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Abstract — For having switching frequency equal to resonant
tank frequency in LLC converter, a unity voltage gain can be
achieved over the entire loading conditions but it is not
suitable for the Constant Current-Constant Voltage (CC-CV)
battery application. Also, the voltage gain characteristic of
LLC converter is frequency dependent. For battery charging
application, a wide range of switching frequency is required
for supplying constant current, charging the battery with its
varying load characteristic. It causes above and below
resonant frequency operation which causes losses and noise.
As result, it is proposed to make use of a buck converter at
the output of LLC converter for regulating the charging
current and voltage for battery charging application.

Keywords - LLC converter, Buck converter, CC-CV battery
charging, closed-loop control

1. INTRODUCTION

For on-board charger, it is common to use a resonant
converter for providing the isolation for safety and high
output power level by employing a resonant tank [1]. One
of the well-known topologies is the full-bridge LLC
converter with a full-bridge rectifier. Its construction is
simple because only a resonant capacitor is required for
resonating with the leakage inductance of the high-
frequency transformer. By using the inherent leakage
inductance of the transformer, a resonant inductor can be
eliminated. Cost and component count can be reduced.

A complicated control scheme, such as variable frequency
control, is inevitably adopted an LLC converter [2]. Other
advanced control schemes for applying to the wide-range
input voltage and/or output voltage application can be
found also [3]. However, for this paper application, the
input voltage is fixed to 220Vac/50Hz rectified to 312Vdc,
there is no need for the design of the LLC converter to
take into consideration of a wide range of input voltage. In
that case, it is chosen to use fixed frequency switching for
the LLC converter with open-loop control, cascaded with a
buck converter at its output, for regulating the charging
current and voltage in CC-CV battery charging. It will be
an easy implementation for a CC-CV battery charger.

Apart from that, using a buck converter simplifies the
design of the LLC converter. For a typical LLC converter
design, it is required to optimize the ratio of leakage
inductance with magnetizing inductance for the high-
frequency transformer [4]. This design procedure can be
saved so that it is only required for choosing the resonant
frequency of the resonant tank. With fixed switching
frequency in the LLC converter as resonant frequency, its
output voltage will be fixed independent of load condition.
And it can be regulated by the duty cycle of the buck
converter, for CC-CV battery charging.

For a LLC converter, the resonant capacitor will be
selected for resonating with the leakage inductance of the

.edu.hk

LLC transformer. Its capacitance owns tolerance which
will cause the failure of resonant condition of the LLC
converter [S5]. As a result, the output voltage of LLC
converter may not be load-independent. By using buck
converter for regulating the output of LLC converter, it
allows the variation of the output voltage from the LLC
converter, ensures CC-CV charging.

One more advantage of using buck converter is that, as
mentioned before, the requirement for the transformer
design of the LLC converter is released. So, it allows the
primary winding and secondary winding of the
transformer wound on two separate ferrite cores. It gives
the chance for making a contactless connector for Electric
Boat charger. Because when an electric boat lies at the pier,
people concerns about getting an electric shock near the
water when charging a boat by a metal-conductive charger
connector. As a result, it will be a good use if a contactless
charger connector can be made.

This paper is organized into three sections, Section II
gives the modeling of LLC converter for estimating the
output voltage variation, Section III gives a simulation
model of overall circuit performance for showing the CC-
CV mode charging. Section IV gives the experiment setup
for showing the performance of the LLC converter with
buck converter.

II. MODELING OF LLC CONVERTER IN RESONANT STATE

A typical circuit of a full-bridge LLC converter with a
full-bridge rectifier is shown in Fig. 1 [4].

Switching LLC tank Transformer Output
bridge and Rectifier Capacitor
S1_||:I s3 l:I
o
-||— Cr Lr Np Ns z B
+ “ !:} Co | Rol +
Vsw Lm || p— EEVO
SZ_I,':. S4_|"E 028 D4

Fig. 1: Circuit connection of a full-bridge LLC converter with
full-bridge rectifier [4]

By optimization, the equivalent circuit of Fig. 1 can be
obtained as shown in Fig. 2 [4].
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Fig. 2: Equivalent circuit of a full-bridge LLC converter with as a fixed output voltage source. The buck converter is
full-bridge rectifier [4] controlled by varying its duty cycle for the CC-CV
charging battery.
From Fig. 2, the magnitude of the output-input voltage
ratio of the equivalent circuit can be derived as shown in III. SIMULATION OF LLC CONVERTER WITH BUCK
Eqn. (1) [4]. CONVERTER
B 7] F2(m-1) A. LLC converter only

>

7"/"”7”((5)‘7V/(m-F‘z—l)lJrFxl-(Ez—l) A(m-1y.0* (1) . . .
A simulation model is created by the software PSIM™ as

Whre, shown in Fig. 4. Fig. 5 shows the fixed output voltage
o _JL/C B characteristic of the LLC converter when f; = f.. It is
T R observed that the output voltage of the LLC converter is
LA v independent of load condition. Fig. 6 shows the H-bridge
= 2 v Refiedtedloadiesistance output voltage and current under Ry = 11.25Q and Ro =
P 19.125Q, in an open loop control for 1:1 fixed output
bo=r Normalized switching frequency voltage. The resonant state of the LLC converter is
' 0 achieved.
ﬁ = W Resonant frequency D @
ErtiLy
Hy= T Ratio of total primary inductance to resonant inductance - -
[y S ‘

