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Abstract: In order to improve the energy efficiency and economic effect of conventional diesel-powered
rubber-tired gantry (RTG) cranes in container terminals, various hybrid RTG cranes were studied.
However, these current hybrid RTG cranes have several disadvantages, such as high initial investment
cost and poor versatility of energy management methods. In this paper, a hybrid RTG crane consisting
of a small-sized diesel generator (DG), a ternary material lithium battery, and a supercapacitor (SC) is
studied, and a hybrid RTG crane energy management method based on game theory is proposed.
The DG, lithium battery, and SC are modeled as three independent agents to participate in the game,
and a multi-agent system (MAS) is established. During the RTG crane work process, agents achieve a
coordinated and stable working state through the game, i.e., the Nash equilibrium. Three typical
crane operation scenarios, the rated load, continuous work, and intermittent work, are simulated and
studied. According to the results, combinations of the three devices can meet the power demand and
system performance. The power of the DG in the hybrid system is small (only 20 kW), reducing fuel
consumption and overall emissions during RTG crane operation.

Keywords: energy management methods; hybrid RTG crane; game theory; lithium-ion battery;
supercapacitor; diesel generator

1. Introduction

Container ports are important hubs for world commodity trade, where rubber-tired gantry (RTG)
cranes undertake container operations in the yard area and are the most common lifting equipment
in container ports. The conventional RTG crane uses a diesel generator (DG) as the sole source of
energy; however, due to the variable load of RTG cranes, the fuel efficiency of DG is low and generates
exhaust gas during operation. It goes against the principles of energy conservation and environmental
protection. An RTG crane starts and brakes frequently while working, and has a high frequency of
mutual conversion between potential energy and electric energy. When an RTG crane puts down a
container, the lift motor acts as a generator, generating regenerated energy. The conventional RTG
crane dissipates the regenerated energy through the braking resistor in the form of heat, resulting in a
waste of the regenerated energy [1]. The electric RTG cranes can feed this energy back to the grid [2].
However due to the restriction of cable or rail, these RTG cranes can only work in a fixed area, losing
the mobility to transfer to another yard.

The variable load characteristic of the RTG crane makes it very suitable for using energy storage
devices. Using energy storage devices can save the mobility of RTG cranes. The energy storage
devices can absorb the regenerated energy generated during the container descending phase and
reduce the peak during the lifting phase, thereby reducing the energy dissipated by the braking resistor.
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Hybrid RTG cranes with energy storage devices can improve the energy efficiency and reduce fuel
consumption accordingly.

Energy storage devices are widely used in various fields, such as electric vehicles [3] and hybrid
ships [4]. Common energy storage devices in hybrid RTG cranes include the flywheel, lithium battery,
and supercapacitor (SC). The flywheel energy storage technology is a mechanical energy storage
method with a large fuel-saving effect. The flywheel energy storage device converts the regenerated
energy into kinetic energy of the flywheel, and converts it into electric energy through a synchronous
motor coupled with the flywheel rotor when energy needs to be released [5]. The lithium battery is a
kind of energy storage device with high energy density. The SC has a low energy density but a high
power density and a high dynamic response [6]. The SC can deal with dynamic loads and is suitable
for fast storage and release of large amounts of energy.

In recent years, energy management methods of hybrid RTG cranes became research hotspots.
In general, energy management methods can be divided into two types: rule-based methods and
optimization-based methods.

The rule-based methods have the advantages of clear objectives, simple implementation, and
strong real-time performance. In December 2016, Zhao et al. [7] studied the energy storage system of a
pure electric RTG crane, with structures incorporating either a lithium battery only or a lithium battery
and SC hybrid. The hybrid RTG crane used a control strategy based on numerically efficient filtering.
The control structure had two layers: the outer proportional integral (PI) controller controlled the
current of the battery according to the difference between expectation and feedback voltage of the SC;
the inner PI controller controlled the duty ratio of the direct current (DC)/DC converter according to the
demand of the SC. In October 2017, Niu et al. [8] studied a hybrid RTG crane consisting of a 128-kWh
lithium battery and a 50-kW DG. The energy control strategy of a thermostat was used to set the state
of charge (SoC) operating point of the lithium battery. According to the experimental results, the
hybrid RTG crane could reduce fuel consumption by 57.37%. In August 2018, Wei et al. [9] researched
a hybrid RTG crane composed of a high-power lithium battery and a low-power DG. The warm-up
and cooling time of the DG were considered in the maximum switching power management strategy
of the hybrid system. According to the experimental and statistical data, the average fuel saving rate of
the hybrid RTG crane was 73.9%. In February 2019, Bolonne et al. [6] studied the energy management
strategy of a hybrid power RTG crane consisting of a 200-kW variable-speed diesel generator (VSDG),
a 55-kW lithium battery. and a 48.3-F SC. By using the state machine control method, the SoC of the
lithium battery was narrowed by 40% to 60%, and the SoC of the SC was kept at about 70%. A small
range of SoC can avoid deep discharge and overcharge of the lithium battery, which is beneficial to
prolong the cycle life. This control method allowed the hybrid RTG crane to save fuel consumption by
57.5%, compared to a conventional RTG crane.

