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Abstract—In general, misalignment in a wireless power trans-
fer system is inevitable, which decreases the efficiency of the sys-
tem. In this paper, a full-bridge dual resonant tank (FBDRT) topol-
ogy is proposed to improve the system efficiency under the lateral-
misalignment condition of a wireless power transfer system. The
topology with two transmitters connected with two separate half
bridges is employed to deliver power to the load. Operating princi-
ple, efficiency, current, power, and soft-switching region of the pro-
posed method are analyzed in detail, and a comparison is drawn
in with the traditional series–series topology. Theoretical analysis
shows that the equivalent impedance of the transmitters can be ad-
justed, utilizing the phase-shift modulation. The proposed method
holds a higher efficiency and a wider soft-switching region when the
phase is selected reasonably. A 100 W prototype is built to validate
the feasibility of the proposed topology. The efficiency of FBDRT is
always higher than 88.3% with an improvement of 6.8%, compared
with that of the traditional SS topology when the lateral misalign-
ment increases from 0 to 200 mm (0%–50% of maximum coil size).

Index Terms—Efficiency, full-bridge dual resonant tank, phase-
shift modulation, soft-switching, wireless power transfer.

I. INTRODUCTION

W IRELESS power transfer (WPT) based on magnetic
coupling has been successfully employed in many ap-

plications, such as biomedical implants [1], underwater power
supplies [2], mobile phones [3], electric vehicles [4]–[7], and
even trains [8]. Among different performance parameters, effi-
ciency has drawn the most attention from researchers [9], [10].

A WPT system, with a variable resistance of the load and a
single transmitter (TX) and receiver (RX) will impact the effi-
ciency of the system drastically. As a result, many researchers
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have focused on altering the equivalent load resistance to the
optimal resistance in real time. For example, a dc–dc converter
is used in the RX [11]–[13], and the equivalent load is changed
to achieve a higher efficiency. However, such methods result in a
complicated system. To avoid an additional dc–dc converter, the
work [14] proposes a semi-bridge rectifier with which the max-
imum efficiency is achieved by pulse width modulation. Simi-
larly, phase-shift modulation (PSM) of the rectifier is proposed
in [15] to match the optimal load resistance. Nonetheless, the
soft-switching characteristics of these systems are not studied
in detail.

Multiple TXs can simultaneously operate for one RX, and
the efficiency is increased in a specific space [16]–[19]. How-
ever, if the RX is close enough to a specific TX, the two-TX
system might perform with a lower efficiency than the one-TX
system [20]. Current in each TX can be adjusted to increase the
system’s efficiency [21], [22]. Current-controlled transmitting
coils are proposed in [21], where a magnetic field is focused
arbitrarily. Similarly, the current in TXs located at an arbitrary
position can be adjusted by changing the amplitude ratio and
phase difference of two TXs [22]. These results are summa-
rized in [18], where the two-TX system was investigated under
lateral-misalignment condition. The experiment shows that the
coil current ratio should be equal to the coupling coefficient ratio
to obtain the highest efficiency. However, these methods about
multiple TXs systems not only complicate the system but also
increase its cost.

A new dual-active-bridge, series resonant converter (DBSRC)
with a dual tank is proposed in [23], and it beats the traditional
DBSRC by optimizing the tap coefficient x of a tapped trans-
former. Such a structure can widen the zero voltage switching
(ZVS) region and improve the efficiency through PSM, when the
tap coefficient x changes. This paper implements this topology
into a WPT system known as a full-bridge dual resonant tank
(FBDRT), and its principle is transformed into the series-series
(SS) topology with one TX under well-aligned condition. Even
if the position of the RX changes, the proposed system presents
a higher efficiency and a wider soft-switching region than the
traditional SS topology.

This paper investigates the theoretical analysis of the optimal
phase shift angle of a two-TX system, where the coupling be-
tween each TX and RX is different. The criterion for selecting a
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Fig. 1. (a) Traditional series-series topology. (b) The proposed FBDRT
topology.

phase shift angle at a certain position is studied to maximize
efficiency. The topology and the principle of the proposed
FBDRT are discussed in Section II. The system’s modeling
and its efficiency are derived and compared to the traditional
SS topology in Section III. Section IV gives the current and
power analysis of the proposed FBDRT. In Sections V and VI,
soft-switching behavior and experimental results are given, re-
spectively. The conclusion of the proposed work is drawn in
Section VII.

