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In this paper, a novel type of intelligent cable lifting device for shore-to-ship power
connection systems is proposed. By analyzing the shortcomings of the commonly
used lifting methods in inland ports, the structure and control circuit of the new cable
lifting device are designed based on collaborative motor control. The reliability and
effectiveness of the proposed control strategy are verified by establishing a mathematical
model of the motor and through Simulink software simulation analysis. The cable lifting
device can adjust the cable delivery position in inland ports. It can, at the same time,
significantly reduce manual operation and improve the efficiency of shore-to-ship power
connection operation at the port terminal.

Keywords: shore-to-ship power connection system, collaborative control, cable lifting device (CLD), inland port,
mathematical model, PID controller

1. INTRODUCTION

Maritime transport brings economic benefits to the port and the surrounding cities, but it also
has a negative impact on the local environment. In order to maintain the operation of systems,
such as handling, lighting, communications, and air conditioning, the ship must provide power
to the appropriate equipment during the berthing period. Ships usually generate electricity using
auxiliary engines, which typically burn diesel or heavy oil. The combustion of these fuels can result
in the emission of large amounts of gaseous pollutants (NO, NO,, and SO,) and particles. Studies
have shown that long-term exposure to high levels of gaseous pollutants and particles can increase
the incidence of respiratory diseases (Adamo et al., 2014; Celi¢ et al., 2014; Prousalidis et al., 2014).
In addition, the use of auxiliary engines makes a lot of noise, further endangering the health of port
staff and surrounding residents.

In order to reduce the emission of harbor pollutants, the International Maritime Organization
(IMO) has already put new regulatory standards into legislation (Paul et al., 2012; Coppola et al.,
2016). At present, measures to reduce ship pollutant emissions include the use of low-sulfur fuel or
Liquefied Natural Gas (LNG) as auxiliary engine fuel, the use of scrubbers, the use of shore-to-ship
power, and so on (Sciberras et al., 2015; Vicenzutti et al., 2015; Paul et al., 2017). Among them,
shore-to-ship power technology can basically eliminate the emission of pollutants during the
berthing period. Shore-to-ship power technology requires the installation of specialized equipment
onshore and onboard, and ships are usually able to use shore power only at berths (Paul and
Haddadian, 2011; Parise et al., 2015; Paul et al., 2018). In recent years, some studies have proposed
a floating power platform to provide power for anchored ships (Jayasinghe et al., 2016; Hou, 2017;
Kumar et al., 2017; Pan et al., 2018). In 2018, Rene Prenc et al. introduced the concept of High
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Voltage Shore Connection and its possible application in
Croatian ports (Prenc et al,, 2018). In the same year, Dev Paul
et al. reviewed low-voltage shore connection power systems for
ships with up to 1,500 kVA and a voltage of 400-690 V (Paul
et al,, 2018). Kegalj and Traven (2018) introduced the possibility
of implementing high-voltage power supplies in developing
countries, using Croatia as an example, and considered their
environmental benefits.

Usually, when a ship receives shore power, cables need to
be transported from the shore to the ship. At present, there
are few dedicated hoisting devices for lifting cable for shore-
to-ship power connection systems in inland ports, and cable
transportation mainly depends on a universal crane or a fixed
spreader. For example, in the Three Gorges Dam area of
China along the Yangtze River, there are some shore-to-ship
power charging piles that were installed by China State Grid
Corporation. Due to the lack of a suitable intelligent shore-
to-ship connection system, these shore-to-ship power charging
piles have not been used properly until now. Figure1 shows
the two new and unused shore-to-ship charging piles and their
location on the bank of the Yangtze River in the Three Gorges
Dam area.

Similarly, through on-site visiting and investigation, we
found other shore-to-ship charging piles that are rarely used
because a suitable Cable Lifting Device (CLD) is lacking.
One example is shore-to-ship power charging piles built by
China Three Gorges Power Corporation and located at the
cruise terminal in the Three Gorges Dam area. An image of
the piles and a map of their actual location can be found
in Figure 2.

Further, we found that shore-to-ship charging piles also lacked
a suitable CLD in Jinkou Ro-Ro Terminal, Wuhan city, along
the Yangtze River. These shore-to-ship power charging piles were
built by the China Yangtze River Shipping Industry Research
Center. An image of the piles and a map of their actual location
are presented in Figure 3.

