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Abstract—Compared with the traditional plug-in charging
system, wireless power transfer (WPT) system has the
characteristics of electrical and mechanical isolation. A wireless
system is proposed suitable for battery charging under
misalignment or range variation, and the constant current (CC)
and constant voltage (CV) charging are realized by the estimation
of coupling coefficient. Firstly, two different operating frequencies
based on SS basic compensation structure are designed to realize
CC output and CV output respectively. After circuit analysis, CC
and CV output cannot be achieved when the position of the
secondary coil changes. To solve this issue, when the coil is under
misalignment or range variations, the required system
parameters are measured, and the coupling coefficient in the
charging process is estimated by using the transconductance
amplitude equation. Then the corresponding input voltage or
working frequency is calculated and fine-tuned. Therefore, the
CC and CV charge of the battery can be realized under
misalignment or range variation. Finally, experimental results are
presented to verify the feasibility and correctness of this method.

Keywords—Systems Theory, Applied Systems Theory, Battery
charging, Constant current output (CC), Constant voltage output
(CV), Coupling coefficient estimation, Wireless power transfer
(WPT).

I. INTRODUCTION

With the development of power electronics and
electromagnetic field theory, electric energy can be
transmitted in a non-contact way. Wireless power transfer
(WPT) uses induction coupling [1], magnetic resonance
coupling [2], laser and microwave to transmit energy [3], which
is a safe, reliable and convenient way to transmit power [4-6].
Compared with the traditional wired power transfer, WPT has
the characteristics of electrical and mechanical isolation,
avoiding the appearance of electric spark, safety and reliability,
flexibility and convenience. Therefore, this method can be
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applied in a variety of extreme environments. At present,
typical application fields include -electronic products,
automated guided vehicle (AGV), biomedical equipment,
underwater and mine equipment, etc. [7-10]. With the
aggravation of air pollution and energy consumption in recent
years, electric vehicles with their clean and efficient
characteristics are gradually replacing the traditional fuel
vehicles. The application of radio energy transfer technology to
electric vehicle power supply has also become a hot topic [11].

Battery is an important part of electric vehicles and the key to
the normal operation of electric vehicles [12]. There are three
battery charging methods: constant current (CC) charging
method, two-stage charging method, constant voltage (CV)
charging method. In the late stage of CC charging method,
charging current is mainly used to electrolyze water and
produce gas, which makes the gas exhaled too much. In the
initial stage of CV charging, the current is too large, which has
a great impact on the battery life, and it is easy to make the
battery plate bend, resulting in battery scrap. The mixed
constant current/constant voltage method overcomes the
deficiency of the first two methods, but it can't eliminate the
polarization phenomenon when the battery is charged, which
will affect the charging effect. Therefore, the two-stage
charging method, which combines CC and CV, is often used.
For a start, it is in the CC mode. As the battery voltage rises to a
certain level, the charging process switches to the CV mode
[13, 14]. The battery has a wide range of voltage variation
during the charging process, in order to extend the service life
of the battery, the charging system needs to accurately meet the
required charging current and voltage. The output state of the
wireless charging system is affected by a variety of parameters
and working conditions, so it is necessary to ensure that the
output load characteristic curve conforms to the battery
charging curve and has certain load adaptability [11].

