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A Misalignment-Tolerant Autonomous Wireless
Power Transfer System for Battery Charging
Based on Detuning Control

Lihao Wu'¥, Bo Zhang

Abstract—This article proposed an autonomous wireless power
transfer system with misalignment tolerance and improved con-
trol degree of freedom based on detuning control for battery
charging, in which the outputs can be regulated continuously and
smoothly without additional dc—dc converters while maintaining
soft-switching or zero-phase-angle operation of the inverter. The-
oretical analysis shows that constant current (CC) or constant
voltage (CV) independent of coupling coefficient and load can be
achieved without information exchange between transmitter and
receiver, which eliminates wireless communication. Furthermore,
when the detuning ratio is controlled to be constant, a transfer
efficiency insensitive to the variation of the coupling coefficient can
be obtained. A prototype with a 6-A charging current and a 36-V
charging voltage is built to support the feasibility of the proposed
method. Experimental results demonstrate that within the coupling
coefficient range of 0.283-0.456, CC and CV with transfer efficiency
greater than 91.5% can be achieved.

Index Terms—Autonomous system, battery charging, detuning
control, misalignment tolerance, wireless power transfer (WPT).

1. INTRODUCTION

IRELESS power transfer (WPT) can deliver power with-
W out any physical contact, it has been applied to various
fields, especially smartphones, electric vehicles, and automated
guided vehicles [1], [2], [3]. Currently, the most widely used
WPT system is based on magnetic field coupling due to its safety
and reliability. In general, the transmitter and receiver must be
aligned to achieve the best performance of a magnetic-coupled
WPT system. However, misalignment between transmitter and
receiver in a WPT system is inevitable. For example, the mis-
alignment may occur because of an imprecise parking posi-
tion of the vehicles or inaccurate placement of mobile phones.
Therefore, it is essential to design a misalignment-tolerant WPT
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system. Besides, for applications such as smartphones or ve-
hicles, batteries are usually used to store energy. The constant
current/constant voltage (CC/CV) charging mode is typically
applied for the battery to improve battery life. In this charging
mode, the battery is equivalent to a variable resistance load, and
its value depends on the battery’s state of charge. Thus, it is also
necessary to consider changes in load during the design process.

For a typical magnetic coupled WPT system, the operating
frequency is dependent on the frequency of the external power
supply and is normally set equal to the resonant frequency of
the transmitter and receiver. Essentially, it can be considered
a nonautonomous system. In this type of system, the methods
for achieving CC/CV outputs under misalignment conditions
can be categorized into two groups: 1) open-loop control and
2) closed-loop control. The open-loop control mainly involves
hybrid compensation topology design and coil design. Accord-
ing to reported studies, a single type of compensation topology,
including basic compensation topology [4], [5] or higher-order
compensation topology [6], [7], can already achieve CC/CV out-
puts. However, for these single types of compensation topology,
the outputs are related to the coupling coefficient. That is, when
the misalignment occurs, the constant output characteristic will
be destroyed. For this reason, the hybrid compensation topology
[8], [9], which connects the input (or output) of different types
of topologies in series or parallel, is proposed to maintain a
constant output in case of misalignment. Unfortunately, the
control accuracy is limited, and its output fluctuates are still sig-
nificant, especially for the wide variation range of the coupling
coefficient. The design of coupling coils is another method to
improve the misalignment tolerance, including coil arrays [10]
and three-dimensional coils [11]. However, these methods can
only provide a quasi-constant output and the structure of the
coupling coil is complex.

Accurate CC and CV outputs can be obtained by the
closed-loop control method, which can be further classified as
transmitter-side and receiving-side control. The receiver-side
control methods often require additional circuits (such as dc—dc
converters [12], [13] and active rectifiers [14], [15]) to regulate
the outputs, which violates the compact and lightweight require-
ments of the receiver. Therefore, the transmitter-side control
methods are fully considered in this article. The one type of
transmitter-side control is based on a dc—dc converter [16],
which increases the device cost and power losses. Another type is
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executed by a single-stage inverter. When acting on the inverter,
phase shift control [17], [18], frequency control [19], and pulse
frequency modulation [20] are often used to adjust the outputs
when operation conditions change. However, real-time wireless
communication is usually required to feedback information from
the receiving side. The performance of the WPT system will
be inevitably affected due to communication delay problems or
even interruption issues. To get rid of the dependence on commu-
nication, parameter identification methods have been proposed
[21], which utilize the transmitter-side electrical information to
estimate mutual inductance and load resistance, thereby achiev-
ing control of output power. However, the accuracy of estimation
is sensitive to circuit parameter variations, and some of them
belong to an offline estimation method [22].