Finally, we found that shore-to-ship charging piles also lacked
a suitable CLD in Yangluo Port Container Terminal, Wuhan city.
These shore-to-ship power charging piles were manufactured
and produced by China Shanghai FEED POWER Power Supply
Technology Co., Ltd., and are also located along the Yangtze
River (Figure 4).

Cables used for shore-to-ship power connection systems
are usually delivered from the shore to the ship by crane,
and there are fewer dedicated cable lifting devices. After
analyzing the disadvantages of delivering the cable by crane,
this paper proposes a port cable lifting device to solve the
problem of installing shore-to-ship power connection systems in
inland ports.

2. OVERALL DESIGN OF THE CABLE
LIFTING DEVICE

When the cable is lifted by using a crane, the cable is hoisted
manually. This cumbersome operation easily leads to excessive
bending of the cable, which will hinder the normal use of the

cable and reduce its life expectancy. The crane needs to be
dispatched in advance. Its large size will affect the traffic in the
port area. In addition, the diesel fuel normally used by cranes
will cause pollution to the port environment. According to the
actual needs of the port, a cable lifting device should meet the
following requirements:

(i) Personnel need to operate cable lifts in safe places and
avoid working at height. At the same time, personnel
need to maintain a good field of vision so that it
is easy to observe the working status of the cable
lifting device.

(ii) In order to keep the cable lifting device working efficiently,
manual lifting of the cable should be minimized.

(iii) Considering the height of the berthing ship, the position
of berthing, and the position of the power receiving
system onboard, the cable lifting device should be
capable of adjusting the position of the cable within a
certain range.

Based on the above requirements, the proposed cable lifting
device consists of the following parts. The cable reel is used to
tighten the cable by applying a constant torque to the cable. The
slewing mechanism is placed on the ground and used to rotate
the entire device. The lifting mechanism is used to adjust the
height of the device. The extension mechanism is used to extend
the cable, and the cable delivery mechanism is used to retract
the cable.

3. STRUCTURAL DESIGN OF THE CABLE
LIFTING DEVICE

The main part of the cable lifting device is placed on the platform
that is on the top of the slewing mechanism. The outside of
the rotary platform is a ring gear, and the motor is connected
to a gear reducer to provide power. The slewing mechanism is
equipped with travel switches, which are used to limit the rotation
angle of the device. The lifting mechanism consists of a multi-
level guide rail and a worm wheel screw hoist. The worm wheel
screw hoist is fixed to the rotary platform, and the screw part
is driven by the motor. The nut on the screw is connected to
the second-level guide rail, and the lifting height of the second-
level guide rail can be controlled by a worm wheel screw hoist.
The guide rails at all levels are connected by sprockets and
chains with their adjacent guide rails, except the first and the
last guide rails. Take the second-level guide rail as an example.
The top of the second-level guide rail is equipped with sprockets.
A set of chains bypasses the sprocket above the second rail to
connect the top of the first rail to the bottom of the third rail,
as shown in Figure 5. When the second-level rail is moved up
by the worm wheel screw hoist, the third-level rail will follow
it. The second, third and fourth level rails are connected in
the same way. Therefore, when the second-level rail is lifted,
the third and fourth level rails will also be lifted by the same
height relative to the lower-level rails. The height of the entire
cable lifting device can be changed by controlling the rotation of
the motor.
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FIGURE 1 | Shore-to-ship power charging piles (China State Grid Corporation) and a map of their location beside the Yangtze River. (A) Shore-to-ship power
charging piles set up by China State Grid Corporation with no cable lifting device and connection system. (B) The shore-to-ship power charging piles are located on

the upper left bank of the Yangtze River Three Gorges Dam.