In general, wireless charging methods to realize CC and CV
output of batteries can be divided into two types: variable
topology-based method and variable working frequency-based
method. The method of variable topology is to adopt compound
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topology structure, one topology for CC, another for CV, and
the operating frequency keeps unchanged. In 2015, Qu et al.
proposed a hybrid charging topology based on series—series
(SS) and parallel-series (PS) compensation or series—parallel
(SP) and parallel—parallel (PP) compensation [15, 16]. In 2017,
Huang et al. designed a WPT system for battery charging.
LCL-LCL topology is used to realize CC output and LCL-S
topology is used to realize CV output [17]. In 2018, Li et al.
designed the hybrid topology of three-coil WPT system to
realize CC and CV output. The three-coil WPT system has
better performance than the two-coil WPT system when the
transmission distance is increased [18]. However, the variable
topology method increases the number and complexity of
components, and the system may be in a state of detuning when
the coil is misalignment, thus reducing the transfer efficiency.
The method of variable operating frequency is to realize the
charging characteristic of battery with CC and CV in a single
topology, but two operating frequencies are needed in the
charging process. In 2014, Huang proposed that the SS
topology could achieve CC and CV output at two different
frequencies, but the coil misalignment issue was not considered
[19]. In 2018, Tran et al. added two intermediate coils with
resonant capacitors to improve the power transfer efficiency.
The resonant tank is designed as two current and voltage
sources with different frequencies to realize CC and CV output
respectively [20]. In October 2018, Vu et al. proposed the
double-sided LCC compensation tank which can achieve both
CC and CV mode charge under zero phase angle (ZPA)
condition at two different resonant frequencies [21]. In March
2019, Qu et al. proposed a double-sided LC compensation
circuit in order to achieve load-independent CC output and zero
reactive power input [22]. They gave the efficiency of their
WPT systems at fixed frequency under various misalignment,
but no solution is given to tackle the misalignment issue.
Therefore, it is necessary to solve the problem that CC and
CV output can be achieved under coil dislocation. In this kind
of system, information of system parameters, especially the
coupling coefficient, is needed. Consequently, coupling
coefficient estimation is the key factor to realize the wireless
battery charging. A dynamic coupling coefficient estimation
method requiring secondary side parameters is proposed in [23]
and [24] to achieve the maximum transfer efficiency of the
wireless system. In [25], the coupling coefficient is estimated
by using the relationship between the coupling coefficient and
the duty cycle of Buck-Boost circuits. In [26], the coupling
coefficients are identified by the input impedance equation, and
only one solution is found, avoiding the two-solution method in
[25]. In this paper, it is proposed that the required CC and CV
output can still be achieved by coupling k estimation under the
condition of the misalignment or range variation. It also helps
to protect the battery and improve the life of the battery. In
addition, closed-loop control is used to realize the stable and
accurate control of charging current and charging voltage. The
SS topology for CC/CV charging under a closed loop control
has some commercial value. Compared with the method of
variable topology-based, our method reduces the number and
complexity of components. Compared with the method of
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variable working frequency-based, we can realize the CC and
CV charging of the battery through closed-loop control when
the position of the secondary coil changes.

The method of variable operating frequency was adopted in
this study. A wireless charging system suitable for battery
charging under misalignment or range variation is designed,
and CC and CV charging are realized by the estimation of
coupling coefficient. This system adopts a SS basic
compensation structure to realize CC and CV charging under
different equivalent loads. It is designed as two current and
voltage sources with different frequencies to realize constant
current output and constant voltage output respectively. After
analysis, the working frequency is fixed in CC mode and cannot
be changed. The output current can reach the desired current by
adjusting the input voltage. In CV mode, the coupling
coefficient is related to the operating frequency. It is necessary
to first estimate the coupling coefficient. Then calculate the
working frequency, and further fine-tune the working
frequency to make the output voltage CV charge. When the coil
is under misalignment or range variations, the required system
parameters are measured, and the coupling coefficient in the
charging process is estimated by using the transconductance
amplitude equation. Then the corresponding input voltage or
working frequency is calculated and fine-tuned. Therefore, the
CC and CV charge of the battery can be realized under
misalignment and range variation.

II. CIRCUIT STRUCTURE AND WORKING PRINCIPLE

A. Circuit Analysis and Equivalent Circuit Model Based
on SS Compensation Topology

The core component of WPT system is a loose-coupling
transformer. Due to the existence of air gap, a loose-coupling
transformer has a high leakage inductance [6], so it needs to add
compensating capacitor to compensate reactive power. At
present, the most commonly used compensation methods show
four structures: SS, SP, PS, PP [16] as shown in Fig. 1. By
analyzing the input and output characteristics of four basic
WPT compensation structures, the topological structure and
working conditions that can realize CC or CV output are found.
Taking SS topology as an example and applying Kirchhoff's
voltage law to the circuit, the voltage equation (1) can be
obtained:

Lﬁz=(1wLp+ ! Jl‘?‘—jle‘?‘
joC,

(1)

. . 1
O——ja)MI‘l&+[Ja)Ls + joC + qu] I‘§‘

s
where Le and Ls are the self-inductance of the primary and
secondary coils respectively, Cr and Cs are the compensation
capacitors of the primary and secondary coils respectively, M
is the mutual inductance between two coils, Rc is the load and
@ is the operating frequency. Here, the coil resistance is
neglected since the most of the voltage is applied to the coil
inductance. (1) can be simplified to (2).
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where k is the coupling coefficient of the two coils, equal to
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Fig. 2. Equivalent circuit model of T-type based on SS compensation
topology.
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Fig. 3. Equivalent circuit of WPT system.

There are two equivalent circuit models of loosely-coupled
transformers: M-type and T-type. T-type equivalent circuit
model is used in this paper. Therefore, the equivalent circuit
model of the T-type transformer based on the SS topology as
shown in Fig. 2 [27], and two closed-loop voltage equations can

be obtained as Zpri Zse
= Bt ol + joL,) - B o,
L 26C, lks L L3
:I§4ijm—I§‘~(jajC +jol, + joL, +R )
Uin yam ’ Rieo Uo

Zin
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where L, is the equivalent excitation reactance, L, =M . L;,
and L, indicate the leakage inductance of the primary side and
the secondary side after reduction of a transformer,
respectively, Ly, =L, —M ,and L, =L -M.

