
Shi et al. / J Zhejiang Univ-Sci C (Comput & Electron)   2014 15(1):51-62 51

 

 

 

 

Design and analysis of an underwater inductive coupling 

power transfer system for autonomous underwater  

vehicle docking applications* 
 

Jian-guang SHI, De-jun LI‡, Can-jun YANG 
(State Key Laboratory of Fluid Power Transmission and Control, Hangzhou 310027, China) 

E-mail: swortex@gmail.com; li_dejun@zju.edu.cn; ycj@zju.edu.cn 

Received June 24, 2013;  Revision accepted Oct. 12, 2013;  Crosschecked Dec. 19, 2013 

 

Abstract:    We develop a new kind of underwater inductive coupling power transfer (ICPT) system to evaluate wireless power 
transfer in autonomous underwater vehicle (AUV) docking applications. Parameters that determine the performance of the system 
are systematically analyzed through mathematical methods. A circuit simulation model and a finite element analysis (FEA) sim-
ulation model are developed to study the power losses of the system, including copper loss in coils, semiconductor loss in circuits, 
and eddy current loss in transmission media. The characteristics of the power losses can provide guidelines to improve the effi-
ciency of ICPT systems. Calculation results and simulation results are validated by relevant experiments of the prototype system. 
The output power of the prototype system is up to 45 W and the efficiency is up to 0.84. The preliminary results indicate that the 
efficiency will increase as the transmission power is raised by increasing the input voltage. When the output power reaches 500 W, 
the efficiency is expected to exceed 0.94. The efficiency can be further improved by choosing proper semiconductors and coils. 
The analysis methods prove effective in predicting the performance of similar ICPT systems and should be useful in designing new 
systems. 
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1  Introduction 
 

Autonomous underwater vehicle (AUV) dock-
ing technology is a quickly developing field. The goal 
is to recharge AUVs from submerged docks in deep 
sea environments, thus prolonging an AUV’s endur-
ance time. Connector design for underwater power 
delivery is a major challenge in AUV docking tech-
nology. The position of the docked AUV is difficult to 
maintain, and the docking station is submerged in sea 

water for a long period of time, making the use of 
plugged connectors impractical. A wireless connector 
has been proven to be a better choice because it does 
not need to be plugged in and has no pins exposed to 
seawater, and thus has a high tolerance to fouling and 
corrosion (Podder et al., 2004; McEwen et al., 2008; 
Pyle et al., 2012).  

A leading candidate to achieve wireless power 
transfer is inductive coupling, a method applied to 
many types of terrestrial devices, such as vehicle 
charge (Villa et al., 2012), radar power supply (Pa-
pastergiou and Macpherson, 2007a), and portable 
electronic devices charge (Ota et al., 2011). Inductive 
coupling power transfer (ICPT) devices have also 
been applied to underwater environments to charge 
AUVs (Kojiya et al., 2004; Han et al., 2007) and 
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profilers (Howe et al., 2006). Unlike common trans-
formers, ICPT devices are loosely coupled, leading to 
leakage inductance and increased power loss. Thus, 
assessing the overall efficiency of ICPT devices is 
very important. In the literature, efficiency is primar-
ily evaluated by experimental measurements (Kojiya 
et al., 2004; Han et al., 2007; Papastergiou and 
Macpherson, 2007a; Li et al., 2010). A few studies 
(Taheri et al., 2011; Zargham and Gulak, 2012; Sibue 
et al., 2013) addressed the efficiency issue from a loss 
perspective to define efficiency-related factors, in 
order to predict the efficiency of a certain type of 
ICPT system. In a typical underwater inductive cou-
pling power transfer (UICPT) system, there are three 
types of power loss, namely copper loss in coils, 
semiconductor loss in circuits, and eddy current loss 
in transmission media. It is important to define their 
contributions to system efficiency calculations. Zar-
gham and Gulak (2012) assessed the power loss of a 
near-field coupled system through biological media 
with simulation methods. Sibue et al. (2013) pro-
posed a 3D finite element method to introduce the 
computation of losses in conductors and magnetic 
cores of a 1.6 kW–100 kHz ICPT system. Taheri et al. 
(2011) studied the core loss and copper loss of a 
transformer through a 3D finite element method. The 
simulation methods in the literature have not inte-
grated the circuits in a finite element analysis (FEA) 
model, making them differ from the practical system, 
and semiconductor loss and eddy current loss in sea 
water have not been mentioned. In this paper, we 
evaluate the characteristics of all the three types of 
loss, and introduce the detailed mathematical model, 
circuit analysis model, and circuit-integrated FEA 
model for loss evaluation. 