The extension mechanism is placed on the top of the lifting
mechanism and consists of an extension frame, a support frame,
a steel wire rope, a pulley, and a winch, as shown in Figure 6.
One end of the extension frame is hinged with the platform on
the top of the lifting mechanism and the other end is connected

with a steel wire rope. The rope is bypassed above the pulley at the
top of the support frame to connect the winch to the extension
frame. Rollers are mounted on the top of the extension frame
to ensure that the cable is not worn during lifting. When the
extension mechanism is not in the working state, the extension
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FIGURE 2 | Shore-to-ship power charging piles (China Three Gorges Power Corporation) and a map of their location beside the Yangtze River. (A) Shore-to-ship
power charging piles set up by China Three Gorges Power Corporation with no cable lifting device and connection system. (B) The shore-to-ship power charging
piles are located on the upper right bank of the Yangtze River Three Gorges Dam.

frame is tilted to save space for storage. When the extension The cable delivery mechanism consists of a first cable delivery
mechanism is in the working condition, the motor drives the  device, a second cable delivery device, fairleads, and a reel, as
winch to tighten the steel wire rope. The extension frame will ~ shown in Figure 7. The first cable delivery device and the second
be raised until it is perpendicular to the lifting mechanism. The  cable delivery device are installed at the ground and extension
cable can extend toward the docked side of the ship through the  frame ends, respectively, and control the retraction of the cable.
extension mechanism. The first cable delivery device is used to counteract the pre-load
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FIGURE 3 | Shore-to-ship power charging piles (Yangtze River Shipping Industry Research Center) and a map of their location beside the Yangtze River. (A)
Shore-to-ship power charging piles set up by the Yangtze River Shipping Industry Research Center with no cable lifting device and connection system. (B) The
shore-to-ship power charging pile was located in Jinkou Ro-Ro Terminal beside the Yangtze River, Wuhan city.
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of the cable reel on the ground, and the second cable delivery
device is used to power the cable lifting process. The cable is
placed between the two pulleys of the cable delivery device, and
there is a certain pre-load between the two pulleys. When the
motor drives the pulley to rotate, the cable can be retracted. The
fairlead consists of rollers and a roller bracket, and the two groups

of rollers are placed vertically, as shown in Figure 8. There is
a fairlead mounted on each level of the lifting mechanism. The
space between the two rollers in one group of fairleads allows the
cable to pass through without being squeezed, which is used to
limit the movement of cables and reduce cable wear. The reel
is located on the top of the last level of the lift mechanism to
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FIGURE 4 | Shore-to-ship power charging piles (China Shanghai FEED POWER Power Supply Technology Co., Ltd.) and a map of their location beside the Yangtze
River. (A) Shore-to-ship power charging piles set up by China Shanghai FEED POWER Power Supply Technology Co., Ltd. with no cable lifting device and connection
system. (B) The shore-to-ship power charging piles are located in Yangluo Port Container Terminal, Wuhan city.

prevent damage to the cable due to a small bend radius. At the The above-mentioned mechanisms include self-locking
same time, friction between the cable and the cable lifting device ~ structures, such as a worm gear. Therefore, disconnecting the
is avoided and the additional load on the second cable delivery = power supply to a motor can stop the corresponding mechanism
device is reduced. in a specific position.
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FIGURE 5 | Chain connection of the guide rails (1: second sprocket, 2:
second-level guide, 3: first level guide, 4: third-level sprocket, 5: third-level
guide, 6: chain).

4. CONTROL CIRCUIT DESIGN OF THE
CABLE LIFTING DEVICE

In this section, all of the mechanisms of the proposed cable lifting
device use a motor as the power source. The parts containing a
motor include the rotatory platform in the slewing mechanism,
the worm wheel screw hoist in the lifting mechanism, a motor
for powering the winch in the extension mechanism, and the
first and second cable delivery devices in the cable delivery
mechanism. When controlling the retraction of cable, it must be
ensured that the first cable delivery device and the second cable
delivery device transport the cable at the same speed. Since the
first cable delivery device and the second cable delivery device
can use the same structure to keep the rotational speeds of the two
devices consistent, the cable delivery speed can be kept consistent.
When controlling the height of the cable lifting device, it must
be ensured that the speed of the cable delivery by the first cable
delivery device is consistent with the lifting speed of the worm

1 \
2 \
3
[ {ol\ |
4
6
5
7

FIGURE 6 | Extension mechanism (1: pulley, 2: support frame, 3: motor and
winch, 4: top platform, 5: fourth-level rail, 6: steel wire rope, 7: extension
frame).
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FIGURE 7 | Cable delivery mechanism (1: reel, 2: fairleads, 3: cable, 4: the
below cable delivery device, 5: the above cable delivery device, 6: top
platform, 7: guide rails).

wheel screw hoist. Considering that the worm screw lift can
maintain a stringent transmission ratio, it is feasible to control
the cable lifting by maintaining the same speed on the motor of
the two devices. According to the above analysis, the cable lifting
device control circuit is shown in Figure 9.
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FIGURE 8 | Fairlead.