For further analysis, let

Z =- ! + jol;, + jol,
JjoC,
ja)_Cs+ jol;, + joL, 4)
Z, = jol

m

By substituting (4) into (3), (3) can be rewritten as
Ugiﬁ = le%_ ZzlgzL
5

L 0 :Z3§L_ (Zz R )I%L ©)

Comparison with (2), and let L, equal L,.Z,, Z,and Z, can

Leq

also be derived as

12 2

. a,
Z,=2,=jol, x(l—a)—g)

= jW‘prLS xk

B. CC and CV Mode Operating Frequency Analysis

The equivalent circuit model of the T-type transformer based
on the SS topology shown in Fig. 2 can be further simplified by
using Thevenin theorem as shown in Fig. 3. The equations of
Thevenin equivalent circuit can be derived as

&, U?g 7
Z,
2Z2,-727 Z'-7}
Iy == ==—— ()
1 1
L 2 N
TH
ZTH + RL .eq le _232 +ZIRL,eq
— L,g'léH RL,eq X ZSRL,eq (10)
‘ ZTH + RL,eq : le - 232 + ZIRL,eq

U;, and Z;, represent the Thevenin voltage and Thevenin
impedance of the circuit, respectively. Iy, and U, are output

current and output voltage [20].
In order to satisfy the CC output, it can be seen from (9) that

when 7, is equal to 0, |, is a constant no matter what value R,

. Bis now

T ST S

Z, jo, prLS xk
At this point the operating frequency is at the resonant
frequency

(12)
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Substitute (12) into (11) to obtain the output current:

%[,
J\ka

It can be seen from (13) that the output current in the CC mode
is related to the coupling k. Figure 4 shows the curve of output
current relative to frequency under variable load. It can be seen
that the CC mode charging of 1.05A can be realized at 43.2kHz.

(13)

Output current (A)

45 50 55 60 65
Frequency (kHz)
Fig. 4. Output current curves of the proposed system at different loads
in CC mode operation.

In addition, since Z, =Z, =0,the input impedance Z,, of the

WPT system becomes a real number as shown in (14).

1
7 =
n ( Ja)C

+ jol;)+
p

1 . .
(ja)C + jol;, + RL‘eq)- jolL,,

(14)

. 1 .
joL,, +(ja)C + jol;, + RL’eq)

n (Zz - Zs + RL,eq )Z3
Z,+R

—Z2 k2 L,
RL,eq RL eqC
Hence, the ZPA condition can be obtained in the CC mode
charge.

In order to satisfy the CV output, it can be seen from (10) that
when z2-z2=0holds,U, is a constant regardless of value
R

shown in (15) and (16), respectively

L.eq

Leq - The system voltage output and operating frequency are

U%=U%§= " (15)
1 (1 600)/

0y =2 @y = 16

vl ﬁ’ V2 m ( )

where @, is the above resonance frequency, @,,is the below
a,, holds. To verify the
above analysis, Fig. 5 shows the gain curve of output voltage

resonance frequency, and @, <@, <
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relative to frequency under variable load. It can be seen that CV
charging can be realized at 36.2kHz or 56.6kHz.

14

Output voltage (V)

0 I 1 1 I 1 1 )
30 35 40 45 50 55 60 65

Frequency (kHz)

Fig. 5. Output voltage curves of the proposed system at different loads
in CV mode operation.

Substitute the above resonance frequency @,, into (15) to

obtain the output voltage

T

in a7

Substitute the below resonance frequency @,, into (15) to

obtain the output voltage

& -

. xk=-& (18)
a-— L
( 0
x/1+k

is equal to L. In CV mode, the output voltage and

where L,

the input voltage are in phase at the above resonance frequency,
while they are out of phase at the lower resonance frequency
,, .

At the above resonance frequency @, , that'sZ, =Z, , the

vl

input impedance and its phase are

Z- _ ZIRL,eq _ Leq(RL eq 1)
Z + RL‘eq R +]Z) | (19)
a)OkaRL eq (wOka + J \4 - RL,eq)
VI=KR] o + (@ L k)
I:QL eq
arg Z,, = arctan( —) (20)

oL,
It can be seen from (19) that the ZPA condition cannot be
obtained in CV mode charge at the above resonance frequency
,, . According to (20), the input impedance is inductive, which

is beneficial to realize zero-voltage switching (ZVS).
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At the below resonance frequency @,,, that's Z, =—Z,, the
input impedance and its phase are

ZR o oL KR o (—apL k+ jN1+k Rieq)
in = = 2 2 (2 1)
Z +R JI+k Rl e + (LK)
JI+kR
arg Z;, = arctan(—————) (22)

oL,
The ZPA condition cannot be obtained in the CV mode charge

from (21) at the lower resonance frequency @,, . From (22), the

input impedance is capacitive, which is beneficial to realize
zero-current switching (ZCS).

