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Abstract: Wireless charging systems (WCSs) are considered very appropriate to recharge underwater
surface vehicles (USVs) due to their safe, flexible, and cost-effective characteristics. The small depth
of immersion of USVs allows a WCS operated at an mm-level distance using a dock. Resultant tight
coupling between the transmitter and receiver is conducive to high power, yet faces a challenge
to alleviating misalignment sensitivity. In addition, considering USVs’ endurance, the weight of a
WCS should be strictly limited. In this paper, a 6.0 kW underwater WCS is analyzed, designed, and
optimized, which achieves a good balance of power capacity, misalignment tolerance, and onboard
weight. A multi-receiving-coil structure is employed, which is crucial to large misalignment tolerance.
On this basis, two types of coils adapting the hull shape of USV, viz., curved and quasi-curved coils,
are devised and compared in case the hydrodynamic performance of USV is degraded. Finally,
the weight of receiver is effectively reduced using bar-shaped ferrite without sacrificing the power
capacity of WCSs. The results indicate a merely 8.73% drop in coupling coefficient with misalignment
ranging from 0 to 100 mm. Moreover, ferrite use is reduced by 40.48 kg compared to a ferrite sheet,
which accounts for 50.28% weight of the receiver.

Keywords: wireless power transmission; inductive power transmission; underwater vehicle; coils;

magnetic coupler; misalignment; lightweight design

1. Introduction

Unmanned surface vehicles (USVs) are water-borne vessels that are able to operate
on the surface of water with no crew involved. Their applications can be traced back to
World War 11, such as target crafts that are controlled remotely and manually. In recent
years, higher and higher levels of autonomous driving have enabled the upgrade of
control methods from remote control to full autonomy. In this context, the scope of USVs’
applications is expanded to environmental inspection, hydrographic survey, flood rescue,
etc. [1-3]. Typically, USVs are energized by onboard batteries. However, battery capacity
is very limited, since USVs are of small size, and their hydrodynamic performances are
very sensitive to the payload. Without any doubt, this deficiency will degenerate their
endurance. Therefore, it is a pressing need to charge a USV in an underwater environment
in an automated, safe, and high-power manner.

Currently, underwater charging methods include conductive charging, batter swap,
and wireless charging. There is no doubt that conductive charging is dominant in terrestrial
applications with the virtue of its high technical maturity and cost-effectiveness. However,
this contact-based method might be dangerous due to electrical leakage. The wet-mate
connector is a solution to this problem, yet it is too expensive [4]. In addition, automated
conductive charging cannot be achieved without high-precision alignment tools, which
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is very complex and definitely further brings cost. According to our investigation of USV
enterprises, battery swap is actually a more common choice in practice [5]. Its comparative
advantage mainly lies in improved safety dispensed with underwater operation. Neverthe-
less, this method usually needs crew participation. If unmanned, a set of special-designed,
auxiliary, and complicated swapping system is necessary for specific types of USVs and
batteries. Such a system without broad applicability is not feasible, especially in the context
where USVs have not been as popular as electric vehicles.

As a safe, cost-effective, and broadly applicable method, underwater wireless charg-
ing technology is considered highly suitable for USVs. It not only eliminates electrical
leakage hazards relying on its contactless characteristics, but also facilitates autonomous
operation due to relatively simple requirements when aligning the transmitter and receiver
of an underwater wireless charging system (UWCS). Categorized by power transmission
mechanism, UWCS can be roughly realized by inductive coupling or capacitive coupling.
A capacitive power transmission (CPT) system is usually constructed with a pair of cou-
pling capacitors. CPT is more viable for low-power applications due to the constraints on
developed voltage and coupling capacitance [6]. Moreover, as demonstrated in [7,8], the
operation frequency of CPT systems reaches hundreds of kHz, which is not conducive to
the control of power loss. By contrast, inductive power transmission (IPT) is more accepted
underwater. Adopting the law of electromagnetic induction, IPT systems can operate with
relatively low frequency (tens of kHz) and sufficient coupling [9]. Therefore, IPT systems
can achieve a better balance of efficiency and power capacity. In what follows, the design
of UWCS will be based on IPT.

