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Abstract: Inductively coupled power transfer (ICPT) systems, which are superior to batteries due to
their real-time power supplycapacity have been used in mooring buoys for the purpose of long-term
measurements. A multiple-receiver ICPT system for mooring buoys, which contains a mooring cable
for transmitting power, is proposed in this paper to obtain the corresponding profile parameters.
Series compensation is applied to all three sections, including the transmitter, the mooring cable
and multiple receivers. The voltage of an underwater system with arbitrary load can be stabilized.
On that basis, high efficiency can be obtained. By adopting Wolfram Mathematica a detailed analysis
of both double-receiver and multiple-receiver ICPT systems for mooring buoys is presented. Finally,
a prototype ICPT system with three receivers mounted on a 30 m mooring cable was built to verify
the theoretical analysis. Experimental results show that the power transfer efficiency exceeds 45%.
Both theoretical analysis and experiments indicate that this system is appropriate for measuring
ocean profile parameters.

Keywords: inductively coupled power transfer; multiple-receiver; mooring cable; series
compensation; load-independent voltage ratio

1. Introduction

Covering approximately 71% of the Earth’s surface and representing 90% of the Earth’s biosphere,
oceans play a major role in the world [1]. A comprehensive monitoring network is being established
and mooring buoys are an important component of this. Fixed in place by a mooring cable, buoys can
measure profile parameters over a long-term.

Presently the power for underwater sensors is normally provided by batteries, however, these
must be replaced when they run low on power. To achieve the purpose of real-time measurement over a
long-term, a single-receiver inductively coupled power transfer (ICPT) system can be used in a mooring
buoy to transfer power. Power is stored in super-capacitors, and sensors can receive power from them
to measure parameters, such as temperature or salinity, at a determine depth [2,3]. In order to transfer
power from a buoy to underwater systems, the mooring cable acts as a transmission route. In [4],
a model of a single-receiver ICPT system for mooring buoys was established, and inductor-capacitor
(LC) resonant compensation was adopted in the mooring cable to reduce the influence of inductance
elements. Furthermore, the ICPT system has several advantages such as it is easy to replace sensors
and it is suitable for measurement. Nevertheless, it is more significant to measure the parameters of
different depths using different sensors mounted on the mooring cable. Therefore, this paper focuses
on a multiple-receiver ICPT system for mooring buoys.
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As for ICPT systems, both modeling and compensation have been studied over the past
decade [5-8]. Series- and parallel-compensation are two common methods to improve system
properties such as the output power and the power transfer efficiency [9]. In addition, compensation
like series-parallel and inductor-capacitor-inductor type (LCL-T) structures are widely applied in
high power ICPT systems to eliminate the imaginary part of the system’s overall impedance [10,11].
Studies on different multiple-receiver models have been discussed. In [12] an energy supply system
for a system with 30 devices aligned on one solid installation rail using E-shaped magnetic cores was
created. The output power of each device was more than 4 W. However, the input power and the power
transfer efficiency were not mentioned. Paper [13] discussed an electrical energy transmission system
for multi-load scenarios. Coreless planar transformers were applied in the system to reduce core losses.
This system is suitable for portable electric equipment rather than underwater devices mounted on a
mooring cable. Nowadays, the applications of the multiple-receiver ICPT systems focus on cellphone
charging, wearable devices and electric vehicles [14-16]. However, compared with those traditional
ICPT systems, in this paper the ICPT system for mooring buoys adds a mooring cable, which can
transfer power as well as fix the buoy. This makes it more complex to analyze multiple-receiver ICPT
systems for mooring buoys.

On the other hand, lots of papers have studied the characteristics of multiple-receiver systems
with the same load [17-19]. In order to obtain different parameters in the ocean, different sensors will
be used in mooring buoy applications, and the charging status of super-capacitors will be different
at the same time. Thus, the equivalent impedance of each underwater system is different, and the
voltage in underwater systems will fluctuate in a large range. This may damage step-down regulators
and affect the operating status of sensors. Ensuring the proper operation of underwater systems is a
great challenge for a multiple-receiver system. Paper [20] reported a multiple-receiver wireless power
transfer system with arbitrary load using capacitive impedance matching networks (IMNs). Due to
the charging process of lithium-ion rechargeable batteries, the charging system can be considered as a
variable load. Series-parallel and parallel-series networks were analyzed for charging multiple devices.
However, using parallel compensation will increase the equivalent resistance of the system, which has
a great influence on the voltage division.