II. TOPOLOGY AND PRINCIPLE ANALYSIS

Fig. 1(a) shows the traditional SS topology in a WPT system
which is energized by MOSFETs Q1–Q4 and its antiparallel diodes
in the TX. On the RX side, there are four diodes D5–D8, which
can convert alternating current into direct current, while CS is
a capacitor stabilizing the input voltage. Ct (Cr) and Lt (Lr)
are the compensation capacitor and self-inductance of the coil
in TX and RX, respectively. The input voltage is Vg , whereas
the load is RL.

Fig. 1(b) represents the proposed FBDRT topology in a WPT,
which has two symmetrical TXs with a single converter. The
proposed approach requires splitting of the TX into two equal
parts by connecting a wire in the middle of the TX. u1 (u2) is the
voltage between points A and B. The variable ip1, ip2, and is
are the currents in TX1, TX2, and RX, respectively. The positive
direction of currents and voltages is provided in Fig. 1(b).

Fig. 2(a) demonstrates the structure of the traditional cou-
pling model where the numbers of turns of the transmitting and
receiving coils are NP and NS , respectively. Fig. 2(b) shows
the coupling model of the FBDRT, where the transmitting coil
Lt is divided into two coils, namely L1 and L2, and the turns of

Fig. 2. (a) The structure of coupling model in the traditional SS topology.
(b) The structure of the coupling model in the proposed FBDRT.

Fig. 3. Operating waveform of the proposed FBDRT.

FBDRT are equal to that of the traditional SS topology, such as
Np1 = Np2 = NP andNs = NS . The central tap of the trans-
mitting coil and the midpoint (S) of the two slip capacitors are
connected.

TX and RX are set to the same resonant frequency f. As shown
in Fig. 3, uQ1, uQ2, uQ3, and uQ4 are the driving signals in Q1–
Q4. Two MOSFETs in one active bridge have a complemental sig-
nal, with 49.5% duty ratio (because of dead-band time). θ is the
phase shift angle between two active bridges in TX. Therefore,
there are ten states in one working period, which are analyzed
as follows.

A. Interval 1: Before t0

As shown in Fig. 4(a), only Q3 is conducted at t0 due to the
dead-band time. Both the resonant currents, ip1 and ip2, are
negative. The current ip1 begins at point S and goes through
C1 and D1. The resonant tank 1 regenerates energy to CS1.
The current ip2 starts from point S and goes through CS1, Q3,
and C2. Capacitor CS1 transfers energy to the resonant tank 2.
During this period, both ip1 and ip2 will decrease in the negative
direction.
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Fig. 4. Operating principle of the FBDRT in each interval: (a) Interval 1:
before t0. (b) Interval 2: t0–t1. (c) Interval 3: t1–t2. (d) Interval 4: t2–t3.
(e) Interval 5: t3–t4. (f) Interval 6: t4–t5. (g) Interval 7: t5–t6. (h) Interval 8:
t6–t7.

B. Interval 2: t0–t1

According to Fig. 4(b), the directions of the resonant currents
(ip1 and ip2) do not change. The current ip1 decreases to zero
and Q1 is switched ON with ZVS. Resonant tank 1 feeds energy
to CS1, and in turn, CS1 delivers energy to tank 2. ip1 and ip2
will continue to decrease in the negative direction.

C. Interval 3: t1–t2

As shown in Fig. 4(c), Q1 and Q3 are conducting during t1–t2.
The resonant current ip1 is positive, while ip2 is negative. The
current ip1 begins at point S and goes through CS1, Q1, and C1.
Capacitor CS1 transfers energy to resonant tanks 1 and 2. ip1
increases in a positive direction while ip2 continues to decreases
in a negative direction.