The concept of underwater wireless power transfer (UWPT) is first proposed by Heeres
et al. [10]. The proposed design uses a linear coaxial winding transformer distanced by an
mm-level air gap, which can maintain 2.5 kW output power with 85% efficiency in seawater.
Most recently, UWPT has been attracting more and more attention. Its applications range
from tens to thousands of watts [11-21]. In [11], four pairs of EE-core-based coils are
incorporated into a UWCS with its output power ranging from 250 W to 1700 W. At-sea
trials of this design are performed successively in three different types of underwater
vehicles of Battelle memorial institute. Considering the very limited assembly space and
payload of underwater vehicles, the mainstream coupling coils are lightweight, which
are typically broad and thin rather than of considerable thickness, such as the EE shape.
In[12],a1 x 1 x 1 structure of transmitting (Tx) coils is proposed, which means two Tx
coils are placed symmetrically adjacent to each side of the receiving (Rx) coil connected
to the moorings of the vehicle. It is reported that the power loss associated with this
structure is smaller than that of a one-transmitter-one-receiver structure on the premise of
the air core. Unfortunately, in the lack of a magnetic core, the experimental efficiency is
smaller than 80%. In [13], to match the shape of underwater vehicles, curved coils were
devised. On this basis, two coil topologies, i.e., unipolar and bipolar coils, are compared
from the perspective of magnetic coupling. The results reflect that bipolar coils surpass the
other with the maximum efficiency of UWCS reaching 95% under the 1 kW rated output
condition. Similarly, curved coils are also preferred by [14]. This work is mainly aimed
at electromagnetic protection for the onboard electronics of an underwater vehicle. To
be specific, a dipole-coil-based magnetic coupler with a novel circumferential coupling
manner is designed so that the magnetic flux can be well confined. The output power and
dc-dc efficiency of the dipole-coil-based charging system are separately 630 W and 89.7%.

Another practical issue needing special attention is the misalignment between Tx
and Rx coils, which can hardly be avoided. Moreover, the misalignment is not stationary
since the underwater environment is not as stable as air. In [15], a uniform magnetic
field distribution is secured in the charging area by a novel hybrid transmitter composed
of conical and planar spiral coils. The concept of field shaping realizes 86% efficiency
stably in a 0-100 mm misalignment area with a transfer distance of 20 mm. Refs. [16,17]
express their concern about rotational misalignment, which is not common in terrestrial
applications. The worst-case tests of corresponding UWCS demonstrate the efficiency of
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71.77% and 86.19%, respectively. There are some other works taking different physical
properties of seawater, fresh water, and air into account, which might influence power
and data transfer deeply. To discover how different power transmission media influence
the performance of UWCSs, a comparative analysis of power loss is conducted with all
modules fully considered, including the power amplifier stage, coils and compensation
capacitor, magnetic core, medium, and rectifier stage [18], a novel power distribution
model is established by converting the eddy-current loss in seawater into an individual
impedance [19], an attenuation model in seawater is built to find the optimal range of
coupling coefficient [20], and a frequency-sensitivity analysis is carried out for the purpose
of higher dc-dc efficiency in seawater [21].

The underwater charging technology for USVs, which is caught a focus by this paper,
is indeed a branch of generalized UWPT. Therefore, there are some common challenges
that USVs also have to face, as previously analyzed. For example, large misalignment
tolerance should be achieved unless a high-precision alignment between Tx and Rx coils is
easy to implement. Note that, according to practical scenarios, USVs simply need to handle
horizontal misalignment. That is to say, the rotational counterpart does not exist, which will
be further explained in Section 2. Moreover, USVs also share the goal of lightweight UWCS
for a hydrodynamic reason. As for the issues such as waterproofing, pressure tolerant
electronics, and electromagnetic protection, these are more engineering considerations,
which will not be detailed in this paper.

There are also some particular challenges to recharging a USV. As the name of USV
implies, its depth of immersion is very small. Therefore, with the help of a dock system, it
can be recharged easily under tight-coupling conditions, no matter whether the receiver
of a UWCS is installed at either the bottom or prow of a USV [22]. On the one hand,
this is technically conducive to realizing high-power charging. On the other hand, for
small-distance charging applications, a series of problems arising from frequency splitting
and misalignment sensitivity are especially difficult to address. To summarize, in this
paper, a 6.0-kW high-power underwater wireless charging system, supported by a dock
system, is proposed to fulfill various requirements of USV in practice. Large misalignment
tolerance is the design goal of top priority. This is achieved by a compact design of a
multi-Rx coil structure with the shape of transmitter, the topology of Rx coils, and the
number of units of Rx coils comprehensively considered. Parallel operation of two sets of
circuits is employed to double the output power while realizing satisfied heat management
and electromagnetic safety. On this basis, two types of coils for adapting the hull shape of
USV, viz., curved coils and quasi-curved coils, are devised and compared with their chord
heights optimized. Finally, the weight of Rx coils is effectively reduced using bar-shaped
ferrite without sacrificing the power capacity of UWCS.

2. System Configuration

An overview of the proposed UWCS is depicted in Figure 1. As shown in Figure 1a,
this UWCS consists of an ancillary dock system, two transmitters on the dock side, and
two receivers on the USV side. The function of the dock system is to bring the USV to the
shore and then commence the charging process. As the key component of UWCS, the Rx
limiter can guarantee the spatial misalignment between transmitter and receiver within a
specified range in case the interoperability of double sides gets lost. The exploded view of
transmitters and receivers is shown in Figure 1b, which exhibits a compact characteristic.
On the Tx side, Rx limiter serves as not only a container for Tx coils, but also an object of
the same shape to fit the Rx case perfectly. The receiver possesses a four-layer structure,
including an Rx case, Rx coils, a heat sink, and a circuit box. The heat sink is dual-purpose,
which is responsible for heat dissipation by thermal conduction. Meanwhile, it prevents
the susceptible electronics in the circuit box from electromagnetic interference. As per the
shape of circuit box, the PCB on the Rx side should also be long and narrow.