Apart from the traditional nonautonomous WPT systems,
autonomous WPT systems have also been developed due to
their inherent misalignment-tolerant characteristics [23], [24],
[25], [26], [27], [28]. The parity-time (PT) symmetric WPT
is a typical autonomous WPT system. For the PT-symmetric
system, the matched resonance frequency is needed, and the
corresponding operation depends on the internal electrical state
of the system. In [23] and [24], it has been revealed that an
inherently constant efficiency and power against the variation
of the coupling coefficient can be achieved without dual-side
communication. However, the change in the load resistance is
not considered, which cannot be applied to battery charging.
To cope with load changes, a dc—dc converter is added at the
front end of the inverter [26], but the cascaded converter will
also cause additional loss and cost. Recently, phase shift control
[27] and pulse frequency modulation [28] have been applied to
PT-symmetric WPT systems to regulate the output power with
a single-stage inverter. However, the phase shift control suffers
from hard switching issues, which causes high switching loss.
Although soft switching can be realized by using pulse frequency
modulation, the output power cannot be continuously adjusted,
resulting in a large output ripple.

To address the abovementioned issues, this article proposes
a misalignment-tolerant autonomous wireless charging system
based on detuning control, which is different from the existing
control ideas that require resonance matching. By controlling the
deviation ratio between the resonant frequency of the transmitter
and receiver and the operating frequency of the system (i.e.,
detuning ratio), the degree of control freedom of the system
can be significantly improved. The advantages of the proposed
system are summarized as follows.

1) By adjusting the detuning ratio, the output power can be
continuously and smoothly regulated using a single-stage
inverter, and no extra dc—dc converters are added on both
sides.

2) CC and CV outputs independent of coupling coefficient
and load can be achieved while maintaining soft-switching
or zero-phase-angle (ZPA) operation.

3) When the detuning ratio is controlled to be constant, a
constant transfer efficiency against the variation of the
coupling coefficient can be obtained. Besides, the transfer
efficiency can be improved by increasing the detuning
ratio.
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Fig. 1. Equivalent circuit of the proposed autonomous WPT system.

4) Transmitter-side control is used, which eliminates wireless
communication for real-time output regulation.

II. THEORETICAL MODELING AND ANALYSIS
A. System Modeling

The equivalent circuit of the proposed autonomous WPT
system is shown in Fig. 1, where the transmitter and receiver are
coupled together by two coils Lp and Lg with mutual inductance
Mpg. In contrast to standard nonautonomous WPT schemes, the
transmitter contains a negative resistor —Ry (with the current
direction opposite that of a normal resistor for a given applied
voltage). The power of the proposed system is instead injected
by the negative resistor rather than a high-frequency source at a
fixed frequency. Cp and Cs are the compensation capacitors
of the transmitter and receiver, respectively, where Cp is a
switch-controlled capacitor (SCC). Ry, is the equivalent ac load
resistance of the rectifier. ip and ig represent the currents of
transmitting and receiving coils, respectively. vp is the voltage
across the negative resistor and vg is the input voltage of the
rectifier. The dc charging voltage and the dc charging current
are denoted as V,, and /,, respectively.

Due to the bandpass filter feature of the series resonant
compensation network, only the fundamental components of
voltage and current are considered. vp, vg, ip, and i can be easily
expressed in terms of phasors Ve, Vs, Ip, and Ig, respectively.
According to the circuit theory, the system can be expressed

as
; Ls
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where kps = Mps/+/Lp Lg is the coupling coefficient between
coils. w is the operating angular frequency of the system, and

wp = 1/v/LpCp and wg = 1/+/LsCs are the natural frequen-
cies of the transmitter and receiver, respectively.

B. Analysis Solutions of Operating Frequency

Equation (1) is a homogeneous linear equation for current Ip
and Is. According to the theorem of linear algebra, homoge-
neous linear equations have nontrivial solutions only when the
determinant of the corresponding coefficient matrix is equal to
zero. When the system is operating normally, the current must
not be equal to zero. Therefore, the determinant of (1) should
be equal to zero to obtain a steady-state operation frequency
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solution, i.e.,
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Submitting (3) into (2), (2) can be further simplified as
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In practice, the system can only operate at pure real operating
angular frequencies, and complex operating frequencies cannot
be generated in actual systems. Thus, it is necessary to derive
the steady-state solution with a purely real w. From (4), the real
solutions of w can be deduced as

W = wWH
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where wy denotes the high-frequency branch, and wy, represents
the low-frequency branch, and
-1 RutRs
N ws LS '

ke =+/B

The k¢ is the critical condition for the occurrence of saddle-
node bifurcation in a system [29], which corresponds to the
boundary of strong coupling and weak coupling regions in the
WPT system. It can be observed that ko decreases with the
decrease of [ and the increase of wsg and Ls. By reducing
the detuning ratio or increasing the self-inductance and natu-
ral frequency of the receiver, the operation range with stable
transmission characteristics can be extended. wy and wy, are the
eigenfrequencies of the system, which correspond to the two
bifurcation solutions of the system in a strongly coupled region
(i.e., kps > kc). When the system oscillates at wyy or wr,, ZPA
operation can always be maintained under different coupling
coefficients, load resistances, and detuning ratios. It should be
emphasized that, according to the abovementioned analysis,
w = wy (or w = wr,) will automatically be satisfied if the system
input power is provided by a negative resistor when kpg > kc.

