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Abstract—To improve the misalignment tolerance of wireless
power transfer (WPT) systems, two or more transmitting coils
are generally required with independent control. The independent
control of multiple coils usually needs the multiple inverters or
additional switches, which increases the size and component count
of the WPT system. In this article, a WPT system with novel TX
coil driving circuit is proposed for high misalignment tolerance and
low component count. The proposed circuit allows a single inverter
with only two switches to control the magnetic field of two TX coils
independently, which helps achieve the low component count and
compact size. In the propose WPT system, two decoupling square
coils are adopted as the bipolar transmitter and each of the coil is
driven by one switch. When the receiving coil is misaligned, the two
coils of the transmitter can distribute the output power according to
the different positions of the receiving coil by the proposed driving
circuit, thus ensuring a fixed total output voltage, namely high
misalignment tolerance. Moreover, the detailed theoretical analysis
and design approach are given in this article and the proposed
circuit is compared with the existing approaches. A 1 MHz WPT
prototype is built for verification purpose, and the constant output
voltage can be achieved within a coil misalignment of −6 to 10 cm.

Index Terms—High misalignment tolerance, low component
count, two-coil driving circuit, zero voltage switching.

I. INTRODUCTION

W IRELESS power transfer (WPT) is the technology with
great potential, makes the transmission methods and

applications of electric energy more diverse and extensive [1].
WPT technology can use magnetic field, electric field, mi-
crowave, laser, and other means of transmit power without
external physical connections. At present, WPT is widely used
in electric vehicle [2], [3], portable devices [4], medical [5],
rail transportation [6], aerospace [7], ocean exploration [8], and
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household appliances [9], because of its high security, conve-
nience, flexibility, and unnecessity of bulky cable and heavy
plugs.

Currently, most of the WPT systems adopt magnetic field
coupling method, i.e., two coils transmit energy through mag-
netic coupling. The shape, size, and position of the two coils
will affect the strength of the magnetic coupling, which will
affect the transmission capability of the WPT system. Generally,
the magnetic coupling of the two coils is strongest when they
are aligned. However, misalignment between the two coils is
almost inevitable in a real WPT application, which may result
in poor energy transfer capacity and efficiency [10], [11]. In
order to improve the misalignment tolerance of the WPT system,
many works are discussed, e.g., the coupling coils with uniform
magnetic coupling, circuit topologies, and control methods for
constant output, among, which the most straightforward way
is optimizing the coupling coils. Pang et al. [12] discussed a
double D (DD) coil with the same current direction between
two D coils, which produces a single-sided flux, which is twice
as large as the flux of a circular coil. However, the magnetic
field type of the DD coil results in ineffective energy transfer
at some position of the coil, i.e., null power point. To solve
this issue, a spatial quadrature coil is added to the DD coil,
named the DD quadrature (DDQ) coil [13], which can pick up
the polarized flux generated by DD coil. However, the DDQ coils
require the complex coil structure and driving circuit design,
and low material utilization. In [14], a decoupled multicoil
structure, namely bipolar (BP) coil, is introduced, which has
the same characteristics as DDQ coil. Compared to DDQ coil,
BP coil exhibits better interoperability features with improved
material utilization and is simple to drive due to the identical
coil structure. In addition, there are quadruple D (QD) [15], QD
quadrature (QDQ) [9], DD two quadrature (DD2Q) [16], tripo-
lar pad [17], and multicoil structures with high misalignment
tolerance in multiple directions.

For the abovementioned high misalignment WPT design with
multiple coils, multiple inverters are usually required to control
the coils independently to generate the magnetic field prop-
erly, resulting in high component count and cost, large circuit
size, and low reliability of the system. Li et al. [18] presented
a wireless charging system based on compact and integrated
double-sided decoupled coils, which adopting two transmitter
and receiver. In [19], a decoupling control method is proposed
so that two WPT power modules can achieve independent output
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control and, thus, be free from cross-coupling effects. However,
these methods use separate inverters to control each coil inde-
pendently, which may increase WPT system complexity and
component count. To reduce the use of inverters and devices,
an input-parallel single-switch wireless power transfer system
is present in [20], which allows each coil to be controlled
individually by one switch. Zhang et al. [21] introduced a
novel quadrature coil and a converting circuit, which allows
the coupler structure to be adjusted according to the relative
position of the coils on both sides. This scheme adjusts the
two identical DD coils overlapping 90° by means of a control
switch to operate at optimum efficiency or power. In [22], a
series of hybrid topologies are proposed, in which two coils
are connected in series or in parallel within the same resonant
circuit. This approach allows one full-bridge inverter to exploit
the difference in the effect of mutual inductance on the output,
thus achieving a constant output over a wide range. Ge et al. [23]
proposed a dual-independent-output inverter, which can drive
two coils independently by two controllable outputs. However,
these circuits have one of the problems, such as additional
components requirement, high voltage stress of switch, high
complexity, incapability for independently multicoil control.