D. Interval 4: t2–t3

During period t2 to t3 as shown in Fig. 4(d), the directions
of the resonant currents ip1 and ip2 do not change, an dip1 is
positive while ip2 is negative. Q4 is switched ON with ZVS at t2

Fig. 5. The equivalent circuit of the FBDRT in WPT.

and the current ip2 decreases to zero at t3. CS1 transfers energy
to resonant tank 1 while resonant tank 2 regenerates energy to
CS2. ip1 increases in a positive direction while ip2 decreases in
a negative direction.

E. Interval 5: t3–t4

As shown in Fig. 4(e), the direction of resonant current ip1
does not change, whereas ip2 becomes positive. The current i2
begins at point S and goes through C2 and Q4. The capacitors
CS1 and CS2 transfer energy to resonant tanks 1 and 2.

F. Interval 5: t4–t5

In this interval, both the resonant currents do not change di-
rections, and Q2 is switched ON with ZVS at t4. The current ip1
begins from point S and goes through the capacitorCS2, D2, and
C1. Resonant tank 1 regenerates energy to capacitor CS2, and
in turn, CS2 delivers energy to resonant tank 2. As a result, ip1
will decrease while ip2 will increase.

G. Interval 6: t5–t6

In this interval, resonant current ip1 changes the direction.
The current ip2 begins from point S and goes through C1, Q2,
and CS2. Meanwhile, capacitor CS1 delivers energy to resonant
tanks 1 and 2.

H. Interval 6: t6–t7

Fig. 4(h) shows the condition from t6 to t7. The direction of
resonant currents ip1 and ip2 does not change, and Q3 is switched
ON with ZVS at t6. Capacitor CS2 transfers energy to resonant
tank 1, and resonant tank 2 regenerates energy to the capacitor
CS1.

Similarly, t7–t10 can be analyzed in the same manner as t0–t6.
FBDRT can realize the ZVS condition in TX (Q1–Q4) if the
voltages u1 and u2 are ahead of the currents, ip1 and ip2.

III. MODELING AND EFFICIENCY ANALYSIS

A. Modeling of the FBDRT

The FBDRT’s equivalent circuit is shown in Fig. 5 to analyze
its characteristics. r1, r2, and r3 are the parasitic resistances of
TX1, TX2, and RX, respectively. Mij is the mutual inductance
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between Li and Lj (i, j�[1, 3] and i � j). For simplification
purposes, the parasitic resistances of the capacitors and skin
effect of the Litz wire are ignored.

The TX can be seemed as being driven by two AC voltage
sources U̇1 and U̇2, which have the same amplitude but differ-
ent phase shift angles (θ). The following equation shows the
relationship between U̇1, U̇2, and Vg:{

U̇1 =
2Vg

π ∠0 = U∠0
U̇2 =

2Vg

π ∠θ = U∠θ.
(1)

The voltages U̇1, U̇2 and the currents İp1, İp2, and İs are as-
sumed to be sinusoidal. According to Kirchhoff’s Voltage Law,
the matrix equation can be obtained as follows:⎡
⎢⎣

Z1 jωM12 −jωM13

jωM12 Z2 −jωM23

−jωM13 −jωM23 Z3

⎤
⎥⎦ ·

⎡
⎢⎣
İp1

İp2

İs

⎤
⎥⎦ =

⎡
⎢⎣ U̇1

U̇2

0

⎤
⎥⎦ .

(2)

ω is the angular frequency of the system, and the system’s
frequency is set at f= 85 kHz. Z1, Z2, and Z3 are the impedances
of each resonant tank while TXs have the same structure as in
Fig. 2. The parameters are given in (3).{

Z1 = Z2 = r + ωL+ 1
jωC

Z3 = r3 +RL + ωL3 +
1

jωC3
.

(3)

The relationship between inductors and capacitors of resonant
tanks are described by

ωLi +
1

jωCi
= 0, i = 1, 2, 3. (4)

The currents in TXs and RX can be solved according to (2),
as follows:⎧⎪⎨
⎪⎩

İp1 = U
ε · [(c+ dj) sin(θ) + (d− cj) cos(θ) + (α+ βj)]

İp2 = U
ε · [(e+ fj) sin(θ) + (f − ej) cos(θ) + (d− cj)]

İs =
U
ε · [(a+ bj) sin(θ) + (b− aj) cos(θ) + (g + hj)]

(5)

where the symbols are given in the Appendix.