(6)
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C. Analysis of Transmission Characteristics

According to (1), the current ratio can be deduced

w2k‘§SLs/Lp '

Is| _
Ip

Is _
o

By inserting (2) and (3) into (7), the current ratio can be
expressed as

Is
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I
Tp

_ \/ B2](w? — w3) Jw]® + B2((Ry, + Rs) /Ls]’
w2k§sLs/Lp

Bl(w? — wB) fw] + B((Re + Rs) /Ls]’
[BI(RL + Rs) /Ls]” + Bl(w? — ) /u]’ | £2
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From (8), it can be found that the current ratio is relative to
the ratio of Lp and Lg and the detuning ratio 8. Once these
parameters are fixed, a constant current ratio independent of the
coupling coefficient and load can be achieved. Furthermore, the
current ratio can be easily regulated by adjusting the detuning
ratio, which significantly increases the degree of control free-
dom.

Using (2) and (8), the voltage ratio of the proposed system
can be derived as

RL+RS 8=

VS = RLI& VP = RnIp
_ L
E= \/;\/ﬁ
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Ls Rp Lp
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Ignoring the internal resistance of the coil (i.e., Rp, Rs ~ 0),
the voltage gain can be further reduced to

Vs _ 1 |Ls
Ve VB
It can be seen from (10) that a constant voltage ratio inde-
pendent of coupling coefficient and load can be also obtained.
Besides, according to (9), an accurate voltage ratio can be calcu-
lated only by sampling the detuning ratio § and the transmitting
current /p.

Based on (8) and (9), the transfer efficiency and output power
can be given as

(10)

IgRL Ry,
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Fig. 2. Overall circuit diagram of the proposed autonomous WPT system.

From (11) and (12), it can be observed that the transfer
efficiency and output power are insensitive to the coupling
coefficient, which indicates that constant transfer efficiency and
output power can be maintained when misalignment occurs. Be-
sides, according to (11), the transfer efficiency can be improved
by increasing the detuning ratio. In exiting autonomous WPT
systems, the output power can only be regulated by adjusting
Vp using phase shift control [27] or pulse frequency modulation
[28], which destroys the soft-switching or suffers a large output
voltage ripple. Inspecting (12), the output power of the proposed
WPT system can be regulated by changing the detuning ratio
B when Vp is fixed. The advantage is that continuous and
smooth adjustable outputs can be achieved while maintaining
soft-switching operation.

III. IMPLEMENTATION AND CONTROL

A. Structure of the Proposed System

Based on Fig. 1, the overall circuit diagram of the proposed
autonomous WPT system is shown in Fig. 2. The topology of the
main circuit is composed of an H-bridge inverter that behaves
like a resistor of value —Ry, a series—series (SS) type compensa-
tion network, and a bridge diode rectifier. The transmitting-side
compensation capacitor Cp is replaced by a SCC. Its equivalent
capacitance varies adaptively according to the required detuning
ratio.

1) Implementation of Negative Resistor: The negative re-
sistor is a type of component that corresponds to the positive
resistor. The positive resistor has a positive resistance value and
consumes power, making it a passive component. The negative
resistor has a negative resistance value and is an active compo-
nent that outputs power. For a given voltage, the direction of
current flowing through a negative resistor is always opposite
to that of a positive resistor [30]. According to Ohm’s law,
the current flowing through a positive resistor flows from high
potential to low potential, while the current flowing through a
negative resistor flows from low potential to high potential. In the
case of sinusoidal ac signals, the ac current flowing through the
negative resistor always maintains a reverse direction with the
ac voltage across it, i.e., when an associated reference direction
is chosen, the phase difference between ac voltage across the
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Fig. 3. Details of (a) operating waveforms of the inverter and (b) generation

process of the driver signals.

negative resistor and the ac current flowing through it remains
180° for each cycle.

In this article, an H-bridge inverter is used to construct a
negative resistor. According to the definition of the negative
resistor, when the phase difference between the fundamental
component of the inverter voltage and its output current is always
maintained at 180°, the output of the inverter can be equivalent
to a negative resistance (only the fundamental components of
voltage and current need to be considered due to the bandpass
filter feature of the series resonant compensation network). Be-
cause the nonassociated reference direction, as shown in Fig. 2
is selected, the phase difference between the inverter output
voltage and current should be controlled to zero.

Fig. 3(a) shows the operating waveforms of the inverter, where
the duty cycle of the driving signal V14 for MOSFET Q1, Q4
and driving signal Vo3 for Qo, Qs are set to be 50% without
considering the dead time. As shown in Fig. 3(a), Vgi.4 and
Vo3 complement each other, and the rising edge of the drive
signal Vz1_4 is synchronized with the zero-crossing point of the
current ip. Additionally, it can be noted that controlled by V514
and Vo3, the zero-phase angle of the input voltage and current
can be achieved (i.e., the negative resistor is realized), which
allows for a minimum volt-ampere rating of the inverter and
helps maintain the soft switching.

