coupling
Coefficient is Negative

It is necessary to illustrate the corresponding physical mecha-
nism when the coupling coefficient is negative, and the work [26]
gives the derivation process according to Stokes’ theorem. The
distribution of magnetic lines of flux between RX and TX2 can
be shown in Fig. 31(a), in which the mutual inductance between
TX2 and RX is negative. The magnetic lines of flux pass through
the receiving coil from the bottom and top, respectively. B2S

′

(B2S
′′) is the magnetic field strength at the bottom (top) of the

receiving, while S′ (S′′) is the area of the B2S
′ (B2S

′′) on the
receiving coil.

The reference direction of the current can be shown in
Fig. 31(b). As a result, the magnetic flux of B2S

′ and B2S
′′ can

be given as follows:{
φ2S

′ =
∫
S′ B2S

′dS′

φ2S
′′ =

∫
S′′ B2S

′′dS′′.
(28)

As a result, the magnetic flux generated by I2 and passing
through the receiving coil can be given as follows:

φ2S = φ2S
′ − φ2S

′′. (29)

According to Fig. 31(a), φ2S
′ < φ2S

′′ and the mutual induc-
tance can be given as M2S = φ2S/I2 [31]. Therefore, M2S will
be negative if the position of the receiving coil is shown in

Fig. 32. (a) Energy flow of the two-transmitter system when M1S > 0 and
M2S > 0. (b) Energy flow of the two-transmitter system when M1S > 0 and
M2S < 0.

Fig. 33. Topology of the receiver in the proposed multiple-transmitter system.

Fig. 31(a). Furthermore, when a coupling coefficient is a positive
number, it can be considered as inductive coupling. The flow of
the system’s energy can be shown in Fig. 32(a). P1 (P2) is the
power that is transferred by TX1 (TX2). However, when the
mutual inductance between TX2 and RX (M2S) is negative, the
coupling still exists. The energy flow can be shown in Fig. 32(b).
TX2 absorbs the energy from RX.

B. Theoretical Derivation of the Circuit Impedance in Boost

In the proposed system, the boost is used in the RX to make
a constant output voltage. As shown in Fig. 33, RAC is the
resistance of the port EF, and RLeq is the resistance of the port
PQ. RL is the load. The internal resistance of LB is ignored.

For the rectifier circuit, the relationship between RAC and
RLeq can be easily obtained according to the energy conserva-
tion law, which can be expressed as follows:

RAC =
8

π2
·RLeq. (30)

Similarly, the relationship between RLeq and RL of the boost
converter can also be obtained according to the energy conserva-
tion law assuming there is no power loss in the boost converter.
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Fig. 34. (a) Waveform of the inductance in boost under CCM condition.
(b) Waveform of the inductance in boost under DCM condition.

However, the boost converter can operate at two modes: CCM
& DCM, which are determined by whether the inductor current
is falling to zero, as shown in Fig. 34.

1) CCM: When the boost converter operates at CCM, the
voltage between the inductance is VL, which can be expressed
as follows:

VL =

{
uB 0 < t < DTS

uB − uout DTS < t < TS.
(31)

Due to the average voltage of the inductor, the following
equation can be derived:∫ DTS

0

uB dt+

∫ TS

DTS

(uB − uout)dt = 0. (32)

The following equation can be calculated:

uout

uB
=

1

(1−D)
. (33)

According to the energy conservation law, the ratio of the
current can be obtained. As a result, the relationship between
RL and RLeq in CCM can be obtained as follows:

RLeq = (1−D)2RL. (34)

2) DCM: Similarly, when the boost converter operates at
DCM, the voltage between the inductance can be given as
follows:

VL =

⎧⎪⎨
⎪⎩

uB0 < t < DTS

uB − uoutDTS < t < (D +Δ)TS

0(D +Δ)TS < t < TS .

(35)

Due to the average voltage of inductor is zero in one period,
we can derive∫ DTS

0

uB dt+

∫ (D+Δ)TS

DTS

(uB − uout)dt = 0. (36)

The following equation can be calculated:

uout

uB
=

D +Δ

D
. (37)

The output voltage when the boost converter operates at DCM
can be expressed as follows:

uout =
1 +

√
1 + 2D2RLTS

LB

2
uB . (38)

According to the energy conservation law, the ratio of the
current can be obtained. As a result, the relationship between

RL and RLeq in DCM can be obtained as follows:

RLeq =
2LBRL

LB +D2RLTS +
√

LB
2 + 2D2RLTSLB

. (39)

In a word, the relationship of RAC, RLeq, and RL in both
CCM and DCM can be given as follows:

⎧⎪⎪⎨
⎪⎪⎩

RAC = 8
π2 ·RLeq = 8

π2 · (1−D)2 ·RL CCM

RAC = 8
π2 ·RLeq

= 1
π2 · 16LBRL

LB+D2RLTS+
√

LB
2+2D2RLTSLB

DCM.

(40)
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