The optimization-based methods can work better, but the calculation is complicated, and the
control system is highly demanding. This type of method has various algorithms and has room for
further improvement. In March 2016, Pietrosanti et al. [10] studied the optimal energy management
strategy of a hybrid RTG crane equipped with a flywheel energy storage system and a DG. According
to the statistical distribution of loads, under the condition of uncertain electrical load duration, the
optimal algorithm was used to optimize the use of flywheel storage energy. In simulation, the power
of the DG was 200 kW, the flywheel could store 3.34 MJ of energy, and the proposed optimal control
strategy could reduce the energy consumption by 38.47%. In October 2017, Alasali et al. [11] studied the
energy management of an electrified RTG crane with an energy storage system (ESS). The ESS stored
energy during the low-power demand period of a day and released energy during the high-power
demand period to reduce the peak demand and electricity cost. The load curve of the RTG crane was
predicted using the model predictive control (MPC) method. Based on real-time RTG crane demand
and electricity price data, the optimal output of the ESS could be figured out, and the annual electricity
bill could be reduced by 7.18%. In October 2018, Alasali et al. [12] introduced a method based on
stochastic optimization to study the control of a network of electrified RTG cranes equipped with
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an ESS. An optimal energy control strategy based on a stochastic model predictive control (SMPC)
algorithm was proposed to improve the economy of the network of RTG cranes. According to the
results, the SMPC controller achieved a better peak reduction compared to the MPC and set-point
controllers. In May 2019, Alasali et al. [13] presented an optimal management system based on genetic
algorithm (GA) for the control of a network of electrified RTG cranes equipped with ESS. The stochastic
optimal controller was off-line and did not require a load forecast model. The analysis results showed
that the GA control model could achieve better peak reduction than a set-point controller.

The output power of a conventional RTG crane’s DG can reach more than 400 kW to meet the
maximum lifting power demand. However, the RTG crane has plenty of low load time during operation,
where the average power is less than 50 kW. Energy waste is caused by running a high-power DG at a
low load. Reducing the size of the DG can reduce fuel consumption and improve fuel efficiency at
low load. In order to combine the advantages of the high energy density of a lithium battery and the
high power density of an SC, and to fully absorb the regenerated energy, a hybrid system composed
of a DG, lithium battery, and SC is studied. Compared with the hybrid system composed of a DG
and SC, adding a lithium battery can share part of the average power, reduce the size of the DG, and
also absorb part of the regenerated energy. Compared to the system consisting of a DG and lithium
battery, adding an SC can deal with dynamic load and reduce the impact of high-current charging
and discharging on battery life. In the hybrid system consisting of the three types of devices, the DG
provides the average power in its optimal efficiency range, the lithium battery provides the remaining
average power that the DG cannot cover, and the SC provides the dynamic power.

The complex relationship between the three different devices challenges the energy management
method. The energy management method of the hybrid system is not only required to improve the
energy efficiency, but is also expected to prolong the cycle life of the lithium battery. When studying
the energy management method, in addition to considering the unique characteristics of each device,
their respective preferences should also be fully taken into account. The three devices are modeled as
three independent agents that express needs and pursue preferences, and a multi-agent system (MAS)
is established. The MAS technology provides a rapid response to condition changes and supports
reconfigurability [14,15]. In the MAS, each agent only has a local target [16], i.e., the agent in the MAS
only pursues its own goal without considering the overall target of the system.

For a MAS, a decentralized decision-making method or control strategy is naturally needed.
Game theory is a mathematical method for studying the interaction between self-interested
players/agents. It focuses on decision-making, and each player’s decision can affect the outcome of other
players’ decisions [17]. By choosing a strategy, each player strives to achieve its goal [18]. At present,
game theory is mostly used for the energy management of smart grids [19–21]. The coordinated
operation of the hybrid system can be achieved by using a multi-agent strategy and with the help of
computer technology [21]. Non-cooperative game theory can be used to analyze the strategy-making
process of independent players with conflict preferences [22]. In this study, game theory is used to
find the equilibrium strategy that makes the devices work in a coordinated state, and the energy
management problem is transformed into a non-cooperative current control game. In the MAS, three
devices reach an equilibrium through the game, i.e., the Nash equilibrium. The Nash equilibrium is a
balanced solution that takes into account the different preferences of devices and is a strategic balance
point for all players to achieve optimal benefits. Using game theory can meet the requirements of
hybrid system energy management.

In this paper, a new energy management method is proposed based on game theory. The proposed
configuration is based on a low-power DG, a lithium battery pack, and an SC pack. The SC is used
to supply transient demand to minimize the current on the battery and to reduce the effect of high
current on battery life. The method is established and simulated in Matlab (R2014a, The MathWorks,
Inc., Natick, MA, United States). The proposed method is dedicated to achieving higher efficiency
while improving the life span of the hybrid energy storage system. This work has the following key
contributions:
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(1) A new hybrid RTG crane with three energy sources is developed to investigate the fuel
consumption reduction and energy efficiency improvement. This will contribute to the limited
literature focused on hybrid RTG cranes equipped with multiple energy storage devices.