B. System Efficiency Analysis

The power equations of the FBDTR can be written as (6), in
which Pin1 and Pin2 (Pout) are the power delivered (received)
by TX1 and TX2 (RX), respectively.⎧⎪⎨
⎪⎩

Pin1 = 1
2 · Re(U̇1 · İ∗p1) = U2

2ε [c sin(θ) + d cos(θ) + α]

Pin2 = 1
2Re(U̇2 · İ∗p2) = U2

2ε [d cos(θ)− c sin(θ) + f ]

Pout =
1
2 İs · İ∗s ·RL = U2

2ε [A sin(θ) +B cos(θ) + C]

(6)

where⎧⎨
⎩

A = 2rRLω
3M12(M13

2 −M23
2)

B = 2RLω
2M13M23(r

2 + ω2M12
2)

C = RLω
2(M13

2 +M23
2)(r2 + ω2M12

2).

TABLE I
PARAMETERS OF FBDRT FOR SIMULATION

Fig. 6. (a) The mutual inductance of the FBDRT (M12, M13, and M23) and
the traditional SS topology (M). (b) The coupling coefficient of the FBDRT (k12,
k13, and k23) and the traditional SS topology (k).

The input power can be written as Pin = Pin1 + Pin2. There-
fore, the system efficiency (η) can be obtained as

η =
Pout

Pin
=

A sin(θ) +B cos(θ) + C

2d cos(θ) + α+ f
. (7)

According to (7), η has no relationship to the input voltage
Vg while it is a function against the mutual inductances M12,
M13, M23, and θ. There exists a maximum value of η at a certain
misalignment while θ is varying from 0 to 2π. Equation (8) takes
the derivative of η (θ).

dη

dθ
=

A(f + α)cos(θ) + (2dC −Bα−Bf)sin(θ) + 2dA

[2dcos(θ) + α+ f ]2
.

(8)

Equation (8) equals to zero so that η obtains a maximum value
(ηmax) on condition that θ = θmax. θmax is a function of mutual
inductance and misalignment distance (d), as shown in (9).

θmax = f(M12,M13,M23) = g(d). (9)

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

As the RX moves horizontally, the mutual inductances of the
FBDRT and the traditional SS topology will change, which can
be obtained by ANSYS MAXWELL. Results show that the vari-
ation of M13 and M12 are very small compared to that of M23

so that M13 and M12 can be viewed as constants to simplify
the operation. M can be regarded as the sum of M13 and M23.
Fig. 6 shows the variations of the mutual inductance and the
coupling coefficient, when the RX moves horizontally towards
TX1, kij = Mij/

√
LiLj (i, j = 1, 2, 3).

System’s efficiency versus angle θ with different d is shown in
Fig. 7. FBDRT can maintain maximum efficiency with different
misalignment distances by using the optimized θ. At a certain
misalignment, the efficiency of the system is related to θ and load
RL. Fig. 8 shows the efficiency variation when the misalignment
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Fig. 7. Efficiency varying with θ at the different level position (RL = 40).

Fig. 8. Efficiency varying with θ and the load RL when d = 60 mm
(k13/k23 = 1.8).

distance is 60 mm (k13/k23 = 1.8), and there exist an optimal
load RL and angle θ.

M13 will be equal to M23, on condition that d = 0, so that
the current in TXs will be same. Therefore, the middle wire that
connects point S with the transmitting coil can be taken away
to make it like a traditional SS topology. The parameters of the
main components are shown in (10).

⎧⎨
⎩

M = M13 +M23

M12 = 0
ϕAB = 0.