Now the system transfer efficiency is calculated.

The load power of the system is

2
load — UO (23)
RL,eq
where U is the output voltage of the system, and R ., is the
load resistance.
The input power of the system is defined by
P, =U,l, cosd 24)

where U, refers to the voltage across the transmitting coil and

the transmitting capacitor, |, is the primary side current, and €
is the phase difference between U, and I,.

The measured transfer efficiency of the system is deduced as

— I:L)a\d — U(? / RL,eq

R, Ul cosé

Similarly, the operating frequencies of the other three

topologies satisfying the CC or CV output can be obtained. PS

and PP topologies need relatively large working frequency to

achieve CC output, while SP topologies cannot achieve

load-independent CV output. After comparison, SS topology is
selected in this study to realize CC and CV output.

(25)

C. Control Strategy Based on Coupling Coefficient
Estimation

When a wireless charger is used, different situations may
occur between the two coil centers as shown in Figure 6[28].
Under the ideal alignment shown in Figure 6a, the CC and CV
output of the WPT system will not be affected. In the case of the
shortening of transmission distances in Fig. 6b and the lateral
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Fig. 6. Coil configurations with various spatial scales. (a) Ideal alignment. (b) Range shortened. (c) Lateral misalignment.
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misalignment of the secondary coil in Fig. 6c, the coupling
coefficient will change, consequently, from (11) the output
current will vary, and from (13) the output voltage will change.
Figure 7 shows the coupling k of the two coils at different
transmission distance. According to the coil parameters in
Table 1, the coupling K between two coils at different distances
is calculated by a useful inductance calculator software Inca
[9]. It can be seen that the farther the distance, the smaller the
coupling k.
Table 1. Parameters of WPT system

Component Symbol Value
Transmitting Coil Lp 67.89uH
Cp 0.2uF
Rwl 0.50hm
fp 43.2kHz
turns coil 17
inner diameter 12cm
outer diameter 22.5cm
Receiving Coil Ls 66.15uH
Cs 0.2uF
Rw2 0.50hm
Fs 43.2kHz
turns coil 17
inner diameter 12cm
outer diameter 22.5cm
08 T T T T T T T
0.7¢ 1
o
0.6 1
_;3’ o
Sosf © -
° o
e
= o
04+ 1
o)
o
03 3
0.2 ‘ : ‘ . ! ‘ ‘
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Transmission distance(cm)
Fig. 7. The coupling coefficient K at different transmission distance.
When the position of the secondary coil is changed, the
coupling k will change. Measures should be taken to ensure that
the WPT system can achieve CC and CV output. In CC mode,
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from (11) the input voltage might be changed correspondingly
to keep the output current constant. In CV mode, from (13) and
(14) the system operation frequency might be varied to keep the
output voltage constant. In this study, the coupling k is
estimated by using the transconductance amplitude equation,
and then the input voltage or working frequency are adjusted
respectively to achieve CC or CV output. This idea will be
presented clearly in next section.

1) Estimation of coupling coefficient in the WPT system

The transconductance is the ratio of the output current to the
input voltage. From (1), the transconductance (26) can be
derived. The transconductance amplitude equation (27) can be
derived from (26).

Coupling coefficient estimation requires theoretical and
measured output current and output voltage. The load
resistance can be known by measuring the output current and
output voltage in the circuit. The values of the primary
inductance and capacitance, the secondary inductance and
capacitance, the input voltage and the working frequency are
known. These parameters are substituted into the
transconductance amplitude equation as shown in (27), and the
coupling Kk can be obtained.