Another important issue of the ICPT system is 
power transfer ability, a characteristic closely related 
to the system’s resonant state and usually measured 
by output power (Kojiya et al., 2004; Low et al., 
2009). The factors that affect the output power of an 
ICPT system are studied through a mathematical 
model and techniques to enhance power transfer 
ability are suggested in this paper.  

The design goal of our UICPT system is to de-
liver over 500 W power between two coils that are 
installed in a docking system submerged in a 1000-m- 
deep sea environment with the highest efficiency 
possible. The UICPT system consists of a transmit-

ting circuit, a receiving circuit, and an electromag-
netic (EM) coupler, which are designed specifically 
for AUV docking applications.  

To evaluate the requirement, a prototype UICPT 
system enabling 50 W power transfer under water has 
been built. Due to the diversity of ICPT systems, it is 
impossible to achieve a result that can be applied to 
all types of ICPT systems. All the studies in this paper 
are based on the specific prototype system and ex-
tended to predict the performance of relevant UICPT 
systems and determine techniques for further im-
provement. Hopefully, the analytical approaches ap-
plied and the results achieved will assist in designing 
other ICPT systems and underwater devices.  

The objectives of this study are to (1) design an 
inductive power transfer system specifically for AUV 
docking applications, (2) evaluate the performance of 
the system through theoretical analysis, (3) determine 
the effect of all the parameters on the performance of 
the system for further improvement, and (4) verify the 
viability of the system and the accuracy of analysis 
results through experiments. 
 
 
2  System design  

 
To optimize the structure of the docking system, 

the EM coupler is designed to be composed of two 
coaxial coils with large diameters, one installed on the 
external aluminum shell of an AUV and the other 
inside a docking cone. Fig. 1 shows the installation of 
the coils in an AUV docking system. The docking 
system functions as follows: the AUV locates the 
position of the docking station and enters the docking 
station through the cone, then the AUV is locked in 
position, and electric power is transferred from the 
docking station to the AUV through the UICPT to 
charge the AUV’s batteries. 

 
 
 
 
 
 
 
 
 
 

AUV

Cone of the 

docking station Coils of UIPTS 

Fig. 1  Installation of the coils 
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The circuit layout of the UICPT system is shown 
in Fig. 2. It is composed of four primary components: 
inverter, EM coupler, resonant capacitor, and rectifier. 
The inverter consisting of four pulse-width modula-
tion (PWM) controlled MOSFETs combines the par-
asitic capacitances of the MOSFETs and the parasitic 
inductance of the EM coupler to achieve zero voltage 
switching (ZVS) using a phase shift full bridge (PSFB) 
topology (Papastergiou and Macpherson, 2007b). 
Resonant capacitance is necessary to reduce the phase 
shift between load voltage and load current to maxi-
mize the effective power transferred by a UICPT 
system. Several types of compensation methods have 
been previously investigated, suggesting different 
characteristics for various applications (Wang et al., 
2004; Kim and Jin, 2012; Villa et al., 2012). In this 
study, to ensure the reliability of the system, com-
pensation with a series capacitor in the secondary side 
is selected (the resonant capacitor in Fig. 2). 

 

 

 
 
 
 
 
 
 
 
 

 
 
The components of the prototype circuit are se-

lected according to the design requirements. The 
PWM control signal is generated by a PWM gener-
ating chip (UCC3895, Unitrode, USA), whose fre-
quency can be adjusted by a variable resistor con-
nected to it. IRFP260N MOSFETs (IR, USA) are 
selected to build the inverter. The parasitic capaci-
tances in these MOSFETs help to achieve ZVS. In the 
rectifier circuit, MUR1620CT (SHANGHAI LUN-
SURE, China) diodes are used.  