Therefore, design of a WPT system with high misalignment
tolerance and simple coil-driving circuit is of great significance.
In this article, a WPT system with novel TX coil driving circuit
is proposed for high misalignment tolerance and low component
count. The proposed circuit allows a single inverter with only
two switches to control the magnetic field of two TX coils
independently, which helps achieve the low component count
and compact size. In the propose WPT system, two decoupling
square coils are adopted as the bipolar transmitter and each
of the coil is driven by one switch. When the receiving coil
is misaligned, the two coils of the transmitter can distribute
the output power according to the different positions of the
receiving coil by controlling the two switches, thus ensuring a
fixed total output voltage, namely high misalignment tolerance.
Compared with the half bridge topology, the proposed circuit
can drive two coils and control their power independently for
high misalignment tolerance by only two switches. Compared
with the single switch topologies, e.g., the Class E inverter,
the proposed circuit has no need of inductors and lower switch
voltage stress due to its Qusi-square wave drain source voltage.

This article presents the operating modes, power distribution
control, misalignment characteristics, ZVS operation, and pa-
rameter design of the proposed WPT system and coil driving
circuit. The system performance with varying load condition and
coil misalignment is investigated theoretically and experimen-
tally, and the proposed circuit is compared with other schemes
in terms of misalignment tolerance and component count, to
validate the advantages of the proposed WPT system and circuit.

II. PROPOSED TX COIL DRIVING CIRCUIT

A. Circuit Topology

In this article, a novel TX coil driving circuit is proposed for
WPT application, which allows a single inverter with only two

Fig. 1. Proposed TX coil driving circuit for WPT system.

Fig. 2. Key waveforms of the proposed two-coil driving circuit.

switches to control the magnetic field of two TX coils inde-
pendently, as shown in Fig. 1. Here, the compensation network
LT1-CT1 and the low-side switch Q1 form a single-switch LC
circuit to drive the transmitting coil LT1, the high-side switch
Q2 and clamp capacitor Cc form another single-switch branch to
drive the transmitting coil LT2 with the compensation network
C2-LT2-CT2. Due to the compensation networks LT1-CT1 and
C2-LT2-CT2, the switches Q1 and Q2 can also achieve the low
dv/dt operation, which is very similar with the operation of
single-switch Class E topology but with much lower switch
voltage stress compared with Class E topology.

As shown in Fig. 1, the two transmitting coils LT1 and LT2

can be independently controlled by adjusting the duty cycle and
phase of the low-side and high-side switches, and the two coils
worked as a decoupled bipolar transmitter. Here, the M1 and
M2 are the mutual inductances between transmitting coils (LT1

and LT2) and receiving coil (LR), and MT is the cross-coupling
between two transmitting coils, which is neglectable due to the
decoupled coil structure. And CR is the compensation capacitor
of the receiving coil.

The key waveforms of the proposed two-coil driving circuit
are shown in Fig. 2. Here, ugs1 and uds1 are the gate-source
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voltage and drain-source voltage of Q1, ugs2 and uds2 are the
gate-source voltage and drain-source voltage of Q2, iLT1 and
iLT2 are the current of the transmitting coil LT1 and LT2, iLR

is the current of the receiving coil LR, uCT1 and uCc are the
voltage of compensation capacitor CT1 and clamp capacitor Cc,
D1 and D2 are the duty cycle of Q1 and Q2, T is the switching
period, and d is the dead time. As shown in Fig. 2, the proposed
circuit can achieve ZVS turn ON and low dv/dt operation of two
switches.

B. Operation Principle

The operation process of the proposed two-coil driving circuit
can be divided into 11 modes, as shown in Fig. 3. It can be given
as follows.

Model 1 [t0-t1]: At time t0, the gate-source voltage ugs1
becomes a high level, the low side switch Q1 is turned ON. With
the input voltage charges the transmitting coil LT1 through Q1,
the current of the transmitting coil LT1 gradually rises from zero.
The transmitting coil LT2 charges clamp capacitor Cc. At time
t1, the voltage uCc increases to the maximum and the current
iLT2 becomes zero.