(2) This work is the first to use the game-based method to solve the energy management problem of
hybrid RTG cranes. The proposed method is relatively simple and has the flexibility of expanding
or reducing the number of controlled devices.

The structure of this paper is organized as follows: the schematic of the hybrid RTG crane system
is described in Section 2. Models of the devices are introduced in Section 3. Section 4 discusses
the sizing of the hybrid system devices. The energy management method based on game theory is
presented in Section 5. Section 6 analyzes the different working conditions of RTG cranes. Finally, a
summary of the work is presented in Section 7.

2. Hybrid RTG Crane

2.1. Schematic of Hybrid RTG Crane System

The RTG crane operating mechanisms include the walking mechanism (gantry), the lifting
mechanism (hoist), and the lateral operating mechanism (trolley). The gantry drives the entire RTG
crane so that the RTG crane can move in the plane of the container yard. The hoist can lift or descend a
container. The hoist is suspended under the trolley, and the trolley moves horizontally on the RTG
crane beam. The three operating mechanisms enable the RTG crane to complete loading and unloading
container operations in the yard area.

The schematic of the hybrid RTG crane is shown in Figure 1. The DG is connected to the DC bus
via an active front end (AFE) that converts the generator alternating current (AC) output to match the
system DC link. The lithium battery and the SC are connected to the DC bus through a bidirectional
DC/DC converter. The load motor is connected to the DC bus via a DC/AC inverter. This parallel-active
topology is an active hybrid topology that provides controlled flexibility, because the devices are
controlled by DC/DC converters [23]. In parallel-active topology, the DC bus voltage can also be kept
within a stable range [24]. In the energy management method, the output currents of the lithium
battery and SC are controlled via their respective DC/DC converters.
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Figure 1. Schematic of the hybrid system.

2.2. Power Demand for RTG Cranes

A typical power demand for operating a rated 40-ton container is shown in Figure 2, where the
auxiliary equipment power is 7 kW. The peak lifting power is 292 kW and the peak regenerated power
is 178 kW [8]. The corresponding operation process of Figure 2 is as follows: in the first stage, the hoist
lifts a container; in the second stage, the trolley moves to the right with the container; in the third stage,
the hoist descends the container; in the fourth stage, the hoist rises without the container; in the fifth
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stage, the trolley moves to the left; in the sixth stage, the hoist returns to its original position. Such a
process is regarded as an operation cycle. In the operation cycle, the gravitational potential energy
and the electric energy are mutually converted. A large amount of regenerative energy is generated
when a container is lowered, and the benefit of the hybrid scheme is that this energy is recycled back to
the energy storage devices as opposed to being lost in the braking resistor and as heat. The lithium
battery and the SC are, thus, utilized to absorb the regenerative energy to improve the overall system
energy efficiency.
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Figure 2. Power demand for rubber-tired gantry (RTG) crane to operate a rated 40-ton container.

2.3. Operation Mode of Hybrid RTG Crane

The hybrid RTG crane has three operation modes: the hybrid power mode, the hybrid charging
mode, and the standby charging mode. When lifting a container, the power demand is the largest,
whereby the DG, lithium battery, and SC are required to output together to meet the power demand;
thus, the RTG crane works in the hybrid power mode. When lowering a container, the asynchronous
motor of the hoist generates a large amount of regenerated energy. This energy can charge the lithium
battery and SC. The RTG crane works in the hybrid charging mode. During idle or standby time, the
RTG crane works in standby charging mode, and the DG charges the lithium battery. In the standby
mode, if the SoC of the battery reaches the upper limit, the DG stops working. The power requirements
for auxiliary equipment are provided by the battery. During the working process, the DG always
works in its optimal efficiency range, with the lithium battery providing the remaining average power,
and the SC supplying the dynamic power demand.

3. Models of Devices

3.1. DG Model

In the hybrid system, in order to improve the fuel efficiency of the DG, the DG is operated at rated
power. When the DG works at rated power, it has high fuel efficiency and low emissions [25,26]. DG
converts fuel chemical energy into electrical energy. For the system studied, the fuel consumption is
given by Equation (1) [27].

Fe =

Tk∑
k=0

gePe, (1)

where ge is the fuel consumption rate and is related to the working environment, load weight, and
operating habits, Pe is the output power of the DG, Tk is the duration of work period, and k is the
sampling time.
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3.2. Lithium Battery Model

The crane battery uses iYPOWER’s (Shenzhen iYPOWER CO., LTD., Shenzhen, China) ternary
material lithium battery modules [28]. Each single module is rated at 48 V and has a capacity of 20 Ah.
The module consists of 13 cells connected in series. The size of the battery pack in the hybrid crane
system is given in Section 4.2. The relationship between the cycle number and the depth of discharge
(DOD) is shown in Figure 3 [29]. As can be seen from the figure, if the DOD of a battery is always 1, the
cycle number of the battery is about 4700, and, if the DOD of a battery is always 0.3, the cycle number
of the battery is about 8000. Thus, a higher cycle number corresponds to a smaller DOD. The DODi is
recorded corresponding to the n cycles during a work period. According to the relationship between
the number of cycles and the DOD, the battery cycle number ND_i is obtained for each DODi. Then,
the percentage life-decay rate of the battery is calculated as follows [29]:

γ =
n∑
1

1
ND_i

. (2)

The remaining life of a battery is equal to its current life minus the life-decay during the work
period. The percentage remaining life of a battery after m work periods is, thus, determined as
follows [29]:

L = 1−
m∑
j

γ j, (3)

where j is the number of work periods.
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Figure 3. Relationship between the cycle number and the depth of discharge of the lithium battery [29].