Energies 2022, 15, 9529

40f19

Dock system  USV Receivers o
<— Clircuit box

<“— Heat sink
Rx coils
Rx case

Rx limiter

(a) (b)

Figure 1. Overview of UWCS. (a) Assembly of a transmitter in dock system and receiver in USV.

(b) Exploded view of transmitter and receiver.

The working principle of Rx limiter is explained in Figure 2. Firstly, the lateral
misalignment in y-axis can be regarded as zero. Owing to its gravity, the USV will return
to the nominal position even if the misalignment has existed initially, as indicated by the
left part of Figure 2. Secondly, the misalignment in the heading direction of the USV is
inevitable due to the inertia when it pulls in to shore. In what follows, the misalignment
refers in particular to that in x-axis. Thirdly, the dock system will adjust the height of the
Rx limiter flexibly by a lifting mechanism according to the real-time water level and the
depth of immersion of the USV. In this way, the state where the gravity of USV exceeds
the buoyancy applied by the water can be maintained so that the misalignment can be
stationary rather than dynamic due to the water flow.
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Figure 2. Working principle of Rx limiter.

As seen from Figures 1 and 2, two sets of Tx coils can be energized by sharing a single
circuit. The Tx coils on each part of the Rx limiter can be physically connected by a wire
in a waterproof box underwater. While each set of Rx coils on two parts of the Rx case
is respectively connected with a power conversion circuit. In other words, there are two
circuits in total and in parallel operation on the USV. In this way, the terminal voltage of
Rx coils can be reduced for higher electromagnetic safety, and the current flowing on the
circuit can also be decreased for better thermal management.

The circuit configuration of UWCS is presented in Figure 3. The Tx coils is denoted
by L1, and respective sets of Rx coils are separately denoted by Ly; and Ly. In general,
this system comprises two main parts: transmitter and receiver. On the Tx side, the
controllable rectifier can achieve AC-DC conversion, correct the power factor, as well as
provide auxiliary control by modulating its DC output [23]. The DC-DC, which more
commonly appears on the Rx side, is shifted to the Tx side for lightweight USV. The DC-AC
generates high-frequency alternating current to energize the Tx coils. The compensation
is used to fulfill zero-phase-angle conditions and lower the volt-ampere ratings of the
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electronics. On the Rx side, another compensation is engaged to feed constant current or
constant voltage to the batteries according to the stages of a charging process. These two
separate sides are coupled via magnetic resonance. Note that, in view of magnetic coupling,
two sets of Tx coils are coupled with two sets of Rx coils. While in view of the circuits, two
sets of Tx coils are regarded as a whole and denoted by L; for analysis.

m ’,_ _____ _\\
A S R, is fed electricity by

7)7))"1171_1*(7"8.\' circuits
Y
AC-DC  iCompensation] Coils ! R

Parallel operation
of two sets of
circuits modules
in USV side
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e : a | i
{Mains AC-DC iDC-DC:{  DC-AC | Compensation {Coils!

Figure 3. Circuit configuration of an LCC-S compensated UWCS by parallel operation on USV side.

LCC-S compensation features an easy control of constant current of Tx coils indepen-
dent of the variation of load or coupling, constant output voltage, high degree of design
freedom than, for example, SS compensation, and a smaller volume than LCL compensation
that facilitates a compact design [24]. Therefore, this compensation topology is employed
in this work. On this basis, the equivalent circuit is depicted in Figure 4. To find the
relationship between inverter voltage Ujyy and the currents in respective coil (I1, Ip1, I22),
Kirchhoff’s voltage law (KVL) is applied in a respective loop, which states

Uiny jwLs —j/wCp j/wCp jwoMiy jwoMip Iinv
0 _ j/pr ja}Ls — ijSl 0 0 11 (1)
0 0 jlel Zzl + Reql 0 121 !
0 0 0 jwMia Zoo + quz Iy

where M11 and My, are the mutual inductances between Tx coils and two sets of Rx coils,
Req1 and Reg are the equivalent resistance with rectifier, filter and batteries considered, Z»;
and Zy, are the total impedance of each loop on the Rx side, which are given by

Zy = jwLy +1/jwCsy1, )

Noticeably, the parameters of two Rx coils can be deemed identical, namely, L1 = Lp»,
Cs21 = Cs2p, and My = Myp. Therefore, Zy; = Z5;. To ensure resonant operation, the
impedance of each element of the LCC topology should be set to the same, viz. [25],

jwLs = j/wCp = j(wLy —1/wCs1), 3)
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where Lg and Cp are the inductance and parallel capacitance of the LCC compensation
unit, respectively, and L; is the self-inductance of the transmitting coils. In addition, full
resonance is also adopted by Rx coils, viz. [26],

jwLy1 = j/wCsy1, 4)

where Ly is the self-inductance of one of the Rx coils, and Cgj; is the compensation
capacitance in series. Under the above conditions, the total output power is easily found
by [27]

Po = Upyy /L3 (M% /Req1 + M%z/Reqz), @)

As identified by Equation (5), for a fixed resistance, when the mutual inductance shows
a reduction due to the misalignments within an acceptable range, this LCC-S compensated
system could maintain a constant output power, normally, the rated power, by simply
increasing Ujny to a certain value [28,29].
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Figure 4. Equivalent mutual-inductance model of LCC-S topology.