Based on Eqn. (1), the magnitude of voltage gain is plotted
under the circuit parameters shown in Table 1. E

Fig. 4: Simulation model of the full-bridge LLC converter with

Table 1: Circuit Parameters
full-bridge rectifier

Circuit Parameters value
Resonant inductance, L, 562uH
Resonant capacitor, C; 4.7nF =
Resonant frequency, f; 100kHz - /
Magnetizing inductance, L, 1.37mH - /
Turns ratio, Np:Ns 76:78 .
R, 11.25Q to 19.125Q /

For the R, range, this application is going to supply a :
lithium battery with 144V/80Ah capacity. The constant : -
charging current is selected to be 8A, and the minimum (i)
voltage of the battery is set to 90V, the constant voltage o

T . . . AN
charging is selected to be 153V. As a result, R, will be in . /
the range of 11.25Q to 19.125Q under CC mode. - /
1 T s
——a=10 1
09F Q=201 . /
Q=30 i ]
0.8r Q=40 /
il . . ] : = =
= (i)
08T ‘ ik e ] Fig. 5: Output voltage and output current simulation result (i) Ro
05k o | =11.25Q (ii) Ro= 19.125Q, under open loop condition
04t T
o NininlnlniniinininininininlnSeisSeSein el
031 ol 1 ) \ [ 1] [
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Fig. 3: Magnitude of Output-input voltage gain curve oL
©)

From Fig.3, it is shown that when switching frequency is
the same as resonant frequency (Fx = 1), no mater under
which load condition, the voltage gain remains to be 1.
Then, for the buck converter, the LLC converter behaves
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Fig. 6: The H-bridge output voltage and current simulation result
(1) Ro=11.25Q (ii) Ro= 19.125Q, under open loop condition

B. LLC converter with buck converter in closed-loop
form

Under the closed-loop control, a simple comparator circuit
of inductor current and output current comparison, is
implemented. Fig. 7 shows the simulation model based on
the circuit parameter defined in Table 2 for the buck
converter. Fig. 8 shows the output voltage of LLC
converter, charging voltage and charging current when (i)
Ro = 11.25Q, (ii) Ro= 19.125Q. Fig. 9 shows the H-bridge
output voltage and current under Ry = 11.25Q and Ry =
19.125Q, in a closed loop control for 8A output current.
The resonant state of the LLC converter is achieved.

From the simulation results, it is proved that under f; = f;,
the buck converter is getting a fixed input voltage at its
input side. As a result, the buck converter does not require
to adapt a wide range of input voltage and no need for a
complicated control scheme.

Table 2: Circuit Parameters for the Buck converter

Circuit Parameters value
Inductor, L 550uH
Input capacitor, Ci, 100uF
Switching frequency, f; 100kHz
Output capacitor, Cou 330uF

Fig. 7: Simulation model of LLC converter with Buck converter
in closed-loop form

@

|

- B 8 EE

(i)

Fig. 8: Output voltage of LLC converter, output voltage and
output current simulation result (i) Ro = 11.25Q (ii) Ro= 19.125Q,
under closed loop condition
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Fig. 9: The H-bridge output voltage and current simulation result
(1) Ro=11.25Q (ii) Ro=19.125Q, under closed loop condition

C. LLC converter with buck converter in control of C
code

Under the closed-loop control, it is inevitable for using C
code to control the switching mode of the CC-CV mode
charging. In the simulation model, a C program block was
used to emulate the microcontroller which controls the
charger operation. The CC-CV mode charging operation
was implemented with PI compensation according to the
voltage and current feedback. Fig. 10 shows the simulation
model based on the design of C code. Fig. 11 shows its
output voltage and output current. It is proved that the
program is worked for switching the converter to CV code
with decreasing output current.

O o

Fig. 10: Simulation model of LLC converter with Buck converter
in closed-loop form by C code
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Fig. 11: The output voltage and current simulation result, under
closed loop control by C code

1IvV. EXPERIMENTAL RESULTS OF THE PROPOSED CIRCUIT

A buck converter prototype is built and shown in Fig. 12.
Experimental waveforms at CC mode current = 6A and 8A
are shown in Fig.13. Table 3 shows the efficiency of the
buck converter. Under the constant current charging at 8A,
the buck converter can achieve 96.5% efficiency.

Fig. 14 shows the separable primary and secondary
winding for using the high-frequency transformer of the
LLC converter, its parameter as shown in Table. 1. The
conductors of the split-core transformer and the coupling
point are completed sealed. This design aims to be used in
a water environment for charging eliminating the risk of
electric shock.