Since M in the transconductance amplitude equation (27) is
to the eighth power, the coupling k obtained has eight solutions.
Three of the eight solutions have different roots, and the rest are
multiple roots. Therefore, the three different k values need to be
selected to get the real K. These three different k values are
substituted into the current equation as shown in (28), to obtain
the primary and secondary current, which are compared with
the values measured. If they are equal, and then the real
coupling K is found.

| joM
U_z‘ . 1. J 1 26)
in (Ja)l_p-‘r wC )(]a)Ls—i_m-i_RL,eq)erzMz
p s
|| al+b’
Uin [—Cz—dz]z
1
a= —a)MRL’eq (a)Lp —w—cp)
1 1 P
b=oM| oL, -—— || oL, ———|-o'M 27)
wC, oC,
c=| oL —L R
P wC, L
d= a)Lp—L (a)LS—LJ—wZMZ
wC, oC,
| = Uin
1 2
(joLy+——)+—0
a)C jolg+— +R\_,e
o e (28)
I, = “"1 ,
JCOLS +TC:S+ RL,eq
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For above method, the coupling k at different transmission
distances of two coils is calculated by Inca first. According to
the coil parameters in Table 1, the transconductance amplitude
equation method is used to estimate the coupling k by
MATLAB. Two working frequency, the resonant frequency
43.2 kHz and the above resonance frequency 56.6 kHz, were
selected to verify the method. Figure 8 compares the Inca value
and the estimated value of the coupling k at different distances
under the operating frequency of 43.2kHz or 56.6kHz. It can be
seen that the coupling k estimated by the transconductance
amplitude equation method are in general agreement with the
Inca value, indicating that the transconductance equation

method is feasible.
0.8 . ‘ .

O  Incak
X Estimated k

0.7

o o
2] o

The coupling k

o
~

0.3

4.5

0.2 . . . .
1.5 2 2.5 3 3.5 4

Transmission distance (cm)
(@
0.8 T T T

@)
x

Inca k
Estimated k

0.7

o o
2] o

The coupling k

N
S

0.3

02 1 L 1 1 1 1
2.5 3 3.5 4 4.5

Transmission distance (cm)
(b)

Fig. 8. Comparison of the Inca values and the estimated values of the
coupling k at different transmission distance. (a) Operating at the
resonant frequency of 43.2kHz; (b) Operating at the above resonance
frequency of 56.6kHz.
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Fig. 9. Flow chart of input voltage regulation in the CC mode.

2) Implementation of CC Output under Misalignment or
Range Variation by Adaptive Regulation

In CC mode, when the coil is under misalignment or range
variation, the flow chart of dynamic input voltage regulation is
shown in Fig. 9. First, the coupling k is estimated. Next,
calculate the input voltage from (13). There are uncertainties in
the system circuit description (1) because of the existence of
non-ideal coils, and the input voltage should be fine-tuned.
Measure | and compare it with the desired CC output. If the
measured |, differs from the desired value, the input voltage is
fine-tuned to make the output current more accurate.

3) Implementation of CV Output under Misalignment or
Range Variation by Adaptive Regulation

In CV mode, when the coil is under misalignment or range
variation, the flow chart of dynamic frequency regulation is
shown in Fig. 10. The coupling K is estimated first. After the
coupling K is determined, the working frequency at this point is
calculated from (16), and the working frequency is fine-tuned
to make the output voltage closer to 8V.
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Fig. 10. Flow chart of working frequency dynamic regulation in CV
mode.

4) Charging Mode Switching Strategy
For a fixed battery, assume that its nominal voltage isU

max
.When the battery is in a low voltage state, the voltage isU . .

During the charging process, the charging voltage of the battery
isU, and the charging current is |,. The battery acts as a

variable resistor with a value of R =U,/I,. In the CC charging

stage, the battery is charged with a constant current, and the
voltage of the battery increases with charging time. When the

charging voltage U, isincreased to U, the charging process

is converted to CV mode. During the CV charging process, the
charging voltage of the battery remains unchanged, the internal
resistance of the battery gradually increases, and the charging
current gradually decreases until the battery is full [17]. The
change of the resistance of the battery during the whole process
is shown in (29).

LIJ_ S RL S Ulmax
cc cc 2
5 29)

In this study, the CC output of battery charging is set as
1.05A, and the CV output is set as 8V. When the battery voltage
is lower than the maximum charging voltage of 8V, the current
controller is activated to charge the battery with the output
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current of 1.05A in CC mode. When the battery voltage reaches
the maximum charging voltage, the controller can
automatically switch to CV charging mode.

III. EXPERIMENTAL RESULTS

Firstly, the experimental WPT system and its parameters are
given. In the second section, the experimental results under
ideal coil alignment are presented. The third section describes
the experiment of realizing CC and CV output when the
transmission distance shortens 1cm. The last section gives the
experiment of realizing CC and CV output when the secondary
coil has 3cm lateral misalignment.

Cp Cs

power amplifier .

v (O

oscilloscope

signal generator

Fig. 11. Schematic diagram of the experimental WPT system.

: feabe
Fig. 12. The experimental platform of the suggested WPT system.