Model 2 [t1-t2]: The current iLT1 and iLT2 increases grad-
ually, and the capacitor Cc charges the coil LT2 in reverse. At
time t2, the current iLT2 increases to the maximum.

Model 3 [t2-t3]: The current of Q1 decreases to zero gradually,
the capacitors Cc and C2 are discharged through the coil LT2, the
voltage of capacitor CT1 decreases from input voltage to zero,
the current of receiving coil LR changes direction. At time t3,
the current iLT1 increases to the maximum.

Model 4 [t3-t4]: The low side switch Q1 turns OFF, the voltage
uCT1 increases in reverse, the capacitor C2 and Cc continues to
discharge, and the current iLT1 and iLT2 decrease. At time t4,
the voltage uC2 decreases to zero, the voltage uCc decreases to
the minimum.

Model 5 [t4-t5]: The capacitor Cc begins to charge, and the
transmitting coils LT1 and LT2 continue to discharge through the
body diode of the high side switch Q2. At time t5, the gate-source
voltage ugs2 becomes a high level, which achieves ZVS turn ON

of high side switch Q2.
Model 6 [t5-t6]: The high side switch Q2 is turned ON,

and the current reverses. The coils LT1 and LT2 charge the
clamp capacitor Cc. At time t6, the current iLT2 decreases to
zero.

Model 7 [t6-t7]: The current of Q2 increases positively,
the clamp capacitor Cc continues to charge, and the coil LT2

begins to charge in reverse, while the coil LT1 continues to
discharge. At time t7, the current iLT1 and iCc decrease to
zero.

Model 8 [t7-t8]: The current iLT1 and iCc increase in reverse,
the coil LT2 continues to charge, and the current of receiving
coil LR changes direction. At time t8, the current iLT2 increases
to the maximum.

Model 9 [t8-t9]: The current of Q2 decreases to zero gradually,
the coil LT2 charges the capacitors Cc, C2 and the coil LT1.The
capacitor CT1 discharges positively. At time t9, the voltage uCT1

increases to the zero.

Model 10 [t9-t10]: The high side switch Q2 turns OFF, the
voltage uCT1 increases positively, the coils LT1 and LT2 together
charge capacitors C2 and Cc. At time t10, the voltage uCT1

increases to the input voltage.
Model 11 [t10-t11]: The coils LT1 and LT2 continue to charge

the capacitor Cc through the body diode of the low side switch
Q1. At time t11, the current iLT1 decreases to zero, and the
voltage ugs1 becomes a high level, which achieves ZVS turn ON

of low side switch Q1.

III. DESIGN OF THE PROPOSED TWO-COIL DRIVING CIRCUIT

Fig. 4(a) and (b) shows the equivalent circuit models of the
proposed two-coil driving circuit when Q1 is on or Q2 is ON.
Here, Z1 and Z2 are the reflection impedances of the receiving
circuit, rT1 and rT2 are the internal resistances of the LT1 and
LT2.

Assume that the receiver satisfies the full resonance condition,
i.e., ωLR = 1/ωLR, then Z1 and Z2 can be expressed as⎧⎨

⎩
Z1=

(ωM1π)
2

8R+rR

Z2=
(ωM2π)

2

8R+rR

(1)

where rR is the internal resistances of the LR.
As can be seen from the operation process in Section II,

if the transmitter adopts the full compensation approach, the
low side switch Q1 is equivalently connected in parallel with
a large capacitor, which does not allow for a wide range of
ZVS and drive the coil with large inductance. Therefore, the
analysis and design of the proposed two-coil driving circuit is
given in this section, in terms of power distribution between two
coils, output voltage with misalignment, ZVS operation, and
parameter design.

A. Power Distribution of TX Coils

In order to drive the power distribution between two transmit-
ting coils, the two equivalent models in Fig. 4 are analyzed.

According to Fig. 4(a), when the low side switch Q1 is ON,
i.e., (−dT, D1T) time, the current iLT1 and iLT2 continues to
increase, the state equation at this stage can be expressed as
follows:⎧⎪⎪⎨
⎪⎪⎩
iLT1 (t) (Z1 + rT1) + LT1

diLT1(t)
dt = Udc

iLT2 (t) (Z2 + rT2) + LT2
diLT2(t)

dt + uCT2 (t) = −uCc (t)

iLT2 (t) = CT2
duCT2(t)

dt = CCc
duCc(t)

dt .