Fig. 12: A prototype of the buck converter

RIGOL H 500us

(i)
Fig. 13: Drain-source voltage of high side MOSFET and inductor
current waveforms (i) CC mode current = 6A (ii) 8A

Table 3: Efficiency of the Buck converter

CC mode current Pout Pioss Eff.
2A 7TW 10W 88.5%
4A 310W 20W 94.0%
6A 691W 39W 94.7%
8A 1141W 42W 96.5%

Surface A
RECIEVER

Fig. 14: Separable primary and secondary winding used in the
LLC converter
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V. CONCLUSION

This paper presents an LLC converter with a buck
converter for CC-CV charging. The simulation and
prototype are presented for proving that the idea is
achievable and attains the highest efficiency at 96.5%.
Besides, the hardware of the separable primary and
secondary winding for wusing as a high-frequency
transformer of the LLC converter is demonstrated for
showing the possibility of producing a water-proof
connector for battery charging application under water.
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Abstract— This paper exhibits an overall design of an electric
waterjet vessel. Marine craft electrification especially the
propulsion system transfer from the diesel engine to electric
switched reluctance motor realizes the environmental-friendly
utilization. A corresponding waterproof inductive wireless
charger which could operate under water-immersed condition
is introduced to prompt higher marine craft electrical
penetration. This work presents the first development of a
novel design of a marine charging system on a jet boat
environment for lower power application. The use of near field
magnetic transfer lifts the power conversion efficiency and at
the same time, improves the safety and reliability of the
charging operation. The system has been built and tested
successfully to validate the concept boat.

Keywords— Marine electrification, Waterproof inductive
charger, switched reluctance motor-driven waterjet.

I.  INTRODUCTION

Ideally the diesel engines have high fuel energy density
which is almost 181g fuel/kWh that suits the transportation
application well. However, the vessels have various
operation mode. The standby mode and relocation a boat is
on boarding progress representing an extreme low load
condition which drags the fossil fuel generator performance
[1]. Furthermore, the motor driven propeller and waterjet
bow thruster propulsion system enable the regenerative
braking and energy generation which boosts the system
efficiency. The e-ferry energy cost performance 0.11$/kWh
has 13 times higher than the diesel engine around
1.38%/kWh upon the entire service scenarios [2].

The diesel combustion engine emission problems bring great
concern on the environmental protection. International
Marine Organisation (IMO) posed restricts on the exhaust
emission value of oxides of nitrogen. For the engine
maximum operation speed (n/rpm) over 2000, the NOx
emissions limits should be 1.96g/kWh from 2016 at the NOx
emission-controlled area (ECA) and globally 7.7g/kWh. The
sulphur limit value is 0.1% (m/m) in SOx-ECA while the
corresponding content is 0.5% (m/m) on global from 2020
[3]. Obviously there are three methods: 1. retire the
unqualified craft, 2. replace or improve the diesel engine on
existing boat, 3. implement the new generation vessel such
as e-ferry driven by battery which is exhaust emission free.
In addition, there are oil residue, operation noise to ambient
environment comprises of onshore and underwater. Flaws
result in numerous ecology catastrophe. Dylejko presented
the total radiated noise levels of marine diesel engines with
different vibration isolation system maintain from 98dB to

140dB under 1kHz [4]. 2016, US National Marine Fisheries
Service (NOAA) issued a marine mammal guidance to
regulate the vessel acoustic thresholds by marine mammal
auditory weighting function. The non-impulsive receiving
level of the ferry should be 120dB and impulsive is 160dB
[5]. Fig. 1 reveals, in light of the relative silent operation
motor and the intrinsic enclosure impeller structure, battery-
motor-driven waterjet propulsion system mitigates the load
noise, marine fauna amputations cause by propeller [6] and
the complicated combustion engine ducts mechanism.

Low VoIt NC system

—hy) Bebiery charger

. ‘ N
Battery module | .

Battery module 2

Fig.1 Propulsion system profile

The conventional e-ferry battery charging method is
conductive charging with a metal plug. However, coastal
ferries operate outdoor and always in a harsh and saline
environment which challenges electrical safety. In the latest
marine wireless charging application, there is a 1-MW
inductive charging system in Norway [7]. The fixed
installation makes it only suit the regular route cruise and the
harbour with high power capacity. In a wide fjord area, the
power grid is not strong. A pre-charged power dock
consisted of the battery is an alternative method for high
power transfer which can provide a 20-min fast charge [7].
But the expense of battery limits the e-ferry transportation
cover area. High mobility and a user-friendly charger would
be essential for the mass electrification of small vessels. An
all insulated, small in size and 13-A socket applicable
wireless charger is in desire.

This paper presents the propulsion, control, and energy
storage system electrification. Section Il introduces the
propulsion system of the waterjet engine including the
battery, motor, and waterjet characteristics. A magnetics-
based all-insulated inductive wireless charger is illustrated
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in section I11. In section 1V, the onboard DC distribution is
presented briefly. Section V exhibits the experiments to
validates the proposed concept.