From the aforementioned review, it is envisaged that in practical applications each receiver
must have a stable voltage for different underwater systems, and on that basis, the system needs to
simultaneously achieve high efficiency. In this paper, a multiple-receiver ICPT system for mooring
buoys is proposed, which is designed to realize the stable voltage and high efficiency of underwater
systems by using series compensation for all loops based on mathematical derivation. In addition,
for the prototype ICPT system with three receivers mounted on a 30 m mooring cable, the voltage
division ratio between two arbitrary receivers is almost 1, while the power transfer efficiency can
exceed 45%. The system proposed in this paper can be applied for measuring profile parameters in
real-time, and will provide a reference for the development of multiple-receiver ICPT systems.

The rest of this paper is organized as follows: in Section 2, a structure of the multiple-receiver ICPT
system for mooring buoys is presented, and key parameters of this system are defined. In Section 3,
the double-receiver system model is analyzed in detail, and then calculated by Wolfram Mathematica
to achieve load-independent voltage ratio and high efficiency. In Section 4, the theoretical analysis
is extended to an ICPT system for mooring buoys with N receivers. In Section 5, an experimental
prototype is established to verify the results of Section 4. Finally, Section 6 draws some conclusions
about our findings.

2. System Structure

The composition of a multiple-receiver ICPT system for mooring buoys is shown in Figure 1a.
The power is converted by solar battery boards and stored in a lead-acid battery, which can provide
12 V/150 Ah electricity. The mooring cable, which fixes the buoy in a certain area with the help
of an anchor system, acts as a power transmission cable. Underwater systems, which are mounted
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on the mooring cable, can get power from the lead-acid battery by using the mooring cable and
inductive couplers.
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Figure 1. The composition of a multiple-receiver ICPT system: (a) Mooring buoy; (b) Mooring cable.

Figure 1b reveals the design of the system circuit model with mooring cable. In this special ICPT
system, the mooring cable can be divided into three sections: the secondary coil of the abovewater
inductive coupler (AIC), the primary coil of underwater inductive couplers (UICs) and the main cable
used for transmitting power between the AIC and UICs. The mooring cable is a closed cable as the
branch cable is connected with the abovewater controller through the marine connector, and it is
wrapped by a shielding layer. Therefore the self-inductance of the mooring cable is a constant and will
not be affected by seawater ([21], pp. 7-8). It is important to calculate the resonant capacitor in the
resonant state. Moreover, we have measured the self-inductance of the mooring cable in the sea at
different frequencies, and compared with that in the air. The results are listed in Table 1. The number
of underwater system nodes is determined by the specific application. Usually, the distance between
any underwater system nodes is long (more than 3 m), and the mutual inductance between UICs can
be ignored.

Table 1. The self-inductance of mooring cable in different frequency.

Frequency (KHz) In the Air (uH) In the Sea (uH)
5 16.305 16.320
10 15.342 15.358
20 14.363 14.371
30 13.884 13.903
40 13.573 13.582

An H-bridge inverter is utilized to convert the DC power generated by the battery into a
high-frequency rectangular wave. Four quality field effect transistors (QFETs) FQA38N30 (Fairchild
Semiconductor, San Francisco, CA, USA) constitute the H-bridge structure as shown in Figure 2a. Two
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complementary pulse width modulation (PWM) waves with dead band time are generated by the
microcontroller unit, and the QFETs are driven through two driver chips IR2110 (Infineon, Neubiberg,
Germany). Through the H-bridge inverter, the DC power can be inverted to rectangular wave with
variable frequency. Based on Faraday’s law, a high frequency magnetic field is generated in the AIC,
and the power is transmitted by the mooring cable. Through the vulcanized joints, the main cable is
divided into inner cable and outer cable. UICs are mounted on the inner cable and underwater systems
can obtain power from the mooring cable based on Faraday’s law as well. Finally, a full-bridge rectifier
and a step-down regulator are applied to convert AC power to DC to charge the super-capacitors
in each underwater system. Underwater sensors, such as conductivity-temperature-depth sensors
(CTDs), can obtain power from super-capacitors and measure parameters at any time. Figure 2b
shows the composition of the underwater system. In general, a super-capacitor charging system can
be regarded as a variable load with time. Considering the influence of step-down regulators and
rectifiers [22], the equivalent load resistance of underwater system Ry is:

8 1
Ry = ;‘ﬁ'Rsc, 1)

where D is the duty-cycle of the step-down regulator, which is equal to 0.75 in this system. Rgc is the
equivalent resistance of super-capacitor charging system, the range of Rgc is from 83 () to 434 () by
experiments. From (1), the range of R, is from 120 ) to 625 Q).
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Figure 2. Important compositions of a multiple-receiver ICPT system for mooring buoy: (a) H-bridge
inverter; (b) Underwater system.