3.3. SC Model

The SC uses Jianghai’s SCMDPS060505QAN SC module (Nantong Jianghai New Energy CO.,
LTD, Nantong, Jiangsu, China) [30], having a numerical rated voltage if 60 V and capacitance of 5 F.
The module consists of 24 capacitors connected in series. Each capacitor has a voltage of 2.5 V and a
capacitance of 120 F. The size of the SC pack in the hybrid system is given in Section 4.2. To simplify
the SC into a common capacitor, combined with the SC nonlinear capacitance function displayed in
Figure 4 [7], the effective storage energy of the SC is calculated as follows:

Es =
1
2

C(V2
max −V2

min), (4)

where Es is the energy that the SC can store, C is the rated capacity of the SC, Vmax is the maximum
value of the SC voltage, and Vmin is the minimum value of the SC voltage. During the discharge of
the SC, as the capacitance decreases, the terminal voltage decreases. The relationship between the
capacitance and voltage needs to be taken into account during the working process of the hybrid
system. The DC/DC converter stops working when the voltage of the SC is lower than the operating
voltage of the converter.
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Figure 4. Supercapacitor (SC) nonlinear capacitance function [7].

3.4. Bi-Directional DC/DC Converter Model

Two bi-directional DC/DC converters connect the lithium battery and SC to the DC bus. Since the
voltage on the DC bus is high and stable, the two DC/DC converters work in constant voltage mode on
the high-voltage side and can, thus, be modeled as an equivalent voltage source and series resistance,
as represented by the equivalent circuit model shown in Figure 5. Here, the output side current satisfies
the following relationship:

Iout =
IinUi
Uo

, (5)

where Ui is the input-side voltage, Uo is the output-side voltage, Iin is the input-side current, Uset is the
output voltage set value, R is the equivalent internal resistance of the voltage source, and Rload is the
equivalent load on the output side. The minimum voltage on the low-voltage side of the bi-directional
DC/DC converter is 150 V [31], and the magnitude of the output current can be controlled by controlling
the DC/DC converter.
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Figure 5. Equivalent circuit model of constant voltage operation mode for the bidirectional direct
current (DC)/DC converter.

4. Hybrid System Configuration

4.1. RTG Crane Work Data Statistics

Figure 6 shows the statistics of RTG cranes during a work period in a container port in Hong
Kong. There are 18 RTG cranes on the yard, where the average working time is 509 min, the average
number of operations is 156, and the average operation time for a single container is 196 s. The working
conditions of different RTG cranes are very different. Some RTG cranes have long working hours and
a large number of operations (e.g., RTG crane No. 4), some have short working hours and a small
number of operations (e.g., RTG crane No. 8), and some have a lot of idle time (e.g., RTG crane No. 16).
Considering the working characteristics of the RTG crane, the hybrid system must not only meet the
requirements of continuous operation, but also make full use of the idle time.
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Figure 6. The statistics of RTG cranes.

4.2. Sizing of Hybrid System Devices

Proper sizing of devices is important, and a continuous optimization process is needed when
adjusting the size of the devices [7]. The sizing of devices discussed below is an example to verify the
proposed energy management method. The average power of the typical working condition is about
24.8 kW [8]. In the hybrid system, the DG and lithium battery work together to meet the average power
demand. The rated output power of the DG is 20 kW, and the rest of the average power is provided
by the lithium battery. The SC is responsible for providing dynamic power to meet the peak power
requirements. The SC pack consists of 44 SC subsystems in parallel, and each SC subsystem consists
of 10 SC modules in series. The SC pack is rated at 600 V and has a capacity of 22 F. In the system
structure, the SC is connected to the DC bus through a bi-directional DC/DC converter. Since the
low-side voltage of the bi-directional DC/DC is limited to 150 V, the minimum voltage of the SC cannot
be lower than 150 V. According to Equation (4), the available capacity of the SC is 3.7 MJ.

During the discharge period of the SC, the terminal voltage decreases continuously. When the
terminal voltage drops to 150 V, the maximum output power decreases to 91.5 kW. In order to meet the
255-kW power demand of lifting a 40-ton container at this time, the battery should replenish this part
of the power in time; thus, the maximum power of battery is 143.5 kW. The ternary lithium battery
supports a 2-C discharge and a 1-C charge. The battery pack consists of seven battery subsystems in
parallel, and each battery subsystem consists of 11 battery modules in series. The terminal voltage of
battery pack is 528 V and the capacity is 140 Ah. The maximum output power is 147.8 kW. In order to
avoid the impact of deep discharge and overcharge of the cells in the battery pack, the SoC variation of
the battery is limited to between 0.5 and 0.8, and the available capacity of the battery is 22.18 kWh.
In the hybrid system, the lithium battery pack is responsible for providing the average power that
the DG cannot meet. The average power of operating a 40-ton container is 42.8 kW. Due to the short
duration, the battery only needs to provide about 0.6 kWh of energy. In addition, when the average
power is less than 20 kW, the excess average power can also charge the battery; thus, the battery
capacity selection is completely sufficient.