Fig. 3(b) shows the generation process of the driving signals
based on the phase synchronization method [27]. The drive
signals Vg1.4 and Vo 3 are, respectively, generated by A and B
channels of an enhanced pulse width modulation (i.e., ePWMI1A
and ePWM1B) module in DSP. As shown in Fig. 3(b), the
time-base counter (TBCTR) of the PWM module is configured
to operate in the down-count mode. In down-count mode, the
TBCTR starts from the period (PRD) value and decreases until
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Fig. 4. (a) Structure and (b) operating waveforms of the SCC.

it reaches zero, when it reaches zero, the TBCTR is reset to
the PRD value and it begins to decrease once again. When the
TBCTR is equal to zero, V.4 is forced to be a high level, and
Vo.s is forced to be a low level. When TBCTR is equal to half
of the period (PRD/2), V1.4 is forced to be a low level, and
Vo3 is forced to be a high level (where PRD = Tg / Tcrk and
Ts = 27 / w is the operating period captured in real-time by
CAP module of DSP and Tk represents the time required for
TBCTR to decrease by 1). In order to control the synchronization
of the rising edge of V.4 with the zero-crossing point of ip,
the current ip is sensed and passed through a zero-crossing com-
parator to generate the square wave i}, which is in phase with
ip. Then, the rising edge of i} is captured by the CAP module
of DSP. When the rising edge of i} arrives, a synchronization
pulse of the ePWMI1 module (S,,) is generated, and TBCTR is
updated to zero immediately. Besides, it should be noted that
the system will be initially set to operate at w = wjy;; because
there is no current in the transmitter at the beginning. During
the start-up stage, fixed-frequency driving signals are produced
directly by DSP and the system works in a forced oscillation
mode. After creating the ip, the driving signals are generated
according to Fig. 3(b) so that the inverter can behave as a negative
resistor.

2) Implementation of Switch-Controlled Capacitor: To ad-
just the detuning ratio, a full-wave SCC [31] is used as compen-
sation capacitor Cp in this article. Fig. 4(a) shows the structure
of the SCC, which is composed of a parallel capacitor Cg and
a bidirectional switch (consisting of two drain-to-drain con-
nected MOSFETS S and S5), and a series capacitor Cp . Because
the charge state of Cp can be controlled by the bidirectional
switch, the equivalent capacitance of the Cp can be continuously
modulated by controlling the PWM signal, thereby achieving
adjustment of the detuning ratio.

The operation waveforms of SCC are presented in Fig. 4(b).
As shown in Fig. 4(b), S; is turned ON when ip commutates from
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Fig. 5. Required compensation transmitting-side capacitance under (a) w =
wy and (b) w = wr,.

negative to positive while Sy is turned ON when ip commutates
from positive to negative. According to Fig. 4, the equivalent
capacitance Cq can be derived as follows [31]:

Cp = Cyq

B wCACp
- 7 (Cp +204) — (2a — sin2a) Ca

where o = dy 7 is a conduction angle and d; (0.5 <d; < 1)is
the duty cycle of §; and Ss.

By submitting (5) into (3), the required compensation
transmitting-side capacitance (i.e., C¢q) under different load
resistances and coupling coefficients can be obtained, as shown
in Fig. 5. It can be found in Fig. 5(a) that when w = wy, Ceq
is positively correlated with coupling coefficient and negatively
correlated with load resistance. In addition, according to (3), it
can be known that C, increases as the detuning ratio increases.
From Fig. 5(b), it can be observed that the changing trend of
Ceq under w = wy, is opposite to that under w = wy. In this
design, based on (11), the detuning ratio is set to be greater than
1 to improve the transfer efficiency. In this case, Coq under w
= wi, is always smaller than that under w = wyy. Therefore,
by submitting the maximum kpg and 3, and the minimum Ry,
into (5a) and (3), the required maximum equivalent capacitance
of SCC (i.e., Ccq max) can be obtained. Similarly, submitting
the maximum kpg and (3, and the minimum Ry, into (5b) and
(3), the required minimum equivalent capacitance of SCC (i.e.,
Ceq_min) can be deduced. Combining (13) and Ceq min< Ceq
< Ceq_max- the range of the C5 and Cp can be obtained as
follows:

13)

{ C(A > Ceq_max (14)

Ca Ceq_mi
< eq_min .
CB - CA _Ceq,mln
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B. Control Scheme of CC/CV Charging Mode

Considering the fundamental component of voltage and cur-
rent, the relationship between the input and output of the H-
bridge inverter and rectifier, as shown in Fig. 2, can be given as

(5]

Ve = 2\/5‘/210/77
IS = 7T\/§IO/4, Vs = Q\EVO/TF
Ry, = 8Rp /7>

where Vg, is the dc input voltage, and Ry = V,/I, is the
equivalent resistance of the battery.