Buttons SB1 and SB2 are the rotatory platform forward and
reverse control buttons, respectively. The contactor coils, KM1
and KM2, respectively control the rotatory platform motor
forward and reverse rotation. When the rotatory platform is
rotated forward to the limit position, the travel switch SQ1 will be
off to stop the platform rotation. When the rotatory platform is
reverse-rotated to the limit position, the travel switch SQ2 will be
off. Buttons SB1 and SB2 are interlocked to prevent the forward
and reverse switches from closing at the same time, which may
cause a short circuit. The components SB3, SB4, SQ3, SQ4, KM3,
and KM4 are used to control the lifting and lowering of the
extension mechanism, and its control method is the same as
that of the rotatory platform. Buttons SB5 and SB6 are the cable
lifting device lift up and down control buttons, respectively. The
contactor coils KM5 and KMB6, respectively control the lifting up
and down of the lifting mechanism. The contactor coils KM9 and
KM10, respectively control the forward and reverse rotation of
the first cable delivery device. When the lifting mechanism lifts
to the limit position, the travel switch SQ5 is off to stop the
lifting mechanism. When the lifting mechanism goes down to
the limit position, the travel switch SQ6 is off to stop the lifting
mechanism. Buttons SB5 and SB6 are interlocked, for the same
reason as previously described. The control circuit of the cable
delivery mechanism is similar to that of the lifting mechanism.
In order to prevent the cable delivery mechanism and the lifting
mechanism from starting at the same time, the two mechanisms
are interlocked through an intermediate relay.

5. COLLABORATIVE MOTOR CONTROL
5.1. Mathematical Modeling of Motors

According to the cable lifting device designed above, when the
lifting device is used for lifting and retracting cables, two motors
are required to operate cooperatively at a certain speed ratio.
In the development of multi-motor control, there are two main
ways to achieve collaborative control of the motors, namely
mechanical and electrical. Mechanical means that mechanical
devices are used to connect the motor to the production
equipment, such as gears, chain belts, etc. Generally speaking, the
mechanical device has a complicated structure, lacks flexibility,
and has a limited working stroke, which is not suitable for
the cable lifting device proposed in the current case. Therefore,
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FIGURE 9 | Cable lifting device control circuit.

this study uses a controller to control the output speed of
each motor and reduce the motor speed deviance through the
collaborative control strategy, so that the motors can run at a
certain speed ratio.

The motors used in this study are all asynchronous
motors. Compared with a DC motor, an asynchronous motor
has a simple process structure, and its running stability is
superior to that of a DC motor because it has no structure,
such as a carbon brush. However, asynchronous motors are
multivariable, strongly coupled, non-linear systems. Therefore,
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when developing a control strategy, a model of the motor should
be transformed first.

The voltage equation of the three-phase winding of the motor
is shown in Equation (1).

where ug4, up, uc represent the three-phase voltage of the motor
stator, iy, ip, ic are the three-phase current of the motor stator,
Ug, Up, U are the three-phase voltage of the motor rotor, iy, iy, i,
are the three-phase current of the rotor, R;, R, are the resistances
of the stator and the rotor winding, respectively, W, Wg, W¢ are
the three-phase flux linkage of the stator of the motor, ¥,, ¥,