AIC and UICs have the same structure, which is shown in Figure 3. A toroidal ferrite magnetic
core is cut symmetrically in order to conveniently mount on the inner cable. The parameters of
the inductive coupler are listed in Table 2. Using a special sealing device, the inductive coupler is
completely isolated from seawater, and the coupling coefficient is measured as 0.97.

Mooring cable

Ferrite magnetic cores Air gap

(<0.1mm)

/

Coil of inductive coupler

Figure 3. The structure of the inductive coupler.
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Table 2. Parameters of the inductive coupler.

Symbol Quantity Value Units
d; Inner diameter of toroidal magnetic core 55.5 mm
do Outer diameter of toroidal magnetic core 85.7 mm
h Height of toroidal magnetic core 25.4 mm
N Number of turns per coil 5 —
Ur Relative permeability of ferrite 10,000 —

In order to analyze the multiple-receiver ICPT system for mooring buoys, definitions of some key
parameters are tabulated in Table 3. The symbol i is the number of receivers in the range of 1 to n.

Table 3. Definitions of parameters.

Parameters Quantity
Ltx Self-inductance of AIC’s primary coil
Rrx Resistance of AIC’s primary coil
Crx Compensate capacitor in transmitter
L, Self-inductance of AIC’s secondary coil
Lc Self-inductance of mooring cable without inductive couplers
Ly Self-inductance of UIC’s primary coil for receiver i
Lrxi Self-inductance of UIC’s secondary coil for receiver i
Rrxi Resistance of UIC’s secondary coil for receiver i
Crxi Resonant capacitor in receiver i
Ry; The equivalent load resistance in receiver i
Ly Self-inductance of mooring cable with all inductive couplers, normally the sum of L,, L. and Y/ ; Ly;
R Resistance of mooring cable with inductive couplers
Cu Resonant capacitor of mooring cable

3. Double-Receiver ICPT System for Mooring Buoy

A model of double-receiver ICPT system for mooring buoy is shown in Figure 4. It is divided
into four parts: one transmitter (TX), one mooring cable, and two receivers (RX1 and RX2). Using one
AIC and two UICs, TX, RX1 and RX2 are coupled to the mooring cable with mutual inductances of
M,, M1 and M, respectively. The coupling coefficient between the AIC’s coils is:

M,
ki = ——, 2
"= L @

and the coupling coefficient between the UICs’ coils is:

Mui
V' LyiLrxi

Since the distance between two receivers is sufficiently long, the mutual inductance between RX1

k= , fori=1or2. 3)

and RX2 can be ignored.

IL‘ Rc L c Cc
]
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Figure 4. Model of a double-receiver ICPT system for mooring cable.
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In Figure 4, Upy is the input voltage with the frequency f between A and B shown in Figure 2a.
w is the angular frequency, which is equal to 27t f; Uy and Up, are the voltage to the loads. Itx, I,
Irx1 and Irxy are the current of TX, mooring cable, RX1 and RX2 respectively; Gy and Gy, are the
gain of voltage and defined as Uy /Uy and Uy, /Upn; P and Prp are the active power delivered to
two equivalent loads R;; and Rjp. Finally, the power transfer efficiency can be calculated as a ratio
between the total active power received by equivalent loads and the apparent power supplied by the
source [23].

The equivalent impedance of each loop can be described as Z = r + jX, where r is the resistance
and X is the reactance. r is the resistance of the coil, while the equivalent series resistance of the
capacitor is ignored because it is generally small in network [24]. Using Z to substitute L, R and C,
the circuit’s current Itx, I, Irx1 and Irx, are contacted with the input voltage Upy employing by
Kirchhoff’s voltage law (KVL):

U Zrx —jwM, 0 0 Itx
0 _ —jwM, Zy —jwM,y —jwM,;» I. @)
0 0 —jwMy1  Zrx1+ Ry 0 Irx1 |’
0 0 —jwMyz 0 Zrx> + R Irx2
where: 1
Zrx = Rrx + jwLrx + - =rrx +jX1x, ®)
]CUCTX
. ) . ) 1 . .
Zum = Ry + (jwLq + jwLe + jwLyy + jwLyn) + oG rm+jXm (i=1,2), (6)
m
) 1 ) .
Zgxi = Rrxi + jwLrxi + ——=— = rrxi + jXrxi (i = 1,2), @)
JwCrxi
3.1. Compensate for Coils Inductance of Receivers
Solving (4) gives the relationship:
Irx = g 4 gy,
Irx1 = 2112217%16 (8)