(10)

Taking these parameters into (7), the paper gives the efficiency
of the traditional SS topology

ηt =
Pout

Pin
=

ω2M2RL

(r3 +RL)[2(r3 +RL)r + ω2M2]
. (11)

Fig. 9 shows the maximum efficiency curve of FBDRT and
traditional SS topology with different misalignment conditions,
where the loads are 40, 80, and 120 Ω, respectively. FBDRT can
maintain a higher efficiency utilizing PSM, while the efficiency
of traditional SS topology decreases rapidly.

Fig. 9. Efficiencies of FBDRT compared with traditional SS topology.

Fig. 10. The condition and the progress of moving the RX to TX1.

TABLE II
TOLERANCE LIMITATION OF FBDRT

C. The Range of Misalignment

It is necessary to illustrate the range of misalignment tol-
erance, and the event can be analyzed as three processes, as
shown in Fig. 10. The mutual inductance will fluctuate in the pro-
cess of moving so that the PSM should be adopted to distribute
the energy transferred by two TXs which undertake the same
energy transmission in condition 1. TX1 will work as the main
energy transmission channel with RX close to TX1 and vice
versa. However, such method has a tolerance limitation, as
shown in Table II.

In order to verify the range of misalignment, the mutual induc-
tance at a different position is taken into (7), and the efficiency
curves can be drawn as Fig. 11, where the loads are 40, 80, and
120 Ω, respectively.

According to Fig. 11, the range of misalignment can be sum-
marized as −a ≤ d ≤ a, where a is the size of the transmitting
coil (a = 200 mm).
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Fig. 11. Efficiencies of FBDRT under misalignment condition (a = 200 mm).

Fig. 12. The value of M12 when two transmitting coils are placed in different
positions.

D. The Effect of M12 on Efficiency

The mutual inductance between TXs (M12) will influence the
efficiency. In order to illustrate the relationship between the sys-
tem’s efficiency and M12, the paper introduces the BPP structure
which consists of two identical, partially overlapped and mutu-
ally decoupled coils [24]. 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 de-
pends on the extent of overlap, as shown in Fig. 12.

l is the length of the overlap of the two coils. There is no
change in coil size so that the fluctuation of M13 and M23 is very
small when the transmitting coils are placed in Fig. 12.

The previous theoretical derivation was based on no overlap-
ping between the transmitting coils, as shown in Fig. 12(a). Take
the value of M12 into (7), and the efficiency versus phase shift
angle θ at different misalignment conditions can be shown as
follows.

According to Fig. 13(a), the maximum efficiency is the same
under well-aligned condition (d = 0 mm) while it will drop
down with M12 decrease when the lateral misalignment occurs,
as shown in Fig. 12(b). Namely, the system will get a better
condition if M12 is greater.

Furthermore, the extreme value of efficiency is unrelated to
the phase shift angle θ, when two transmitting coils are decou-
pled (M12 = 0). Therefore, the efficiency will get its maximum
value when θ = 0, as shown in Fig. 14.

Fig. 15(a) shows the maximum efficiency curves of FBDRT
with different misalignment conditions where M12 is 0, 2.5, and
5 μH, respectively. Fig. 15(b) shows the efficiencies of FBDRT

Fig. 13. (a) Efficiency varying with θ and M12 (d = 0 mm). (b) Efficiency
varying with θ and M12 (d = 100 mm).

Fig. 14. Efficiency varying with θ when transmitting coils are decoupled (M12

= 0) when the lateral misalignment occurs.

Fig. 15. (a) Efficiencies of FBDRT under the different value of M12 (RL =
40Ω). (b) Efficiencies of FBDRT varying with M12 at three positions (RL =
40Ω).

varying with M12 at three positions, and efficiency is improved
significantly when M12 increases.

IV. CURRENT AND POWER

A. Current in FBDRT and Traditional SS Topology

According to (5), the rms value of currents in FBDRT can be
derived as follows:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Ip1 =
|İp1|√

2

Ip2 =
|İp2|√

2

Is =
|İs|√

2
.

(12)
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Fig. 16. (a) The current variation of transmitters in the proposed FBDRT and
the traditional SS topology. (b) The current variation of receivers in the proposed
FBDRT and the traditional SS topology.

Fig. 17. The variation of the power in FBDRT.