A. Experimental Platform of the WPT System

Based on the previous analysis and design, the schematic
diagram of the experimental WPT system is shown in Fig. 11.
The signal generator provides energy to the transmitting coil of
the WPT system. A power amplifier amplifies the input voltage
provided by the signal generator. Capacitance L, and Lg

compensate the reactive power of the circuit to improve its
efficiency. The waveform of the load is measured by an
oscilloscope.

The experimental platform is shown in Fig. 12, consists of a
signal generator (Tektronix: AFG3102), a power amplifier
(Rigol:PA1011), an oscilloscope (Rigol:DS1302), two coils
with the AWG16 wire, resistors, and capacitors [10]. 4Q to 12Q
resistors at an interval of 0.5Q should be prepared before
experiment. The key parameters in Table 1 are measured by a
LCR meter (GW Instek: LCR821) [9]. R, includes the internal

resistance of L, and C.R,, includes the internal resistance

of L, and C, . The ratio of turns between primary and
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secondary coils is 17:17. The air gap between two coils is
40mm. The coupling k calculated by software Inca is 0.419, and
the input voltage is 8V. In the CC mode, the operating
frequency is 43.2kHz, which can realize 1.05A CC charging. In
the CV mode, the operating frequency is 36.2kHz or 56.6kHz,
which can realize CV charging.

Experimental steps:

Step 1: The experimental platform is built, and the signal
generator, the power amplifier, the capacitor L, and the

inductor C, are connected in series to form the primary side
circuit. The inductor L, the capacitor Cq and the resistor are

connected in series to form a secondary loop.

Step 2: Perform the experiment at ideal alignment with a
4cm transmission distance. The experimental results are shown
in Section 3.2. The ideal output current in CC mode is 1.05A,
and the ideal output voltage in CV mode is 8V.

Step 3: Change the transmission distance from 4cm to 3cm.
Switch on the circuit according to the aligned experimental
parameters. The load resistance is 5Q. Measure electrical
parameters and it is found that the input current is 0.46A, the
output voltage is 4.37Vand the output current is 0.874A.

Step 4: These measured data were manually inserted into the
amplitude equation (27) and to find the coupling k by
MATLAB. k obtained has eight solutions. Three of the eight
solutions have different roots, and the rest are multiple roots.
They are 0.5032, 0.00002086 and 0.01025. These three
different k values are substituted into the current equation (28),
to obtain the primary and secondary current, which are
compared with the values measured. Then the true coupling k is
found to be 0.5032.

Step 5: In CC mode, according to (13), the input voltage
should be 9.73V. Then adjust manually the input voltage of the
signal generator to 9.73V and the output current measured is
now 1A. Because it is 0.05A lower than the required output
current, the input voltage is fine-tuned manually to 10.02V,
bringing the output current to 1.05A. The input voltage
regulation in the CC mode is completed at this time.

Step 6: In CV mode, according to (16), the above resonance
frequency should be 61.3kHz. Then adjust manually the
working frequency of the signal generator to 61.3 kHz. and the
output voltage measured is now 7.5V. Because it is 0.5V lower
than the required output voltage, the working frequency is
fine-tuned manually to 60.8 kHz, bringing the output voltage to
7.97V (It is the value closest to the desired output voltage). The
working frequency dynamic regulation in CV mode is
completed at this time. Repeat the above operation at the below
resonance frequency.

Step 7: When the secondary coil has 3cm lateral
misalignment, repeat steps 2 through 5 above.

B. CC/CV Mode Charge at Alignment

Figure 13 shows the curve of output current of the WPT
system relative to frequency under variable load in the CC
mode at alignment. It can be seen that the experimental results
are in general agreement with the theory. Figure 13 shows the
comparison between theoretical value and experimental value,
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with lines representing theoretical values and points
representing experimental values. In the low frequency stage,
the experimental value and the theoretical value have a high
consistency. The experimental value is higher than the
theoretical value in the intermediate frequency stage.
Theoretical value is higher than experimental value at high
frequency stage. It can realize constant current charging at
43.2kHz under different loads.
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Fig. 13. The curve of output current relative to frequency at alignment.
Figure 14 shows the curve of output voltage relative to
frequency under variable load in the CV mode at alignment.
Lines represent theoretical values and points represent
experimental values. The experimental results are largely
consistent with the theory. It can also be seen from Fig. 14 that

CV charging can be realized at 36.2kHz and 56.6kHz.
12 ; :

Output voltage (V)

| | I | I | |

30 35 40 45 50 55 60 65
Frequency (kHz)

Fig. 14. The curve of output voltage relative to frequency at
alignment.

The errors in Fig. 13 and Fig. 14 are mainly due to circuit
model errors, oscilloscope and amplifier errors used in the
experiment.