3. Design of Coupling Coils for Large Misalignment Tolerance
3.1. Technical Challenges

As explained previously, wireless charging technology exhibits satisfactory suitability
to USV due to its unmanned operation, high safety level, and comparative cost-effectiveness.
Nevertheless, UWCSs will inevitably face two particular types of problems compared to
terrestrial applications. Specifically, the problem of the first type arises from underwater
environment, including:

1.  The medium of power transmission is changed from air to water. Accordingly, the
physical properties, such as permeability and conductivity, also change, which may
very likely weaken the coupling between Tx and Rx coils. Moreover, this problem
becomes especially deteriorated in seawater, yet out of the scope of this paper since
USV usually works in a freshwater lake.

2. The components of UWCSs may not be sufficiently high-pressure-tolerant, including
both the electronics and structural parts. For example, under a 4-km underwater
condition, the pressure reaches 40 Mpa, and the permeability of magnetic core is
reduced by more than 40%, which therefore jeopardizes the efficiency of UWCSs
significantly [30]. Obviously, this problem can also be reasonably neglected for USV
with its depth of immersion of less than one meter.

3. The spatial relationship between Tx and Rx coils becomes complicated. In addition to
horizontal misalignment, angular misalignment and the variation of Tx-Rx distance
also exist in practice. What is worse, these misalignments are not stationary due to
the water flow, which makes the stable output power even more difficult. Fortunately,
in this paper, the type of misalignments is limited to a single direction, and the USV
stability can be guaranteed owing to the Rx limiter.
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The problem of the second type mainly arises from the concern for the hydrodynamic
performance and endurance of USV, including:

4. Commonly used flat coils can hardly adapt to the curved shape of USV properly.
For one thing, the magnetic coupling for power transmission is weakened inevitably
due to the increased distance between Tx and Rx coils compared with double-sided
curved coils. For another, flat coils require larger assembly space than curved coils,
which is undesirable considering the compact structure of USV.

5. Equipping the original USV with a charging device will definitely expand its payload,
which therefore influences its endurance and speed adversely. In this regard, the
lightweight design of UWCS becomes an engineering challenge.

6.  The output characteristics of UWCSs with small transmission distance remain unclear,
especially in misaligned conditions. As explained in Section 2, the Tx and Rx coils are
distanced at merely 20 mm, the thickness of epoxy resin layer on both sides together.
Tight coupling is conducive to high output power yet misalignment-sensitive. In
addition, resultant frequency splitting might cause the degradation of efficiency and
power capacity and even unstable operation of UWCSs.

To summarize, problems 1-3 will not be discussed in the following since USV will
either not be affected seriously by them, or these problems have been avoided effec-
tively using the Rx limiter. As for problems 4-6, the former two will be elaborated on in
Sections 4.2 and 4.3, respectively. To better understand problem 6 for facilitating the coil
design, a 3D finite element (FE) simulation is conducted in Maxwell 19.2.

Figure 5 gives the variation of coupling coefficient k between Tx and Rx coils versus
0-to-100 mm horizontal misalignment. For comparison, the cases corresponding to nominal
transmission distance (1/4-1/2 characteristic length of a coil) are also investigated, except
for the cases of 20 mm distance. Herein, one-Tx-one-Rx coil structure is exemplified for
analysis. Two typical coil topologies are covered comprehensively, viz., circular coil and
rectangular coil. Note that the volumes of different coils are the same. In addition, for
rectangular coil, there are two moving directions of d,,;;, as shown at the bottom of Figure 5.
In general, the k values for three different coils all decrease more sharply in 20 mm cases
than in 80 mm cases. Higher sensitivity of magnetic coupling to the misalignment poses a
challenge to the coil design. To our delight, the slope of the decline of k for coil 2 is not as
steeper as coil 1 and coil 3. Even when the 100 mm misalignment reaches almost half its
length, the drop of k compared to that of the aligned condition is barely 23.58%, which is
acceptable in practice. Therefore, the following design will be based on this coil topology,
and the directions of misalignment and coil length should be the same.