Similarly, according to (10) and Kirchhoff’s Voltage Law, the
rms currents in traditional SS topology can be described as

⎧⎨
⎩ IP =

√
2U(r3+RL)

2(r3+RL)r+ω2M2

IS =
√
2ωMU

2(r3+RL)r+ω2M2 .
(13)

IP and IS are the rms current of the transmitting coil and
the receiving coil in the traditional SS topology. In both tradi-
tional SS topology and proposed FBDRT topology, the currents
in transmitters and receiver will increase under the misalign-
ment condition because of the fluctuation of mutual inductance,
as shown in Fig. 16.

Fig. 16(a) shows the currents variation of transmitters in FB-
DRT and traditional SS topology, respectively, while Fig. 16(b)
shows that of receivers. When the RX is close to TX1, TX1 will
serve as the main energy transmission channel so that the current
in TX1 will increase through the proposed PSM. However, the
currents in the traditional SS topology are uncontrollable, and
the variation in currents of the traditional SS topology is bigger
than that of the proposed FBDRT topology apparently. Namely,
the proposed FBDRT has better constant current characteristics,
and the current stress can be lightened.

B. Power in FBDRT

According to (6), Pin1, Pin2, and Pout of FBDRT are shown
in Fig. 17. It is clear that the variation trend of power is the same
as that of currents.

Fig. 18. (a) Voltage and current waveform of one leg. (b) Voltage and current
waveform of TX1 and TX2.

Fig. 19. ZVS condition of the proposed FBDRT: (a) ZVS for leg A when
level position varies from 0 to 200 mm (region A is the ZVS region for leg A),
(b) ZVS for leg B (region B is the ZVS region for leg B).

V. ANALYSIS OF SOFT-SWITCHING

Both the proposed FBDRT topology and the traditional SS
topology have two bridge legs in the inverter. Each bridge leg in
TX has an equivalent circuit. Fig. 18(a) gives the ZVS condition
for one leg, whereas Vn(t) is the voltage of the point N. In [23],
the ZVS condition for one leg is given as iX1 > 0, iX2 < 0.

The proposed FBDRT has two TXs. The relationship between
the voltage and current in two TXs is shown in Fig. 18(b). It can
be found that if ui is ahead of ipi (i = 1, 2), legs A and B can
work in a ZVS condition.⎧⎨

⎩
ϕ1 = arg( U̇1

İp1
) > 0

ϕ2 = arg( U̇2

İp2
) > 0.

(14)

The phase angles ϕ1 and ϕ2 between the voltage and the
current in two TXs can be expressed as (12), which gives the
ZVS condition of legs A and B.

With the increase of d, ZVS condition changes due to the vari-
ation of the mutual inductance and θ. The mutual inductance
(Fig. 6) can be substituted into (12), and the ZVS condition
is recalculated. Fig. 19(a) shows the relationship between the
ZVS region of leg A and the maximum efficiency curve at dif-
ferent positions. Black lines are the boundaries of ZVS region,
while the red line is the maximum efficiency curve at a different
position.

Similarly, region B is also a ZVS region and black lines are
the boundaries in Fig. 19(b). It can be found that both legs A
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TABLE III
ZVS CONDITION OF FBDRT IN DIFFERENT POSITIONS

Fig. 20. The experimental setup.

TABLE IV
PARAMETERS OF FBDRT FOR EXPERIMENT

and B have different ZVS regions. The conclusion of the ZVS
of FBDRT is drawn in Table III.

VI. EXPERIMENT RESULTS

As shown in Fig. 20, a prototype WPT system is set up
to verify the proposed topology according to the parameters
in Table IV. SiC MOSFETs (C2M0160120D) are chosen as the
switches in the inverter. There is only one inverter with a single
dc input source (IT6526D) in TX. The gate drives the signal, and
the PSM is generated by the STM32F103. The RX coil is con-
nected to the rectifier and an electronic load (IT8818BS) serves
as a load resistor. The air gap between the TX and RX is 6.0 cm,
while RX is covered with ferrite cores.

