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ABSTRACT: For the complex marine environment, the water flow disturbance causes the receiver offset, which leads to the decrease of
mutual inductance and the decrease of system efficiency. This paper proposes an estimation method of dynamic coupling coefficient
without communication and further realizes the maximum efficiency point tracking (MEPT) on the receiving side. By collecting the
effective value of the fundamental current on the receiving side, the equivalent impedance mode equation of mutual inductance is estab-
lished, and the mutual inductance is identified in real time by numerical solution method. On the basis of the identification results, the
impedance matching is realized by the closed-loop controller designed on the receiving side, and the maximum efficiency point tracking
of the system is realized. In this paper, the experimental platform is built, and the effectiveness of the method is verified by experiments.
The experimental results show that the accuracy of mutual inductance estimation is more than 95%, and the efficiency of the system is
improved by 18% after using the maximum efficiency point tracking.

1. INTRODUCTION

nderwater electromechanical equipment has shown very
Uimportant application value in the fields of marine explo-
ration, ocean development, and hydrological monitoring. As
the main power source of underwater electromechanical equip-
ment, the transmission mode of electric energy has become a
major problem. The traditional underwater power transmis-
sion mainly adopts the wet insertion method, and the power is
transmitted through the metal wire. The underwater environ-
ment will lead to corrosion and aging of metal wires, shorten
the service life, and this wet plug interface has many disadvan-
tages such as complex docking, high cost, and short service life.
Refs. [1-4] mentioned that wireless power transmission (WPT)
technology has gradually replaced some traditional power sup-
ply methods with the advantages of low maintenance cost, high
reliability, and good waterproof. In [5, 6], it is further men-
tioned that underwater wireless power transmission can effec-
tively avoid the problems in traditional methods, such as the
vulnerability of wired charging to seawater corrosion. How-
ever, when working in an underwater environment, due to the
influence of water flow factors, underwater electromechanical
equipment cannot remain stationary like land-based equipment,
which leads to the deviation of the coupling mechanism during
underwater charging. When the receiving coil deviates from
the transmitting coil, the mutual inductance of the system will
decrease, which will lead to a decrease in the efficiency of the
system and a sharp increase in power loss.
In order to improve the transmission efficiency of WPT sys-
tems under offset conditions, scholars have conducted a lot of
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research work. Ref. [7] introduces the factors that affect trans-
mission efficiency. When the system parameters are constant,
dynamic changes in mutual inductance and load can cause fluc-
tuations in system transmission efficiency. If the load and mu-
tual inductance values are known, there will be multiple meth-
ods applicable to improving system efficiency. Therefore, how
to accurately estimate mutual inductance and load value, as well
as mutual inductance, is highly valued by everyone.

For the estimation of the load, [8] proposes a transient model
of the series-series compensated WPT system to detect the
initial load condition by injecting a series of high-frequency
signals before starting. However, it does not track real-time
changes in load. By adjusting its operating frequency and mea-
suring the output voltage and current of the inverter, [9] can re-
alize parameter identification of the system mutual inductance
and load without communication, and the identification error
is within 7%. Ref. [10] proposes a new impedance spectrum
analysis method. By making the system not work at the res-
onant frequency, the system working information at different
frequencies can be obtained, and the system load and mutual
inductance can be estimated without measuring the receiving
side. However, these methods need to adjust the operating fre-
quency of the system frequently, which will have an impact
on its work efficiency. In [11], by using the Bluetooth module
to receive the current information of the transmitting end, the
equivalent impedance of the receiving end is changed, and the
MPET based on the best load matching is realized. On this ba-
sis, the constant voltage output of the system is realized. This
method can keep the system efficiency at about 50% when the
receiver is offset by 60 mm.
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FIGURE 1. DLCC compensated WPT system structure.