In summary, the power of the DG is 20 kW; in order to improve fuel efficiency, it keeps working
at its rated power. Compared to a conventional RTG crane with a 300-kW DG, the power of the
DG in the hybrid system is only 6.7% of that value, which reduces investment costs and operating
costs. The capacity of the lithium battery is 73.9 kWh; compared with the 128 kWh lithium battery in
Reference [8], the capacity of lithium battery is reduced by 42%, which reduces the investment cost.
The available capacity of the SC is 3.7 MJ. In addition, when the SC is filled with regenerated energy,
although the lithium battery can absorb regenerated energy, part of the regenerated energy cannot
be absorbed in time. Due to the limitations of SC capacity and lithium battery charging current, the
braking resistor is needed to consume this excess energy.
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5. Hybrid System Energy Management Method

This section presents the energy management method based on game theory. The basic assumption
of game theory is that the players in the game are rational. A rational player means that his purpose of
a specific strategy is to maximize his own benefits while considering the strategies of other players.
These rational players constitute a game. The Nash equilibrium is a strategic balance point for each
player to achieve maximize benefits. A common phenomenon in life can be used to explain the Nash
equilibrium, e.g., price wars. Several manufacturers producing the same product form a stable state in
which the price of the product remains basically the same. In this case, each manufacturer’s strategy
for the price forms a Nash equilibrium. If one of the manufacturers breaks the equilibrium and begins
to cut prices in order to gain more profit, the other manufacturers follow up and push each other down.
The manufacturer who initially cut the price eventually suffers losses. Thus, no manufacturer takes the
initiative to break the equilibrium.

5.1. Control Schematic and Devices Preferences

In the game, the device’s strategy is the magnitude of its output current. Note that the currents
here and below are the values observed from the DC bus side. For the lithium battery and SC, the
current may also be negative, which means charging. Figure 7 presents the schematic of the proposed
energy management method. The DG, lithium battery, and SC are the three agents taking part in the
game. The three devices output the shared information to the controller, and the controller calculates
their respective strategies. Then, the controller converts the results of the game into control signals to
control the three devices. The shared information is discussed in Section 5.3.
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The preference of a device depends on its unique characteristic. The DG can work for a long
time, but the energy efficiency and emissions of the DG depend on the generator load; when the DG
changes its load, its energy efficiency is low and the exhaust gas emission increases [32]. It is of great
significance to make the DG work in the optimal efficiency range and to reduce the number of starts
and stops to improve fuel efficiency. Therefore, the preference of a DG should be to improve fuel
efficiency, and the best strategy is to work at rated power. Due to the high price and short cycle life of a
battery pack, in order to improve the economic effect of the system, the preference of the battery pack is
to prolong the service life. The factors affecting the cycle life of a lithium battery include temperature,
depth of discharge, and discharge rate. In addition to the temperature factor, the best strategy for the
battery pack is to control the depth of discharge and reduce the discharge rate. The SC has long cycle
life but limited energy density. As an auxiliary energy storage device, the SC can provide fast and
efficient energy output, and improve the efficiency and dynamic response performance of the whole
system. Thus, the preference for the SC is to provide dynamic load. After determining the preferences
of devices, the benefit of each device can be maximized by the game, and the efficiency is improved for
the whole system.
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5.2. Utility Function

The relationship between the strategy and benefit of an agent is formulated as a utility function.
In the game theory, each player measures the benefit of the strategy through its utility function.
The utility function is typically defined via quadratic form [33]. There are other forms of utility
functions in the literature, such as linear functions and logarithmic barrier functions [34,35]. Linear
functions may not guarantee a unique Nash equilibrium. Compared with logarithmic functions,
quadratic functions are simpler, and the amount of computation is smaller. In this work, the quadratic
form was chosen because the concavity of quadratic functions has the property of guaranteeing the
existence and uniqueness of the Nash equilibrium [24]. It is a widely used form to model the preference
of players [33,36]. The quadratic form of the utility function is as follows [24]:

u f = a f i2d + b f id + c f , (6)

where u f is the utility function, id is the device output current, and a f , b f , and c f are the coefficients.
These coefficients are different according to the characteristics of devices in hybrid systems.