In the double-receiver ICPT system for mooring buoy, the UICs are the same, including magnetic
cores and coils. Therefore, the parameters of each UIC are equal:

Mul = MuZ = M,, (9)

Zrx1 = Zrx2 = Zrx = rrx + jXrx- (10)

As shown in the Figure 4 and Equation (7), the resistance rrx = Rgx; (i = 1,2), and the reactance

Xrx = wLlrx; +1/wCrx; (i = 1,2). Normally, the resonant angular frequency and the normalized
angular frequency of RX are defined as:

and wy,y = L, (11)

1
Worx =
vV LrxCrx Wogy

and, the equivalent impedance of coil in receivers:

. 1
ZRX = IRX +]LULRX (1 — wz ) . (12)

NRX
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According to the definition of Gy and Gj, and hypothesize Rj; < Ry, the voltage division
ratio between two receivers can be obtained as:

Ri1 ’ ) ‘ R
Rp1+Zrx| |Ri2 +Zgrx

H = |Up1]| : [Ur2| = Gr1 : G2 = |IrxaR1a| : Irx2R12| = ‘ , (13)

Rp1 ) R

Rp1 +rrx "’-]CULRX (1 — ) Ris> +rrx —I—jQJLRX <1 — wzl )

H— (14)

Witgx iRX

In order to achieve the load-independent voltage ratio, an appropriate operating angular frequency
will be chosen.

Parameters of receivers are talented in Table 4. The voltage division ratio between two receivers
H, which is a function of the normalized angular frequency of RX wj,, is shown in Figure 5. On the
one hand, the voltage division ratio between two receivers is close to 1 when wy,, = 1.0. In other
words, the operating angular frequency equals the resonant angular frequency of RX. That means the
voltage to different equivalent loads in different receivers is nearly equivalent as the receiver’s coil
work in the resonant state. On the other hand, the voltage division ratio between two receivers is
closer to 1 as the resistance of coils decrease.

Table 4. Parameters of receivers.

Parameters Values Units
f 20,000 Hz

w 27t x 20,000 rad/s
Ri1 120 Q
Rio 625 Q

Iy =0.1 Q

----- = Iy =10 Q

The Voltage Ratio Between Two Receivers H

0.5

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Normalized Angular Frequency of RX wnRX

Figure 5. The voltage ratio between two receivers versus the normalized angular frequency of RX.

3.2. Compensate for Coils Inductance of Tranmitter and Mooring Cable

Ensuring that the voltage across the equivalent load is approximately equal by compensating for
coils inductance of receivers, the most important characteristic of the ICPT system for mooring buoys
is promoting the output power received by underwater systems and the power transfer efficiency,
which are defined as:

& Pry + Prp
| UNITx*|

P = UL

andn =
Ry, 7

(15)
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where ITx" means the conjugate of ITx. Solving (4) and H =1 under the condition of wy,, = 1.0,
the voltage to equivalent loads are obtained as:

A
ULl = _Aszz RL1+RRX MMUIN 16
Up = — 22 R2 M, U, 16)
L2 = 74,48, RL2+RRX uSIN
where:
Ay = w*MZ%(Ry; + Rrx)(Rr2 + Rrx), (17)
By = Zrx[Zm(Rp1 + Rrx)(Ri2 + Rrx) + w*M2(Rpq + Ry + 2RRX)} , (18)

and the output power received by underwater systems and the power transfer efficiency can be
described by following equation:

— Ry 2 ( Ay
Pra (Rp1+Rgx)? M, A2+Bz) UIN (19)
_ R 2 ’
P2 = (Ri2+Rgx)” M <A2+BZ) U
Zrx

n = wtM,*M,? [(Ru +Rp) (RLlRLZ + RRXZ) + 4RL1RL2RRX] (20)

(A2 +B2)By |

It can be observed that the output power P;; and the power transfer efficiency 7 are related
to Ay and Bj. As definition from (17) and (18), A, is a constant and Bj is function of the reactance
of coil in transmitter Xtx and of mooring cable X;,. When the inductive couplers are determined,
parameters of coils in transmitter and receivers as well as mooring cable, such as the resistances (Rrx,
Ru, Rrx, Rp;) and the mutual inductances (M,, M,;) are affirmative. X7x and X,, are expressed
as follows:

1 1
d Xy = wly + —— 21
wCry 0 X = @ m =+ WoC.. (21)

Similarly, the resonant angular frequency and the normalized angular frequency in the transmitter

XTX = CLJLTX +

and mooring cable are defined as:

Wopy = ———=and wy;, = , (22)
™ VLrxCrx X Wy
wo,, = L and wy,, = &, (23)
mCm wo,,
and the reactance can be represented as:
1
XTX = (ULTX 1-— 5 and Xm =wly|1— 5 . (24)
nrx M

According to (17)—(20), the output power and the power transfer efficiency can be written as:

. 2
Py = aa) <A2+Z-[x[zm321+322]) (25)
P . ( 1 )2 7
L2 () |\ A2+ Z1x[ZuBa1 + B2
. 1 (26)
1 [A2 + Z1x(ZmB21 + B22)|(ZmB2 + Ba) |
Zrx = Rrx + jX1x, @7)

Zm = Rm + ij/ (28)
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where:
agmy = (w MuMu) Rp1(Rr2 + Rrx) ‘UIN , (29)
= ( Mu) Rpa(Rp1 + RRX)z‘UINZ , (30)
by = (szuMu) [(RLl + Rp2) (RLlRL2 + RRX2> + 4RL1RL2RRX}/ (31)
Az = w*MZ(Rp1 + Rrx)(Rr2 + Rrx), (32)
By = (Rp1 + Rrx)(Rr2 + Rrx), (33)
By = My (Rpy + Rpa + ZRRX)- (34)

From (25)—(34), Pr; and # are functions of two variables Xrx and X,, as follows:
Pri = fi(Xrx, Xm), (35)

n = h(Xrx, Xm), (36)

where X7x € (—oo,wlryx) and X, € (—0o,wLy,).

Since Uy can be adjusted easily in the system of a mooring buoy, a suitable input voltage can be
chosen according to actual demand power since Pj; « |LI1N|2. Therefore, the power transfer efficiency
is attracting more attention in this situation. In order to achieve the maximum of the power transfer
efficiency 7, the method of getting the maximum is used as follows. Solving the equations:

oh  _
Xy = 0
oh _ 0
X , (37)
Xrx < wLtx
Xm < wLy

Using (37) to get a stationary point (Xrx,, Xm,) = (0,0) and obtain:

b

= h(0,0) = ’
Nmax (0,0) (Rchl ¥ Bzz) [A + Rty (Rch1 + BZZ)]

(38)

To check the point is whether the extreme point or not, the functions 02h/9Xrx2, 0%h/9X1x>
and 021 /9X1x9X,, are calculated. And then obtain

Ph_ (RuBa+Bp)b (39)
aXTXZ [A + RTx(Rm321 + BZZ)]sl

A=

’h  9*h ( 0’h 2R7x By 2b? , (40)

2
9X1x? 9Xn? aXTXaXm) * (RwBai1 + Bx)[A + Rrx(RuBor + Bx))°

Obviously, all parameters are positive, so A > 0 as well as 9%h/9X1x> < 0. According to the
necessary and sufficient condition of maximum value of two variable function, the stationary point
(XTXO,Xmo) = (0,0) is the maximum point and #ux = 1(0,0) correspondingly ([25], pp. 946-950).

Parameters of transmitter and mooring cable are tabulated in Table 5. Figure 6 is drawn to verify
the maximum point. On the one hand, the relationship between the power transfer efficiency and the
normalized angular frequency of mooring cable is shown in Figure 6a. For different wy,, the 1 can
be obtained at different wy,, correspondingly. Comparing these local maximum points for each curve,
the absolute maximum point can be found as wy,, =1 and wy,;, =1 and the maximum efficiency is
60.85%. On the other hand, Figure 6b depicts the relationship between the power transfer efficiency
and the normalized angular frequency of transmitter. This time, w;,, = 1 is a discrete parameter while
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wpry take a continuous value from 0.5 to 2. It is clearly that the maximum # obtained at w;,;, =1
and wy, =1 as the same of Figure 6a. Analyzing of these two graphs, efficiency has an absolute
maximum at wy,, =1 and wy, = 1. From (24), (Xtx,, Xm,) = (0,0) in that condition, and the
method of getting the maximum is verified. In addition, ensuring wy,, =1 is more important than

wp,, = 1 to achieve higher efficiency by comparing these two graphs.