The appearance of TX and RX is shown in Fig. 21(a). The
dimensions of TXs and RX are 20 cm × 20 cm and 20 cm ×
40 cm, respectively. The turns of TX and RX coils are equal,
i.e., Np1 = Np2 = Ns = 17. The measured parasitic resistance
is 0.4 Ω of one transmitting coil and 0.6 Ω of the receiving coil.
The coil is wounded by Litz wire of 3 mm × 600 strands. The
mutual inductance with misalignment of FBDRT is shown in
Fig. 21(b).

Fig. 21. (a) Coils in the TXs and the RX of FBDRT. (b) The FBDRT’s mutual
inductance with misalignment.

Fig. 22. (a) The efficiency curves of FBDRT with RL = 40Ω. (b) The effi-
ciency variation about FBDRT with PSM, FBDRT without PSM, and traditional
SS topology at different positions.

Fig. 22(a) gives the efficiency curves of FBDRT with RL =
40Ω. The RX is placed at 0, 60, 120, and 200 mm from TXs,
while θ changes from 0 to π/2. The maximum efficiency is dif-
ferent in every curve. Fig. 22(b) gives the maximum efficiency
curve of FBDRT with PSM, without PSM in FBDRT, and with
traditional SS topology. The performance of FBDRT with PSM
is better than that of the traditional SS topology. For the FBDRT,
the maximum efficiency is 94.13% when d= 0 and is higher than
88.3%, provided the RX moves from 0 to 200 mm.

The BPP structure is introduced in this experiment, and the
mutual inductance between the two coils (M12) depends on
the extent of overlap, as shown in Fig. 12. However, it is im-
possible to decouple the two coils completely in the experiment.
The efficiency versus phase shift angle θ is measured where M12

is 0.22, 2.45, and 4.82 μH, respectively, as shown in Fig. 23.
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Fig. 23. (a) Efficiency varying with θ and M12 (d = 0 mm). (b) Efficiency
varying with θ and M12 (d = 100 mm).

Fig. 24. Efficiencies of FBDRT under the different value of M12 (RL =
40Ω).

Fig. 25. The variation of the power in FBDRT.

Fig. 24 shows the maximum efficiency curves of FBDRT with
different misalignment conditions where M12 is 0.22, 2.45, and
4.82 μH, respectively. The efficiency will drop sharply if M12

decreases.
Fig. 25 shows the power variation of TX1, TX2, input, and

output in FBDRT. When the RX is close to TX1, TX1 will serve
as the main energy transmission channel so that the current in
TX1 will increase through the proposed PSM.

The experimental waveforms of voltages u1, u2, and currents
ip1, ip2 can be seen in Fig. 26, with the operating conditions of
Vg = 80 V, RL = 40Ω, and d = 120 mm. Currents in TX1 and
TX2 are unbalanced when θ= 0° and the switching loss is high.
Leg A will realize ZVS condition and the switching loss of leg
B will be smaller when θ = 55°. The efficiency can reach its

Fig. 26. (a) The experimental waveforms of voltages u1, u2, and currents
ip1, ip2 when d = 120 mm and θ = 0°. (b) The experimental waveforms of
voltages u1, u2, and currents ip1, ip2 when d = 120 mm and θ = 55°. (c) The
experimental waveforms of voltages u1, u2, and currents ip1, ip2 when d =
120 mm and θ = 80°.

maximum value of 90.2% at θ = 80°. Legs A and B can both
realize ZVS at maximum efficiency.

The system is inevitably disturbed in practical applications,
which causes the voltage fluctuation at point S, and the rms
values of U1 and U2 are not the same. Therefore, it is necessary
to analyze the voltage fluctuation at point S.

The initial voltages of the CS1 and CS2 are set to the different
values, and the voltage of CS2 is equal to that of point S. Fig. 27
shows the voltages fluctuation of UCS1, UCS2, and US . The
initial voltages of CS1 (CS2) are set to 30 V (30 V) and 20 V
(40 V), respectively (between point O and point A). The system
starts running at point A, and the voltage at point S (US) does
not change within the time of observation (128 and 132 s).
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Fig. 27. (a) The voltages fluctuation value ofUCS1,UCS2, andUS (UCS1 =
UCS2 = 30 V). (b) The fluctuation value of the UCS1, UCS2, and US

(UCS1 = 20 V, UCS2 = 40 V).