According to (8), (9), and (15), the dc charging current and
voltage can be derived

; _ 22k [Ip
o ™ LS

o Ve Ls \/577' (

as)

(16)

Vo

LSRP Lp
= — —Ip—— —— — .
AV, P + Rs /B Ls>

Lp VB
(17
From (16) and (17), it can be found that the constant charging

current and voltage can be obtained when the detuning ratio 3
satisfies

I(? Refﬂ-2LS
— Bret cc = 2RetT 18 18
B = Bref_cc S12Ly (18)
2
7\/§7TVE) Rcf/4 + A
— Bret v = _ 19
B = Bret cv [ 2Ty Rs /Ly /La (19)

where I, rer and V, grer are the rated dc charging current and
voltage, respectively, and

2
2 I 2v2
A (\[WVO_Ref> _4<1123RSRP— plts \f‘/dc>.

4 T

(20)

By adjusting the detuning ratio in real time to equal the
required value, the constant charging current and voltage can be
realized when misalignment occurs or load resistance changes.
Fig. 6(a) and (b) shows the control block diagram of CC and
CV charging modes. As shown in Fig. 6, a proportional-integral
(PI) double closed-loop is used in CC mode and CV mode. The
output of the inner loop is the required detuning ratio of CC
mode and CV mode (i.e., Sret_ cc and Sret cv), which is used
as the reference of the outer loop. In the outer loop, the real
detuning ratio calculated based on (3) and (13) (i.e., Scal cC
or Bcal_cv) is employed as the feedback of the closed loop
and compared with Sretr cc or Bret cv. Then, the difference
is nullified by a PI controller. The output of the PI controller is
the required duty cycle of SCC (d;_cc ordi_cv). The switching
of charging mode can be judged by comparing the value of the
real-time detuning rate with the critical detuning rate (i.e., 8¢),
as shown in Fig. 6(c). The detailed analysis is as follows. Fig. 7
presents the detuning ratio under different equivalent resistances
of the battery during the charging process. It can be observed
that as the equivalent resistance increases, the detuning ratio
gradually decreases in CC mode, while the detuning ratio in CV
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mode gradually increases. Therefore, as shown in Fig. 6(c), in
CC mode, when Bca cc < B¢ is satisfied, the CC mode will
be changed to CV mode. In CV mode, when Sca cv < fc is
satisfied, the CV mode will be changed to CC mode. The 3¢ can
be calculated by submitting /, = I, ger and Vo, = V, Rer into
(16) and (17)

2
32RpLpLsV?2 X
B + \/B2 PLP LSV, rer ( 8Vo ref RS)

w2 Io_retm?

Bc =
Wiealy (S | )
(21)
and
16V 2V Vi ret v/ LpL
B = \[ de V0_ fm. (22)

Iy yefm

The control flowchart of the whole charging process is pre-
sented in Fig. 8. First, the rated dc charging current I, Rer, the
rated dc charging current V, res, and the cutoff current I'gpyin
can be obtained based on the charging profile of the battery,
and the compensation network parameters (Lp, Lg, Cg, Ca, and
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Determine the I, rer, Vo ref, and Jpmin according to the charging profile of the
battery.
Choose the dc input voltage V4. and design the compensation network parameters
(Lp, Ls, Cs,Ca, and Cg) according to the requirement of various application.

| Calculate the critical detuning ratio ( fc) using (21). ‘
2

| Inverter is controlled to behave as a negative resistor. ‘

| Start the CC mode. | —>|

Sample w and 7y by the control
circuit .

Start the CV mode. |

Sample w and 7, by the control
circuit .

Run closed-loop control algorithm Run closed-loop control algorithm
for frer cc according to Fig.6(a). for frer cv according to Fig.6(b).

¥ v
Calculate the real detuning ratio Calculate the real dc output
Pca cc based on (3) and (13). current /, based on (16).

No @ Yes @ No

Yes
End

Fig. 8.  Control flowchart of the whole charging process.

Cp) and the dc input voltage V4. will be design in advance
according to the requirement of various application. Then, the
critical detuning rate B¢ is calculated using (21) to determine
the switching time of the charging mode. During the charging
process, the inverter is controlled to behave as a negative resistor,
and the CC charging mode will be activated first. In CC mode,
the operation angular frequency (w) and the transmitting current
(Ip) are continuously sampled by the control circuit, and the
closed-loop control algorithm for Sres cc, as shownin Fig. 6(a),
is executed to achieve constant dc output current. When Sca1_cc
< B¢ is satisfied, the CV charging mode is started. Similarly,
based on the sampled operation angular frequency (w) and the
transmitting current (/p), the closed-loop control algorithm for
Bret_cv, as shown in Fig. 6(b), is performed to realize constant
dc voltage. Finally, when the charging current /, (the charging
current /, can be deduced using (16) without the need for
receiving side information) is lower than the cutoff current Ig iy,
the charging process is over. It can be found that during the
control process, only the operating angular frequency (w) and
the transmitting current (/p) need to be detected. Therefore,
wireless communication for real-time output regulation can be
eliminated.