Il. PROPULSION SYSTEM & BATTERY

1. Waterjet pump operation profile

Pumps of waterjet are classified as axial flow, mixed flow,
and centrifugal flow pumps for the angles of inflow and
outflow [8]. Fig.2 reveals a common and typical mixed flow
impeller pump for the waterjet engine. The waterjet engine
propulsion system is composed of the inlet duct, impeller,
driveshaft, stator, and nozzle. The rotating impeller driven
by the shaft generates the thrust to provide the propulsion
force with a directional control nozzle. Driveshaft coupled
with the switched reluctance motor (SRM) in this case. SRM
is very suitable for the marine and ship application for high
operation performance [9]. Propulsion force provided by the
waterjet engine is decided by the mass flow experienced in
the impeller and the water leave velocity from the nozzle:

m= pA2V2 (1)

where p is the sea water density, A, is the outlet duct area.
Hence, the thrust T could be acquired by the rate of the
water momentum changes through the nozzle, and the
propulsion power P, is:

T = mV, —=Vy) = pA,Vo(V, — V1) (2)
P, =TVs €)

The propulsive performance i, could be determined by the
cascaded efficiency formula [10]:

Mp = M NoMrNcMm 4

where ny is the hull efficiency which indicates the power
transfer from all propulsors to the hull traction power. n,
exhibits thrust power performance of the impellers. The
impeller operation efficiency various from the open water
condition to actual condition that ny is given to amend
it. n¢,ny are the shaft coupler efficiency and the motor
efficiency.

Stator Impeller Shaft
R /NU
A\
Nozzle Inlet duct Water
Fig.2 Waterjet thruster structure
Nozzle
Pump
A2, v2

Al, V1
Inlet duct

Fig.3 Idealized waterjet thruster arrangement

2. Switced reluctance motor designing

The SRM installation conducted as Fig.4. compared with
the fossil fuel engine, it is more silent to drive and reduces
the vibration caused residual resistance and skin friction
resistance. There is a trade-off between the high power and
less weight of the motor. Less weight eases the immersive
of the hull which reduces much resistance. Fig.5 proposes
an SRM design flowchart.

Fig.4 SRM installation position.

Design of switched reluctance motor

\J
Give rated power, rated speed, rated de voltage, number of
phases, number of stator poles, number of rotor poles

\J

Give initial geometric parameters

>

\J

Computation of magnetic circuits

A

Compute number of coil turns

Change geometric
parameters

v A

Fill factor <= expected value?

LAY
Computation of winding
Y
Computation of aligned and unaligned inductances
Y
Change geometric Computation of average torque
parameters
A Y
\(
Actuator torque >= rated torque?
Y'
Output designed result
A/

End

Fig.5 SRM design flow chart.

3. Lithium ion phosphate battery

Though the Lithium-ion phosphate (LFP) battery has
approximately 10-30% energy density lower than the other
lithium battery, the concern of safety and environment
makes it a suitable choice. LFP is a cobalt-free Lithium
battery, it reduces the pollution to the environment even
battery sunk to the water. The difficulty in the ignition even
at charging or short circuit circumstances make it a feasible
power source on board.
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Fig.6 A standard LLC WPT system with 85% overall efficiency
_ Vin )
Voe_rms - _\/E
1. ALL INSULATED WIRELESS CHARGER n
_ _ _ P ©)
Inductive power transfer through the time-vary magnetic oe_rms —
- . L . n2v2
field guarantees a high-efficiency wireless power transfer. A )
well-insulated coil generates a high-frequency magnetic R = Yoerms _ 81 R 10)
field for vessel battery charging does not have any electric ¢ lerms T load

shock hazard to the creature. Both transmitter and receiver
of the charging system covered by dielectric material
prevent the potential risk of conductive charging with metal
contacts.

LLC resonance circuit offers a high efficiency inverting
technique for wireless charging. Fig.7 is a typical LLC
converter topology and the transformer Tx could be primary
and secondary side separated to form the metal-free power
transfer. The primary side acts as a transmitter while the
secondary side performs as a receiver. The merit of LLC
circuit is the zero-voltage switching (ZVS). The concept is
that before the switch turns on, the reverse diode conducts
so that the switching voltage is set as the diode forward
voltage which should be a relatively low value. The key
measure is to set the switching frequency in the vicinity of
the resonance frequency:

frm— )
° " on/L,C,
_Jfw (©)
fn A

The loop inductance and the leakage inductance of the
charging loop constitute the resonance inductance L,.. A
capacitor C, is deployed to generate the alternative current
from DC in the full-bridge circuit. First Harmonics
Approximation (FHA) is an effective way to estimate and
design the circuit parameter. V,, is the equivalent output
voltage of the LLC circuit. L,, is the magnetizing inductance
between the WPT transmitter and hull receiver while L,
represents the resonant inductance of wire parasitic
inductance, transformer leakage inductance and power line
loop inductance. C, is the compensation capacitor.

_ 2Vpesin (2mfgyt) 7
oe —
7T

Therefore, the equivalent quality factor Q, could be
estimated:

L,
— T
Q=g (an
M. = @ — jXLm I Re
9" Voo 1GXum 1R + Xy — Xer)

o | LTlf‘n.z
[(Ln + 1)fn2 - 1] +][(fnz - 1)aneLn] (12)
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Fig.7(a) LLC circuit configuration;(b) FHA model
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Fig.8 M, Circuit gain curve

At the conventional LLC converter, one advantage is
frequency modulation but not in wireless power transfer
(WPT) application. Due to the low-quality factor the WPT
configuration, the M,, LLC converter gain curve with
switching frequency varies drastically. Circuit gain changes
intensively to maintain a steady output voltage. In Fig.5, the
Q. curves from 0.1 to 0.45 show extremely sharp which is
not in compliance with the effective circuit gain control. It
is preferred to set at one fix inverter operation switching
frequency for power transfer. As to the charging power
regulation, a DC/DC converter, for example, a buck
converter should be applied to control the output voltage and
current level. Constant current (CC) and constant voltage
(CV) charging strategy adopted in this prototype. At last,
due to the Q, changes with load, that floats the circuit gain
and output voltage. Hence, the full-load no-load output
voltage range control should be done prior to circuit design.