Coupling coefficient estimation refers to the use of relevant
methods to obtain the mutual inductance between the transmit-
ting coil and receiving coil, and to estimate it by using known
electrical quantities or control algorithms [12—-16]. In [17], a
wireless power transmission system based on harmonic infor-
mation is proposed. By using harmonic and band-stop filter-
ing, the mutual inductance is estimated, and the maximum effi-
ciency tracking of the system is further realized. Ref. [18] pro-
poses that the mutual inductance of the static receiver can be
estimated only by using the electrical quantity of the transmit-
ting side without the secondary side information. This method
obtains the required information by measuring the amplitude
and phase difference of the input voltage and the input current,
and then solves it. The mutual inductance and load can be esti-
mated. Ref. [19] proposes to use an amount of information on
the transmitting side to dynamically estimate the mutual induc-
tance coupling through the dual impedance mode constraint.
In [20], an approximate real-time mutual inductance identifica-
tion method is proposed. The mutual inductance value is esti-
mated by measuring the voltage on the transmitting side and the
voltage and current on the receiving side, and the maximum ef-
ficiency tracking is performed. However, this method requires
bilateral communication, but bilateral communication always
encounters some headaches: wireless communication modules
increase additional hardware and software costs. Strong mag-
netic field interference may affect the stability of communica-
tion, and some specific applications are not suitable for wireless
communication, such as underwater and aerospace. Therefore,
how to realize the MPET of WPT system by identifying the cou-
pling coefficient in real time without communication has been
accepted as an important solution by academia and industry.

In the process of underwater charging, the receiver is more
prone to offset than the load change, so this paper focuses on the
identification of mutual inductance. Therefore, under the as-
sumption that the load is constant, this paper proposes an iden-
tification method based on the mutual inductance of the system
based on the electrical quantity of the receiving side. Compared
with the current research, the contributions of this paper are as
follows:

1) A new method for dynamic identification of mutual in-
ductance has been proposed, which does not require bilateral
communication and only utilizes the effective value of the cur-
rent flowing through the receiving side to achieve mutual induc-
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tance identification. The process of mutual inductance identi-
fication results has been analyzed in detail.

2) A Maximum Efficiency Point Tracking method based
on dynamic coupling coefficient estimation is proposed. This
method is applied to the receiving end, which reduces the re-
quirements of the system on the transmitting end and con-
tributes to the application of the receiver on different transmit-
ting platforms.

The organizational structure of this paper is as follows. In the
second Section, the mathematical model of double side induc-
tor capacitor capacitor (DLCC) topology WPT system is estab-
lished, and the influence of equivalent load and mutual induc-
tance on system efficiency is analyzed. Section 3 introduces
the receiving side control. Section 4 verifies the feasibility of
the method through experiments. Finally, the Section 5 sum-
marizes the conclusions of the full text.

2. MODELING AND ANALYSIS OF DLCC SYSTEM

2.1. System Efficiency Analysis

In the current research, four basic resonant topologies have
been widely used. However, only the resonant frequency of the
S-S topology is independent of the mutual inductance [22]. In
recent years, high-order resonant circuits such as inductor ca-
pacitor inductor (LCL) and inductor capacitor capacitor (LCC)
have also been adopted. The LCC topology has the characteris-
tics that the primary coil current is not affected by load and mu-
tual inductance, and has certain advantages in the calculation
simplification of the coupling coefficient estimation method,
which is more suitable for underwater wireless power trans-
mission. Therefore, DLCC topology is selected in this paper.
The system structure is composed of high-frequency inverter
bridge, transmitting mechanism and receiving mechanism, rec-
tifier, DC/DC converter and load, as shown in Fig. 1.

In Fig. 1, V;, is the DC voltage source, and the high-
frequency inverter bridge contains four MOSFETs S)-S4. The
primary and secondary side compensation network consists of
compensation inductance L;, L,, and compensation capaci-
tance C1, Cs, Cy, C'p. The DC/DC part is composed of switch
@3, inductor L3, and output capacitor C3, and the load resis-
tance is Ry,. In order to facilitate subsequent calculations, the
equivalent circuit shown in Fig. 2 is obtained.
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FIGURE 2. Equivalent circuit of DLCC WPT system.

In Fig. 2, the input voltage U; is the equivalent AC power
supply, which is equivalent to the DC power supply and in-
verter, and its value is shown by Formula (1).

Rr1, Rrp, Rrs, and Ry are the compensation inductance
and internal resistance of the coil, and M, is the mutual
inductance between the receiving coil and transmitting coil.
The equivalent load of the system can be expressed as Z, =
Re + jX e, where X, = wL.. The specific expressions of
the equivalent inductance L. and equivalent resistance R, are
shown in Formula (2):

24/2 e
UlzTVmSmE (1)
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[ s @

(7—2)7 R} +m2w?L3

where « is the conduction angle of the inverter.

Starting from the equivalent circuit of Fig. 2, Iy, I, I, I are
the effective values of each loop current, and according to [21]
can be written in the circuit equation of each current loop.

