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Load-Independent Current Output Characteristic
Under Wide Range of Coupling Coefficient
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Abstract—Wireless power transfer (WPT) technology provides
an effective solution to the power supply of autonomous underwater
vehicle (AUV). However, the misalignments and rotation often
occur between the docking station and AUV, which would result
in a fluctuation to system’s output characteristics. To maintain
constant current output with unreliable communication under
seawater environment is a barrier. Aiming at this problem, this
article presented an LCC-N WPT system with fewer compensa-
tion devices on the receiver side, which is immensely suitable for
reducing the weight and volume of the AUV. Meanwhile, based on
the switch-controlled capacitance (SCC) technology and frequency
modulation at the transmitter side, the mentioned WPT system
could stabilize the output current while the coupling coefficient
k and load resistance R; undergo a wide range variation. The
determination method of system parameters, including operation
frequency, capacitance value of SCC and compensation inductance
under various misalignment conditions was detailed derived. Be-
sides, the zero phase angle characteristic could be achieved during
the whole process. The experimental results indicate that while the
coupling coefficient varies from 0.3 to 0.54, the fluctuation of output
current for the proposed WPT system is less than 4.47% and the
power transfer efficiency could be maintained above 87 %, and the
maximum efficiency can reach 92.8%. In addition, the character-
istics of load-independent output current during the misalignment
process was also verified.

Index Terms—Constant current, misalignment tolerance,
switch-controlled capacitance (SCC), underwater wireless power
transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) technology for au-
tonomous underwater vehicle (AUV) has demonstrated
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Sketch of wireless charging station for AUV with misalignment con-

outstanding performance in improving the safety and invisibility
of underwater power supply [1], [2], [3], [4]. While the AUV is
about to run out of power, it could be recharged by docking in the
nearby underwater wireless charging platform. However, in the
actual operation of the above process, owing to the influence of
navigation guidance technology and intricate marine environ-
ments, the docking accuracy between AUVs and underwater
charging stations is difficult to obtain assurance, which will
directly lead to radial, axial misalignments and rotation between
the transmitter coil and receiver coil, as shown in Fig. 1. The
magnetic coupler misalignment will further cause the coupling
coefficient k undergoes a wide range of variation, which would
give rise to dramatic fluctuation of the output characteristic in
the WPT system. For presenting to smoothly and accurately
dock the AUV with charging station, Wu et al. [5] proposed
a funnel-type docking station design based on acoustic and
optical combination guiding method and a position locking
mechanism, but the additional navigation guidance devices and
locking mechanisms greatly increase the cost and weight of the
system. In [6], a magnetic coupler with variable ring-shaped was
designed to eliminate the gap between the AUV and charging
station. Nonetheless, the complex mechanical structure reduces
the reliability of the system in underwater environment.
Currently, many studies are focused on improving misalign-
ment tolerance for the AUV WPT system by ingenious mag-
netic coupler design [7], [8]. The key ideology of this method
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is alleviating variation of k during the coil malposition. Yan
et al. [2] proposed a novel magnetic coupler for the AUV with
two decoupled transmitter coils and a segmented arc solenoid
receiver coil, which significantly ameliorate the fluctuation of £
under the rotational and axial misalignment of the receiver coil.
A U-shaped bipolar transmitter coil and an arc-shaped unipolar
receiver coil was presented in [9] for achieving wide-range of the
rotation misalignment tolerance. Experiment results showed that
the power transfer efficiency of the proposed WPT system are
all over 88% within a rotation angle of 240°. In order to enhance
misalignment tolerance in radial direction, Zeng et al. [10] op-
timized a hybrid transmitter structure composed of conical and
planar spiral coils. The mentioned construction could generate
uniform magnetic area and guarantee stable power “pick up”
by the receiver side. By the way, the receiver coil with circu-
lar architecture enables the anti-rotational misalignment toler-
ance in above WPT system. Besides, a magnetic coupler with
uniform horizontal magnetic flux was established to improve
the rotational and axial misalignment tolerance [11], which
was utilized a quadruple-coil transmitter coil and a crossed
dipole receiver coil. The above magnetic coupler also has the
preponderance of being lightweight and compact. A portable
omnidirectional magnetic resonant extender was designed as an
intermediate device to enhance the stability of the underwater
WPT system under long distance [12]. Nevertheless, the current
research has not further considered achieving constant current
output when both the load resistance and coupling coefficient
vary.