IV. ELECTRIC VESSEL DC DISTRIBUTION SYSTEM

Hierarchical control is designed to decouple behaviour
between different layers. This improves the over safety of
the system [11]. Thereby the proposed network reveals in
Fig.9. Battery regulated by a main bidirectional DC/DC
converter is useful for the optimal real-time voltage and
current of droop characteristics [12]. As mentioned, the
busbar voltage level is 150V while the user interface voltage
is 36V. The SRM motor signal including the speed, voltage
and current data would be recorded by the VCU and to
estimate the hull velocity and power consumption with
reference of the battery SoC revealing on the panel. The
battery regulation converter would be the primary protection
of the battery for the unexpected overvoltage from the motor
or the insulation fail in the network. The secondary
protection is conducted by each inverter or DC/DC
converter to cur the fault if overcurrent occurs.

TABLE 1: E-vessel parameter

Hull material Glass fibre
Capacity 2-person
Rated velocity 18knots
Maximum velocity 26knots

Waterjet type Mixed flow impeller
Motor type Switched Reluctance Motor
Motor nominal power 20kw
Motor maximum power 55kw
Power source LFP battery
Battery voltage range 300V/80Ah

User interface voltage 36V
Busbar voltage 150V

LFP VCU
Battery

Estimate the real SoC,
Voltage and current
regulation, droop
control, DC bus signallin,
SaC, il

—_— v.LP and protection

[T 320v

Battery
Regulation
converter

Charging state
Speed, V, |, Pax

150V

I I

Waterjet Low voltage
propulsion system system
Wireless charging
system

S0C, Speed, Charging state,

Auxiliary function

Control command,

36V

Low voltage
Control, panel
and auxiliary
function

Fig. 9 The proposed DC distribution network for small e-vessel

V. SIMULATION AND EXPERIMENT RESULT

A 1.4kW all insulated inductive wireless charger prototype
has been developed to validate the proposed concept. Fig.
10(a) reveals the live coil, ferrite and thermal detector are
immersed into the epoxy until to be an integrated structure
with the shell. A 9.42mm sq. litz wire implemented to ease
the skin effect of charger high frequency operation and avoid
the high temperature for the enclose of wire from air. The
powerline extended from the charger box to the coil plug is
protected by a grounded armoured tube in case of any
potential mechanical destroy at the charging spot. Mobile
charger transmitter plug was designed with a handle to be
plugged on the receiver. The top-edge of the cupped receiver
should be fixed on the surface. All the exposure components
are water-resistance.

ace A
=1

(a) (b)

Fig. 10 (a)Transparent demonstration for the concept of all
insulated WPT charger coverd by epoxy. (b)Charging scenario.
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@) (b)

Fig.11 The all-insulated inductive charger

(b)
Fig.12 The proposed all insulated charger tested in water tank
(a) front view;(b) top view.

TABLE 2: E-vessel contactless charging system parameter
LLC WPT Charger

Maximum Power 1.4kwW
Input voltage 220V AC

Power line current 13.5A
Receiver input voltage 232V AC

Operation frequency 145kHz

Regulation Buck Converter
Battery side voltage range 200V to 400V DC
Busbar side voltage range 90V to 153V DC
rated current 8A
Overall system
Full power operation efficiency

89.3%

As the DC distribution Fig.13, the regulation DC/DC buck
converter is connected to the 150 V DC busbar. The
charging experiment formed as Fig.12 and the 20 Q
resistance was used to emulate the charging current to the

10

battery. The result indicating on Fig.13(A) shows the drain-
source voltage of S4 in Fig.6(a) Resonance current I,. is
negative at the moment of S4 is turning on. ZVS achieved
owing to the small forward voltage of reverse-diode.
Fig.13(b) releases the LLC WPT circuit characteristics of
two-port network under full load circumstance which
means the starting point of CV charging. The maximum
operation efficiency of the LLC WPT charger is 92.6% with
1.4kW input power with sufficient ventilation in the
charging box. Fig.14 is the regulation buck converter
profile and the power flow from charger to battery
management system circuit is 150V busbar DC voltage with
8A charging current.

SRl

IFreg=144kHz Top=320Y [ —

(a)

Rrs=1354 JFreq=145kHz

| l

L Rms=232V e

(b)
Fig.13 (a)ZVSs of the full bridge test rig: CH1,S4 MOSFET drain
source voltage; CH2, current in power line. (b)Full-load operation.
CH1,0utput voltage: V. 11c (200v/div); CH2,0output current:
Ioue e (BA/iv); CH3,input voltage: V;,, (200V/div); CH4,input

current I;, (2A/div);