L (jWLl + ]w% + RLl) - jp Jw% =U,

I, (ijp+ =+ ﬁJrRLp) o Eren

= —jwMps I, o)
—I, (ijs + W%z + ijCs + RLS) — I jwl(;Q

= jprSfp

I (jWL2 + jo.)lCz + Rpo + Ze) + 1, W%z =0

Among them, U is the phasor of the input voltage; I, 1,
I, I, are the current phasors of each loop; w is the angular
frequency of the system, which satisfies w = 27 f.

According to [19], the angular frequency under resonant con-
ditions is shown in Formula (4):

1 1 1
YT VLG VLG L, L)G,
1
B (Ls - LZ) C1s (4)

Simplify the calculation, and ignore the parasitic resistance
Ry, Rpo of the primary and secondary compensation induc-
tance. According to Formula (4), the output power and input
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power of the system can be calculated as:
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Further, the efficiency of the inverter fundamental output to
the load is

wtM2.C3Z,
w?Z,C3Rps+1) (w2Z.C3(RpsRrp+w2M2)+Rp)

B

(6)
Generally, the inductance resistance of the resonant coil, the
internal resistance of the compensation capacitor, and the res-
onant frequency are considered to be constant. Therefore, in
the WPT system, the system efficiency is mainly determined
by M, and Z.. The underwater environment is easy to cause
the receiver to shift, which will lead to a decrease in mutual in-
ductance. It can be seen from Formula (6) that as the mutual in-
ductance decreases, the efficiency of the system also decreases.
However, when the load changes, the system efficiency may in-
crease or decrease, depending on whether the resistance reaches
the optimal equivalent load.
The derivative of Formula (6) is obtained, and the value of
the equivalent load when the system transmission efficiency is
the highest Z,,; is

1
w?C3 \| (w

It can be seen from Formula (7) that when the system param-
eters are constant, Z,,; is only related to mutual inductance.
Once the mutual inductance is estimated, the optimal equiva-
lent resistance can be calculated. Therefore, it is necessary to
carry out real-time mutual inductance, and on this basis, further
adjust the equivalent load of the system to achieve efficient op-
eration of the system.

Rr,
QMI?S + RLpRLs) RLS

Zopt = (7)

3. RECEIVING SIDE CONTROL

3.1. Impedance Matching for Maximum Efficiency Tracking

When the system works at the maximum efficiency point, the
optimal load value Z,,; can be calculated by Formula (7). In
this paper, the equivalent impedance Z. is adjusted by changing
the duty cycle of the Buck-Boost converter. When Z, is equal
to Z,pt shown in Formula (7), the maximum efficiency transfer
of the system can be achieved.

Assuming that the Buck-Boost converter works in continu-
ous current mode (CCM), the duty cycle should meet the fol-
lowing requirements:
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FIGURE 3. Control chart of WPT system with MEPT.
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Among them, f, is the frequency of the switch in the Buck- 2) The optimal duty cycle D,,; of Buck-Boost converter is
Boost converter. Assuming that the Buck-Boost converter op- calculated by Formula (12).

erates in ideal mode without power loss, the relationship be- A detailed flowchart of the MEPT method is shown in Fig. 4.

tween the output voltage and input voltage is given by For- Firstly, the current information of the receiving end is extracted,

mula (9), and the relationship between the equivalent input re- and the parameters of the mutual inductance are identified. The

sistance Z,. and load Ry, is given by Formula (10). identification process will be introduced in Section 3.2. Then,

the obtained mutual inductance estimation value is brought into

U - D U, ) Formula (7) to calculate the optimal equivalent load value Z,,;

out 1-D " of the current system. Finally, based on the optimal equivalent

) load Z,,:, the optimal duty cycle D,,; is calculated according
g 1-D R (10) to Formula (12), and the maximum efficiency tracking of the
" D o dynamic WPT system can be realized.
Similarly, the relationship 1 between the equivalent load re- 3.2. Mutual Inductance Dynamic Estimation

sistance Z. and equivalent input resistance Z,. is as follows: . . .
Starting from Formula (6), the efficiency of the system is af-

8 fected by the mutual inductance value. Therefore, in order to
Ze = 2 Zy (1) calculate the optimal equivalent impedance, the mutual induc-
tance value is estimated, and the maximum efficiency tracking
of the system is realized. The mutual inductance under differ-
ent offset distances is measured on the experimental platform,
and the variation curve of the coupling coefficient with the off-
set distance is obtained as shown in Fig. 5. With the increase
Doyt = 1 / 1+ 72 Zopt (12) of offset distance, the coupling coefficient of the system is not
S8Ry, a fixed value. Therefore, it needs to be accurately estimated.
For the real-time estimation of mutual inductance, this pa-
per starts from the equivalent circuit of Fig. 6, the equivalent
impedances Z.o, Zs, Zy, Zp, Z¢, Zin are derived from [19].
According to Kirchhoff’s law, the relationship between cur-
rents fp and I, is Formula (13).