The coils are wound with Litz wires to reduce 
their AC resistances. The diameters of the coils are 
determined by the structure of the docking system, 
and are 282 mm and 300 mm in this example. The 
diameter of the transmitting coil is larger to allow the 

AUV wearing the receiving coil to enter the dock 
opening in the docking station. The turn numbers of 
the primary coils and the secondary coils are 10 and 
20, respectively. Self-inductances and AC resistances 
of the coils are primary concerns in determining these 
parameters. First, we determine the secondary in-
ductance to be around 200 µH and frequency to be 
around 150 kHz according to our previous work (Li et 
al., 2010). Then the turn number is estimated using 
the formula given by Howe et al. (2006). Considering 
the poor coupling condition, the turn ratio of 1:2 is 
chosen to maintain the output voltage. The parameters 
of the coils are further verified by calculating the AC 
resistances using the formula proposed by Hurley et 
al. (2000). The results turn out to be acceptable. The 
resonant capacitance is chosen according to the de-
sired inductances and the frequency to achieve the 
resonant state, using the formula introduced by 
Ghahary and Cho (1992). As the capacitance needs to 
be standard, the value of 10 nF is chosen and the 
resonant state is established by adjusting the fre-
quency to 167 kHz. 

After the prototype coils are fabricated, the pa-
rameters are measured with an LCR meter. The AC 
resistances of the primary coil and the secondary coil 
are 0.3 Ω and 0.7 Ω, respectively, at the frequency of 
167 kHz. The measured inductances of the primary 
coil and the secondary coil are 70 µH and 210 µH, 
respectively, and the mutual inductance M between 
them is 90 µH. Consequently, the coupling coefficient 

can be calculated using 1 2/k M L L , which comes 

to 0.74. The parameters of the prototype system are 
summarized in Table 1, which will be further referred 
to in the following analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Circuit layout of the underwater inductive coupling 
power transfer (UICPT) system  

Inverter
EM coupler Rectifier

Resonant capacitor 

Filtering

capacitor 
+
_

Table 1  Parameters of the prototype system

Parameter Value 

Frequency, f 167 kHz 

Input voltage, V1 45 V 

Coupling coefficient, k 0.74 

Resonant capacitance, C 10 nF 

Primary AC resistance, R1 0.3 Ω 

Secondary AC resistance, R2 0.7 Ω 

Primary inductance, L1 70 µH 

Secondary inductance, L2 210 µH 

Load resistance, R0 50 Ω 
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3  Theoretical analysis 
 

When considering the performance of a UICPT 
system, the primary performance measures are power 
delivery ability and overall efficiency. In this case, 
power delivery ability is determined by the output 
power when a constant voltage source is applied. 
Overall efficiency relates to power losses in all the 
components and transmission media, including cop-
per loss in the coils, semiconductor loss in the circuits, 
and eddy current loss in sea water and the AUV shell. 
A theoretical evaluation of these components and 
their losses is presented in this section. 

3.1  Evaluation of the EM coupler  

The EM coupler plays a key role in determining 
the performance of a UICPT system. In this case, as 
compensation with a series capacitor in the secondary 
side is adopted, the EM coupler shows some special 
characteristics, which will be analyzed in detail in this 
subsection.  

Hysteresis loss normally present in common EM 
couplers is avoided in this design by use of the core-
less coils. Eddy current loss is determined by the 
electromagnetic field of the EM coupler and the 
conductivity of the transmission media, and both can 
be separated from the EM coupler’s major character-
istics. Thus, to evaluate the performance of the EM 
coupler, only copper loss and the power factor are 
considered. Fig. 3 illustrates a simplified circuit of the 
UICPT system. The power source is simplified by a 
sinusoidal voltage source, the load is simplified by a 
resistance, and the EM coupler is modeled by two 
resistances and a mutual inductor.  
 