(2)

At time t0, the initial current iLT1(dT) = 0, and iLT1(t) in this
stage can be derived

iLT1 (t) =
Udc

Z1 + rT1

(
1− e

− (Z1+rT1)(t−dT )

LT1

)
. (3)

Besides, the initial and end values of the current iLT1 in this
stage, i.e., the minimum and maximum values can be expressed
as I1 = IL1_min = iLT1(0) and I2 = IL1_max = iLT1((D1+d)T).

According to Fig. 4(b), when the high side switch Q2 is ON,
i.e., ((D1+d)T, T) time, the current iLT1 and iLT2 continues to
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Fig. 3. Operation process. (a) Mode1 [t0-t1]. (b) Mode2 [t1-t2]. (c) Mode3 [t2-t3]. (d) Mode4 [t3-t4]. (e) Mode5 [t4-t5]. (f) Mode6 [t5-t6]. (g) Mode7 [t6-t7].
(h) Mode8 [t7-t8]. (i) Mode9 [t8-t9]. (j) Mode10 [t9-t10]. (k) Mode 11 [t10-t11].
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Fig. 4. Equivalent model of the two-coil driving circuit. (a) When Q1 is ON.
(b) When Q2 is ON.

decrease, the state equation at this stage can be expressed as
follows:⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

iLT1 (t) (Z1 + rT1) + LT1
diLT1(t)

dt + uCc (t) = Udc

iLT2 (Z2 + rT2) + LT2
diLT2(t)

dt + uCT2 (t) = 0

iLT1 (t) = Cc
duCc(t)

dt

iLT2 (t) = CT2
duCT2(t)

dt .

(4)

For simplification purpose, the initial time t3 = (D1+d)T at
this state taken as zero time, and iLT1(t) in this stage can be
obtained

iLT1 (t) = Ccλ1A1e
λ1t + Ccλ2A2e

λ2t (5)

where A1 and A2 are the coefficients. According to the initial
and end values of the current iLT1, A1, and A2 can be expressed⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
λ1 = −Z1+rT1

2LT1
, λ2 =

√
(Z1+rT1)

2Cc−4LT1

4L2
T1Cc

A1 = I2e
λ2(D2+d)T−I1

Ccλ1(eλ2(D2+d)T−eλ1(D1+d)T )

A2 = I2e
λ1(D2+d)T−I1

Ccλ2(eλ1(D2+d)T−eλ2(D2+d)T )
.

Because of the large capacitance of the clamp capacitor Cc,
the average voltage UCc can be solved by using the volt-second
balance characteristic according to the equivalent circuit in
Fig. 4. The steady-state equation of the circuit can be expressed
as {

Udc = (Z1 + rT1) iLT1+ + LT1
iLT1+

(D1+d)T

Udc − UCc = − (Z1 + rT1) iLT1− − LT1
iLT1−

(D2+d)T .
(6)

Since ΔiLT1+ = ΔiLT1-, the voltage UCc can be solved
by (6)

UCc = Udc
1

1− (D1 + d)
. (7)

With UCc as a special solution, the voltage uCc(t) can be
solved as follows:

uCc (t) = A1e
λ1t +A2e

λ2t + UCc −A1e
λ1(D2+d)T

−A2e
λ2(D2+d)T . (8)

Similarly, the initial and end values of uCc(t) at this stage are
expressed as UCc1= uCc(0), and UCc2=UCc= uCc((D2+d)T).

According to (2), the voltage uCc(t) and iLT2(t) at stage Q1-ON

can be obtained{
uCc (t) = Aeαt sin (βt+ ϕ) +N

iLT2 (t) = ACc

√
α2 + β2eαt cos (βt+ ϕ+ γ)

(9)

where

⎧⎪⎨
⎪⎩
α = − (Z2+rT2)

2LT2
, γ = arctan(αβ )

β =

√
4LT2(Cc+CT2)−(Z2+rT2)

2CcCT2

4CcCT2L2
T2

.

Based on the boundary value of uCc(t) and the average value
of current iLT2(t) as 0, the parameter relationship can be derived⎧⎨
⎩
A sinϕ+N = UCc

Aeα(D1+d)T sin (β (D1 + d)T + ϕ) +N = UCc1

iLT2 (0) = −iLT2 ((D1 + d)T ) .
(10)

From (10), A, ϕ and N can be expressed as follows:⎧⎪⎪⎨
⎪⎪⎩

ϕ = arctan
(

e−α(D1+d)T+cos(β(D1+d)T )
sin(β(D1+d)T )

)
− γ

A = UCc−UC1

sinϕ−eα(D1+d)T sin(β(D1+d)T+ϕ)
.

