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In this study, an inductive power transfer system (IPT) was designed and developed for an excavator, which will be
operated under high air pressure. In the conventional excavator systems, power is supplied through trolley wires. The
contact between the trolley wires and a pantagraph may be a reason of fire due to a spark because the excavator works
under high air pressure. In the proposed system, a series resonance capacitor on a primary side and a parallel resonance
capacitor in a secondary side is used to cancel out the leakage inductance. By using the series—parallel compensation,
the load voltage is ideally constant regardless of load fluctuation. However, the constant-voltage characteristic may
degrades when a winding resistance and an error of the resonant parameter cannot be ignored. Thus, the resonant
parameters must be designed considering the error. This paper proposes the design method of the resonant parameter
with the voltage ratio maps considering the error of the parameter including the winding resistance. The experimental
results confirmed that the voltage fluctuation is smaller than 4.3% with a developed 15-kW IPT system. Furthermore,
the constant-voltage characteristic is maintained even when the output power of an induction motor changes from 5 to

15 kW and vice versa.
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1. Introduction

Pressurized air is supplied into the working chamber for
excavation in order to prevent underground water from com-
ing into the chamber.

A pneumatic caisson method is used for many structures:
foundations of bridges and buildings, shafts for insertion of
shield tunneling machines, tunnel and railways . Figure 1
outlines a schematic of the pneumatic caisson method. In the
first process of the pneumatic caisson method, a reinforced
caisson made of concrete is constructed on the ground. Then,
an airtight working chamber is formed at the bottom of the
caisson. Finally, the caisson is immersed in a water to a pre-
determined depth. At same time, the pressurized air is sup-
plied into the working chamber from the ground by a com-
pressor in order to prevent the underground water from com-
ing into the chamber. Owing to the pressurized air, the work-
ing chamber environment is always under high air pressure.

Figure 2 illustrates the schematic of a charging system
for the excavator, which is operated for the pneumatic cais-
son method. Figures 2(a) and (b) show the conventional
power supply system and the proposed system, respectively.
An excavator hangs onto the ceiling of the working cham-
ber and moves along a traveling rail. Meanwhile, an elec-
tric hydraulic pump is used for the operation of the excava-
tor. The power for an electric motor which drives hydraulic
pump is supplied via trolley wires which are placed belong
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Fig. 1.
Pressurized air is supplied into the working chamber for excavation in
order to prevent underground water from coming into the chamber.

Outline of pneumatic caisson method

the traveling rail. However, due to the movement of the ex-
cavator along the traveling rail, there is a threat of a spark
which occurs at the contacts. Even a small spark may cause a
large-scale fire because the working chamber is under high-
air pressure environment. Therefore, in order to reduce the
risk of the fire which is caused by the spark, an IPT system
for the excavator has been proposed. The IPT system trans-
mits power without electrical contact. Thus, there is a no
risk to have a spark as long as electric breakdown does not
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Fig.2. Power supply systems for excavator hanging onto ceiling
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occur. Note that, the breakdown voltage in high-pressurized
air environment is higher than the atmosphere according to
Paschen’s law.

Besides, as the topology of the IPT system, a series-
series compensation method and a series-parallel compensa-
tion methods are well known ®. In the series-series com-
pensation method, the resonant capacitors are connected into
the primary coil and the secondary coil in series. The sec-
ondary side behaves a constant-current characteristic by the
series-series compensation method when the constant voltage
source is used on the primary side “.

Therefore, the additional circuits, e.g., the buck converter
and the boost converter, on the secondary side are required
for the load voltage regulation. In addition, in the series-
series compensation method, the high-speed communication
is needed between the primary side and the secondary side.
On the other hand, the series-parallel compensation method,
which connects the capacitors to the primary side in series
and to the secondary side in parallel provide the constant out-
put voltage characteristic without the additional circuits ®©®
as long as the winding resistance and parameter error for
the resonance can be ignored. However, the parameter er-
ror should be considered because inductor and capacitor typ-
ically have an error. Moreover, the winding resistance cannot
be ignored in such high-power IPT system.

In this paper, the IPT system 7%, which accepts large load
fluctuation and resonant parameter error, is developed for the
excavator. In the proposed system, the series-parallel com-
pensation is employed in order to cancel out the leakage in-
ductance. Moreover, an output voltage is ideally maintained
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at constant even under the large load fluctuation without the
additional circuit. However, the constant-voltage character-
istic degrades due to the winding resistance and the error of
the resonant parameter. The output voltage change has to be
discussed because the load power dynamically fluctuates in
the IPT system for the excavator. Thus, this paper analyzes
the output voltage characteristic of the series-parallel com-
pensation method by considering the circuit parameter error
and the winding resistances.