On the other hand, the research about compensation and
control topology of WPT system for AUV is also another method
for improving misalignment tolerance. The dc—dc converter
attached to receiver side could effectively ensure the stability
of the system’s output power [13]. Besides, in [14], an S-S
compensation topology with variable inductor on receiver side
was proposed for AUV WPT system, which could maintain
constant current output with wide variation of coupling coef-
ficient. Lin et al. [15] proposed a LCC-SS topology with an
innovatively magnetic coupler and two rectifiers for coping with
rotational and axial misalignment. A fly in the ointment, the
additional components would still increase volume and weight of
the receiver side, which do not meet the compact and lightweight
requirements of the AUV. Some topologies with fewer devices
on the receiver side have certain adaptability towards above
mentioned demands, such as LCC-N [16], [17], LCC-P [18],
and LCL-N [19]. In [17] a primary-side linear control method
was proposed for constant current/voltage charging for WPT
system. However, the mentioned WPT system was lack of
misalignment tolerance. Besides, Zhang et al. [16] proposed a
constant current/voltage charging method based on LCC-N WPT
system with frequency modulation, which rely on the high-speed
communication between transmitter side and receiver side, thus
it is not suitable for underwater environments due to the se-
vere attenuation caused by seawater to high-frequency signals.
Hence, some controlled method based on real-time communica-
tion, such as frequency modulation control [20], phase shifted
control [21] and additional dc—dc converter on transmitter side
[22], are not inappropriate for AUV WPT system.
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Fig. 2. (a) Proposed AUV WPT system with LCC-N topology. (b) Simplified
equivalent AC circuit of proposed WPT system.

Regarding the above issues, this article presented a com-
pact underwater non-communication WPT system with load-
independent current output characteristic under wide range of
coupling coefficient. The main contribution of this article fo-
cuses on the following points.

1) The input-output characteristic of LCC-N WPT system is
discussed in detail. A control method based on frequency
modulation and SCC technology in the transmitter side
is designed for the mentioned WPT system, which main-
tains stable output current when the load resistance and
coupling coefficient change.

2) Combining the proposed WPT system, this article also
presents an approach to estimate the coupling coefficient
based on the primary electrical parameters, which could
avoid communication modules between the power trans-
mitter and receiver side.

3) According to experimental results, the proposed WPT
system could stable output current while k varies from 0.3
to 0.54 and power transfer efficiency could be maintained
above 87%. Besides, the feature of compact receiver side is
beneficial for improving the performance of AUV wireless
charging.

II. THEORETICAL ANALYSIS

Fig. 2(a) shows the proposed WPT system with LCC-N com-
pensation topology for the AUV wireless charging. S7 ~ Sy
are four MOSFETs and Dq ~ D, are four diodes. Lo and Lg
are the self-inductances of the transmitter coil and receiver
coil, respectively. k represents the coupling coefficient between
Lo and L3 Cy and Cy are the compensation capacitors on the
transmitter side and form an LCC topology with the com-
pensation inductance L. It is worth noting that C is consti-
tuted with switch-controlled capacitance (SCC). Besides, C, is
the filter capacitor on the rectifier. Ry, is the load resistance
and R, Ry, R3 are the parasitic resistances of corresponding
inductors. R.; and R.o represent the eddy current resistances
generated by the underwater environment.
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Fig. 2(b) presents the equivalent ac circuit of Fig. 2(a), while
the resistance of coils and eddy current resistance are ignored for
reducing the complexity of system design. Itis worth mentioning
the reason why eddy current losses could be ignored is that
the operating frequency of the system is less than 200 kHz [2].
According to fundamental approximation method, the ac input
voltage U and equivalent ac load Rac could be calculated as
following [18]:

U, = %UDC sin(wt) = Uy sin(wt) (1

8
Rac = 7RL. (2)
m

Then, combing with Kirchhoff’s Voltage Law, the circuit
current equation of Fig. 2(b) can be expressed as

U, X1+ Ry X 0 I,

0O)l=1| Xen Xo+Ro Xnm I,

0 0 Xu X3+ R34+ Rac I3
3

where X; (i = 1,2,3...) are presented as following:
Xy = jwky/LoLs
Xy = jwly +1/(jwCh)
Xo = jwLo + 1/(jwCh) + 1/(jwCs) @)
X3 =jwls
Xeo1 =1/(jwC)

where w is the system operating angular frequency. By simpli-
fying (3), the current flowing through each inductance while the
parasitic resistance is ignored could be expressed as following:

(XJ%I*RACXQ*X2X3)U1

I, = RacXZ T X3X2,+X1X3,—RacX1X2—X1 X2 X3

I, = (Rac+X3)Xc1Uy . 5)
27 RacX2, T X3X2,+X1 X3, RacX1 X2— X1 X2 X3

I;= —XuXci1Uy

RacX2, +X3X2 +X1 X2 —Rac X1 X2o—X1 X2 X3

A. Analysis of Constant Current Output Independent With
Load Resistance

According to (5), the output current gain of LCC-N topology
could be further simplified as
a I3 1
W=7 = Xx,-Xx2 X1 XoX5—X3X2, — X1 X2,
U1 2 ci RAC + 2 SXMSXC?: M (6)

XmXc
For the output current independent with load resistance, con-
dition (7) should be satisfied

X1 Xy — X2, =0. (7

Under this condition, input resistance Zyy and input resistance
angle 6 could be further calculated as

— X1X12\4
I = X3, —RacX2—X2X3

f = arctan (TZZF((ZZIS)U

®)

Combined with (8), in order to realize zero phase angle (ZPA)
operation for the WPT system, the following condition should
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be established
XoX3 — X3, =0. )
Then, Gy could be further expressed as
B 1
" W2ky/LoLsCy(wLly — %Cl)

While (7) and (9) are satisfied, the output current independent
of Rac with ZPA characteristic could be achieved in LCC-N
WPT system. By submitting (4) into (7) and (9), the following
solutions could be obtained:

G

(10)

| k(La(Lak2-4L1))3 —2Lo4 Lok?
2(C2L3k?~CoL2+Ca Ly Lok?)
1

Solution 1 :
e
_ [ R(La(Lak?440,))3 2Ly + Lok
Solution 2 : 2(C2L3k?=C2L3+CalaLak?) (1)
1

G = Fren g

Equation (11) shows the values of w and C which are satisfied
for output current independent with Rac and maintained ZPA
operation in the LCC-N WPT system. Fig. 3 shows the input
impedance angle and current gain vary with the system fre-
quency under different coupling coefficients to prove correlation
properties.

As can be seen from Fig. 3(a), under different load resistance,
input impedance angle and output current gain change trend
with frequency are distinct. However, there are two frequency
point corresponded to solution 1 and solution 2 that the current
gain is almost constant at different load resistance condition.
Meanwhile, it could be observed that the input impedance angle
of the system is zero at these two frequencies, which means
that the ZPA characteristic could also be verified. In addition,
comparing Fig. 3(a) with and Fig. 3(b), the variation of coupling
coefficient would not affect above characteristic.

Hence, for the LCC-N WPT system, while k changes due to
the coil misalignment, it could be guaranteed that the system
output current is independent of the load resistance and the ZPA
operation can be maintained by adjusting the system operating
frequency and compensating the capacitance C;. It is worth
noting that to reduce the impact of eddy current loss on system,
Solution 1 with lower frequency is selected as system operating
frequency. Besides, by contrasting the Gy under different cou-
pling coefficients in Fig. 3(a) and (b), it can be found that k has
little effect on the value of system output current, more detailed
analysis about the misalignment tolerance of the proposed WPT
system is conducted in the following chapter.