The waveform of input voltage and output voltage is shown
in Fig. 15 at two CV operating frequencies. The blue waveform
represents the input voltage and the yellow waveform
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represents the output voltage. It can be seen from Fig. 15 that
the input voltage and the output voltage are in phase at the
above resonance frequency 56.2kHz. At the below resonance
frequency 43.2kHz, the input voltage and output voltage are out
of phase. These observations consist with former theoretical
analysis (17) and (18).

(b)

Fig. 15. The waveform of input voltage and output voltage. The blue
waveform represents the input voltage and the yellow waveform
represents the output voltage. (a) At the above resonance frequency
56.6kHz; (b) at the below resonance frequency 36.2kHz.
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Fig. 16. Charging profile during the whole charging process.

The whole charging profile with the charging voltage and
current versus time is shown in Fig. 16. Here is the simulation
of a battery charging process over time, and the battery is
simulated by resistance. Figure 16 shows that the maximum
power can be up to 8.4W. During the whole charging process,
the efficiency measurement from the input end to the load is
shown in Fig. 17. A 1Q resistance is added in the primary side
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to measure the input current. As can be seen from Fig. 17, on
the left of the dotted line is the system efficiency of the CC
mode, which increases with the charging time. On the right of
the dotted line is the system efficiency of the CV mode. The
system efficiency decreases gradually with time. The maximum
efficiency of 91.3% is achieved when the CC mode is converted
to the CV mode.
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Fig. 17. Measured efficiencies of the WPT system at CC and CV
modes of charging.

C. CC/CV Mode Charge under Range Variation

Firstly, the output results of CC and CV without dynamic
adjustment are given when the transmission distance changes
from 4cm to 3cm. Secondly, the output diagram of CC and CV
after dynamic adjustment is presented when the distance
shortens. Finally, the experimental coupling Kk is compared with
the theoretical value at different transmission distances.

When the transmission distance changes from original 4cm
to 3cm, the current and voltage characteristics of the charging
process are shown in the Fig. 18. The curves in Fig. 18
represent CC output of 1.05A and CV output of 8V that are
specific to fixed batteries. The CC mode resistance is 4Q to
7.5Q, and the working frequency is 43.2kHz. The CV mode
resistance is 7.5Q to 12Q, and the working frequency is
36.2kHz or 56.6kHz. When the secondary side moves
downward lcm, the coupling k of the system increases from
0.419 to 0.503. The output current can be obtained from (13)
and the output voltage can be obtained from (15), as shown in
Fig. 19. It can be seen from Fig. 16a that the output current
decreases with the coupling k [6], so the current output in the
experimental CC mode is smaller than the required current as
shown in Fig. 18a. Figure 19b shows that the output voltage
increases with the coupling k, so the output voltage in the
experiment is higher than the theoretical value as shown in
Fig.18b. Consequently, the WPT system cannot achieve a CV
output under the operating frequency of 36.2kHz or 56.6kHz
when the transmission distance shortens 1cm.
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Fig. 18. The current (a) and voltage (b) characteristics of the charging
process without dynamic adjustment when transmission distance
decreased from 4cm to 3cm.
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Fig. 19. (a)The curve of output current relative to the coupling k at a
43.2 kHz working frequency; (b) The curve of output voltage relative
to the coupling k at a 56.6kHz working frequency

To tackle the range variation, CC and CV output are
achieved by adjusting the input voltage and the CV working
frequency as shown in the Fig.20. After adjustment, when the
transmission distance changes from 4cm to 3cm, the current
and voltage characteristics during charging can meet the
required requirements. Since the coupling K estimated at this
time is 0.503, in CC mode, the input voltage should be 9.73V
according to (13). Then adjust manually the input voltage of the
signal generator to 9.73V and the output current measured is
now lA. Because it is 0.05A lower than the required output
current, the input voltage is fine-tuned manually to 10.02V,
bringing the output current to 1.05A. In CV mode, according to
®,, in (16), the above resonance frequency should be 61.3kHz.

Then adjust manually the working frequency of the signal
generator to 61.3 kHz, and the output voltage measured is now
7.5V. Because it is 0.5V lower than the required output voltage,
the working frequency is fine-tuned manually to 60.8 kHz,
bringing the output voltage to 7.97V (It is the value closest to
the desired output voltage). Therefore, the CV output is realized
by adjusting the working frequency of constant voltage to
35.5kHz or 60.8kHz. The intermediate jump is because the
operating frequency of CC mode and CV mode is different, and
the current and voltage output will change after switching. As
shown in Fig. 4, the output current at 43.2kHz is 0.005A lower
than that at 56.6kHz and 0.013A higher than that at 36.2kHz, so
a jump is a normal phenomenon.