ua Ry 00 0 00 ia Wy W, are the three-phase flux linkage of the rotor of the motor, and
up 0 R 0 00O ip Vg p = d/dt is a differential operator.
uc| _| 0 0R 00O ic 4P Ve (1) The three-phase winding flux linkage equation of the motor is
Ug 00 0R 00 iq v, shown in Equation (2).
up 00 0 O0R,O0 ip Wy,
u 000 0 O0R i % .
‘ ' ‘ ‘ Wy Laa Lap Lac Laa Lap Lac ig
Vg Lpa Lpp Lpc Lpa Lpy Lpc ip
We | _ | Lea Les Lee Lea Loy Le ic @)
\Ija LaA LaB LaC Laa Lab Lac ia
vy Lya Lpg Lpc Lpa Lpp Lpc ip
W, Lea Lep Lec Lea Loy L ic
isd
L/T, . . . . .
In this equation, L;j(i = A, B, C, a, b, ¢c) is the self-inductance of
each winding, Ljj(i,j = A,B,C,a,b,c and i # j) is the mutual
inductance of each winding, where L;j(i,j = A,B,C and i # j)
ﬁ, 150,/ o 1 o or Lij(i,j = a,b,c and i # j) are constant, and the rest are
parameters related to the rotor angle 6 of the motor.
The torque equation of the motor is shown in Equation (3).
FIGURE 10 | Simplified model of the motor. T, = ll’l it aL(G),’ =T L dﬁ (3)
P
W x - .
— /ds*' lds > ia* = ig
caculation » >
5 ;
dqg/abc o™ Pulse .| Three-phase | » _|Asynchronous
transformation | ; « "| generator "| inverter i = motor
& { %
P os™ > 2
calculation 7]
7'y 7y t I Y W
w
O
rotation apgle L
calculation
7}
Y,
v
> lgs <
R fl W
Qtor us abc/dq
linkage .
w* calarlatlan s transformation
——>»| Pl controller <
FIGURE 11 | Control strategy for a single motor.
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where T, is the electromagnetic torque, n, is the
number of pole pairs, Tp is the load magnitude, | is
the motor moment of inertia, and w (é—i is the

angular velocity.

Then, use the Park transform to transform it into a two-phase
rotating coordinate system. The transformation matrix used is as
shown in Equation (5).

It can be seen that the asynchronous motor model is very [id ] _ |: cos® sin® ] [ia] (5)
complicated, and it is very difficult to solve the above model. Iq —sin® cos® 18
Therefore, the method of coordinate transformation is used to
simplify the calculation of the model. First, the motor model The simplified motor model obtained after coordinate
is transformed into a two-phase stationary coordinate system transformation is shown in Equation (6).
using the Clarke transform. The transformation matrix is shown 3l
. . n
in Equation (4). T, = — P misquJr
2 L,
L
-1 _1 - U, =" 6
[i“i| 2 2 T2 ;A W T oy (6)
R = - B .
1 3 . Lyi
IR PN o= g — 0 = 22
oV,
The transformation method wused ensures that the  where L, is the mutual inductance between the stator and
magnitude of the current does not change after the rotor, L, is the rotor self-inductance, W, is the rotor flux
the transformation. linkage, T, = L,/R, is the rotor electromagnetic time constant,
+
Speed
— P Motor 1 >
controller 1
+
PD |,
controller |~
Speed
P Motor 2 >
controller 2
+
FIGURE 12 | Control strategy for multiple motors.
160 T T T
Rotor speed 1 B
Rotor speed 2
Deviance
ol
20T | | I | | | | I | ]
0 1 2 3 4 5 6 7 8 9 10
FIGURE 13 | Simulation results of model without collaborative control.
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w, is the stator electrical angular velocity, and wy is the slip
angular velocity.

The above equation shows that the rotor flux linkage
is determined by the current d-axis component iy in the
synchronous rotating coordinate system. If the rotor flux
linkage is kept constant, the electromagnetic torque of the
motor can be controlled by adjusting the magnitude of
the current g-axis component ig;, thereby controlling the
motor speed. A block diagram of the simplified model
of the motor in the d — g coordinate system is shown
in Figure 10.

5.2. Collaborative Control Strategy

According to the above analysis, the control strategy of a single
asynchronous motor is shown in Figure 11. In this control
strategy, the rotor flux linkage remains unchanged, so the
current d-axis component reference value i¥; is constant. The
electromagnetic torque T is obtained by the PI controller and
is used to control the motor speed. The actual rotor flux v, can
be directly obtained from the d-axis component of the current.
The current g-axis component reference value i, can be obtained
from the actual rotor flux v, and the electromagnetic torque
T*. The obtained current reference value is input to the pulse