B. Misalignment Tolerance Analysis and Compensation
Parameter Design of Proposed WPT System

From (10), there are many fixed parameters that will affect the
value of the output current gain when k changes, which include
Ly, Ly, Csand L3. Among them, L, and L3 are determined
by the magnetic coupler. Thereby, discussion focuses on the
influence law of Ly and C5 on Gy when k changes. Fig. 4 shows
the normalized Gy varies with k in different L.
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Fig. 3. (a) Load-independent current gain with ZPA operation at k = 0.3.
(b) Load-independent current gain with ZPA operation at k = 0.54.
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Fig. 4. Normalized Gy varies with k in different L.

By observing the orange dashed line in Fig. 4 (the output
current in region where normalized Gy is greater than 0.9 is
considered as stable [5]), there is a region where the output cur-
rent could be maintained stable with certain range of k variation,
which is decided by L;. For example, while L; = 60 uH, Gy
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could be considered stable when k varies from 0.01 to 0.29,
as shown the black dashed line in Fig. 4. If the steady region
is inclined to 0.22 to 0.38, L; = 40 uH should be satisfied,
as shown the red dashed line in Fig. 4. Therefore, it can be
ensured the stability of the output current by adjusting the value
of compensation parameter L

Conversely with L, as shown in Fig. 5(a) and (b), the fluc-
tuations range of Gy caused by k variation is not related with
C5, which only decided the effective value of the output current.
It should be noted that the steady region in Fig. 5 is defined
based on a normalized Gy greater than 0.9. Therefore, the
misalignment tolerance of the proposed WPT system could be
improved by adjusting ;. In order to ensure a sufficiently large
stable as much as possible, the condition of £ = k.« should be
satisfied at the boundary of steady region (where k,x presents
max coupling coefficient between coils in the case of relative
position changes). For achieving this, the following conditions
need to be met:

Grulk=k,, = 0.9 x Max (Gv) (12)

where Max(Gpy) is the maximum value of Gy when k varies
from O to 1, which could be calculated by deriving Gy to k as
shown in the following equation:

ok

It could be obtained k& = ko which is the solution of (13).
Due to the complex algebraic relationships in above equation,
the solving process could be carried out through numerical
calculation software MATLAB.

Although the value of C2 would not affect the variation
tendency of Gy when k change, it will determine the variation
range of C; and w when k changes, as shown in Fig. 6.

As can be seen from Fig. 6, while C's = 5nF, the change
in k requires the system operating frequency to be maintained
above 200 kHz. Under this frequency range, the eddy current loss
of the underwater WPT system will cause a significant impact
on the input and output characteristic of the system, which is
not conducive to its efficient operation. Reasonably adjusting
the value of C5 could diminish the range of system operating
frequency changes, thereby reducing the system losses. To sum
up, the parameter design process of the proposed WPT system
is shown in Fig. 7.

=0. (13)
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C. Coupling Coefficient Estimation

According to the above analysis, in the operating process of
the proposed WPT system, the value of C'; and w are determined
by k. Hence, an approach is needed to estimate the coupling
coefficient between coils. However, due to the instability of
communication in marine environment, it prefers to estimate
the coupling coefficient through electrical parameters on the
transmitter side.

The proposed WPT system is starting operating after config-
uring C7 and w through k,,x. While the misalignment occurs be-
tween the AUV and underwater power supply station, k < Kmax,
the established working state would be disrupted. More detailed,
under established system parameters, the variation of k would
break condition (9), which would not affect condition (7). This
will cause a phase difference between the system output current
and voltage. Furthermore, there is an imaginary part in the
system input impedance when k& < kp,x, and could be expressed

as following:
a? 1
= L -
a?—1 <w ! wCl>

(14)
where a denotes the misalignment degree of receiver coil and
k = akmax. Thereby, the coupling coefficient could be estimated
by detecting the input current, input voltage and phase between
them (imaginary part of input impedance). Then, the coupling
coefficient can be obtained according to the following equation:

E—Fk imag(Zi)
maxA [ imag(Zin)—wLi+ T(lrl

imag(Z,) = Tll

CLQXlXJQW
CLQXJQW — X2X3

imag(Zi,) =

s)

sin 6
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III. CONTROL STRATEGY FOR PROPOSED WPT SYSTEM
A. Configuration of Switched-Controlled Capacitance