=
g
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r T 7 1T F v F T7 y r ¥ T ¥ ¥ F

o A L i e o, o, et o i etk e e e e

b - £ FDuty> 4 167 % I B 4648 Rms=201 Y
Fig.14, Charging system comprise with the receiver buck
converter  full power  constant  voltage  charging
waveform:CH1,input voltage: Vyy,, ;¢ (100v/div); CH2,output
voltage: Voue pc puspar (40v/div); CH3,output current: 1,
(2A/div),8A RMS.
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A simulation study was conducted to investigate the battery
behaviour during sailing. The 300V LFP module was
developed based on the study presented in [13]. At various
capacities ranged from 40Ah to 80Ah, the SOC as well as
the bus voltage profile of the battery pack under loading at
different C-rates and constant power of 20kW has been
simulated in Fig.15.(a). As shown in Fig.15, the voltage and
SOC curves for the case of (2), (5), (8) and (3), (6), (9) at the
1C and 2C discharging rates are overlapped together, which
are fully discharged after 1800s and 3600s, respectively.
Considering the cases of 20kW constant power discharge,
with a 40Ah battery pack, the battery took about 2100s to
discharge from the initial voltage of about 312 V to 290 V,
whereas when the capacity was double to 80Ah, or
approximately 24kWh, the battery pack lasted for more than
4300s. It could also be noted that with large battery size, the
case of 80Ah had the lowest initial voltage drop of about 3
V. This implies that the lowest internal resistance could help
improve the energy efficiency as well as the performance of
the SRM motor drive. This gives a preliminary estimation of
the required battery size given the constraints in space and
weight available in the vessel design.

@VM
Inttial SOC (100%)
no ofeel |
Ly L Pov
LFP Battery B
Capacty (AH) ' Open Circutt = = 20
Votage(0CV) 4,
(8 i ¥
~ =

-

Fig.14 Battery discharging simulation schematics
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Fig.15 (a)Discharging battery voltage at different discharging
current. (b)Discharging SOC at different discharging current.

TABLE 3: Design specification of battery module for electric

vessel
Parameter Value
Battery type LiFePO4(LFP)
Nominal cell voltage 3.2V
Capacity 300V/80AH
Battery voltage range 290V to 312V
Charging cycle >1000
Maximum discharging 150A
Casing Stainless stell
IP rating P67
Module weight 140kg
Dimension 450*930*170 mm

VI. CONCLUSION AND FUTURE WORKS

This paper provides an electrification solution for a small
waterjet engine vessel. A rigid and all insulated inductive
wireless charger has been proposed to cater to the safer
utilization and higher mobility of the mass on marine
electrification. The wireless power transfer concept is
adopted in the charging system but it is based on near flux
power transfer. The top efficiency of the charger is 89.3%
that is considered to be high for the subject. The coil and
core are covered by the plastic shell and epoxy filler so that
there is no metal or live component accessible. The LFP
battery discharge simulation was conducted to validate the
concept feasibility and high-efficiency operation. A vessel-
based DC distribution system of 150V to power up the
whole vessel is designed. All the components of a charger,
motor drive, battery management, and control have been
integrated into the e-vessel.

The future works include conducting a power test of the
waterjet engine driven by SRM, to investigate the range
speed and cruise speed. Development of a control algorithm
of motor speed, torque relationship corresponding to the
waterjet pressure head, mass flow to decrease the power
density of the propulsion system for a higher speed.
Considered the environmental protection, not only the
assembly and integrated with flexible photovoltaic panels,
even to explore the possibility of an unmanned marine
vehicle is driven offshore PV generating field. It would be
interesting to make the mobile generator and power bank
based on E-vessel come reality.
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Abstract — In the last few decades, wireless power transfer
(WPT) is widely used in various applications due to its safety
and reliability, and has become the trend of power supply in
the future. However, there are still some challenges and
problems to be solved in practical applications, such as large
current stress with single phase-shift control, multiple
outputs for driving multi-string LEDs, power pulsation
phenomenon or power null phenomenon in dynamic WPT
(DWPT) system. This tutorial will introduce these problems
and present the corresponding solutions in detail.

Keywords - Wireless power transfer (WPT), multiple outputs,
current stress, power pulsation phenomenon, power null
phenomenon.

I.  INTRODUCTION

The technology of wireless power transfer (WPT)
originated in the late 19" century. In 1893, Nikola Tesla
put forward the concept of WPT and light a bulb without
any wire connection. For over hundred years, the United
States and other countries have carried out research on
WPT. Since the beginning of the 21% century, the WPT
technology has made a breakthrough. In 2007, Marin
Soljacic, the professor of Massachusetts Institute of
Technology (MIT), and his team lighted a 60W bulb at a
distance of more than 2m with 40% efficiency by using
the principle of magnetic resonance coupling [1].

WPT can be classified into the following three types:
radiative power transfer, capacitively coupled power
transfer (CCPT) and inductive power transfer (IPT).
Among them, radiative power transfer is widely used in
medical and military fields due to its good directivity and
long transfer distance. In contrast, CCPT transmission
distance is limited so that it is often used for short distance
charging. Compared with the above two types, IPT is a hot
topic in current research because of its stability,
convenience and effectiveness. It should be noted that, in
this tutorial, the WPT system refers to the IPT system [2].