In addition to the deteriorated ability to combat the influence of misalignment, another
challenge in the tight-coupling condition is frequency splitting. The phenomenon indicates
that, the output power of an open-loop UWCS versus its operating frequency shows a
multi-peak rather than single-peak pattern. For ease of analysis, the output power can be
represented by voltage gain, which states

UO _ —RLj27Tfk\/ Ll Lz
Uinv - (27fk)*LiLy + Z1(Zo + Ry)’

(6)

where k is the coupling coefficient, and Z; is the loop impedance of the Tx circuit. Putting
the inductance of coil 2 in Figure 5 into Equation (6) and setting the parameters of resonance
elements as per 85-kHz nominal frequency, Figure 6 depicts the voltage gain as a function
of kand f. As can be seen from Figure 6a, when k equals 0.4, the maximum gain is associated
with 83.38 kHz, which is deviated from the nominal frequency (85 kHz). The reason lies
in that the UWCS has entered the tight-coupling region at this time. The critical coupling
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coefficient k., the demarcation of loose-coupling and tight-coupling, can be calculated by
taking the derivative of Equation (6) with respect to k, which states

o R [
TR\ Q1Q

@)

where Q1 and Q; are the quality factor of Tx and Rx coils, respectively. Based on Equation (7),
ke is calculated to be 0.35. Doubtlessly, the UWCS for USV will work in tight-coupling
condition. As can be observed from Figure 6b, two-peak pattern is exhibited clearly. In
this context, the frequency tracking strategy for the purpose of either maximum power or
maximum efficiency might meet failure [31]. Hence, the operating frequency of UWCS
should be fixed for a more stable operation.
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Figure 5. Comparison of coupling coefficient k versus horizontal misalignment with nominal and
extremely small transmission distance, respectively.
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Figure 6. (a) Voltage gain (U /Ug) as a function of Tx-to-Rx coupling coefficient and operating

frequency; (b) 2D curve of voltage gain in loosely coupled and over-coupled regions, respectively.

3.2. Comparison of Two Multi-Rx Coil Structures

According to the analysis of one-Tx-one-Rx structure, a rectangular coil with its length
and horizontal misalignment sharing the same direction outperforms its peers. Moreover, in
view of space utilization, viz., a coil’s occupancy divided by the capacity of USV, rectangular
coils are also better than circular coils. To further enhance the misalignment tolerance,
which is the main design purpose of UWCS, the multi-Rx coil structure is very promising.
To be specific, two multi-Rx coil structures are alternative: one-Tx-multi-Rx, and multi-Tx-
multi-Rx.
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Figure 7 illustrates the size marks and material description of the multi-Rx coil struc-
ture. Two sets of Rx coils on USV are distanced at dgrx». Note that, for the ease of compara-
tive analysis, only one of these two sets is used in the FE model since the coupling between
them can be safely neglected. For each set, the relationship between the number of coils
units and the distance of coil units states

lusy = nlge + (1 — 1)dRy, 8)

where 7 is the number of coil units of each set. Therefore, when n equals 1, 2, 3, 4, and
5, the values of drx, are 0 mm, 40 mm, 20 mm, 13.33 mm and 10 mm, respectively. The
determination of drx, ensures that the cross-coupling of coil units of each set, which is
usually regarded harmful, can be well controlled within 1% of the coupling between Tx
and Rx coils or even smaller. The d,,,;; is varied from 0 mm to 100 mm, which accords with
the practice. Other key geometry parameters are also listed in Table 1. As for the Tx coils, if
they have the same number of coil units as Rx coils, corresponding dr,1 are the same with
dRrx1, and corresponding I7, are the same with Ig,.

IR« dpyi Epoxy Core Shielding Rx coils
‘l‘ resin (ferrite)(aluminum)(copper)
| / / /
|mjm ymjm] —_—
e i B o Imis
dpo Wiy Rx coils Rx limiter UUV dmi >
S A o T

O o0 o0 p— \ \

= =2 Epoxy Core Shielding Tx coils
lien resin (ferrite)(aluminum)(copper)

pr—

Figure 7. Size marks and material description of multi-Rx coil structure on USV.

Table 1. Geometry parameters of Tx and Rx coils of different coil structures.

Parameter Value ! Parameter Value ! Parameter Value 1
lusv 1000 dry1 2 (ngy = 1) 0 IRy % (nRy = 1) 960
WRx 180 del (l’le = 2) 40 le (nRx = 2) 480
dRx2 200 dry1 (MRx = 3) 20 IRy (nRx =3) 320
dTR 20 del (”Rx = 4) 13.33 le (Yle = 4) 240
dmis 0-100 del (l’le = 5) 10 le (Vle = 5) 192

1 Unit: mm. 2 For Tx coils with the same number of coil units as Rx coils, corresponding dr,1 are the same as dg,1.
3 For Tx coils with the same number of coil units as Rx coils, corresponding I, are the same as [gy.