 
 

 
 
 
 
 
 

 
The symbols in Fig. 3 are consistent with those 

listed in Table 1. M is the mutual inductance between 

the two coils, 1 2 .M k L L  The input power can be 

calculated using 

1 1 1 cos ,P V I                              (1) 

 
where I1 is the current through the primary circuit, and 
 is the phase difference between V1 and I1. According 
to Ohm’s law, the current through the primary circuit 
is given by 
 

1 1 11/I V Z ,                              (2) 

 
where Z11 is the equivalent impedance in the primary 
circuit. It comprises the resistance R1, the inductive 
reactance jωL1 (ω is the angular frequency of the 
sinusoidal voltage source), and the reflected imped-
ance of the secondary circuit Zi. 
 

11 1 1 ijZ R L Z   .                      (3) 

 
The reflected impedance of the secondary circuit is 
related to the total impedance of the secondary circuit 
Z22, the mutual inductance M, and the angular fre-
quency ω: 

 

2
i 22( ) /Z M Z .                        (4) 

 
The impedance of the secondary circuit comprises 
load resistance R0, secondary AC resistant R2, induc-
tive reactance jωL2, and capacitive reactance −1/(jωC). 

 

22 0 2 2j 1/ (j )Z R R L C     .              (5) 

 
The output power P2 on the load can be calculated by  

 
2

2 2 0 ,P I R                            (6) 

 
where I2 is the current through the load resistance, 
calculated from 
 

2 22 1j / .I M Z I                      (7) 

 
Now that once the input power and output power 

are obtained, the efficiency of the EM coupler, η, can 
be calculated by η=P2/P1.  

We have tried to solve the above equations and 
express P1 and P2 with the known parameters. How-
ever, the result is rather complicated and shows few 
clues. Thus, software package MATLAB was used to 
perform numerical calculations of the equation set. 

Fig. 3  Simplified circuit of the underwater inductive cou-
pling power transfer (UICPT) system 

V1

M
CR1

L1 L2

R2

R0
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Eqs. (1)–(7) are written into a MATLAB program to 
study the influence of the parameters on the per-
formance of the EM coupler. The method first assigns 
an initial value to each parameter and then sets the 
parameters inspected as variables to study their rela-
tionship with efficiency or output power. The initial 
values of the parameters are exactly the same as those 
of the prototype UICPT system, as listed in Table 1. 

The circuit of a UICPT system is supposed to 
work under a nearly resonant state to achieve the 
maximum power output. Circuit frequency, resonant 
capacitance, and the coupling coefficient are the 
primary factors that affect the power factor. Since the 
coupling coefficient is an independent value that re-
lates only to the property of an EM coupler, the other 
two factors are initially set as variables and their ef-
fects are assessed. Their effect on the output power is 
illustrated in Fig. 4. It can be seen that if either value 
of the parameters is frozen, there is a corresponding 
specific value of the other parameter necessary to 
achieve the maximum output power. For example, 
when the capacitance is frozen at 17 nF, the necessary 
frequency value is 125 kHz. In addition, the maxi-
mum output power changes little when frequency 
drops, which indicates that the system can work 
properly in the inspected range. Based on this result, 
the resonant capacitance and frequency we have 
chosen for our prototype UICPT system may not be 
an optimal choice. Larger capacitance and lower 
frequency can still maintain the magnitude of the 
output power, while losses may be reduced by  
decreasing the frequency to a value lower than  
167 kHz.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

The coupling coefficient is an important EM 
coupler parameter. In this case, the coefficient should 
be relatively low due to the coreless design and the 
gap between the two coils. Thus, it is important to 
determine which role the coupling coefficient plays in 
power delivery.  

Because the coupling coefficient affects the 
power factor of a UICPT system, the capacitance is 
adjusted during the analysis to maintain the system in 
a nearly resonant state. The system frequency is fixed 
at 167 kHz during the analysis. 