WPT technology has been successfully applied in portable
electronic devices, medical electronic devices, household
appliances, electric vehicles, rail traffic, etc. For a typical
WPT system shown in Fig. 1, a full-bridge inverter is used
to convert the DC source to high-frequency current in the
primary side, which will generate an induced voltage in
the secondary side through the magnetic coupler. The
induced voltage can be converted to DC source by the
rectifier for supplying the load. To maximize the
transmission  efficiency and power capacity, the
compensation network should be installed between the
converter and the coupler [3].

Il RS
a1 | 11

Primary

Compensation Rectifier

Inverter

Fig. 1. Atypical WPT system.

In recent years, with the in-depth research of the WPT
system, this technology has made a great breakthrough.
However, there are still some challenges and problems to
be solved. Section Il will present a method to optimize the
current stress [4]. Section 111 will introduce two topologies
to achieve multiple load-independent outputs for driving
multiple LEDs [5],[6]. Section IV will present a magnetic
coupler design method for dynamic charging of EVs [7].
Finally, a summary and conclusion will be shown in
Section V.

Il.  CURRENT-STRESS ISSUES AND OPTIMIZATION

Generally, in some applications, the equivalent resistance
of the load varies in a wide range. For example, the
resistance of the battery will vary during the charging
process. Besides, it is preferable for battery charging in
two modes to increase its service life and safety: 1)
Constant current (CC) mode; 2) Constant voltage (CV)
mode. The conventional single-phase-shift (SPS) control
can achieve the desired output current or voltage by
adjusting the conduction angle of the inverter in the
primary side. However, the unbalanced current-stress will
exist when the load varies. This will result in two
consequences: high devices costs and low system
efficiency. For one thing, the need of the devices with high
volt-ampere rating will increase due to the unbalanced
current, which will obviously make a higher cost. For
another, excessive current will lead to the higher switching
losses and component losses so that the efficiency is
reduced. Moreover, the devices may also be damaged due
to the excessive voltage stress on compensation capacitors
and coupler coils [4].

To solve this problem, a control method using dual-phase-
shift (DPS) is proposed, which can not only ensure the
constant output of the system, but minimize the current
stress on both sides by regulating the active inverter and
rectifier [4]. The circuit diagram of DPS control is shown
in Fig. 2.
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»
»
|

D

Fig. 2. Circuit diagram of the WPT system for the proposed DPS control
[4].

By using the Kirchhoff Voltage Law (KVL) and
fundamental harmonic approximation (FHA) method, the
relationships between the voltages and currents are
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where o, p are the conducting angle of inverter and
rectifier respectively, and k is the voltage conversion ratio
calculated by k=Uou/Uin. Thus, one can obtain
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Furthermore, both the input power and output power can
be obtained when the coil resistances are ignored

P, =Re(U,-1,") =Re(U,- I )_ 8 +U, sin— S|n—(3)
2 oM
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In order to minimize the current stress of both transmrtter
and receiver when delivering the same power, lp=Is should
be satisfied, i.e.,

a:2arcsin[ksin§j (4)

Substituting (4) into (3),
calculated as

the output power can be

2
P, = 8 KU, KU i £ (5)
7 oM 2
According to (5), the desired output power can be realized
by adjusting g. According to (4), the value of « varies with
B. Thus, the control strategy diagram could be shown as
Fig. 3.
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Fig. 3. Control strategy of DPS method [4].

To verify the validity of the proposed DPS control method,

an experimental prototype is established. The results of

14

current stress and efficiency are shown in TABLE | and
Fig. 4.

TABLE |
EXPERIMENTAL RESULTS [4]

Control Output | Output | Transmitter | Receiver | Maximum
methods power | voltage current current current
350W | 150V 9A 4A 9A
200V 12A 3A 12A
The SPS 250V 15A 3A 15A
control 500w | 150V 10A 8A 10A
200V 12A 5A 12A
250V 12A 4A 12A
350W | 150V 6A 6A 6A
200V 6A 6A 6A
The 250V 6A 6A 6A
proposed 500w | 150V 8A 8A 8A
control 200V 7A 7A 7A
250V 6A 6A 6A
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Fig. 4. Overall system efficiency comparison between the DPS control
and the SPS control against different misalignments [4].

Great agreement is obtained between the experimental
results and theoretical analysis according to TABLE I, and
it is verified that the proposed DPS control method can
reduce the current stress on both sides effectively. Thus,
the efficiency of the system is improved.

I11. MULTI-OUTPUT SYSTEM FOR DRIVING LEDS

LEDs driving is also an important application of the WPT
technology. Practically, there are two requirements should
be considered. Firstly, to fulfill the requirement of the high
light intensity, multiple LED strings are connected in
parallel. That means, LED strings need to be driven
simultaneously, and the driver should achieve multiple
output channels. Furthermore, the luminosity of a LED
depends on its forward current. Thus, the preferable
driving method is CC supply. In order to satisfy the
requirements, reference [8] has proposed a WPT system
with  multiple receivers. However, the following
drawbacks are inevitable: 1) The number of receivers
equals the number of loads, resulting in increased
installation space and system costs; 2) Each receiver is
expected to have the same size and identical mutual
inductance, which is difficult to achieve in practice.

To realize these two requirements simply and feasibly, a
WPT system with only one receiver and multiple constant
current outputs is proposed for supplying LED strings [5].
The circuit diagram of multi-channel WPT system is
shown in Fig. 5.
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Fig. 5. Diagram of multi-channel WPT system and control strategy for
supplying LED strings [5].
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Fig. 6. T-CLC resonant circuit [5].