The results of comparative analysis on two multi-Rx coil structures using the distri-
bution characteristics of mutual inductance versus 0-to-100 mm horizontal misalignment
are presented in Figure 8. In general, for the Rx coil units of the same number, the one-Tx-
multi-Rx structure is apparently more competitive than the multi-Tx-multi-Rx structure.
This is reflected in that, for the multi-Tx structure, the mutual inductance Mg between
Tx and Rx coils is decreased by more than 20% from the aligned condition to the 100 mm
maximum misalighment. At the same time, the counterpart of the one-Tx structure is stably
smaller than 10%. Furthermore, according to the box chart, the median of Mg always
appears in the lower part of the box, which signifies that the value of Mg has decreased
significantly when d,,;; reaches 50 mm (the median of 0-to-100 mm misalignment). The
reason lies in that, the ability of the multi-Tx structure to combat misalighment highly relies
on the length of a single coil unit. The shorter the length, the smaller the misalignment
tolerance. In contrast, this inherent problem can hardly influence the structure with a single
long Tx coil at all.
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Figure 8. Comparison of different coil structures using the distribution characteristics of mutual
inductance versus 0-to-100 mm horizontal misalignment.

Before jumping to selecting one of the two structures above, the misalignment tolerance
of multi-Tx-multi-Rx structure should be further investigated by introducing a big-Tx-small-
Rx scheme. That is to say, the reduction of Rx coil’s size is believed promising to maintain
its high coupling level to the Tx coil in a larger charging area. To verify this point, the
variation of Mtg associated with different numbers of coil pairs and different ratios of the
size of Rx coils to Tx coils (rgy) is depicted in Figure 9. In general, the smaller is rg,, the
easier to strengthen the anti-misalignment ability in spite of the number of coil pairs, which
partly demonstrates the effectiveness of this scheme. One exception is found when rg, is
0.9 and 1.0. This can be explained by taking a 5-Tx-5-Rx (5t05) structure as an example.
Regarding the case of rg, = 1.0, when d,,;; increases, the coupling of a unit of Rx coils with
its pair is decreased. Meanwhile, the coupling of this unit with the neighbor of its pair
gradually increases. As for the case of g, < 1.0, the coupling between originally paired coils
is dominant unless d,,;; increases to a very high degree. Nevertheless, the pursuit of a very
small 7R, is also not acceptable. As revealed in the last subfigure of Figure 9 by taking a
3to3 structure as an example, the power capacity of an open-loop UWCS employing LCC-S
compensation decreases with the shrink of Rx coils. Suppose the required output power is
6.0 kW, this requirement cannot be fulfilled when rg, is reduced to 0.7, not to mention the
cases of rg, < 0.7, although the maximum attainable power reaches up to approximately
6.0 kW when rg, = 1.0.

To summarize, the big-Tx-small-Rx scheme can improve misalignment tolerance to
some extent. However, the fundamental problem is that this scheme can hardly seek a
compromise between misalignment tolerance and power capacity. Therefore, the one-Tx-
multi-Rx structure is preferable in this work. The following discussion will be based on a
one-Tx-four-Rx (1to4) structure.



Energies 2022, 15, 9529

12 0of 19

90} — i =1.0 ——rp=0.7 90} —rp=1.0 ——rp=0.7
+J'R_\-:{).L) +I'R;,‘-:0.6 +I'R_\-:().9 +.’”RJ-:O.6

. 80F . . ,,flmz()g +FR,\’=0-5 — 80r . e +I’R\-=0.8 +'VR.\‘=O-5
= 70} === | F 70} ==
§ 60} o :;5 60}
50t 50 o
40 40
0 20 40 60 80 100 0 20 40 60 80 100
Misalignment (mm) Misalignment (mm)
90 L — PRy ] “ * f'j\{\-:().7 90 B * f‘/,-.ﬁzl {) - I';\'T:(),7
> "‘.’f'-.:(—)-() +I"R'\-:O.6 +I';g_\-:0.() +i’;\'\-:0.6
. 80t 1 =0.8 —=—rg,=0.5 _ 80t v =0.8 —=rp=05
5 70 5 70}
:;5 60t :;rf 60}
50t 501
40 40t
0 20 40 60 80 100 0 20 40 60 80 100
Misalignment (mm) Misalignment (mm)
90+ —rp=1.0 ——rp=0.7 30 110.5
—rp=0.9 ~—rp=0.6| = o
_ 80¢ ~rpe=0.8 ~rp~0.5| <25 1?7 8
T S ) E | : |z &
£l 7_0 s : 20 | Required p,,, 75 E
= 601 = e B H1e a
50t QE 10 t 14.5 2
40t S F 8 ==
0 20 40 60 80 100 0.5 06 07 0.8 0.9 1.0
Misalignment (mm) Ratio of Rx to Tx coils

Figure 9. Variation of mutual inductance versus 0-to-100 mm horizontal misalignment with different
numbers of coil pairs and different ratios of size of Rx coils to Tx coils.

4. Optimization of Coupling Coils Considering USV Endurance
4.1. Optimization Process

The flowchart of optimization process of the UWCS is represented in Figure 10. This
process starts with the establishment of specifications of determined coil structure, assembly
space on USV, etc. On this basis, two main optimization objectives are sought, namely,
USV shape adaption and lightweight Rx assembly. For the former goal, the parameter to
be determined is 6 (degree of curvature of coils) and the criteria includes output power
of the UWCS, effectiveness of Rx limiter, etc. As for the latter goal, different lightweight
schemes are compared and analyzed, and the criteria includes output power of the UWCS,
efficiency deterioration due to eddy-current loss, etc.
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Figure 10. A flowchart of optimization process.