According to the calculation results, the cou-
pling coefficient has little impact on efficiency, but it 
does contribute to the output characteristics of the EM 
coupler (Fig. 5). A larger coupling coefficient prom-
ises better power transfer ability but not manifestly 
higher efficiency, particularly when the coefficient 
exceeds 0.5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The coupling coefficient is significantly affected 

by the relative position of the coils. In this design, the 
coils are coaxially placed, so the significant variable 
is the gap length between the coils. Computation 
methods (Babic and Akyel, 2000) have been devel-
oped to calculate the coupling coefficient between 
two coaxial coils, whereas the process is a bit com-
plicated. Here we recommend the FEA method, 
which proves simple and accurate. To study the 
change in the coupling coefficient under different gap 
lengths, a 2D simulation model is built using the FEA 
software package ANSOFT MAXWELL and a 
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ciency with respect to the coupling coefficient 
The left vertical axis of the plot represents the system effi-
ciency when the maximum output power is achieved. The 
maximum power output is obtained by adjusting the resonant 
capacitor to reach a resonant state for a specific coupling 
coefficient  

Fig. 4  Output power as a function of resonant capacitance 
and frequency 
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magnetostatic analysis is performed. The simulation 
results illustrated in Fig. 6 can be combined with  
Fig. 5 to assess the performance of an EM coupler. 
The coupling coefficient drops moderately as the gap 
length increases, resulting in a decline of power 
transfer ability, and efficiency is less affected during 
the process. For example, when the gap increases to 
30 mm, the coupling coefficient reduces to 0.5. In the 
meantime, the efficiency stays at 0.98 and the max-
imum output power drops to 29 W. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 illustrates the efficiency and the output 

power of the EM coupler under different load condi-
tions. As expected, an increase in load resistance 
results in a decrease in output power and an increase 
in efficiency. Note that although the increasing trend 
of the efficiency is clear, the overall change in effi-
ciency is less than 0.03, indicating that the load re-
sistance has a minor effect on efficiency. Although the 
maximum output power values are observed for load 
resistance values lower than 25 Ω, these are not dis-
played in the plot. 

 
 
 
 
 
 
 
 
 
 
 
 
 

The efficiency of the EM coupler is also affected 
by the parameters of the coils, that is, AC resistance 
and self-inductance. The AC resistances of the trans- 
mitting coil and receiving coil both show a nearly 
linear relationship with coupler efficiency (Fig. 8). In 
comparison, the self-inductances of the coils have 
little effect on coupler efficiency as long as their 
values are not too low (Fig. 9). On the other hand, 
self-inductances are closely related to output power 
(Fig. 10). The output power shows nearly linear  
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Fig. 9 Influence of the self-inductances of coils on 
efficiency 
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relationship with the ratio of L2 to L1. As a result, 
reducing L1 or increasing L2 is a measure to improve 
power transfer ability. Note that Figs. 9 and 10 are 
derived when resonant state is maintained by adjust-
ing the resonant capacitance. 

3.2  Eddy current loss 

Considering the application environment of the 
proposed UICPT system, eddy current loss, caused by 
the fast changing magnetic field of the EM coupler, 
occurs in the shell of the AUV and the sea water be-
tween the coils. Both the primary and secondary coils 
can incur eddy current, making the problem compli-
cated and difficult to solve using traditional calcula-
tion methods. Thus, to evaluate the influence of eddy 
current on system performance, a simulation model is 
built using the FEA software package ANSYS. As the 
coils of the UICPT system are axially symmetric, a 
2D model is effective for this analysis. Fig. 11 shows 
the layout of the model in the FEA domain.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A circuit model is attached to the FEA domain to 

provide excitation. A pulse voltage of 45 V and a 
frequency of 167 kHz are assigned to the outer coil 
(the transmitting coil). A load of 50 Ω is specified and 
a series capacitor of 10 nF is attached to model the 
receiving coil.  

The simulation results of eddy current loss in the 

aluminum shell and in sea water (Fig. 12) reveal the 
fluctuation of eddy current loss from 18 µs to 36 µs 
during the simulation, when the UICPT system oper-
ates at a stable state. Eddy current loss is relatively 
small compared to the output power. Despite the high 
conductivity of the aluminum shell, the eddy current 
loss in the shell is much smaller than that in sea water. 
An explanation of this phenomenon is that a relatively 
large gap exists between the shell and the inner coil, 
thus reducing the magnetic field intensity throughout 
the shell. In addition, although these two curves have 
the same cycle period, they fluctuate in different ways. 
This may be caused by the different positions of the 
two media. The shell is affected more intensely by the 
secondary coil than by the primary coil, because it is 
more close to the former. In contrast, sea water sees 
no difference between the coils. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mean losses based on three cycles have been 

calculated from the simulation results, totaling  
0.03 W in the aluminum shell and 0.34 W in sea water. 
Note that the corresponding mean output power is 
43.49 W. 