The new contribution is providing an analysis how to de-
velop the robust system against the voltage fluctuation in this
paper. The analysis takes into account the relationship among
the load fluctuation, the resonant parameter and the winding
resistance. Based on the analysis on the voltage characteris-
tic, a 15-kW IPT system is developed and tested. The con-
stant load voltage characteristic is evaluated using a resis-
tance and an induction motor load.

2. Inductive Power Transfer System for Excava-
tor

2.1 System Configuration Figure 3 shows the sys-
tem configuration of the IPT system for the excavator. The
PWM converter as a grid-tied converter and a single-phase
inverter are in the primary side. A single-phase rectifier,
a brake unit, three-phase variable frequency drive (VFD)
inverters and a single-phase constant voltage constant fre-
quency (CVCEF) inverter are in the secondary side.

The three-phase VFD inverters, which are operated with
the constant voltage per frequency control, are used for ad-
justable speed drive of induction motors for electric hydraulic
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pumps. The rated synchronous rotational speed of the induc-
tion motors are 1800 rpm (at 60 Hz). The brake unit is con-
nected at DC side on the secondary side. The IGBT on the
brake unit turns on when the secondary side voltage reaches
a threshold of the overvoltage detection to decrease the sec-
ondary DC voltage for a protection. The brake unit is nor-
mally off, however, it will work when the regeneration cur-
rent comes to the secondary DC side to avoid the breakdown
of the secondary circuit. The single-phase CVCF inverter is
used as an auxiliary supply, which is needed for the control
of the excavator because the existing control circuit of the ex-
cavator, which has been operated by AC 400V, is used. The
output voltage of the single-phase CVCF inverter is 400 V at
60 Hz. The rated power of the CVCF inverter is 1.5 kW.

The power is wirelessly supplied from the primary side and
the secondary side. The series-parallel compensation is em-
ployed in the system. Therefore, the secondary DC voltage
is constant in the ideal conditions because the secondary side
output features a constant-voltage characteristic regardless of
a load fluctuation when the primary side is driven at constant
voltage. However, an error of the resonant parameter and the
winding resistance practically degrade the constant-voltage
characteristic.

2.2 Compensation Method  Figure 4 shows the typi-
cal compensation methods, which connects resonance capac-
itors to the primary side coil and the secondary side coil in
series and parallel, respectively, in order to cancel out the
reactive power ">. Reactance by leakage inductance are can-
celed out because of the resonance with the transmission coil.
Consequently, the fundamental power factor from the pri-
mary side is unity.

Figure 4(a) shows the series-series compensation method,
which features a constant current characteristic at the sec-
ondary side when the primary side is driven by a constant
voltage. Therefore, the series-series compensation is unsuit-
able for the existing system because the additional circuit is
needed in order to convert the constant current characteris-
tic into the constant-voltage characteristic. In addition, the
series-series compensation is unsuitable for the existing sys-
tem because a high-speed communication is needed between
the primary side and the secondary side.

On the other hand, Fig. 4(b) shows the series-parallel com-
pensation method, which features a constant voltage charac-
teristic at the secondary side, when the primary side is driven
by a constant voltage. When the winding resistance can be
ignored, the voltage gain from the input and the output is ex-
pressed by
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where R, is the equivalent AC resistance, 7| and r; are the
winding resistances, L,, is the mutual inductance, and A is
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Fig.4. Typical compensation methods to compensate a
leakage inductance due to weak magnetic coupling.

Note that, the derivation of these equations will be shown
in the next chapter.

When the winding resistances r; and r, can be ignored, and
the resonant conditions are satisfied, Eq. (1) can be simplified
into "9

va_1

k

V1

It means that the secondary voltage will be constant regard-
less of the load when the winding resistances can be ignored,
and the resonant capacitors C; and C, are in resonant condi-
tion. Therefore, the series-parallel compensation is suitable
to be applied to the proposed system because the IPT is pos-
sible to be applied into the existing excavator system with a
smaller number of codifications.

However, the error of the resonant parameter needs to be
considered because the resonant capacitors and transmission
coils typically have an error as against the ideal value for the
resonance. In addition, the winding resistances cannot be
ignored in the high-power IPT system because the winding
resistance causes a large voltage drop regarding to the out-
put power, which is determined by the operation of hydraulic
pump.

3. Design of Transmission Coils

3.1 Specifications Figure 5 shows the transmission
coils. The primary coil is placed in the upper side. On the
other hand, the secondary coil is on the excavator. Besides,
in the proposed system, the solenoid coil is employed to ob-
tain higher magnetic coupling in comparison with a circular
coil. The cores are PC40 manufactured by TDK. The size
of the core is W237 x H210 x D20mm. Meanwhile, the
transmission distance is 50 mm. The transmission distance
is determined so that the secondary coil does not contact the
primary coil when the excavator moves along the rail.