A
160 T T T
Rotor speed 1
140 Rotor speed 2 | |
P i Deviance
120
100 — -
80 —
P,
60
° Ne—1
2L I | I | | i
0 1 2 3 4 5 6 7 8 9 10
B
160 T T |
Rotor speed 1
140/~ | Rotor speed 2 | |
/\ Deviance
120 — T
100 l
80
60
40
20
[(—
ol
20 { | I | I 1
0 1 2 3 4 5 6 7 8 9 10
(¢
160 T T T
Rotor speed 1
Ho/- | Rotor speed 2 | |
Y i, Deviance
120
100 — -
80 —
b, S
60
20 —
)
20 | | | | |
0 1 2 3 4 5 6 7 8 9 10
FIGURE 14 | Simulation results for when the load changes. (A) Control method without collaborative control. (B) Collaborative control method without PID controller.
(C) Collaborative control method including PID controller.
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generator after the coordinate transformation, and the current
reference value is compared with the actual current value to
control the motor current. The above control strategy involves
the calculation of the rotation angle of the Park transformation.
The rotation angle can be obtained by integrating the electrical
angular velocity of the stator. The calculation process of the
electrical angular velocity of the stator has been given in
the foregoing.

It is sometimes necessary to ensure that two different
mechanisms operate at a certain speed ratio in the proposed
cable lifting device. Therefore, the cross-coupling control
method is adopted to ensure that the two motors work
with a stable speed ratio, and the control mode is as
shown in Figure 12. The deviance in speed between the two
motors is processed by the PID controller and output to
the speed controllers of the two motors. The speed of the
two motors is affected by the actual speed and speed input
error and is also affected by the deviance in speed between
the two motors. This type of control ensures that the speed
of the other motor changes as the speed of one motor
is disturbed.

6. MODELING AND SIMULATION

Before the simulation of the proposed collaborative
control strategy, the control strategy of a single motor
needs to be verified. The simulation results are shown
in Figure 13.

The simulation results show the change of the speed deviance
and of the two motors over the course of 10 s. Here, the target
speed ratio of motor 1 and motor 2 is 2:1, so the deviance is
the difference between the speed of motor 1 and twice the speed
of motor 2. The simulation results show that it takes about 2 s
from start-up for the two motors to stabilize at the target speed.
For a single motor, this control strategy effectively controls the
speed of the motor. However, before the speed of the motor
stabilizes, the deviance between the speeds of the two motors
reaches a large value, and it is necessary to add a collaborative
control strategy.

Considering that the load changes during the actual operation
of the motor, a step signal is added to the load input
of the two motors at 4 s. The two step signals are the
same size and in opposite directions. At the same time, in
order to facilitate the comparison of the collaborative control
methods, a collaborative control model that does not include
a PID controller is added on the basis of the above two
models. The simulation results of the three models are shown
in Figure 14.

In the control method without collaborative control, the speed
of the two motors stabilizes within about 2 s of starting. At 4
s, the load of the two motors changes. The speed of motor 1
increases significantly and then decreases, and change in motor
2 is opposite to that in motor 1. About 1.5 s after the load
change, the speed of the two motors returns to a stable value.
From the deviance curve of the two motors, it can be seen that

both motors produce a large speed deviance at start-up and
load change.

In the collaborative control method without a PID controller,
the speed change trend of the two motors is similar to in the
control method without collaborative control, but the deviation
from the steady speed is significantly smaller than in the former.
At the same time, the speed deviance between the two motors
at start-up and load change is also less than that without
collaborative control.

In the collaborative control method including a PID
controller, the speeds of the two motors also fluctuate when the
load changes. The variation range is smaller than in the control
method without collaborative control but is larger than in the
collaborative control method without a PID controller. It can
be seen from the speed deviance curve of the two motors that
the collaborative control method including a PID controller has
the smallest speed deviance. Therefore, this control method is
superior to the other control methods described above.

7. CONCLUSIONS

Ports are an important driver of world economic growth and
are also major sources of pollution and energy-consuming
units. The proposed port cable lifting device for shore-to-ship
power systems has the characteristics of small size, convenient
operation, and so on. The simulation results show that the
speed control strategy used can enable the motors to reach
the required speed in a short time. The collaborative control
strategy ensures that the speed ratio of the two motors during
operation will not change drastically due to load changes. It can
provide a better solution for the cable lifting problems of shore-
to-ship power systems in inland ports and provides a solution
to promote the use of green and lightweight port shore power
systems. In future research, the control strategy of the lifting
device will be further studied to further reduce the deviance in
rotation speed.
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