Applying this theory to the control of hybrid cranes, the utility function can be designed to reach
its maximal value when the output currents of the hybrid system devices are equal to their output
currents under the best strategies. In the hybrid RTG crane consisting of a DG, lithium battery, and
SC, it is significant to ensure that the outputs of the devices meet the requirement of the crane’s work.
The error between the currents supplied by the devices and those required by the crane is taken as one
term of the utility function. The introduction of the error term into the utility function can make the
decisions of the devices converge in the direction of reducing the error. The influence of the error on
different devices is discrepant due to their different characteristics. In other words, for each device,
the coefficient of error is different. In order to clarify the meaning of each term, the utility function
is written in the form of a quadratic multinomial. The utility function in this hybrid RTG crane is
designed as follows:

U = −(I − I f it)
2
− r(Id − I∗d)

2 + C, (7)

where I is the current strategy variable of the device, I f it is the expected current strategy of the device,
r is the adjustment coefficient, Id is the current required by the load, C is a constant, and I∗d is the sum of
the currents provided by the three devices. In a stage of the game, before the device decides its strategy,
the error in its utility function is calculated first as a specific value. Thus, the utility is in quadratic
form. The currents provided by the three devices I∗d are calculated as follows:

I∗d = ig + ib + ic (8)

where ig, ib, and ic are the currents supplied by the DG, lithium battery, and SC, respectively. The positive
value represents the release current, and the negative value represents the absorption current. In the
utility function, the first item reflects the satisfaction of the expected strategy. The closer it is to the
expected strategy, the higher value the utility can achieve. The second term reflects the error between
the load demand current and the total output current. The smaller the error is, the larger the value
the utility function can achieve. In order to improve the utility, each agent has a tendency to reduce
the error. The coefficient r reflects the sensitivity to the error. The larger the coefficient is, the more
sensitive it is, i.e., a larger current change can be used to reduce the error. The last term C is a constant
that keeps the utility function positive.

According to the form of the utility function defined in Equation (7), the utility function of the DG
is as follows:

ug = −(ig − ig, f it)
2
− a(Id − I∗d)

2 + Cg. (9)

The utility function of the lithium battery is as follows:

ub = −(ib − ib, f it)
2
− b(Id − I∗d)

2 + Cb. (10)
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The utility function of the SC is as follows:

uc = −(ic − ic, f it)
2
− c(Id − I∗d)

2 + Cc. (11)

In these three equations, ig, f it, ib, f it, and ic, f it are the expected currents of the DG, lithium battery,
and SC, respectively, whereas a, b, and c are the coefficients that adjust the influence of the error on the
utility function. The specific values in the simulation are given in Section 6.1. As a player in the game,
the preference of the DG is to improve its fuel efficiency. Its strategy is to work at rated power and
maintain an optimal output current, as shown in Equation (12).

ig, f it = Ig,opt, (12)

where Ig,opt is the output current of the DG operating at rated power.
The lithium battery in the hybrid system provides a partial average power. The preference of the

lithium battery is to prolong its cycle life. Under the premise of guaranteeing the variation range of SoC,
the expected strategy ib, f it of lithium battery is adjusted according to the power demand. According to
the working characteristics of hybrid RTG crane, the expected strategy of the lithium battery is shown
in Equation (13).

ib, f it =
Pb

VDC
, (13)

where VDC is the DC bus voltage, and Pb is the output power of the lithium battery. When the
power of the DG is greater than the average power demand, excess power can be used to charge the
lithium battery.

The SC can fill the peak power demand gap that the DG and lithium battery cannot provide due
to its high dynamic response speed. Its preference is to provide dynamic power. In order to guarantee
the response speed to the dynamic power demand, the expected strategy of the SC should be zero.
Thus, the SC maintains the same response speed to charge and discharge, as shown in Equation (14).

ic, f it = 0. (14)

The SC acts as a power buffer; in order to prevent the SC from running out of energy, it is expected
that the energy released by the SC after an operation cycle is equal to the absorbed energy, as shown in
Equation (15).

T∑
k=0

Esc(k) = 0, (15)

where Esc is the SC energy, k is the sampling time, and T is the duration of the operation. The higher
the SoC of the SC is, the higher its efficiency is. When the SoC is 1, the SC has the highest charge and
discharge efficiency [37]; thus, the SC achieves full charge, which is beneficial for improving the hybrid
system’s efficiency.

5.3. Information Sharing

In the game, each player has to share its strategy information to other players, i.e., ig, ib, and ic are
shared information. The utility function of each device contains the shared information. If one of the
devices wants to increase its benefit, it needs to consider the strategies of the other two devices. When
an equilibrium is reached, the error between the demand and the total output is zero. If a device wants
to change its strategy while other devices’ strategies remain the same, it is bound to increase the error
and reduce the device’s benefit. Thus, when the equilibrium is reached, all devices have no incentive
to change the strategy.
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5.4. Nash Equilibrium

The utility functions of the three devices are ug, ub, and uc. The game can be described in the form
of G = [3, (ig, ib, ic), (ug, ub, uc)] [38]. By adjusting the strategies between devices, the non-cooperative
current control game reaches the Nash equilibrium. The Nash equilibrium is a compromise load
distribution that balances the different preferences of each device [39]. The strategy variable space is a
non-empty tight convex set in Euclidean space, and the utility is a continuous quasi-concave function
of the strategy; thus, the non-cooperative current game has a pure strategy Nash equilibrium [34].
By solving the Nash equilibrium, the hybrid system works at an optimal balance point. Working at
this point, the system is efficient and helps to prolong battery cycle life.