IV. EXPERIMENTAL VERIFICATIONS
A. Experiment Setup

To verify the analysis and efficiency performance of the pro-
posed system in the charging process, an experimental prototype
was constructed, as shown in Fig. 9. The prototype includes a dc
power source, an inverter comprised of four SiC power MOSFETS
(IMW120R030M1H), a control circuit, an SS-type resonant
circuit, a load-side bridge diode rectifier (DSSK80-0045B), and
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TABLE I
PARAMETERS FOR THE PROTOTYPE
Symbol Value Symbol Value
Lp 138.1 pH Vac 48V
Ls 138.5 uH Lo rer 6A
Re 0230 Vo ret 36V
Rs 0.21Q d 5cm
Ca 12.14 nF Ap 0-6 cm
Cp 5.52 nF kps 0.283-0.456
Cs 6.19 nF 5-6 Q (CC mode)
B 1.457-2.058 fo 6-36 Q (CV mode)

an electronic load (which is used to emulate the battery). In the
control circuit, a current transformer (CU8965) and a differential
amplifier circuit consisting of a high-speed operational amplifier
(LM6172) first convert the current signal into a voltage signal.
Then, a zero-crossing detector that comprises a high-speed com-
parator (TL3016) is used to capture the zero-crossing point of the
current ip to generate the synchronization signal and calculate
the operation frequency. Simultaneously, the root-mean-square
(rms) value of ip is measured by an rms calculator (AD637).
Finally, a DSP controller (TMS320F28377D) runs the algorithm
to control the inverter and SCC by the driver Si8271. The
coupling coils are manufactured using the Litz wire and a ferrite
layer is added behind the coils for shielding and flux guidance.
The shape and size of the transmitting and receiving coils are
consistent, with a dimension of 20 x 20 cm rectangle.

In the experiment, the rated charging current (/,_gret), the cut-
off charging current (/g,iy ), the rated charging voltage (V,_Rrer),
and the lowest charging voltage are set to be 6 A, 1 A, 36V,
and 30 V, respectively. Therefore, the equivalent resistance of
the battery Rp varies within the range of 5 to 36 (2, and the
equivalent load resistance Ry, can be calculated by (15). The
input dc voltage is chosen to be 48 V. By submitting I, = I, Ret,
Vo = RB I,_Ret, and (16) into (17), the range of detuning ratio in
CC mode can be deduced. Similarly, by submitting Vo, = V;_Ret,
I, = V5 Rret/ RB, and (16) into (17), the reference detuning ratio
of CV mode can be obtained. The transfer distance is set to
be 5 cm, and the lateral misalignment Ap is allowed within a
range of 0—-6 cm (in the experiment, the coupling coils do not
move in the y-axis direction and the z-axis direction, and the
different misalignment Ap tests are performed by moving one
of the coils parallel in the x-axis direction, as shown in Fig. 9).
The corresponding coupling coefficient kpg varies from 0.456
to 0.283, as shown in Fig. 10. Combined with the analysis of
Section III-A, the required value of Cx and Cp can be derived.
The main parameters of the prototype are given in Table I, where
the value of the capacitors and coils are measured by a precision
impedance analyzer (Wayne Kerr 6500B).

B. Experimental Results and Discussion

Experiments are conducted in different loading conditions
and different misalignments. In the experiment, the voltages and
currents are measured by the current probe (Cybertek CPO030H)
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Fig. 9. Experimental prototype of the proposed system.
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Fig. 10. Measured coupling coefficient under different lateral misalignment

Ap.

and voltage probe (Cybertek P1300), and then recorded by a
Tektronix Oscilloscope (Tektronix DPO 4043B). Fig. 11 shows
the measured results of charging current, charging voltage, and
efficiency under different misalignments. As shown in Fig. 11,
constant dc output current and voltage can be achieved at dif-
ferent misalignments, and the charging current in CC mode and
charging voltage in CV mode only vary within 1.6% and 2.2%,
respectively. The transfer efficiency (coil-coil) T increases as
the load resistance increases during the charging process and is
always greater than 91.5%. The maximum dc—dc efficiency can
reach 94.6%. Besides, the operation frequency of the proposed
system is presented in Fig. 12. It can be found the measured
operation frequencies and the calculated results are in good
agreement.

Figs. 13 and 14 show the key experimental waveforms in
the CC and CV modes under different load resistances and
positions, respectively (from Figs. 13 and 14, the rms values
of ip, ig, the mean values of V,, I, the operation frequency, the
phase relationship between v, and ip, and the phase relationship
between the voltage across SCC (vp) and ip under different
operation conditions can be observed). It can be noted that
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Fig. 11. Measured and calculated results. (a) Charging profile. (b) Efficiency.

the component of the voltage and current of the inverter is in
phase during the charging process, i.e., the negative resistor can
be always obtained. From Fig. 13, the dc output current can
be maintained at 6 A in CC charging mode, and the constant
dc output voltage can be maintained, as shown in Fig. 14.
Besides, it can be also seen that when the load and coupling
coefficient change, the transmitting current /p and detuning
ratio § will adaptively change. The calculated and measured
results of transmitting current /p, the detuning ratio 3, and the
natural frequency of transmitter and receiver under different
load resistances and misalignments are presented in Fig. 15 (in
theoretical calculations, the forward conduction voltage drop
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Fig. 12. Operation frequency of the proposed system. (a) Ap = 0 cm.
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of Schottky rectifiers (about 0.5 V) is considered). The actual
detuning ratio and natural frequency of the transmitter can be
measured by DSP using (3) and (13) according to the real-time
duty cycle of SCC (d1_cc or di_cv) and the sampled operating
angular frequency (w). The measured results of Ip are directly
obtained from the current probe and oscilloscope, and the natural
frequency of the receiver is measured offline by a precision
impedance analyzer. It is obvious that the measured current /p,
detuning ratio 8 and natural frequencies are consistent with the
calculated results, which proves the correctness of the theoretical
analysis.