The duty cycle D of the current DC/DC converter can be
obtained from Formula (9).

At this point, in order to achieve the tracking of the optimal
duty cycle, this paper designs a closed-loop controller to ad-
just the duty cycle of the Buck-Boost converter in real time to
achieve impedance matching. The WPT system control dia-
gram is shown in Fig. 3. This method does not require com-
munication. On the seconda'ry side, twp steps are required to 0 = jwh, jp + 7.1, (13)
complete the maximum efficiency tracking.

1) By measuring the current flowing through the receiving
coil I s, the mutual inductance of the current working state is The relationship between voltages Ucl and fp, I 1 is shown
estimated. in Formula (14) and Formula (15), respectively. Formula (16)
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shows relationship between U5 and I;.

Z, = U /I, (14)
Uq = 1,2, (15)
L = U/ Zin (16)

In summary, the relationship between U and I, is shown in
Formula (17)

Ul o ZsZpZin

—_ = 17
71, ZowMpg an

Let Z1s = U4 / jI,, then |Z15| and mutual inductance
M, satisfy the functional relationship shown in Formula (18),
where | Z1 | is the impedance Z;; modulus value

ZsZpZip,
ZewMps

_ |ZS| |Zp| |Zm|
wMps | Z,|

|le| = fls(Mps) = ’ (18)
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FIGURE 6. Equivalent circuit of DLCC type WPT system.
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Based on the measured current flowing through the receiving
coil I yeq, the impedance modulus of Z;, can be calculated
as shown in Formula (19):

|le_mea| = Ul/Is_mea (19)

As shown in Fig. 7(a), the blue surface is the variation trend
of | Z1s| with Ry, and M, according to Formula (18). It should
be noted that all the analysis processes in this paper are based
on the system parameters corresponding to Table 1. The red
plane is the measured value of the working point (M,,s, Ry,) =
(43.5 uH, 3092).

As can be seen from Fig. 7(a), there is an intersection line
between the red plane and blue surface, which is projected
onto the XOY plane, as shown in Fig. 7(b). Fig. 7(b) shows
that when the load or mutual inductance is fixed, each point
(M,s, Ry,) on the intersection line can be substituted into For-
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mula (18) to have a unique solution. Therefore, Formula (18)
can be used to identify the system parameters.

According to the above analysis, the mutual inductance be-
tween the transmitting coil and receiving coil can be estimated
according to the following steps.

1) Step 1: The effective value of the measured current I is
Is meas

2) Step 2: Calculate the measured value | Z15 meq| according
to Formula (19);

3) Step 3: Bring Zs, Z,, Z., Z;y, into Formula (18);

4) Step 4: Calculate the mutual inductance M according to
Formula (18).

4. EXPERIMENTAL VERIFICATION

In order to verify the accuracy of the mutual inductance estima-
tion and the effectiveness of the maximum efficiency tracking
control in the WPT system, the experimental verification is car-
ried out on the experimental platform shown in Fig. 8. The ex-
perimental parameters used are shown in Table 1, in which the
parameters of the compensation network components are accu-
rately measured by the LCR Meter TL2812D. The experimen-
tal platform includes DC power supply, single-phase bridge in-
verter, DSP control unit (TMS320F28335), primary and sec-
ondary compensation network, uncontrolled rectifier bridge,
electronic load, sampling circuit, DC/DC circuit, transmitting
coil, and receiving coil. The transmitting coil and receiving
coil are composed of a circular coil wound by the same exci-
tation line. The inner diameter of the coil is 7.3 cm; the outer
diameter is 22.3 cm; and the coil has 27 turns. The vertical dis-
tance between the two coils is 15 cm, that is, when the coil is
facing, the mutual inductance is 43.5 uH. The sampling circuit
is composed of a Hall current sensor and ADC chip (AD637).

Auxiliary Sampling
Source (V
Controller

FIGURE 8. Experimental platform.

4.1. Coefficient Estimation Experiment

In order to evaluate the accuracy of Formula (18), it is verified
by experiments. The mutual inductance estimation results are
shown in Fig. 9. In Fig. 9(a), the line chart represents the mu-
tual inductance estimation curve. The abscissa represents the
true value of mutual inductance, and the ordinate represents the
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TABLE 1. Experimental parameters.