During the experiment, the transmission distance of the two
coils was changed between 1.5cm and 5.5cm. Fig. 21 compares
the coupling K estimated during different transmission distance
with the theoretical coupling k and the Inca K in the CV mode. It
can be seen that when the transmission distance is between
2.5cm and 5.5cm, the error between the experimental coupling
k and the theoretical value is small, but the error between the
experimental coupling Kk and the theoretical value is large when
the transmission distance is between 1.5cm and 2.5cm. Because
the coil is not ideal, the measured result is closer to the real one,
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so the operation frequency fine-tuning procedure is needed,
Fig. 9 & 10.
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Fig. 20. The current (a) and voltage (b) characteristics of the charging
process with dynamic adjustment when transmission distance
decreased from 4cm to 3cm.
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Fig. 21. Theoretical and experimental values of the coupling k at
different transmission distance. (a) Operating frequency of 36.2kHz;
(b) Operating frequency of 56.6kHz.

D. CC/CV Mode Charge under Misalignment

First, the output results of CC and CV without dynamic
adjustment are given when the secondary coil has 3cm lateral
misalignment. Next, the output diagram of CC and CV after
dynamic adjustment is presented when the lateral misalignment
is 3cm. Then experimental coupling K at different misalignment
is estimated.

When the lateral misalignment is 3cm, the current and
voltage characteristics of the charging process are shown in the
Fig. 22. When the secondary coil moves 3cm to the right, the
coupling k of the system decreases from 0.419 to 0.316. It can
be seen from Fig. 19 that the output current in the experimental
CC mode is larger than that required, and the output voltage in
the experiment is lower than that required. In the CV mode, the
CV output cannot be realized under the operating frequency of
36.2kHz or 56.6kHz when the lateral misalignment is 3cm.
Results of adjusting the input voltage and CV working
frequency to realize CC and CV output are shown in Fig. 23.
Since the coupling k estimated at this time is 0.316, in CC
mode, the input voltage should be 6.11V according to (13).
Then adjust manually the input voltage of the signal generator
to 6.11V, and the output current measured is now 0.96A.
Because it is 0.09A lower than the required output current, the
input voltage is fine-tuned manually to 6.72V, bringing the
output current to 1.05A. In CV mode, according to ,, in (16),

the above resonance frequency should be 53.2kHz. Then adjust
manually the working frequency of the signal generator to 53.2
kHz, and the output voltage measured is now 7.81V. Because it
is 0.19V lower than the required output voltage, the working
frequency is fine-tuned manually to 52.1kHz, bringing the
output voltage to 8V. Therefore, the CV output is realized by
adjusting the working frequency of CV mode to 37.7kHz or
52.1kHz. The intermediate jump is due to the different
operating frequencies of CC mode and CV mode, and the
output current and voltage will change after switching.
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Fig. 22. The current (a) and voltage (b) characteristics of the charging
process without dynamic adjustment when lateral misalignment is
3cm.

In the misalignment experiment, the misalignment distance
of the secondary coil on the X-axis was shifted from Ocm to
8cm, and the misalignment distance on the Y-axis was also
shifted from Ocm to 8cm.Since the two coils are concentric
circles, the coupling coefficient kK measured and calculated in
the experiment has roughly the same trend as shown in Fig. 24.
As can be seen from Fig. 24, the farther the lateral
misalignment distance is, the smaller the coupling k will be.

In the WPT system, the coupling coefficient can be estimated
under misalignment or range variation. When the battery is
charged wirelessly, it can realize CC or CV output charging by
estimating the coupling coefficient and then adjusting the input
voltage or working frequency with the regulator.
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Fig. 23. The current (a) and voltage (b) characteristics of the charging
process with dynamic adjustment when lateral misalignment is 3cm.
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IV. CONCLUSIONS

A wireless system for battery charging adaptive to coil
misalignment or range variation based on coupling coefficient
estimation is proposed in this study. The system adopts SS
basic compensation structure to realize CC and CV charging
under different equivalent loads. When the coil is under
misalignment or range variations, the coupling coefficient is
estimated by using the transconductance amplitude equation,
and then the input voltage or working frequency are adjusted
respectively to achieve CC or CV output. However, in the
experimental system, we used the power amplifier instead of
power electronic converters. The adjustment process in the
experiment was done manually rather than by the regulator.
The load was used with 4Q to 12Q resistors, not with real
batteries. In the later research, the battery will be used for
experiments, power electronics converters will replace the
power amplifier, and the DSP regulator will be used to switch
the CC and CV mode. Our method can combined with studies
like [29], [30], [31], [32] and [33].
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