To further study the characteristics of eddy cur-
rent loss, its distribution over the cross sections of sea 
water and the aluminum shell is plotted in Figs. 13 
and 14, respectively. Each plot is derived when eddy 
current loss reaches its maximum value in a cycle. 
These two plots indicate that eddy current loss exists 
mainly in the area that surrounds the coils for sea 
water, and in the outer layer for the aluminum shell 
(on the right side in Fig. 13), in agreement with skin 
effect theory.  

Sea water 

Aluminum shell

Copper coils

Open boundary

Fig. 11  Layout of the finite element analysis (FEA) do-
main of the simulation model 
The left rectangle represents the aluminum autonomous 
underwater vehicle (AUV) shell. The copper coils are placed 
outside the AUV shell. There is a gap between the inner coil 
and the AUV shell for installation of the former (in practical 
use, this gap is filled with ABS material). The gap between 
the two coils is 9 mm. Sea water fills the remaining space of 
the model 
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3.3  Loss in circuits  

In general, to deliver DC power through two 
coupling coils, an inverter and a rectifier are required 
to change DC current into AC current and to change 
AC current back into DC current. Power loss occurs 
in the semiconductors of these circuits, namely 
MOSFETs and diodes. Calculating semiconductor 
losses is complicated and the calculation results are 
inaccurate, due to the characteristics of semiconduc-
tors and the complexity of the circuits. Hence, 
PSPICE, the widely used circuit analysis tool, is se-
lected to study the semiconductor losses in the circuits. 
Initially, the components are modeled in the software 
according to the data provided by the manufacturers. 
Then the circuits are constructed in the exact con-
figuration as the prototype UICPT system (Fig. 2), 
except that the filtering capacitor is omitted. This 

simplification is based on two reasons. First, much 
longer simulation time will be required if the filtering 
capacitor is present, because the capacitor needs to be 
fully charged before the system reaches a stable state. 
Second, as there is no power loss in the capacitor, the 
simplification does not influence the efficiency 
analysis. 

The EM coupler is simulated by a transformer. 
The static drain-to-source on-resistance of the se-
lected MOSFET type is 0.04 Ω and the maximum 
forward voltage drop of the selected diode type is 
0.975 V. All other parameters are set to be exactly the 
same as those of the prototype system, as listed in 
Table 1.  

The simulation results of the input power, output 
power, and copper loss in the coils are first compared 
with the calculation results to verify that they are 
mutually confirmed. Then the simulation results of 
the semiconductor losses in the MOSFETs and diodes 
(Figs. 15 and 16) indicate the fluctuation of power 
loss in one of the MOSFETs and one of the diodes, 
respectively. The peaks in Fig. 15 represent the 
turn-off loss of the MOSFET. The negative values are  
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Fig. 14  Eddy current loss distribution in a cross section 
of the aluminum shell 
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Fig. 15  Power loss fluctuation in one of the MOSFETs 
during steady state power transfer 

Fig. 16  Power loss fluctuation in one of the diodes during 
steady state power transfer 
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supposed to be caused by the parasitic capacitance of 
the component. The total average power loss is 1.6 W 
for the combined four MOSFETs and 1.2 W for the 
four diodes. Considering the average output power of 
43.5 W, the total loss of 2.8 W is acceptable. Never-
theless, by applying alternate semiconductors or im-
proving circuit layout, it is possible to further reduce 
the semiconductor circuit loss if necessary. 

3.4  High power UICPT system 

The above analysis is based on a fixed input 
voltage and with limited maximum output power. To 
fulfill the objective of designing a high power UICPT 
system, enhancement of the input voltage is necessary. 
In this analysis, the load resistance is fixed at 50 Ω 
and various input voltages are assigned to study the 
efficiency of the UICPT system in high output power 
conditions. As input voltage has nothing to do with 
the power factor, a nearly resonant state of the system 
is maintained during the process. Fig. 17 illustrates 
the changes in the three types of losses (copper loss, 
semiconductor loss, and eddy current loss) with re-
spect to the output power.  