The continuous adjusting of C; with the variation of k is
achieved through switched-controlled capacitance technology.
The circuit diagram of SCC is shown in Fig. 8(a), among them,
a controlled MOSFET in series with Cso and then in parallel
with Cg;. Capacitor Cso is connected in series to reduce the
voltage stress on the switch. The key waveforms of SCC are
shown in Fig. 8(b). Comparing the modulation signal V;,, with
the sawtooth wave to generate the gate driving signal V¢ and
recording the duty cycle as D which directly determining the
value of equivalent capacitance of SCC. Itis worth noting that the
rising edge of V; always aligns with the positive zero crossing
point of the total current flowing through SCC. In addition, when
D>0.5, the branch of C'so always maintains continuity, hence the
effective range of D is [0, 0.5].

Regarding the calculation of SCC, the analytical solution of
duty cycle can be directly obtained through the charge ratio
method, which is more accurate than the duty cycle obtained by
the fundamental wave approximation method. The equivalent
capacity value C7 of SCC can be regarded as the sum of the
capacity values of the upper and lower branches. The capacity
value of the upper branch is C'sq, while the equivalent capacity
value of the lower branch depends on the switch state and can
be recorded as Cgaeq, then the following equation could be
obtained:

C = Osl + CsQeq- (16)

According to the formula C = AQ/AU, the capacitance
values of both the upper and lower branches can be expressed
as the ratio of their respective charge increments and volt-
age changes over a certain period of time. Due to the par-
allel connection between the two branches, AU is always
equal during any time period, therefore it can be concluded
that

CsQeq _ AQSQ
Csl AQsl

AQSQ
AQsl

Assuming the expression for the total current I is 1.1 (t) =
I,,sin(wt), according to diversion relationship, the two branch

Cs2eq = Osl- (17)
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currents can be expressed as
T (t)
B {Cﬂcfm sin(wt),t = (0,DT) U ((1 — D)T,T)
I, sin(wt), t = (DT, (1 — D)T)
Teso(t)

&S =Ly sin(wt), t = (0,DT) U (1 - D)T,T)
| L sin(wt), t = (DT, (1 — D)T)

(18)
Then integrating .1 (t) and I.42(t) within 7 = [0, 0.57], the
charge on each capacitor could be indicated as
0.5T
AQS]. = / Icsl(t)dt
0

Cs
B mlm(l — €08 2D7) + I (1 + cos 2D)
(19)

I, (1 — cos2Dm).
(20)

0.5T Cyo
AQqo = Too(t)dt = —= —
Q<2 /0 2() Csl +052

By combining (15) to (19), C can be explicit expression for
duty cycle D as
o 2051(031 + 032)
2041 + (1 4+ cos2D7)Cir

1 2 — 2 —
=D = %arccos CSl(CSl 016)'1—2'282( Cor Cl)

Cq

701 € [0517 Csl + CSQ]

2y

B. Control Strategy for Proposed WPT System

According to the SCC technology, the control diagram for the
proposed WPT system is presented in Fig. 9. U; and I; collected
by voltage and current sensors are sent to the phase and RMS
detection circuit, simultaneously. Band pass filters are used for
improving measurement accuracy. DSP is employed to process
the signal output from phase and RMS detection circuit and
estimate the coupling coefficient through it. Meanwhile, in DSP,
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Fig. 10.  Magnetic coupler structure and magnetic field distribution for pro-
posed AUV wireless power transfer system.

TABLE I
MAGNETIC COUPLER PARAMETERS

Parameters Simulation Measurement
Self-inductance L, 85 uH 86.842 uH
Self-inductance L 85 uH 88.609 uH

Diameter of transmitter coil d; 270 mm 270 mm

Diameter of receiver coil d, 200 mm 200 mm
Turn of transmitter coil N; 14 14
Turn of receiver coil N, 19 19

it is also need to calculate D and f according to (2), (11), and
(21), and output corresponding PWM signals.