Table 5. Parameters of transmitter and mooring cable.

Parameters Values Units
w 27t x 20,000 rad/s
Lrx 400 uH
L, 14 wH
Lc 15 nH
L1 15 uH
L. 15 uH
Ly, 59 uH
Rrx 4 Q
Ry 0.5 Q
k. and k,; 1

The Power Transfer Efficiency #

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Normalized Angular Frequency of Mooring cable @,

@

0.7

=
.
<9
=
.
2
b= R ICIEI <
& T Woy=0.6 <.
2] S
s |\ / 7 4 s w, =0.8 ~e.
£ B S A EP
= Wpy=1.0 .-
5 - Wy, =12
E ------ wp =14
S N m
o TTme-ao
= T B D O T S
=
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Normalized Angular Frequency of TX a,
(b)

Figure 6. The power transfer efficiency versus different normalized angular frequency: (a) Normalized
angular frequency of mooring cable; (b) Normalized angular frequency of TX.
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4. Multiple-Receiver ICPT System for Mooring Buoy

Here, the multiple-receiver ICPT system for a mooring buoy, which is similar to a two-receiver
system, is shown as Figure 7. In this model, n(n > 2) receivers are mounted on the mooring cable
while the power is provided by one transmitter. Rp, is the equivalent load resistant in receiver
m, Lrxm as well as Rrxy,, and Crxy, are the parameters of receiver m. The mutual inductance for
UICs is defined as M,;; and they are identical in order to simplified analysis, while the coupling
coefficient between inductive coupler’s coils are:

kym = ———, form =1 to n. (41)

Receiver 1

rx1 [ RX1

Receiver 2

el

Mooring Cable

Figure 7. Model of a multiple-receiver ICPT system for mooring cable.

The KVL is applied to multiple-receiver system to get the voltage division ratio between two
arbitrary receivers, the output power and the power transfer efficiency, where m, j, k = 1ton and

ji#k

Un Zrx —jwM, 0 0 0 0 17 Irx ]
0 —]'(UMH Zy _]CUMu _jWMu T _jWMLt I
0 0 —jwMy, Zrx + Ry 0 0 Irx1
0o |[=| 0o —juM, 0  Zgx+Rp - 0 Iy | @2
Lo | [ o —jwM, 0 0 o Zrx +Rpn | | Irxn |

. MZHTX , (43)

Ry R
Hie = Y : i , (44)
RL]‘-F?’RX +ijRx<1— wzl ) Rix +1rx +ijRx(1— u;21>
nRX nRX
Up|* 1 Pri
P, = and 7 = —==——_, 45
L Rim 1 |UinITx*| 45)
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Similarly, ensuring identical voltage to different loads in different receivers is the first task.
From (44), Hjx = 1 as wnpy = 1, where the resistances of coils are too small to the equivalent loads.
In that case, the (42) can be simplified as:

UIN ZTX —ja)Ma 0 0 0 0 ITX
0 —jwM, 4. —jwoM, —jwM, --- —jwMy 1.
0 0 —jwM, Ry 0 e 0 Irx1
0 - 0 —jwMy 0 Ry e 0 Irx2 (46)
| 0 | I 0 —jwMy 0 0 Ri || Irxn |

where Ry, is defined as the sum of the resistance of coils rrx and the resistance of equivalent loads
Ry, for the range of m is from 1 to n. Based on (46), the voltage to equivalent loads is calculated as:

An RLm
=(—-———-—"M, |U 47
ULm < A 1B, &, MU (47)
where: .,
An=w*M[[R; (48)
i=1
n n Hr‘lzl R;
B, =Zrx (Zm HRi + (UZM%, Z ]R]> , (49)
i=1 i=1 i

And the output power and the power transfer efficiency are obtained:

S I
= u 50
P = g (g ) U (50)
n= w4Ma2Mu2 . Rim- ﬁ R2 ‘ZTX . (51)
i=1 j=1j#i ! (An + Bu)Bu

Pay attention to this: when n = 2, (47)—(51) are identical with (16)—(20). From (51), 7 is the
function of Xrx and X, and can be described as:

1
=h,(X7x, Xm) = b , 52
1= I (Xrxe Xn) = o G ZoBor & Bud)| (ZonBy + B 62
where:
n n
b, = W4Ma2Muz Z (RLm' 1_[ R]2> ’ (53)
i=1 j:l,j;éi
n
An - szﬂ HRi/ (54)
i=1
n
B =]]Rs (55)
i=1
n n R
Bup = w?M2Y 2T (56)

i=1 R;
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It is similar to (36). Based on the method of getting the maximum, circuits of the transmitter and
the mooring cable are working at full resonance state, meaning wy;, =1 and wy,, = 1, the maximum
power transfer efficiency can be obtained

by
(R¢Bu1 + Bu2)[An + Rrx(ReBu1 + Bn2)]

Nmax = hn(oz O) = (57)
Meanwhile, experiments are carried out in Section 5 for three-receivers to verify the theory of the
multiple-receiver ICPT system for mooring buoys.