N = UCc −A sinϕ

The initial and end values of the current iLT2 in stage Q1-ON,
i.e., the minimum and maximum values can be expressed as I3
= IL2_min = iLT2(0) and I4 = IL2_max = iLT2((D1+d)T).

According to (4), the current iLT2(t) at stage Q2-ON can be
obtained

iLT2 (t) = A3CT2

√
α2
1 + β2

1e
α1t cos (β1t+ ϕ1 + γ1) (11)

where

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

α1 = −Z2+rT2

2LT2
, β1 =

√
4LT2−(Z2+rT2)

2CT2

4L2
T2CT2

γ1 = arctan(α1/β1)

ϕ1 = arctan
(

I4 cos(β1(D2+d)T )−I3e
−α(D2+d)T

I4 sin(β1(D2+d)T )

)
− γ1

A3 = I4
CT2

√
α2

1+β2
1 cos(ϕ1+γ1)

.

In order to achieve wide range of ZVS and driving large
inductor coils, the impedance of the low side switch in parallel
needs to realize weak inductance, so the capacitor CT2 only
compensates part of LT2, which allows a dc component in the
voltage of capacitor CT2, i.e., the average voltage UCT2. From
Fig. 4, the steady-state equation can be also obtained{

UCc = UCT2 + (Z2 + rT2) iLT2+ + LT2
iLT2+

(D1+d)T

0 = UCT2 − LT2
iLT2−

(D2+d)T − (Z2 + rT2) iLT2+.
(12)

Since ΔiLT2+ = ΔiLT2-, the voltage UCT2 can be solved
by (10)

UCT2 = UCc (D1 + d) . (13)

With UCT2 as a special solution, the voltage uCT2(t) can be
solved by (4) as follows:

uCT2 (t) = A3e
α1t sin (β1t+ ϕ1) + UCT2 −A3 sin (ϕ1) .

(14)
According to (3), (5), (9), and (11), the rms values of the fun-

damental components of iLT1 and iLT2 are defined as ILT1_rms
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Fig. 5. Bipolar coil for the two-coil driving circuit.

and ILT2_rms, respectively, as shown in

ILT1_rms =

√
1

T

∫
T

iLT1 (t) e
−j( 2π

T )tdt

ILT2_rms =

√
1

T

∫
T

iLT2 (t) e
−j( 2π

T )tdt. (15)

So, the power distribution ratio of coils LT1 and LT2 is
expressed as

r =
PL1

PL2
=

I2LT1_rmsZ1

I2LT2_rmsZ2
. (16)

It can be seen from (16) that the power distribution of trans-
mitting coils is mainly determined by rms current and mutual
inductances between transmitting and receiving coils. The rms
value of the two transmitting coils current depends on the
corresponding duty cycle.

B. Output Voltage With Misalignment

In order to improve the misalignment tolerance of the WPT
system when the duty cycle is constant, a bipolar transmitter
with two independent coils is adopted, and a square coil is used
for the receiving coil, as shown in Fig. 5. In addition, a 50 mm
overlap between the two transmitter coils allows for decoupling
of the magnetic field.

It can be seen from Fig. 5 that when the receiving coil LR

moves along the x-axis, the mutual inductance M2 between LR

and LT2 will gradually decrease, while the mutual inductance
M1 between LR and LT1 will gradually increase. The starting
coordinate is defined as the vertex of coil LT2, where the receiv-
ing coil is completely aligned with coil LT2. The total voltage
of the WPT system can be expressed as

Uo ≈
√

(PL1 + PL2)R

=

√(
U2
CT1

Z2
1 + ω2L2

T1

Z1 +
U2
C2

Z2
2 + ω2L2

2

Z2

)
R (17)

where L2 is the remaining equivalent inductance with CT2 and
LT2 compensation. When the misalignment distance ranges

Fig. 6. Variation of output voltage and coils current with misalignment dis-
tance in x-axis.

TABLE I
PARAMETERS OF TWO-COIL DRIVING CIRCUIT

from 0 to 10 cm, mutual inductance M1 gradually increases
and M2 gradually decreases, which means the varying trend
of the reflected impedance Z1 and Z2 is opposite. From the
analysis of the circuit, it can be seen that UCT1 and UC2 remain
basically unchanged while the duty cycle remains constant.
Therefore, under the designed parameters, PL1 increases with
the increase of Z1, and PL2 decreases with the decrease of Z2,
which overall helps compress the output voltage variation caused
by the misalignment.

Similarly, according to (17), as the load R increases, Z1 and
Z2 decrease, resulting in the increased PL1 and the decreased
PL2 and then small change in the output voltage Uo.