The working principle of the mentioned phase detection cir-
cuit, RMS detection circuit and zero cross detection circuit are
as follows: for phase detection circuit, which is composed with
two compere and a JK flip-flop, the square wave signal output
by it is sent to the enhanced capture (ECAP) module of DSP to
calculate the duty cycle and obtain 6; the voltage signal output
by RMS detection circuit is sent to general purpose input/output
(GPIO) of digital signal processor (DSP) to obtain Z;,; the square
wave output by the zero crossing detection circuit with compere
is sent to the DSP ECAP module to capture its rising edge time
and generate the synchronization signal of SCC.

C. Magnetic Coupler for AUV WPT System

To verify the feasibility and misalignment tolerance of pro-
posed LCC-N WPT system for the AUV, a spiral coil with simple
structure and its easy-winding characteristic are adopted as a
magnetic coupler. The magnetic coupler structure and magnetic
field density of proposed WPT system for the AUV is presented
in Fig. 10 with the assistance of multi-physics simulation soft-
ware COMSOL.

For relieving the skin effect, Litz wires (400 strands with a
diameter of 3.9 mm) are adopted to wind the mentioned magnetic
coupler. The related simulation and measured parameters of the
magnetic coupler are given in Table I.

Fig. 11(a), (b), and (c) shows the simulation and measurement
results of the coupling coefficients vary with different misalign-
ment conditions of receiver coil.

As shown in Fig. 11(a), the coil has not experienced radial
misalignment, while the axial misalignment distance of the
receiver coil varies from O to 80 mm, the coupling coefficient
changes from 0.54 to 0.3. At the same time, Fig. 11(a) also
shows the variation of coupling coefficient with only rotational
misalignment in the receiver coil. The results show that the
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Fig. 11. Variation of coupling coefficient with different misalignment.

(@) y =0mm. (b) y = £10 mm. (¢) y = 20 mm.

proposed magnetic coupler has a satisfactory performance in
antirotational misalignment.

Besides, by comparing Fig. 11(a), (b), and (c), while the axial
misalignment degree varies from Omm to 80mm, the coupling
coefficients decrease from 0.54 to 0.3, 0.544 to 0.3 and 0.55 to
0.29 in y = 0 mm, y = 10 mm, and y = 20 mm, respectively.
It can be concluded that there is a minor change in coupling
coefficient when radial misalignment occurs. The mentioned
results also indicate that the simulated value are agree well with
the measured values.

In order to reduce the complexity of the experiment, the input-
output characteristics of the experimental prototype were only
validated with an axial misalignment from —80 mm to 80 mm
(y = 0 mm). One reason for this is that the coupling coefficient
of the magnetic coupler structure changes relatively little when
the receiving coil undergoes radial and axial displacement. On
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the other hand, this article mainly studies the misalignment
tolerance of the proposed LCC-N WPT system for AUV when
the coupling coefficient varies, without paying attention to how
the coupling coefficient changes.

IV. SIMULATION ANALYSIS AND
EXPERIMENTAL VERIFICATION

A. Simulation Analysis

To verify the misalignment tolerance of the proposed WPT
system, relevant models were built in PSIM simulation software
and Fig. 12 shows the simulation results.

As can be seen from Fig. 12, the output current of the
system is not affected by the coupling coefficient and load
resistance. In addition, by observing input current /7 and voltage
U; in Fig. 12(a), (b), (c), and (d), ZPA characteristic could
be maintained during the system operation. Detailed analysis
and verification would be presented combined with experiment
results as presented in following.

B. Experimental Validation

To prove the feasibility and superiority of the above theoretical
analysis, an experimental prototype with 2 A output current is es-
tablished, as shown in Fig. 13. The four MOSFETs compose with
inverter are GS66508B and the four diodes used on rectifier are
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Fig. 13.  Experimental platform of LCC-N WPT system for AUV.
TABLE II
SYSTEM PARAMETERS
Parameters Value Parameters Value
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Fig. 14.  Duty cycle of SCC and system operating frequency was adopted with

different coupling coefficient during the experiment.