5. Experimental Results and Discussion

5.1. Experimental Setup

A special three-receiver ICPT system for mooring cables, shown as Figure 8, was built and tested
to verify the above analysis. One AIC and three UICs were mounted on a special mooring cable with a
length of 30 m. The parameters of this system were measured by an inductance-capacitance-resistance
(LCR) tester and listed in Table 6. A DC power supply, which can provide 24 V/5 A to replace the
battery in the buoy, was used as the source voltage. Since the H-bridge structure was used to provide a
high frequency signal, the signal generated from the inverter was a square wave. The Fourier series of
a square wave is [10]:
sin(nwt)

. (58)

4 =
Vinv(t) = Vpc— Z
T =135

Since the amplitude decreases rapidly with increasing frequency and the system has good filtration
characteristics when working in the resonant state, the fundamental frequency w is considerated
without other harmonic frequency signal. In this case Uy = j-4Vpc/m = j-4 x 24/t V, where the
frequency was chosen as w = 27t x 20 rad/s. In applications, underwater sensors are always driven
by DC power. Thus, the rectifier and the step-down regulator were used to convert high frequency
signal from UIC’s secondary coil to DC power, Rs¢; in the following paper is the equivalent load of
super-capacitor charging system. The relationship of Rgc; and the equivalent load of underwater
system Rj; is shown in Equation (1).

Waveforms of voltage to underwater systems were observed by oscilloscopes, and the current
in the mooring cable was measured by a current probe. To calculate the power transfer efficiency,
wattmeters were used to measure the power of super-capacitor charging system Pgc;. The input power
of the overall system P;, can be calculated by the voltage and current, which were displayed on the
DC power supply.

Underwater
system dot

Resonant capacitor
in tranmitter

Resonant capacitor
in receiver

Mooring
cable

Step-down Regulator

Resonant capacitor
in mooring cable

Abovewater
inductive coupler

Abovewater controller | DC power supply Underwater

inductive coupler

Figure 8. Experimental setup.
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Table 6. Measured parameters of the three-receiver ICPT system for mooring buoy.

Parameters Values Units
LTX 404.91 ]/LH
Rrx 5.29 Q
Crx 156.49 nF

L. 14.36 pH
Ly 78.14 uH
Ry 0.72 Q
Cn 810.41 nF
LRXl 473.69 ].LH
Rrx1 5.86 Q
Crx1 133.71 nF
Rrx2 5.16 Q
CRXZ 133.38 nF
LRxg 473.96 uH
Rrx3 5.43 Q
Crx3 133.52 nF
M, 73.76 pH
M, 83.55 pH
M, 85.66 pH
M3 84.68 uH

5.2. Results and Discussion

Figure 9 shows the relationship between the voltage division ratio Hj, and the equivalent load
of the super-capacitor charging system Rgcy where Rgep = 83 QQand Rgeg = 434 (). Since the range
of Rgcp is from 83 () to 434 (), 0.925 < Hyp; < 1 when the receivers work in resonant status. On
the other words, the voltage of underwater system with different equivalent loads of super-capacitor
charging system can be kept steady as the above analysis.

1. 05

@ Rgc1= 83 Q
1. 00 @ Rgc3=434 Q
0.95

0.85

-e~ Cal: uncompensated
0.80 -~ Exp: uncompensated
0.75 -7 Cal: compensated

-& Exp: compensated

83 125 167 209 251 293 335 377 419 434
The Equivalent Load of Super-capacitor Charging System Rscz(Q)

The Voltage Ratio Between Two Receivers H,,

0.70

Figure 9. The relationship between the voltage division ratio Hj, and the equivalent load of
super-capacitor charging system Rgc;.