Assuming that the change ratio of mutual inductance is fixed
with the increase of misalignment distance, the variation of
output voltage and coils current with misalignment distance in
x-axis is shown in Fig. 6. (The circuit parameters used in the
following figures are shown in Table I.)

It can be seen from Fig. 6 that under constant duty cycle, the
output voltage fluctuation of the circuit is not more than 10%
within the 80 mm misalignment distance in x-axis.

When the x-axis of the coil is aligned and the duty cycle of two
switches is 0.4, the variation of output voltage and coils current
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Fig. 7. Variation of output voltage and coils current with misalignment dis-
tance in y-axis.

Fig. 8. Curves of output voltage and coils current with transfer distance.

with misalignment distance in y-axis is shown in Fig. 7. From
Fig. 7, it can be seen that the output voltage and coil current are
symmetrical when the y-axis is misaligned.

When the x-axis and y-axis of the coil is aligned and the duty
cycle of two switches is 0.4, the curves of transmit coil current
and output voltage with transfer distance are shown in Fig. 8.

From Fig. 8, it can be seen that when the transmission distance
is 5 cm, the output voltage is the highest. This is because a closer
transmission distance will result in the loss of ZVS, while a
further distance will result in a smaller mutual inductance.

The curves of transmit coil current and output voltage with
load under constant mutual inductance (M1 = 2.4 μH, M2 =
3.57 μH) and duty cycle (D1 = D2 = 0.4) are shown in Fig. 9.

As can be seen from Fig. 9, when the load is swept from 30 to
80 Ω, the output voltage fluctuates within a range of 5%, and the
larger the load resistance, the more constant the output voltage.

For the determined duty cycle (D1 = 0.5, D2 = 0.3), the
fluctuation of output voltage when the system faces with both
misalignment (After that the misalignment is all in x-axis) and
load variation is given, as shown in Fig. 10. It can be seen
from Fig. 10 that the larger resistive load, the greater impact
of misalignment distance on the output voltage. In addition,
the larger the misalignment distance, the smaller impact on the
output voltage when the load changes. Therefore, load changes
need to be considered in parameter design.

Moreover, when the load changes from 30 to 80 Ω and the
misalignment distance from 0 to 10 cm, the output voltage varies

Fig. 9. Variation of output voltage and coil current with resistive load.

Fig. 10. Fluctuation of output voltage with the change of misalignment and
load.

from 40 to 73 V at the duty cycle of 0.4. In order to achieve
a constant voltage of 50 V, the output voltage varies between
−23 V and 10 V, i.e., the system needs to have a regulation
capability of 27–60 V.

C. Analysis of the ZVS Operation

In order to achieve the ZVS operation for the low side and high
side switches, it is necessary to optimize the capacitance of CT1,
CT2, and C2. Since the voltage on C2 is approximately rectangu-
lar wave, to achieve a smaller reactive power circulation, CT2 is
required to compensate part of LT2, thus presenting an inductive
impedance. This inductance presented after compensation is
defined as L2, which needs to meet

L2 ≥ UCT2M2√
PoR

(18)

where Po is output power of the system.
In addition, CT2 can be expressed as

CT2 =
1

ω2 (LT2 − L2)
. (19)

However, too large L2 will lead to more reactive power in
the circuit, which will affect the system output power, so it is
only necessary to meet (18) and (19) under the maximum mutual
inductance M2 during design. Setting the current iLT1(dT) and
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Fig. 11. Relationship between energy and capacitors.

Fig. 12. Switch voltage waveforms at different capacitors.

iLT2(dT) are less than zero, the conditions for achieving ZVS
can be derived. Here, the energy approach is used for design.

According to the theoretical analysis, the energy of the in-
ductor is greater than the energy of the capacitor CT1 and C2 in
the dead time, which can realize the ZVS of the two switches.
Therefore, the condition can be obtained as follow in (20).

When the duty cycle is fixed, the relationship between energy
and capacitors is shown in Fig. 11.

As can be seen from Fig. 11, the capacitor energy is less than
the inductor energy when the capacitors CT1 and C2 are in the
available range, which can achieve reliable ZVS

WL =
1

2

(
LT1iLT1(0)

2 + L2iLT2(0)
2
)
>

WC =
1

2

(
C2U

2
CT2 + CT1U

2
dc + CT1(UCc − Udc)

2
)

(20)

where WL and WC are the energy of inductors and capacitors,
respectively.

Fig. 12 shows the voltage waveform of the switches Q1 and
Q2 with different capacitors CT1 and C2 at constant duty cycle.
It can be seen that with the increase of capacitance, the ZVS

Fig. 13. Flow chart of parameter design.

margin becomes smaller, and it is difficult for the low side switch
to realize ZVS than the high side switch.