3.2 Parameter Design  Figure 6 shows the equivalent
circuit for designing the IPT system. The circuit equations of
the equivalent circuit, which is shown Fig. 6 are calculated as

v, = {rl + jw (Ll - )} I oLyl - @
w Cl
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Fig.5. Transmission coils which is used core with PC40
manufactured by TDK. Upper side is primary coil, lower
side is secondary coil. Coil size is W237 x H210 x
D20 mm. Transmission distance is 50 mm
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Fig.6. Equivalent circuit of IPT system with series-
parallel compensation
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where L; is the primary inductance, L, is the secondary in-
ductance, C is the primary compensation capacitor, C is the
secondary compensation capacitor, L,, is the mutual induc-
tance, Vi is the primary voltage, R,, is the equivalent load
resistance, r; is the equivalent series resistance of the pri-
mary winding, r, is the equivalent series resistance of the sec-
ondary winding, and w is the angular frequency of the power
supply.

The currents /1, I, and I3 are calculated by (7), (8) and (9)
when an input voltage V is applied into the primary side.
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In (10), V; is the fundamental component of the output
voltage of the inverter.

The parameters of the transmission coil are designed with
the equivalent circuit. The resistance R,, indicates that equiv-
alent load resistance of the full-bridge rectifier. Then the
equivalent load resistance is given by Ref. (16).

71'2 V§C,2

Rea=5 ",

................................. (11)
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where P, is the output power and V., is the DC voltage on
the secondary side.
The secondary inductance should be designed according to

Ry k

@ V1 +k?

L) = — (12)

where V. is the DC voltage on the primary side and k is the
coupling coeflicient
Eq. (13) is calculated with (12).
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The compensation capacitors C; and C, on the primary
side and the secondary side are respectively designed in order
to cancel out the reactive power at the input frequency. The
value of the compensation capacitors is calculated by (14),
s)

1
C, = 7(02]41 oy (14)
1
e 15
2= L (15)

3.3 Influence of Parameter Error and Winding Resis-
tance Figure 7 shows the voltage ratio v,/v; against the
error of the resonant parameter including the winding resis-
tance. Figure 7 represents the v,/v; ratio which is calculated
by (13) and (10). The vertical axis and the horizontal axis are
normalized by the designed value calculated by Eqs. (12)—
(15). Figures 7(a) and (b) show the v,/v| ratio against the
error of L; and C; and the error of L, and C, from 80% to
120%, respectively.
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As a result of Fig.7(a), the v,/v; is sensitive to the sec-
ondary inductance L, even when the secondary capacitance
C, is maintained at 100%. Meanwhile, the sensitivity of the
primary inductance L; on v,/v; is mitigated when the primary
capacitance is maintained at 100%. By considering the pa-
rameter change of the inductance, the precise primary capac-
itance and secondary inductance are required for the constant
voltage characteristic on the secondary side.

3.4 Influence of Parameter Error and Winding Resis-
tance  The size of the coil is decided based on the desired
coupling coefficient and the transmission distance, which is
obtained from the coupling coefficient maps“”. The core
length is decided larger than the core depth because the cou-
pling coefficient may be smaller than the design value.

4. Experimental Results

4.1 Experimental Conditions  Table 1 shows the pa-
rameters of the prototype. The inductances in Table 1 are the
measured value including an error. In this test, a resistance or
an induction motor is used as the load.

4.2 Resistance Load Figure 8 shows the operation
waveforms of the developed system with the resistance load.
Figures 8(a) and (b) show the input and output waveforms of
the IPT system at an output power of 5kW and 10kW, re-
spectively. In the figure, the secondary voltage is constant
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Table 1. Experimental conditions in the light load. Thus, the primary voltage and current wave-
forms are misaligned from the resonance point.
Symbol Value . ..
Figure 9 shows the frequency characteristics of the voltage
Switching frequency A 20 kHz gain. Figure 9(a) is the voltage ratio of the input voltage to
Rated power P 15 kW the output voltage. Figure 9(b) is the frequency character-
Coupling coefficient k 0.41 istic of the input admittance. The frequency characteristics
Primary inductance L 393 uH are obtained by a simulation to evaluate the effect of harmon-
Secondary inductance L, 113 uH ics components. Around the fundamental frequency of the
Primary capacitance Ci 198 nF in Fig.9(a), the gain is same value regardless of the output
Secondary capacitance C 582 nF power. Meanwhile, the input admittance in Fig. 9(b) at the
Primary winding resistance 7l 107 mQ fundamental frequency depends on the output power in spite
Secondary winding resistance 72 70 mQ of the constant admittance on the low order harmonics fre-
MOSFETs BSM120D12P2C005 quency. This frequency characteristic cause the large current
Diodes DH 2X61-18A distortion at light-load region.

against the load power. Although the resonance condition is
adequate, the low-order harmonics affect the primary current
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Figure 10 shows the frequency characteristics of the input
admittance. The admittance of the fundamental component
becomes smaller at light load, which has been expected from
the frequency characteristics which is shown in Fig. 9(b).
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Fig.12. Voltage gain between the primary voltage and
secondary voltage

Therefore, the distortion of the primary current at SkW is
larger than the waveforms at 10 kW because low-order har-
monics component of the primary current are constant.