4.2. Curved Coils for USV-Shaped Adaption

Large misalignment tolerance is fundamental to the interoperability between the
transmitter and receiver of the UWCS. On this basis, the performance of a charging system
can be optimized by considering the practical requirements of USV sufficiently [32-34].
Among these requirements, one of the most important is USV’s endurance for the purpose
of its continuity of operation, which urges that the equipped UWCS will not sacrifice the
hydrodynamics. Therefore, instead of commonly used flat coils, two novel types of coils for
USV-shaped adaption are devised and compared, i.e., curved and quasi-curved coils. Their
geometries and size marks are depicted in the right part of Figure 11. For a fair comparison,
their widths and chord heights are guaranteed the same. Moreover, the value of 0 of both
the Tx and Rx coils are kept the same, and the coil-to-coil distance is stably 20 mm. Either
of these two coil topologies can ensure that the misalignment merely exists in the heading
direction of USV. In other words, the USV is well aligned laterally.

The results of comparison of curved coils and quasi-curved coils of the same 6 are
given in the left part of Figure 11. Note that for quasi-curved coils, each 6 corresponds
to three different [, to conduct a more comprehensive comparison. It is revealed that this
parameter is not very influential. Hence, herein, the comparison can be focused on the
issue of coil topology. For a 6 larger than 30°, curved topology is better without doubt due
to relatively higher coupling. While when the 0 is larger than 30°, the mutual inductance
Mrr associated with curved coils gradually exceeds quasi-curved coils. Nevertheless, it
is notable that the ability of quasi-curved coils to combat misalignment is losing with
the increase of 8, which is exhibited by a steeper drop of Mrr (MD%). By contrast, this
parameter is very stable for curved coils regardless of the variation of 6.
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Figure 11. Comparison of curved coils and quasi-curved coils of the same 6.

To better understand different degrees of coupling at the same coil-to-coil distance and
6, the field distribution is displayed in Figure 12, including the side view and front view.
Considering the influence of [, on the electromagnetic performance is very limited, 90 mm
Iy is used as a representative for the three types of quasi-curved coils mentioned above. In
general, for the 1 to 4 structure, the flux density reaches the maximum in the adjacent area
of two coil units on the USV side due to the common flux path. When the 6 equals 20°, the
average flux density of curved coils is evidently higher than that of quasi-curved coils. Seen
from the front view, although the flux is very concentrated on the side segments of quasi-
curved coils, the enhancement of the overall flux density is not very significant. When the
6 increases up to 40°, the flux gets even more concentrated, leading to the improvement of
Mrg. Although the coil-to-coil distance remains unchanged, the coupling of side segments
on the Tx side and the flat segment on the USV side is enhanced effectively when the 0
is increased to a certain level. However, this enhancement is received at the extra cost
of deteriorated anti-misalignment ability. To summarize, curved coils preserve higher
competitiveness for their stable misalignment tolerance and higher coupling level with a 0
below 30°, which fulfills the practical requirement and therefore stands out.

On the basis of the selected coil topology, the value of 6 should be further determined.
As illustrated in Table 2, under various misalignment conditions, the mutual inductance
shows a negative correlation with 6. Nevertheless, an Rx limiter with a § approaching
zero might be unable to restrict the lateral misalignment of USV. Therefore, a compromise
should be reached between the level of magnetic coupling and the effectiveness of the Rx
limiter. Eventually, 24° is selected.

Table 2. Average mutual inductance Mg sampled with 0-to-100 mm misalignment versus 6.

0 (deg.) Mryg (uH) 0 (deg.) Mryg (LH)
0 65.76 20 60.14
4 64.95 24 58.38
8 63.91 28 56.46
12 62.92 32 54.71

16 61.57 36 51.53
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Figure 12. Field distribution of UWCS with different coil topologies, # and misalignment conditions:
side view (left) and front view (right).

4.3. Bar-Shaped Core for Lightweight Rx Assembly

Another key issue to enhance the endurance of USVs is the reduction of payload.
Especially for the high-power charging system, the significance of lightweight design is
more worthy of emphasis. As introduced in Figure 7, the magnetic coupler mainly consists
of coils made of copper, a core made of ferrite, a shielding sheet made of aluminum, and
an insulation layer made of epoxy resin. Among them, coils are fundamental. Reduced
copper use will inevitably lead to the degradation of power capacity of UWCS. Moreover,
the shielding sheet is also very important since the electronics of the USV must be protected
properly from possible electromagnetic interference. Furthermore, the epoxy resin should
be injected sufficiently since the electrical device for underwater use should be rated IP67.
Therefore, the focus of lightweight design is concentrated on the ferrite core.