D. Parameter Design

According to the abovementioned analysis, the parameter
design process of the two-coil driving circuit is summarized
and shown in Fig. 13.

First, the parameters of the transmitting and receiving coils
and the input and output voltages need to be given. Second, based
on the actual coils to determine the transmission distance, and
the variation range of misalignment distance (md) and mutual
inductance (M1, M2). Third, the duty cycle of the switches is de-
termined according to the variation range of mutual inductance
to ensure the constant output voltage. Then, the capacitor CR can
be obtained by LR, and the capacitor CT2 can be determined by
(19). Next, the capacitors CT1 and C2 need to satisfy (20) and
can be obtained from Fig. 11 to achieve ZVS. Finally, the clamp
capacitor Cc is designed by switch voltage stress to achieve
optimal cost.

In this article, the two-coil driving circuit is applied to portable
devices, i.e., wireless charging for one or more devices such as
computers, tablets, phones, and headphones. With the measured
coils parameter, the relationship between D1, D2 and output
voltage is given, as shown in Fig. 14. [Light green is the area
where the duty cycle is not applicable, and the dead time duty
cycle is half of (1-D1-D2)]. It can be seen from Fig. 14 that
the output voltage is positively correlated with the duty cycle of
the low side switch at constant mutual inductor, so the voltage
can be adjusted only by changing the duty cycle of the low side
switch.

From Fig. 14 that the voltage variation range is between 27 V
and 72 V, which can meet the voltage variation shown in Fig. 10.
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Fig. 14. Relationship between output voltage and duty cycle.

Fig. 15. Relationship of Uo with the change of md and D1.

The duty cycle of the low side switch can be adjusted from 0.2
to 0.48 along the black line to achieve a constant output voltage.

Based on the design process in Fig. 13, the parameters of
the proposed circuit are given and listed in Table I. (The coil
parameters are the measured value.)

IV. SIMULATION AND EXPERIMENT VERIFICATION

According to the parameters listed in Table I, the simulation
shows that the relationship of output voltage with the change of
misalignment distance and duty cycle of low side switch is, as
shown in Fig. 15.

The area between the dotted lines is the 5% output fluctuation
region. As can be seen in Fig. 15, with a fixed duty cycle, a
misalignment distance between −3 cm and 7 cm can achieve an
output voltage within 5% fluctuation. In addition, with the low
side switch duty cycle changes between 0.4 and 0.6, the output
fluctuation can be achieved within 5% at the misalignment
distance from −6 to 10 cm.

In order to validate the proposed two-coil driving circuit and
the misalignment tolerance of the system, a 1 MHz wireless
power transfer prototype with 50 V constant voltage is built, as
shown in Fig. 16.

Fig. 16. Experimental prototype of the proposed WPT system.

Fig. 17. ZVS waveform of two switches with coil aligned at 0.4 duty cycle.
(a) Low side switch. (b) High side switch.

Fig. 17(a) and (b) shows the gate driving and drain-source
voltage waveforms of the low side switch and the high side
switch when the LR and LT2 are well aligned.

At this time, the duty cycle of both low side switch and high
side switch is 0.4. It can be seen that both the low side and high
side switches achieve zero-voltage turn-ON, with about 210 V
switch voltage stress and 50 V output voltage, which meets the
design demand.

When the duty cycle remains constant, the relationship be-
tween the output voltage (Uo) and the coil misalignment dis-
tance(md) at x-direction is shown in Table II.

As can be seen from Table II, when the coil is misaligned
in the positive direction, the output voltage first increases and
then decreases due to the increase of mutual inductance with
coil LT1. When the coil is misaligned in negative direction, the
output voltage decreases with the increase of the misalignment
distance. In addition, the output voltage fluctuation within 5%
can be achieved within −3 to 6 cm coil misalignment distance.
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TABLE II
OUTPUT VOLTAGE WITH MISALIGNMENT DISTANCE

Fig. 18. ZVS waveform of low side switch with 6 cm coil misalignment.

Fig. 19. Two transmitting coil currents and capacitor voltage.

When the coil misalignment distance is about 6 cm, the ZVS
waveform of the low side switch is shown in Fig. 18. It can
be seen from that both the ZVS margin and the switch voltage
stress increase after coil misalignment, and the output voltage
decreases by 5% at a misalignment distance of 6 cm.