Figure 11 shows the voltage ratio of the primary DC volt-
age to the secondary DC voltage against the output power.
The blue line in Fig. 11 represents the calculation value,
which is calculated without a consideration of the resistance
components in the rectifier. In the proposed system, the volt-
age ratio of the secondary and the primary voltage is ex-
pected to be constant because the series-parallel compensa-
tion is employed in order to cancel out the leakage induc-
tance. However, the voltage ratio of the primary DC voltage
to the secondary DC voltage ratio decreases by 1.9% when
the output power increases because the effect of voltage drop
which is caused by the winding resistance is large at the high
output power.

Figure 12 shows the voltage ratio of the primary to sec-
ondary voltage against the output power. The blue line in
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Fig. 12 represents the calculation value by (13) and (7) using
actual parameters considering the error from a nominal value.
The green line in Fig. 12 represents calculation value which
is calculated using (13) and (7) with design parameters (the-
oretical value). The experimental results agree with the cal-
culation value of the prototype model with a small error (less
than 0.5%). The error is caused by the difference between the
nominal values and the actual values in the process of the res-
onant parameter design. Nevertheless, the secondary/primary
voltage ratio characteristic is constant regardless of the out-
put power. Therefore, it is confirmed that the decrease in the
output/input voltage ratio at the high output power is mainly
caused by the post-stage conversion, i.e., the rectifier.

Figure 13 shows the operation waveforms of the transient
characteristic with the resistance load. Figures 13(a) and (b)
show the step load response from 10kW to 5kW, and vice
versa, respectively. The secondary DC voltage is maintained
at constant even when the load step occurs. Consequently,
it is confirmed that the secondary DC voltage is constant re-
gardless of the output power by using the series-parallel com-
pensation as a leakage inductance canceling method. In par-
ticular, the secondary DC voltage is constant even when a
large load fluctuation occurs.

4.3 Excavator (Induction Motors) Figure 14 shows
the operation waveforms with the induction motor loads,
which are connected to the pump. The output power is 15 kW.

Figure 14(a) shows the primary voltage and current wave-
forms whereas Fig. 14(b) shows the secondary DC volt-
age, output voltage, and current waveforms. As shown in
Fig. 14(a), the fundamental power factor of the inverter out-
put is almost unity. The power is transmitted at 20kHz.
Moreover, the primary current is confirmed that the wave-
form distortion is small because the fundamental components
is relatively large, i.e., the influence of low-harmonics com-
ponents is relatively small. Figure 14(b) shows the output
voltage and current of the three-phase inverter. The output
frequency of the three-phase inverter is 60 Hz because the
induction motor is drive at a rated speed 1800 rpm with the
number of poles of four.

Figure 15 shows the operation waveforms of the transient
characteristic in the induction motor load. Figures 15(a) and
(b) show the step response from 5kW to 15kW and vice
versa, respectively. Due to the load change, the output current
of the proposed IPT system is increased. It means that the
output three-phase currents increase because the three-phase
inverter is operated with the constant voltage per frequency
control at rated speed. The secondary DC voltage is main-
tained at the constant value even when the load step occurs.
The voltage fluctuation owing to the load change is less than
4.3%. Consequently, it is confirmed that the secondary DC
voltage is constant regardless of the output power by using
the series-parallel compensation. In particular, the secondary
DC voltage is constant even when a large load fluctuation oc-
curs.

5. Conclusion

In this paper, the inductive power transfer system was ap-
plied into the existing excavator in order to reduce the fire
risk which is caused by the spark of contact charging sys-
tem. In the proposed system, the load voltage against the

IEEJ Journal IA, Vol.8, No.3, 2019
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Fig. 13. Operation waveforms of transient characteristic with resistance load
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Fig.15. Operation waveforms of transient characteristic with induction motor load

load fluctuation should be stabilized without the additional
circuit. In order to stabilize the load voltage against the load
fluctuation, the series-parallel compensation method has been
applied as the method in order to cancel out the leakage in-
ductance. Moreover, the constant-voltage characteristic de-
pending on the error of the resonant parameter and the wind-
ing resistance is theoretically analyzed in order to obtain the
constant-voltage characteristic. In the experiments with an
output power of 15kW, the voltage fluctuation was smaller
than 4.3%. The constant voltage is maintained even when
the load step of the induction motor occurs, i.e. from 5kW
to 15kW operation and vice versa. From the experimental
results, the constant secondary DC voltage characteristic was
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confirmed, i.e. the constant output voltage.
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