Parameter Value
Ly 145 uH
L, 145 uH
L 33 uH
Lo 47 uH

Lpis 145 uH
C, 32.2nF
4 106.94 nF
Vin 12V
Rip 109 mQ
Rys 100 mQ2
R 66 mQ)
R 91 mQ
R, 300
Cs 35.646 nF
s 74.795 nF

f 85kHz

mutual inductance value estimated by the method in this paper.
It can be seen that when the receiving coil is offset, the mutual
inductance estimation value matches well with the real value.
In order to further verify the matching, the estimation error is
shown in Fig. 9(b). In Fig. 9(b), it can be seen that the overall
error of the system is controlled within 4%, and the error may
be caused by the measurement error of some electrical parame-
ters, such as the inductance value of the coil and the inductance
value and capacitance value of the compensation network. At
the same time, the measurement deviation of WPT primary side
electrical may also be one of the reasons, so the parameter iden-
tification method has good accuracy in the case of coil offset.
Therefore, the experimental results further verify the accuracy
of the estimation Formula (18) and prove the effectiveness of
the proposed mutual inductance estimation method in the WPT
system.

Figure 10 shows the dynamic shift of the coil, that is, the I
change waveform when the coupling coefficient changes from
0.293 to 0.127. It can be seen from the figure that as the cou-
pling coefficient changes, the current at the receiving end of the
system changes. This paper can estimate the coupling coeffi-
cient according to the real-time changing current.

4.2. MEPT Experimental Results

In order to verify the effectiveness of the maximum efficiency
tracking, the following experiments will be carried out. Firstly,
the maximum efficiency tracking of coil offset and load change
is studied. Secondly, a comparative study was conducted on
whether to use the MEPT method. The results are as follows.
Among them, the current waveform of this experiment is mea-
sured by oscilloscope current clamp, and the conversion ratio
is 1 V voltage corresponding to 100 mA current.

For the mutual inductance disturbance, this paper fixes the
load resistance to 30 €2 and makes the coil shift, that is, the cou-
pling coefficient changes from 0.296 to 0.273. The system load
voltage U,,; and current I,,,,; are collected, and the voltage and
current change waveforms are shown in Fig. 11. It can be seen
from the diagram that as the receiving side moves, the mutual

WWwWw.jpier.org
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inductance between the coils decreases, that is, the coupling
coefficient changes from 0.296 to 0.273, and the system load
output decreases. Through the proposed MEPT method, the
system efficiency can be maintained at the optimal level.

For the load disturbance, the coil position is fixed in this pa-
per, that is, the system coupling coefficient is kept at £ = 0.3,
and the load Ry, is changed from 30 £ to 15 €2. The system load
voltage U,,,; and current /,,,; are collected, and the voltage and
current change waveforms are shown in Fig. 12. It can be seen
from Fig. 12 that as the load changes, the duty cycle is changed
in real time by the proposed method to maximize the system
output efficiency.

Figure 13 shows the efficiency curves of the WPT system
with or without MEPT control method when the load R, = 30,
where the red line indicates the efficiency without MEPT con-
trol method, and the black line indicates the efficiency with
MEPT control method. It can be seen from Fig. 13 that the
transmission efficiency of the WPT system has been greatly
improved after using the maximum efficiency tracking method
based on dynamic coupling coefficient estimation proposed in
this paper. This situation is particularly obvious in the case
of large-scale offset, that is, when the mutual inductance is
13.5 uH, the system efficiency is improved by 17%. In the
whole migration process, the system efficiency is always main-
tained at more than 72%.

5. CONCLUSION

In order to enhance the anti-offset ability of underwater wire-
less power transmission system and improve the transmission
efficiency of the system, this paper proposes a maximum effi-
ciency tracking of underwater wireless power transmission sys-
tem based on dynamic coupling coefficient estimation. By us-
ing the known attempt of the system and the effective value of
the current flowing through the receiving coil on the receiving
side, the dynamic parameter identification of mutual inductance
is realized without communication. On this basis, the identifi-
cation results are used for impedance matching, so as to im-
prove the system efficiency. The theoretical method studied
in this paper is verified by experiments. The experimental re-
sults show that the parameter identification method proposed in
this paper can accurately estimate the mutual inductance value,
and the efficiency of the system is 18% higher than that with-
out maximum efficiency control when the system is shifted in
a large range. The effectiveness of the method is verified by
experiments. Due to the limited experimental equipment, the
array arrangement will be used for large-scale migration in the
future.
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