IV1D12030U3. The MOSFET adopted by SCC is C2ZM0080120D
with a withstand voltage of 1200 V. The driving signals for the
inverter and SCC are generated by DSP28335. The variation
of the load resistance is achieved by the electronic load. At
the same time, to simulate the operation of the WPT system
in seawater environment, the gap between the transmitter coil
and receiver coil is filled up saltwater with a salinity of 4%o. In
addition, according to Fig. 7 and combing the variation of k by
the magnetic coupler in Fig. 11, the compensation parameters
and system operating frequency could be calculated and given
in Table II.

Fig. 14 shows the duty cycle of SCC and system operating
frequency under different k adopted in the experiment. To verify
the misalignment tolerance of the proposed WPT system, the
output current of the system was measured while misalignment
in Z-direction is 0, 20, 40, 60, and 80 mm, and the corresponding
coupling coefficient is k = 0.54, k = 0.52, k = 0.45, k = 0.37,
and k = 0.3, respectively, the results are shown in Fig. 15.

As can be seen from Fig. 14, for the proposed WPT sys-
tem, the output current of system could remain stable around
2A when the receiver coil is malposition, and the change in
load resistance will not affect this characteristic. Specifically,
while receiver coil is not misaligned (k = 0.54), corresponds to
D =0.16 and f= 193 kHz (Cy = 30.2nF), the output current is
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Fig. 16.  Power transfer performance of proposed WPT system under seawater

environment.

1.99 Aand2.01 A at Ry, = 200 2 and 100 €2, respectively. When
the receiver coil experiences a 20mm axial misalignment, the
coupling coefficient is 0.52. At this time, the system operates at
D =0.22 and f= 185 kHz (Cy = 34.3 nF), with output currents
of 2.08 A and 2.03 A at R, = 1002 and 200 €2, respectively.
While k = 0.45 corresponds to D = 0.28 and f = 172 kHz
(C1 = 43.5nF), the output current is 2.05 A and 2.07 A at
Ry, = 200 and 100 €2, respectively. For 60 mm misalignment
of receiver coil, k = 0.36 with D = 0.36 and f = 160 kHz,
output current is 1.98 A and 2.04 A at Ry, = 2002 and 100 €2,
respectively. At maximum misalignment (z = 80 mm, k = 0.3),
D and f are set as 0.43 and 153 kHz, respectively. Under this
state, the output current could also be maintained in 1.96A and
1.98A when the load resistance is 200 and 100 €.

Based on the above results, it can be concluded that the fluc-
tuation of the system output current is 4.47% when the coupling
coefficient varies from 0.54 to 0.3, which could effectively meet
the misalignment requirement of the AUV WPT system. On the
other hand, the main reason for the fluctuation of output currentis
the inaccurate estimation of the coupling coefficient. This article
is based on the absence of communication between the AUV
and charging stations. If a reliable communication between the
primary and secondary sides is built, the system working status
can be further accurately determined based on the output current
for achieving higher precision system output characteristic when
the misalignments occur.

Fig. 16 shows the power transfer efficiency performance of
the proposed WPT system under seawater environment.
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Fig. 17. Waveform of output voltage and current at the moment of load
resistance switching. (a) k = 0.53. (b) k = 0.3.

For the proposed LCC-N WPT system, while Ry, varies from
25 to 200 2, the output current could be sustained in 2 A or so,
which basically achieved constant current output independent
of the load resistance. To be more specific, when k = 0.53 and
Ry, changes from 25 to 200 §2, the output current varies from
2.06 to 1.99 A and the volatility of the output current is 3.3%.
In addition, the maximum power transfer efficiency can arrive
92.8% at Ry, = 1002 when the receiver coil is aligned. At the
same time, efficiency could also be maintained above 85% when
the load resistance changes from 25 to 200 2. Besides, while k =
0.3, the maximum power transfer efficiency could arrive 87.38%
at Ry, = 1002 and when R, varies from 25 to 200 €2, efficiency
of 81.78% is able to achieved.