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
The curves of the losses in the coils and semi-

conductors are obtained by circuit simulation, where 
eddy current loss is not taken into account. The curves 
of eddy current losses are obtained through transient 
electromagnetic field FEA simulation, where semi-
conductor loss is not taken into account. Although 
these constraints may reduce the accuracy of the 
analysis results, the implied losses represent a small 
portion of the total consumed power, so the results are 

still useful in assessing the efficiency of a high power 
UICPT system. 

Except the loss in the diodes whose growth rate 
slows as output power increases, the other types of 
losses all increase nearly linearly with output power. 
Eddy current loss is relatively small compared to the 
other losses. Semiconductor loss represents the major 
loss when the output power is low. As the output 
power increases, the copper loss grows and exceeds 
the semiconductor loss. Because none of the lines has 
a slope greater than 1, the efficiency of the system is 
assumed to increase as output power increases. When 
the output power is 500 W, the efficiency is expected 
to exceed 0.94. 

 
 

4  Experimental validation  
 
Calculation and FEA methods are very effective 

in system design due to their ability to give relatively 
accurate prediction of the characteristics of UICPT 
systems by allowing examination of various pa-
rameters. However, to verify the accuracy of a math-
ematic model or FEA model, relevant experiments are 
necessary. Thus, several experiments were carried out 
using the prototype UICPT system. Fig. 18 shows the 
coils immersed in simulated sea water.  

 
 
 
 
 
 
 
 
 
 
 
 
The EM coupler was first placed in air to assess 

the efficiency of the circuits and the coils. All the 
parameters of the components were calibrated to 
ensure consistency between the analysis models and 
the prototype. The only variable is thus the load  
resistance. 

The input power and output power under dif-
ferent load conditions were recorded, and the overall 
efficiency of the system was obtained. Fig. 19 shows 

Fig. 17  Losses under different output power conditions at 
various input voltages 

0 100 200 300 400 500 600 700 800 900
0

2

4

6

8

10

12

14

Output power (W)

P
ow

e
r 

lo
ss

 (
W

)

 

 

Eddy current loss in the shell
Eddy current loss in sea water
Loss in the receiving coil
Loss in the transmitting coil
Loss in the MOSFETs
Loss in the diodes

Fig. 18  Photograph of the test coils 

Simulated sea water

Waterproof coils



Shi et al. / J Zhejiang Univ-Sci C (Comput & Electron)   2014 15(1):51-62 60 

a comparison among calculation results, circuit sim-
ulation results, and experiment results. The output 
power curves show similar declining trends as load 
resistance increases; meanwhile, the gaps between 
them remain in a reasonable range. In reality, the 
components in a practical UICPT system are not ideal, 
and a small change in capacitance or system fre-
quency can impact the resonant state, resulting in 
fluctuations in the output power. In addition, semi-
conductor loss is not taken into account in the calcu-
lation analysis. These may explain the discrepancies 
among the power curves. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
The layout of the circuit simulation model and 

that of the prototype are roughly the same. Both 
contain two types of loss, semiconductor loss and 
copper loss; thus, they produce similar results re-
garding efficiency and output power. On the other 
hand, the absence of semiconductor loss in the cal-
culation analysis produces a high efficiency curve. 
This phenomenon reveals the important role that 
semiconductor loss plays in determining the overall 
efficiency of the UICPT system when the input 
voltage is low, consistent with the results shown in 
Fig. 16. Indeed, the effect of semiconductor loss will 
decrease as input voltage increases.  

The effectiveness of the calculation analysis and 
circuit simulation analysis was verified by the above 
experiment. Then, the experiment was repeated with 
the EM coupler placed outside an aluminum shell in 
simulated sea water (with conductivity of 4.3 s/m) to 
imitate the actual application environment of the 
UICPT system, where eddy current loss exists. The 
experiment results for efficiency and output power 
were compared with the FEA results (Fig. 20). The 