Fig. 16 shows the detailed operation waveforms of the inverter.
It can be found that the zero-phase-angle operation of the inverter
can be maintained in CC and CV mode, which is beneficial for
reducing the volt-ampere rating of the inverter and achieving soft
switching operation. As shown in Fig. 16, when the drive signal
of Oy (Vgo-3) arrives, the drain-source voltage of Q2 (Vvps_q2)
is zero, and when Q- is turned OFF, the current through the
Qs is near zero, validating the soft-switching operation can be
achieved (Q1, Q3, and Q4 have similar behavior). Besides, if
zero-voltage switching is required, detailed parameter designs
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Fig. 13.  Experimental waveforms in CC mode. (a) Ap =0cm, Rg = 5.2 Q2.
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can be found in [32]. The experimental waveforms of the SCC
are presented in Fig. 17, it can be observed that the drive signal of
S1 (vg1) arrives when ip commutates from negative to positive
while the drive signal of S (vg2) becomes high level when ip
commutates from positive to negative, which agrees well with
the theoretical analysis.

The dynamic performance of the proposed WPT system is
tested by step changes in the load resistance Rp. From Fig. 18(a),
it can be found that when Rp is changed from 5 to 5.4 € in
CC mode, the dc output current I, can be adjusted to the rated
value 6 A within about 50 ms. Fig. 18(b) presents the dynamic
waveforms in the CV mode when Ry is changed from 10to 15 2.
The dc output voltage can be quickly adjusted to the rated value.
The dynamic adjust time is about 14 ms, and the overshoot of
output voltage is 37.5 V. Besides, the CC mode can smoothly
change to CV mode, as shown in Fig. 18(c).

The impact of the detuning ratio /3 on transfer efficiency is also
tested. When = 1.45 and Rp = 6 (2, the experimental wave-
forms of the inverter output voltage v,., transmitting current
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ip, receiving current ig, and the rectifier input voltage vg under
different misalignments are shown in Fig. 19. It can be found that
the rms value of ip, ig, and vg can be maintained constant under
different misalignments, which means that a constant transfer
efficiency n with 92.8% can be obtained when the detuning
ratio is controlled to be constant (transfer efficiency is calculated
by nr = IRy /(I3Rp + I2Rs + IZRy)). Fig. 20 shows the
waveforms of v,., ip, is, and vg under different detuning ratios
when Ap = 0 cm and Rg = 6 . It can be found that as
the detuning ratio increases, the current ratio (I/p/ls) gradually
decreases, which indicates that transfer efficiency can be im-
proved by increasing the detuning ratio. The abovementioned
experimental results are consistent with theoretical analysis.

C. Comparison With Other WPT Systems

Table II compares the performance of different WPT systems.
The key parameters, including system efficiency, output power,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 3, MARCH 2024

T T T T T T T T T T T
~_~ 6 .
3 - ‘ Ap Ocm 2cm 4cm  6cm
NG 5L Iy ) » : | [Measured & e = A b
= b 1 [Calculated
2 1
5 4r 1 1
o 1
%D 3L CC mode . & CV mode i
h=] 1
‘g 2L ! *
| s
e 1f 1 S,
1 1 1 1 1 1 1 1 1 1 1
5 52 54 56 58 6 100 15 20 25 30 35
Equivalent battery resistance Ry ()
(@)
T T T T T T T T T T
21F , B
CC mode X CV mode
@ 20 X E
-2 19+ t Ap Ocm 2cm 4cm 6cm g
& 18l Calculated ]
%ﬂ ’ ¢ Measured @ © ® A
s 1.7F 1 B
2 ¢ 1
8 1
] lor | s g 0t ¢ LI
L5 : .
14} | ]
1 1 L 1 1 L L 1 L L
5 52 54 56 58 6 100 15 20 25 30 35
Equivalent battery resistance Ry (€2)
(b)
180 T T T T
@y/2n
A
—~ 170 F
3 i
o)
2
P
2
)
=
=3
&
E 140 * o
= Ap Ocm 2cm 4em Gem
“ 130 Measured @,/2n . L] A 7
Calculated wy/21 _— —
120 | | . 1 I | | 1 . |

5 52 54 56 58 6 10 15 20 25 30 36
Equivalent battery resistance Ry ()

(©)

Fig. 15. Measured and calculated results. (a) Transmitting current /p.