Fig. 17(a) shows the performance in the system output current
and output voltage when the load resistance switches from 200
to 100 Q under £ = 0.53. When the load resistance switches
from 200 to 100 €2, the output current remains almost unchanged
while the system output voltage doubles. Similarly, when k =
0.3 and Ry, changes from 25 to 200 €2, the output current varies
from 2.08 to 1.96 A, the fluctuation of the output current is
5.7%. Meanwhile, from Fig. 17(b), when R switches from
100 to 200 2 under k = 0.3, the output current remains almost
unchanged while the system output voltage is halved.

Fig. 18 shows the voltage and current waveforms of the
system. The system operating frequency is set to 193 kHz under
k = 0.54 and by comparing Fig. 18(a) and (b), the phase between
the input voltage U and I is zero while Ry, = 200 Q2 and 100 2.
Similarly, while k = 0.3, the system operating frequency is set
to 153 kHz and the change of load resistance would not affect
the phase between U; and I;. Hence, it could be concluded that
the ZPA characteristic of system could be maintained while k
and R, change, which is beneficial for the efficient operation of
the system.
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Fig. 18. Related waveform of input characteristic when k and Ry, change.
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Table III compares four misalignment tolerance technolo-
gies currently applicable to AUV WPT system under non-
communication condition, including system output power fluc-
tuation, maximum efficiency, components on receiver side
and whether the receiver side is compact and lightweight. As
can be seen from Table III, by using detuned topology and
variable inductance, the misalignment tolerance could be further
improved within a wide range of coupling coefficient variations.
However, the integration of a large number of components
at the receiver side is not conducive to the compactness and
lightweight of the system. On the other hand, the method of
magnetic coupling design could reduce the difficulty of system
design and control complexity while ensuring the misalignment
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TABLE III
COMPARISON STUDY WITH THE RELEVANT WORKS

References Hong et al. [23] Lietal. [14] Wang et al. [24] This article
Strategy Detuned topology Variable inductor Magnetic coupler design SCC + Frequency modulation
Magnetic
coupler

Axial: 0.2-0.6 [+100 mm]
Rotational: 0.2-0.6 [+30°]

k variation with
misalignment

Power fluctuation with

XY-: 0.15-0.5[+140 mm]
7-:0.15-0.5[0 ~90 mm]

Axial: 0.3—0.54 [+80 mm]
Rotational:0.54—0.54 [+180°]

Axial: 0.065-0.074 [£100 mm]
Rotational: 0.074-0.074 [+180°]

o 8% 4.5% 11.7% 4.47%
misalignment
Max efficiency 88% 96.1% 93% 92.8%
Compo'nents'm the Two rectlﬁe.r Var{able 1nduct0r' Capacitor and + a rectifier Rectifier
receiver side and two capacitor and a capacitor and a rectifier
Compact/l.lghtvs{elght NO NO NO VES
on receiver side

Communication NO NO NO NO

tolerance of WPT system. However, when the magnetic coupler
was misaligned, the system output power fluctuates greatly. The
WPT system proposed in this article for AUV could achieve
lower fluctuations in system output power within a wide range
of coupling coefficient variations, while effectively guarantee
that the compactness and weight of the receiver side, making it
very suitable for WPT systems with high requirements for the
volume and weight of the secondary side.

V. CONCLUSION

This article presented an LCC-N WPT system with fewer
compensation devices on the receiver side for the AUV. By
adjusting the compensation capacitor and system operating fre-
quency, the output current of the WPT system could maintain
stable while the coupling coefficient k undergoes a wide range
variation. Meanwhile, the output current is independent of the
load resistance and ZPA could also be well maintained. Be-
sides, a control method was proposed which does not require
communication between the transmitter and receiver side in
underwater environment. An underwater WPT system with 2 A
output current has been built to prove the relevant theoreti-
cal analysis and simulation results. The experimental results
indicate that while the coupling coefficient varies from 0.3
to 0.54, the fluctuation of output current is less than 4.47%
and the power transfer efficiency could be maintained above
87%, and the maximum efficiency can reach 92.8%. In ad-
dition, the load-independent characteristic of the output cur-
rent could maintain during the misalignment process was also
verified.
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