Moreover, the relationship between the power transfer efficiency # and the equivalent load
of super-capacitor charging system Rgc, is shown in Figure 10. From (53)—(57), the efficiency will
be influenced when the equivalent load of super-capacitor charging system changes because of the
process of super-capacitor charging. Since Rgc1 and Rgcs were constant, the efficiency decreased from
50.3% to 42.8% with a change of the load resistance from 83 () to 434 ().
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@ Rgc1=83 Q
0.6 @M @ Rgc3=434 O
N4
0.5 0\0\ng
- ¢ A N © - —¢
0.3

0.2 =&~ Calculate

The Power Transfer Efficiency #

0.1 9~ Measure

83 125 167 209 251 293 335 377 419 434
The Equivalent Load of Super-capacitor Charging System Rgc(€2)

Figure 10. The relationship between the power transfer efficiency # and the equivalent load of
super-capacitor charging system Rgcy.

Figure 11 displays the maximum efficiency can be obtained when the transmitter and the mooring
cable work in resonant status. When the operating frequency deviated from the resonant frequency,
which was 20 kHz, the efficiency reduced obviously.

0.5
45, 71% @ Rgc1=83 Q
@Rsc2=1399
= 0.4 @ Rgc3=434 Q
-
E 0.3
= 0.2
é . 12. 23%
£ |4.90%
0.0 @—@21 s s
10 12 14 16 18 20 24 28 32 36 40

The Operating Frequency (kHz)

Figure 11. The power transfer efficiency versus the operating frequency.

Finally, an intuitive phenomenon is shown in Figure 11. Waveforms of voltage to underwater
systems and the current in mooring cable were measured within different three compensation:
compensated receivers, compensated mooring cable and with all loops compensated. The test points
of voltage are a; and b;, which are shown in Figure 2b. Table 7 summarizes the power of equivalent
loads of super-capacitor charging system and the power transfer efficiency in those three conditions.
Comparing with the method of compensating all loops, the power transfer efficiency was too low when
receivers were compensated only, while the voltage to different equivalent loads of super-capacitor
charging system were uneven when the mooring cable was compensated only. The result of this
experiment verified the mentioned theory.



Energies 2017, 10, 519 16 of 18

@Rsc1=83Q @Rs»=139Q @ Rgc3=434 Q0 @MOOI’ng cable
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10V [
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—10V [---t--=--+-
—20V |---i-- b
=30V |---4--Zoh- :
- RMS = 498mA
(a) (b)
@Rs1=83Q @Rs;=139Q @ Rgc3=434 O @ Mooring cable
T
3OV [+-i--=---
20K u¢-aa
L\ S, E L
10V f]i (ﬁ: HEH
O Frefe”
-10V -3
A0 | EREES
30V [-of e
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(d)
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(e) ®)

Figure 11. Waveforms measured by oscilloscopes: (a) The waveform of voltage to underwater systems
by compensating receivers; (b) The waveform of current in mooring cable by compensating receivers;
(c) The waveform of voltage to underwater systems by compensating mooring cable; (d) The waveform
of current in mooring cable by compensating mooring cable; (e) The waveform of voltage to underwater
systems by compensating all loops; (f) The waveform of current in mooring cable by compensating

all loops.
Table 7. Experiment result for different compensation.
Parameters Compensate Compensate Compensate
Receivers Mooring Cable All Loops
Psc1 (@Rgcq = 83 Q) 0.153 W 0.963 W 3204 W
Psco (@Rgcp = 139 Q) 0.120 W 0.727 W 2022 W
Pscs (@Rgc3 = 434 Q) 0.046 W 0.262 W 0.666 W
Py, 11.58 W 729W 12.89 W

i 2.75% 26.78% 45.71%
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According to the experimental tests in this Section, the highest efficiency of the three-receiver
ICPT system for mooring buoys is 45.71% while the theoretical value is 58.48% because of the filtration
characteristic and losses of AC-DC converters.

6. Conclusions

A multiple-receiver ICPT system for mooring buoys was proposed in this paper. The structure
of the mooring cable and inductive couplers were introduced firstly. Then, the circuit model of a
two-receiver ICPT system for mooring buoys was analyzed to achieve identical voltage of underwater
systems to different loads by using compensation in receivers. On that basis, higher power transfer
efficiency can be obtained with compensating in the transmitter and mooring cable, since the system is
working in a resonant status. Furthermore, the analysis can be extended to multiple-receiver ICPT
systems. The results were validated by means of theoretical calculations and the practical experiments.
Based on the research in this paper, the multiple-receiver ICPT system for mooring buoys can be
applied to measure real-time profile data of oceans.
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