5.5. Solving Nash Equilibrium

In this paper, an algorithm for solving the Nash equilibrium is designed based on the iterative
search method, which is a commonly used method for solving Nash equilibrium [20,24,34]. In the
multi-round process of a single stage of the game, each player adjusts its utility function based on the
shared information and makes the current strategy that maximizes its benefit. The error reflects the
influence of the strategy on the result. During the iterative process, the error is continuously reduced,
and the strategies of the players converge to the stable solution, i.e., the Nash equilibrium solution.
The Nash equilibrium solution is shown in Algorithm 1.

Algorithm 1. Nash equilibrium solution algorithm

1. Initialize ig = 0, ib = 0, and ic = 0.
2. Input power demand Id, each player determines its utility function.
3. Save historical strategies, ig,last = ig, ib,last = ib, and ic,last = ic.
4. The players calculate the ig, ib, and ic that maximize their utility function.
5. Share information; if

∣∣∣ig − ig,last
∣∣∣< ε ,

∣∣∣ib − ib,last
∣∣∣< ε , and

∣∣∣ic − ic,last
∣∣∣< ε , go to 7; else, go to 6.

6. Each player adjusts its utility function based on the shared information; go to 3.
7. Get the Nash equilibrium; output results, ig, ib, and ic. Go to 2.

According to the above process, it can be concluded that the time complexity of the algorithm is
O(n). The average calculation time is reported in Section 6.5. After inputting a power demand, a new
stage of the game is started, and each player adjusts its expected strategy according to the input power
demand and then determines the utility function. The maximum value of the utility function can be
obtained by the derivative equation. Taking DG as an example, the strategy that maximizes its utility
function ug can be obtained by the following equation:

∂ug

∂ig
= 0. (16)

According to Equation (9) and simplifying, the following equation can be obtained:

ig =
ig, f it + a(Id − ib − ic)

1 + a
. (17)

According to Equation (17), under the premise that the load demand Id, the lithium battery output
currents ib, and the SC output currents ic are known, the strategy ig that maximizes the utility of the
DG can be calculated directly. The calculations of the other two devices are similar.

After the three devices obtain their strategy, the strategy information is shared. If the difference
between two procedures is less than the threshold ε, it is considered that the game reaches a stable
state, i.e., Nash equilibrium. If the difference of a device is greater than the threshold, the utility
function needs to be adjusted to recalculate the strategy to reduce the difference. In that stage of the
game, taking the SC as an example, the adjustment process of the utility function and the strategy are
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shown in Figure 8. It can be seen from Figure 8a that, as the game progresses, the utility function of the
SC is adjusted continuously. This reflects the influence of the change in device strategy on the utility
function. In Figure 8b, the strategy of the SC gradually approaches a stable value. When the strategies
of the three devices reach stable values, the Nash equilibrium of the game is reached.
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Figure 8. (a) The utility function of the SC according to stage of the game; (b) the SC strategy according
to stage of the game.

After reaching the Nash equilibrium, the system waits for the power demand input at the next
moment to enter a new stage of the game. Each control moment is considered as an independent stage,
because, in actual operation, although the power demand inputs are the same, the state of the device
may be different. For example, if the SoC of the battery is constantly changing, the decision of the
device may be different at different SoCs. Thus, even for the same power demand input, a new stage
of the game is needed. In a new stage, each device is concerned about how to make a strategy to
maximize its benefit. At each control instant, the Nash equilibrium is iteratively obtained according to
the Nash equilibrium solution algorithm. Taking the first four seconds of the RTG crane operation as
an example, the change in SC utility function is shown in Figure 9. According to Figure 2, the first four
seconds are the acceleration phase, where the power demand is increasing. The maximum value of the
utility function in Figure 9 is also moving in the direction of increasing the SC current. This shows that
the utility function is adjusted for different power requirements. Thanks to the rapidity of the Nash
equilibrium solution algorithm, even if a new game is played, it can meet the real-time requirements.
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Figure 9. The utility functions of the SC in the first four seconds of lifting a container.

5.6. Flexibility and Expansibility of the Energy Management Method

The proposed energy management method can be flexibly applied to different hybrid system
configurations. For example, in order to meet the different working characteristics of different ports,
the configuration of the hybrid system is different. For this method, the only difference is that the
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utility function of each device is different. By adjusting the utility function of each device, this method
can be easily applied to different configurations of hybrid systems. If only two devices are used to
form a hybrid system, two devices can still form a game. Through the game, two devices can work in a
coordinated and stable state.

Due to the dispersion of this method, the game theory approach can be extended as a general
solution to manage complex hybrid systems and involve more devices [39]. In order to add a new
device to the hybrid system, one only needs to write the utility function according to Equation (7),
obtain the expected strategy based on its characteristics, and then adjust the coefficient according to
the simulation and experimental results.

6. Simulation Analysis

Three typical RTG crane operation scenarios, the rated load, continuous work, and intermittent
work, are simulated and studied in this section.