results of the first experiment, in which eddy currents 
did not exist, were also added to the plots to compare 
the performance of the prototype system when it was 
placed in different applications. In general, FEA re-
sults regarding output power agreed well with the 
experiment results. Similar to the calculation results, 
the FEA efficiency results were a little higher than the 
experiment results due to the absence of semicon-
ductor loss in FEA simulations. Regarding efficiency 
curve trends, these match well as load resistance  
increases.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
An interesting phenomenon emerging from the 

plots is that both FEA results and experiment results 
indicate a discrepancy much larger than the value of 
eddy current loss between the output power curves. 
To explain this phenomenon, several measurements 
were made. It was found that the self-inductances of 
the two coils dropped from 70 µH and 210 µH to  
61 µH and 177 µH, respectively after the shell was 
placed in the center of the coils. The output power 
dropped consequently, according to Fig. 10. The drop 
of self-inductances is supposed to be caused by the 
eddy current in the shell (Scott, 1930; Dodd and 

Fig. 19  Comparison of efficiency and output power in 
calculation, circuit simulation, and experiment results
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Fig. 20  Comparison of FEA (a) and experiment (b) results 
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Deeds, 1968; Moulder et al., 1998; Dukju and 
Songcheol, 2013). Yet, there is no systematic theory 
to predict the inductance of a coil with a core con-
sisting of low-permeability conductors. Further ex-
ploration of relevant theories is anticipated in this 
field.  

In both of the above experiments, the relative 
position of the coils was changed several times in the 
radial direction. During the process, the input and 
output power remained constant. These results dem-
onstrate that the radial movement of the AUV (which 
is only axially fixed) during the power transfer proc-
ess will not interfere with the operation of the UICPT 
system. In other words, the relative radial position of 
the coils has no effect on the coupling coefficient, 
thus confirming the reliability of the EM coupler 
shown in Fig. 1. 

 
 

5  Conclusions 
 
UICPT represents a promising system for 

transfer of power between a docking station and a 
docked AUV. A prototype UICPT system is proposed 
and its properties are studied. The following conclu-
sions are drawn: 

1. In the circuit topology applied in this design, 
there is a resonant capacitance corresponding to a 
certain frequency that produces the maximum power 
output.  

2. The coupling coefficient between the coils is 
found to affect the maximum output power, but has 
little effect on the efficiency. 

3. Copper loss is affected by the AC resistances 
of the coils and the load resistance. Thus, to reduce 
copper loss, feasible solutions are to reduce AC  
resistances by applying proper wires with low AC  
resistance or by reducing the system’s resonant  
frequency.  

4. Semiconductor loss is determined by the 
properties of the applied MOSFETs and diodes and 
can be reduced by selecting suitable components.  

5. Eddy current losses generated in sea water and 
in the aluminum shell are relatively small compared 
with the other two losses, as long as the gap between 
the shell and the inner coil is wide enough. However, 
the effect of the conductive shell on the self-  
inductances of the coils is an important issue that 

should be considered in UICPT design.  
6. There are two effective ways to enhance 

output power: one is to raise input voltage, and the 
other is to select proper inductances of the coils ac-
cording to Fig. 10. 

The analysis methods are verified by comparing 
the calculation results and simulation results of effi-
ciency and output power with experiment results 
using a prototype UICPT system. Further improve-
ment of the prototype UICPT system will be per-
formed based on the analysis results. 
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Abstract: In underwater applications of contactless power transmission (CLPT) systems, high pressure and noncoaxial operations 
will change the parameters of electromagnetic (EM) couplers. As a result, the system will divert from its optimum performance. 
Using a reluctance modeling method, we investigated the gap effects on the EM coupler in deep-sea environment. Calculations 
and measurements were performed to analyze the influence of high pressure and noncoaxial alignments on the coupler. It was 
shown that it is useful to set a relatively large gap between cores to reduce the influence of pressure. Experiments were carried out 
to verify the transferring capacity of the designed coupler and system for a fixed frequency. The results showed that an EM coupler 
with a large gap can serve a stable and efficient power transmission for the CLPT system. The designed system can transfer more 
than 400 W electrical power with a 2-mm gap in the EM coupler, and the efficiency was up to 90% coaxially and 87% 
non-coaxially in 40 MPa salt water. Finally, a mechanical layout of a 400 W EM coupler for the underwater application in 4000-m 
deep sea was proposed. 