Besides, the two transmitting coil currents and the voltage
of the capacitor CT1 are shown in Fig. 19. It can be seen
that the experimental waveform is basically consistent with the
theoretical waveform in Fig. 2, which verifies the correctness of
the topology and analysis.

In order to achieve a constant output voltage with coil mis-
alignment, the duty cycle of the two switches is adjusted with
a fixed dead time, e.g., a dead time of 0.1 T. When the coil
misalignment distance is 6 cm, the output voltage and switch
duty are shown in Fig. 20. It can be seen that the output voltage
is stable at about 50 V, when the duty cycle of the low side switch
and the high side switch are about 0.45 and 0.35, respectively,
and the switch voltage stress becomes larger as the duty cycle
of the low side switch increases.

When the coil misalignment distance is 9 cm, the output
voltage and low side switch duty cycle waveforms can also be
obtained, as shown in Fig. 21. It shows that the output voltage
is still 50 V when the coil misalignment distance is 9 cm, and
the switch achieves ZVS with a switch voltage stress of 350 V.

Fig. 20. Output voltage and switch duty cycle with coil misalignment 6 cm.
(a) Low side switch. (b) High side switch.

Fig. 21. Output voltage and low side switch duty cycle with coil misalignment
9 cm.

TABLE III
CHARACTERISTICS OF WPT SYSTEM AT DIFFERENT COIL

MISALIGNMENT DISTANCES

The experimental results show that when the low side switch
duty cycle is adjusted between 0.4 and 0.6, the output volt-
age fluctuation within 5% can be achieved within −6 cm to
10 cm coil misalignment distance. Reliable ZVS can be achieved
within the range of −6 cm to 10 cm. This is because the entire
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TABLE IV
PERFORMANCE COMPARISON WITH OTHER APPROACHES

Fig. 22. Output voltage and efficiency of the system at constant duty
cycle.

misalignment distance can achieve ZVS is taken into account
when designing C2 and CT1.

When the output voltage fluctuates within 5%, the character-
istics of WPT system at different misalignment distances are
shown in Table III.

As can be seen from Table III, the maximum efficiency of the
system is about 89.4%, which occurs at the position of 2 cm of
misalignment distance. In addition, when the load is swept from
30 to 80 Ω, the output voltage and efficiency of the system at
constant duty cycle is shown in Fig. 22.

As shown in Fig. 22, the output voltage remains basically
constant as the load resistance varies between 30 and 80Ω, while
the efficiency decreases as the load resistance increases. This is
because as the load resistance increases, the power gradually
decreases, while the coil current changes slightly, resulting in
a decrease in efficiency. Therefore, when the load resistance
changes, the switch duty cycle only needs to be adjusted slightly
to achieve the constant output voltage. In addition, ZVS can be
achieved when the load resistance is greater than 25 Ω. And the
larger the resistance, the easier it is to achieve ZVS.

Fig. 23. Output voltage and switch duty cycle with coil aligned.

For the proposed circuit, the switch voltage stress remains
unchanged without changing the input voltage and duty cycle,
so higher power output can be achieved according to design
needs.

When the circuit parameters remain unchanged, the coil
aligned, and the duty cycle of Q1 is increased from 0.4 to 0.5,
the out power can reach 120 W and its waveform is given in
Fig. 23.

In order to present the superiority of the proposed two-coil
driving circuit in terms of misalignment tolerance and compo-
nent count, the proposed circuit has been compared with other
approaches, as shown in Table IV.

It can be seen from Table IV that the proposed scheme has low
component count, i.e., switches, coils, and compensation com-
ponent. Generally speaking, the higher the power, the higher the
efficiency will be relatively, because the inherent losses account
for a smaller percentage. At the same power level, compared with
[28] and [30], this proposed circuit has a significant advantage
in efficiency. Moreover, compared with the methods [10], [24],
[25], [26], [27], [28], the proposed approach in this article has
better misalignment tolerance, and the output can achieve load
independent. Compared with [29], [30], the proposed approach
has a little bit smaller misalignment range, but has few switches
and coils.
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V. CONCLUSION

In this article, a WPT system with a two-coil driving circuit is
proposed for high misalignment tolerance and low component
count. Adopting two decoupled coils as the bipolar transmitter,
the proposed circuit can control each coil individually for power
distribution, thus ensuring a fixed total output voltage against
high misalignment. The design approach is given in the paper
for reliable ZVS with a wide range of coil misalignment and
load variations. Experimental results show that a constant output
voltage can be achieved with a coil misalignment of −6 cm to
10 cm, when the duty cycle of the switches only needs to change
from 0.4 to 0.6.
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