(b) Detuning ratio. (c) Natural frequency.

prevu v

i[5 Adiv] i[5 div]

Vi [50 V/div] Vae [50 V/div]

=

Vas o [10 V/div]
A

Vas 02 [10 V/div] — Vbs_o2[25 V/div] Vbs_2[25 V/div]
_Q. + ‘

Vae [S0 V/div]  ip[S A/div] Vae [50 V/div]
¥

i[5 A/div]
3
Vas_2[10 V/div]  Vps 02 [25 V/div] Vas_ 2 [10 V/div] "115,01[25 Vidiv]

A

] A I =
i

© (d)
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TABLE II
COMPARISONS WITH PREVIOUS WPT SYSTEMS
DC-DC Max. output ce Continuously Soft Outputs Wireless Extra
Ref. Method ffici w . (\12/) Topologies or adjustable ZPA witchin independent mmunication DC-DC
efficiency powe cv output switching of kps communicatio converter
[6] Switching o o4 49, 1100 S-S/S-S-S  Both No Yes Yes No Yes No
topologies
[9] Hybrid 871-91.29 3000 S-Lee cv No No Yes Quasi- No No
topologies % +S-S constant
[lo] ~ frequency s g0 1000 S-S cv No No Yes Yes Yes No
control
[26] Cascade 91.9% 400 S-S No Yes Yes Yes Yes No Yes
converter
[p7)  Phaseshift o) 5 oo, 960 S-S Both Yes Yes No Yes No No
control (CO)
Pulse
[28] frequency 83—-86.4% 40 S-S No No Yes Yes Yes No No
modulation
This — Detuning g, o coy 216 S-S Both Yes Yes Yes Yes No No
work Control
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compensation topologies, soft switching, input and output char-
acteristics, misalignment tolerance, output regulation ability,
and additional circuits, are listed in this table. From Table II,
the advantages of the proposed system are as follows.

1y

2)

3)

Both accurate CC and CV independent of kpg can be
achieved. Compared to [6], the misalignment tolerance
can be significantly improved. Although the outputs in
[9] can remain approximately constant within a certain
range of kpg changes, the control accuracy of [9] is limited.
And CV output and CC output cannot be realized in [9]
and [19], respectively, which is not suitable for battery
charging.

Wireless communication is not required in power transfer
control, eliminating the impact of communication delays
or interruptions on system dynamic response and power
transmission reliability, which is an advantage compared
with [6] and [19].

The detuning ratio increases the control freedom of the
system, and the outputs can be continuously and smoothly
regulated by adjusting the detuning control. The output
regulation ability is enhanced compared to [6], [9], and
[19]. The control accuracy is improved compared with
[28] because the outputs cannot be continuously adjusted
using pulse frequency modulation.
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Dynamic waveforms with changing Rp at Ap = 0 cm. (a) Changing

Rp from 5 to 5.4 2 in CC mode. (b) Changing Rp from 10 to 15 €2 in CV mode.
(c) Changing from CC mode to CV mode.

4)

5)

Soft switching can be maintained because the inverter
duty cycle can remain unchanged when adjusting the
output, which reduces the switching loss compared to [27].
Besides, ZPA operation can be realized, which is benefi-
cial for reducing the volt-ampere rating of the inverter
compared to [6] and [19].

Output can be regulated by a single-stage inverter without
additional dc—dc converters on both sides, which reduces
the loss, cost, and volume of the system compared with
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[26]. The simplest SS-type compensation topology is used,
which simplifies the system structure compared to high-
order compensation [9] or topology switching [6]. Thus,
the requirement for a compact and lightweight system can
be met.

V. CONCLUSION

This article proposed an autonomous WPT system for battery
charging based on detuning control. First, using the circuit the-
ory, the relationships between the detuning ratio and current ra-
tio, voltage ratio, transfer efficiency, and output power of the pro-
posed system were derived. Theoretical analysis demonstrates
that CC and CV outputs independent of coupling coefficient and
load can be achieved by controlling the detuning ratio based on
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the transmitting-side information. Besides, when the detuning
ratio is controlled to be constant, a transfer efficiency insensitive
to the variation of the coupling coefficient can be obtained, and
the transfer efficiency increases as the detuning ratio increases.
Next, the structure and control of the proposed system were put
forward. The detailed design and implementation of the negative
resistor and switching-control capacitor were presented, and a
CC/CV charging control strategy with misalignment tolerance
based on detuning control was also proposed. In the proposed
system, wireless communication is avoided and no additional
dc—dc converter is required on both sides. In the final step, a
prototype with a 6-A charging current and a 36-V charging
voltage was built, which was tested under different misalign-
ments and load resistances. Experimental results show that with
a transfer distance of 5 cm, CC and CV outputs can be achieved
within a range of 6 cm lateral misalignment while maintaining
a transfer efficiency of more than 91.5%. Besides, the charging
mode can be switched smoothly, and the prototype exhibits a
good dynamic response to load step changes. The experimental
results confirmed the theoretical analysis.

Thereby, the proposed system can offer stronger robustness
and high cost-effectiveness in wireless battery charging. Due
to the use of the simplest S-type compensation structure and
uncontrollable rectifier in the receiver, the proposed system
has great potential for applications that require a compact and
lightweight receiver, such as wireless charging for drones and
smartphones.
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