It can be found from Fig. 5, CV output characteristic can
be achieved for LCL-S topology according to [9], the
output voltage can be calculated as
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where « is the conduction angle of the inverter. For T-
CLC resonant circuit shown in Fig. 6, we can get the
following relationship by KVL

Ug =
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It is obvious that the T-CLC resonant can be considered as
a CC source for driving LED strings when the input source
is a CV source. Furthermore, the input impedance is
purely resistive, which means the zero-phase-angle (ZPA)
operation can be achieved.

It is worth emphasized that the output current ratio of each
channel is equal to the corresponding parallel inductance
inverse ratio, i.e.,

ILEDk _ Lfr(k+1) 8
— = 8)
I LED(k+1) Lt’rk
From (8), the output current is not related to the load of
each other, which means the current in one channel can be

adjusted independently without considering the effect on
the other channels.

tdpsidivi

Fig. 7. The waveforms of up, ip, iLeps and i ep2 When the reference current
is 0.8A [5].

A laboratory prototype with dual independent output cur-
rents is built. The results of steady and dynamic
performances are shown in Fig. 7 and Fig. 8 respectively.
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Fig. 8. The dynamic response of the proposed system[5].

The experimental results have verified that each LED
string can be driven stably at corresponding desired
current.

Furthermore, another cost-effective method with three
coils to realize multiple outputs for LEDs driver is
presented in [6]. Unlike the method proposed in [5], a
three-coil WPT system is more energy efficient with
extended transfer distance. In order to further save the
install space, the T-circuit is designed as magnetically
mtegrated LCL resonators shown in Fig. 9.
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Fig. 9. (a) structure of inductors; (b) sizes of the inductor core from a
front view; (c) the implementation of the coupled inductor [6].

IV. ColL DESIGN FOR THE DWPT

Compared to stationary WPT, the DWPT technology
seems to be a promising solution for EVs charging due to
the cost and capacity reduction of the on-board batteries.
The transmitter structure design of DWPT can be divided
into the followings: 1) the long-track-loop type; 2) the
multiple-individual-transmitter type. However, because of
the larger AC resistance and electromagnetic interference
(EMI), the applications of this type are limited. For the
second type, despite of its many advantages, such as
manufactured modularly, flexible, energy-saving. There
are still some critical issues that need to be solved. One is
the power pulsation phenomenon due to the frequent
variation of M. A method by adjusting the distance
between adjacent transmitters is proposed in [10], but the
reduction of track length and the design complexity of
compensation networks seem to degrade the performance
of the whole system. The proposed methods are to use an
additional compensation in [11]-[13]. However, the extra
power loss and high current stress indicates that the
method is less feasible. Depending on the DDQ structure
design for receiver seems to be a method of eliminating
power null phenomenon. However, the power pulsation
phenomenon still exists [14].

To address the mentioned issues, a new coil structure
design proposed in [7] is shown in Fig. 10. For this
structure, the transmitter is composed of DD coil and Q
coil arranged alternately, and the receiver is composed of
DD coil and Q coil in series.
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Fig. 10. (a) the structure and size of transmitter array, (b) the structure
and size of receiver coil, (c) the proposed coupler [7].

Using ANSYS Maxwell, the simulated results shown in
Fig. 11 and Fig. 12 indicate that the mutual inductance
between adjacent transmitters is equal to zero
approximately, and the mutual inductance between two
sides is constant. Obviously, this structure has a good
performance for DWPT.
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Fig. 11. Diagram of coupling coefficients between transmitter coil #1 and
other transmitters [7].
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Fig. 12. Waveform of mutual inductance at dynamic condition [7].

To reduce EMI, the segmentation control is proposed, i.e.,
when the coils are aligned, three transmitters work, when
the coils are offset, four transmitters work. For
requirements of CC and CV charging, the change of
compensation network method is used and shown in Fig.
13. When S; is ON and S; is OFF, the compensation
network is LCL-LCL, so that the system is working in CC
mode. When S; is OFF and S; is ON, the compensation
network is LCL-S, so that the output voltage is constant
and the system is working in CV mode [9].
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Fig. 13. The circuit diagram of the receiver side under different charging
modes controlled by S; and S,. (a) CC mode and (b) CV mode [7].

A laboratory setup with seven transmitters is built, and the
results are shown in Fig. 14. The experimental results have
demonstrated that the CC and CV charging can be well
achieved for DWPT with high efficiency.
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Fig. 14. The waveforms of outputs and efficiency when receiver coil at
different position. (a) CV mode, (b) CC mode [7].

V. SUMMARY AND CONCLUSION

This tutorial introduced and solved three common
problems in WPT applications: 1) realizing the current-
stress optimization with DPS control for battery charging;
2) realizing multiple outputs by T-resonant circuit for
LEDs driving; 3) eliminating the power null phenomenon
and power pulsation phenomenon with coil design for EVs
dynamic charging. The experimental results show that
these methods are feasible and effective.

Certainly, the challenges and problems in practical
applications for the WPT are far more than these. The
future work will be to research the problems which have
not yet been solved.
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