Fig. 28. The improved topology to balance the voltage of CS1 and CS2.

Though the rms values of U1 and U2 are not always the same,
the system will not crash if the S-point voltage fluctuates. It is
necessary to balance the voltage on the two capacitors (CS1 and
CS2) so that the proposed theoretical derivation can work.

The method which can balance the voltages at point S can be
shown as Fig. 28. The two resistors are paralleled at CS1 and
CS2, and the resistance of RS1 and RS2 is equal. The parallel-
ing resistors provide an energy path when the voltage fluctuates
between the two capacitors (CS1 and CS2).

The waveform is shown in Fig. 29. During point O and point
A, the initial voltage ofCS1 andCS2 is 40 and 20 V, respectively.
At point A, the system begins to operate, and the voltage of the
two capacitors is unequal. At point B, the switches S1 and S2

Fig. 29. The voltage fluctuation of CS1 and CS2 when d = 100 mm.

turn on so that the voltage at point S can be balanced. In the
experiment, RS1 and RS2 are all 5.1 kΩ, and CS1 and CS2 are
470 μF. The power loss of the resistance is about 0.35 W in
the experiment, which shows the little effect on the system’s
efficiency (the output power of the system is above 100 W).

The voltage balance time is related to the value ofCS1, (CS2),
and RS1, (RS2), and the time constant τ can be defined as
follows:

τ=RS1 · CS1=RS2 · CS2. (15)

The voltage balance time will be longer if τ gets a large value.
In this experiment, the voltage balance time is about 5 s.

VII. CONCLUSION

In this paper, FBDRT topology is proposed to improve ef-
ficiency when lateral misalignment occurs in a WPT system.
According to the theoretical analysis, PSM is applied to TXs,
and ZVS condition can be achieved. The equivalent impedance
of two TXs is adjusted at different positions, and there is an
obvious improvement in efficiency compared to the traditional
SS topology. The proposed method is validated by a 100 W
experimental prototype. The experimental results show that the
efficiency in comparison to the traditional SS topology is always
higher than 88.3% with an improvement of 6.8% when the RX
moves from 0 to 200 mm (0%–50% of maximum coil size).

APPENDIX

Symbols in Section III can be written as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

ε = [(r3 +RL)(ω
2M12

2 + r2) + rω2(M13
2 +M23

2)]
2

+4ω6M12
2M13

2M23
2

α = [ω2M23
2 + r(r3 +RL)][rω

2(M13
2 +M23

2)

+ (r2 + ω2M12
2)(r3 +RL)]

β = 2ω3M12M13M23[ω
2M23

2 + r(r3 +RL)]

(A.1)
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⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

a = −rωM23[rω
2(M13

2 +M23
2) + (r2 + ω2M12

2)(r3 +RL)]− 2ω5M12
2M13

2M23

b = ω2M12M13[rω
2(M13

2 −M23
2) + (r2 + ω2M12

2)(r3 +RL)]

c = ωM12(r3 +RL)[rω
2(M13

2 +M23
2) + (r2 + ω2M12

2)(r3 +RL)] + 2ω5M12M13
2M23

2

d = −ω2M13M23[rω
2(M13

2 +M23
2) + (r2 − ω2M12

2)(r3 +RL)]

(A.2)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

e = −2ω3M12M13M23[ω
2M13

2 + r(r3 +RL)]

f = [ω2M13
2 + r(r3 +RL)][rω

2(M13
2 +M23

2) + (r2 + ω2M12
2)(r3 +RL)]

g = ω2M12M23[rω
2(M23

2 −M13
2) + (r2 + ω2M12

2)(r3 +RL)]

h = rωM13[rω
2(M13

2 +M23
2) + (r2 + ω2M12

2)(r3 +RL)] + 2ω5M12
2M13M23

2

(A.3)
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