Figure 13 depicts 12 types of ferrite geometries of coupler assembled on USV. The
reference design is a whole ferrite sheet, which is the base of our previous discussion.
Compared with this one, the other 11 designs all realize the fundamental goal of reducing
weight to varying extents. Nevertheless, the 4 designs in the last row of Figure 13 are
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deemed less feasible since the arrangement of ferrite bars poorly matches the field pattern
of a rectangular coil, a kind of unpolarized coil [35]. In consequence, an improper low-
reluctance path weakens the magnetic coupling. As for the remaining 7 designs in the first
two rows, all ferrite bars in use correctly point to the center points of the coil. Moreover,
the angle between any two adjacent bars is basically set to the same because there is no
dominant direction of magnetic flux of an unpolarized coil.

0 €30

n=4 (type 1) n=4 (type 11) n=8 (type I)

LIEE 9

=8 (type II) n=16 A ferrite sheet

I == = &

Short ferrite bars On Long ferrite bars ~ Long ferrite bars along Short ferrite bars
the length and long covering the the length and short on both the
bars along the width whole coil area bars on the width length and width

Figure 13. Different ferrite geometries for Rx coils, including a reference design (a ferrite sheet) and
11 lightweight designs.

In Figure 14, the evaluation of different lightweight designs is carried out. Six of them
employ the technique of ferrite bars. The designs involving an air core (n = 0) and a ferrite
sheet are used as references. Note that, for the cases of n = 4 and n = 8, there are separately
two different arrangements of ferrite bars. Regarding the evaluation index, the mass of
ferrite core and the ratio of reduced weight to Rx assembly directly reflect the effectiveness
of the lightweight design. In addition, the mutual inductance between Tx and Rx coils is
indispensable. The box chart of mutual inductance is obtained with misalignment ranging
from 0-100 mm with a 10 mm step. What is more, the eddy-current loss indicates resultant
efficiency deterioration arising from reduced ferrite. With a whole but heavy ferrite sheet,
the eddy current in the shielding sheet can only be induced by the flux components
penetrating the ferrite core. While for the lightweight designs, the shielding sheet is partly
exposed to magnetic flux, facilitating the increase of eddy-current loss.

The results reflect that, first, the weight of coupler is decreased successfully. For n = 4,
8,12, and 16, the mass of ferrite material is 2.76 kg, 5.52 kg, 8.28 kg and 11.04 kg, respectively.
By contrast, the mass reaches up to 46.00 kg if a whole ferrite sheet is used. Accordingly,
the ratio of reduced weight to that of Rx assembly is separately 53.49%, 50.28%, 47.07%,
and 43.86%. This is calculated by knowing the weight of other components in advance,
including the coils, shielding, and insulation. Secondly, although the mutual coupling
between Tx and Rx coils becomes apparently lower, the maximum power capacity can still
fulfill 6.0-kW requirement unless an air-core design is employed. This mainly owes to the
tight-coupling condition in a 20 mm transmission distance. Thirdly, the extra eddy-current
loss is acceptable. Taking n = 8 (type I) as an example, the loss of the shielding sheet is
moderately increased by 20.16 W compared with that of a whole ferrite sheet according to
FE analysis. This can be converted into a 0.336% efficiency drop for a 6.0-kW UWCS. From
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the perspective of thermal management, 20.16 W can also be easily handled. Based on the
above, nn = 8 (type I) is eventually selected.
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Figure 14. Performance of different lightweight designs in view of reduced weight of ferrite core,
degree of magnetic coupling, and eddy current loss of shielding sheet.

5. Conclusions

In this paper, a 6.0 kW underwater WCS for USV, supported by an ancillary dock
system, is analyzed, designed, and optimized in pursuit of a balanced power capacity,
misalignment tolerance, and onboard weight. Firstly, six technical challenges of the UWCS
design are summarized. In general, these challenges can either arise from underwater
environment or USV practical requirements, such as hydrodynamics, endurance, and
mission range. According to our analysis, under tight-coupling conditions, it is difficult
to design a misalignment-resilient charging system. Secondly, targeted at alleviating the
misalignment sensitivity, three different multi-Rx coil structures are investigated, including
one-Tx-multi-Rx, multi-Tx-multi-Rx, and multi-Tx-multi-shrank-Rx. Regardless of the
ratios of size of Rx coils to Tx coils, the one-Tx-multi-Rx always outperforms in view of
power capacity and the drop of Mrg. Thirdly, based on this coil structure, two types of
coils aimed at USV shape adaption, viz., curved and quasi-curved coils, are devised and
compared to sustain its endurance at a high level. Moreover, the 6, i.e., the chord height is
optimized. Finally, the weight of receiver is effectively reduced using bar-shaped ferrite
without sacrificing the power capacity of WCSs. A comparative analysis is carried out
among 11 lightweight schemes. When eight ferrite bars are employed, the results indicate a
merely 8.73% drop in coupling coefficient, with the misalignment ranging from 0 to 100 mm.
Moreover, ferrite use is reduced by 40.48 kg compared to a ferrite sheet, which accounts for
50.28% weight of the receiver.
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