6.1. Simulation Parameters

The energy management method of the hybrid RTG crane was simulated in Matlab (R2014a,
The MathWorks, Inc., Natick, MA, United States). The central processing unit (CPU) model of the
computer used for the simulation was an Intel (R) Core (TM) i5-6300HQ CPU (Intel Corporation, Santa
Clara, CA, USA) at 2.30 GHz. The main parameters in the simulation are listed in Table 1. The current
of the lithium battery and the SC in the table refers to the current on the device side.

Table 1. Parameters of the hybrid system in simulation. DG—diesel generator; SC—supercapacitor;
DC—direct current.

Parameter Value

DG power (kW) 20
Lithium battery capacity (Ah) 140
Lithium battery rated voltage (V) 528
SC capacity (F) 22
SC rated voltage (V) 600
Maximum discharge current of lithium battery (A) 280
Maximum charging current of lithium battery (A) 140
SC peak current (A) 610
DC bus voltage (V) 640
Efficiency of DC/DC converter (%) 95
Threshold (A) 0.01
Sampling interval (s) 0.01

At the beginning of the simulation, the battery SoC was 0.7 and the SC SoC was 1 to cope with the
high-power demand of lifting a container in the first stage of Figure 2. The coefficients of the utility
function could be adjusted according to the threshold and time requirements. The coefficients in the
simulation are shown in Table 2. Compared with other coefficients, the DG coefficient a was very small.
This is because the DG is expected to work in the optimal efficiency range. The smaller the coefficient
is, the less sensitive it is to the change in power demand. Its output power can, thus, remain stable.

Table 2. Coefficients in simulation.

Parameter Value

a 0.001
b 1000
c 10,000
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6.2. Rated Load Simulation

The results of the RTG crane operating a rated 40-ton container are shown in Figure 10. According
to the power demand in Figure 2, the load current demand in Figure 10 was derived. The outputs
of the DG, lithium battery, and SC together met the load demand. It was considered that the DG
was started before RTG crane started work; thus, the DG reached the rated output at the beginning
of simulation. At the acceleration phase, the output current of the SC rapidly increased to meet the
high-power demand of the transient. In the phase of constant speed lifting, the power demand was
stabilized, and the DG, lithium battery, and SC jointly met the power demand. With the discharge of
the SC, its capacity decreased and the terminal voltage dropped, as shown in Figure 4. The decrease in
SC voltage led to the decrease of its output power and the decrease of current output to the DC bus.
By the 18th second, the output current of the SC began decreasing. In this case, only by increasing the
output current could the lithium battery maximize its benefit, because the output current of the SC
was already the strategy to maximize its utility. If the lithium battery did not increase its output, the
error would increase. By the 56th second, the RTG crane began lowering the container, and the DG
was still working to provide the average power, representing the average power source of the whole
operation cycle.

Energies 2019, 12, x FOR PEER REVIEW  15 of 23 

 

The  results  of  the  RTG  crane  operating  a  rated  40‐ton  container  are  shown  in  Figure  10. 

According to the power demand in Figure 2, the load current demand in Figure 10 was derived. The 

outputs of the DG, lithium battery, and SC together met the load demand. It was considered that the 

DG was  started  before  RTG  crane  started work;  thus,  the DG  reached  the  rated  output  at  the 

beginning of simulation. At the acceleration phase, the output current of the SC rapidly increased to 

meet  the high‐power demand of  the  transient.  In  the phase of  constant  speed  lifting,  the power 

demand was stabilized, and the DG, lithium battery, and SC jointly met the power demand. With the 

discharge of the SC, its capacity decreased and the terminal voltage dropped, as shown in Figure 4. 

The decrease in SC voltage led to the decrease of its output power and the decrease of current output 

to the DC bus. By the 18th second, the output current of the SC began decreasing. In this case, only 

by increasing the output current could the lithium battery maximize its benefit, because the output 

current of  the SC was already  the  strategy  to maximize  its utility.  If  the  lithium battery did not 

increase its output, the error would increase. By the 56th second, the RTG crane began lowering the 

container, and  the DG was still working  to provide  the average power,  representing  the average 

power source of the whole operation cycle. 

During the container drop phase, both the lithium battery and SC had negative currents. These 

negative currents were charging currents. The charging currents were also the result of the game. It 

can be seen that the charging current of the SC was much larger than that of the lithium battery. This 

is because the SC had a more sensitive current change than the lithium battery, i.e., the coefficient of 

the SC  in Table 2 was bigger. Finally, around the 151th second, the SC was fully charged, and  its 

charging current was reduced to zero. In this case, due to the lack of competition from a faster SC, 

the charging current of the lithium battery increased rapidly, reaching its maximum charging current. 

Certainly, it can be seen from the Figure 10 that, due to the charging current limitation of the lithium 

battery,  the charging current of  the  lithium battery was  lower  than  that of  the SC. The rest of  the 

current would be dissipated by the braking resistor; however, this value was small and the duration 

was also short, as shown by the red  line  in Figure 10. This also shows that the use of two energy 

storage devices could efficiently absorb the regenerated energy. 

 

Figure 10. Output currents of three devices for operating a rated 40‐ton container. 

During the cycle of operating a 40‐ton container, the SoC of the SC was as shown in Figure 11. 

When lifting the container, the SC quickly output large current to meet the power demand, and its 

SoC  decreased  rapidly; when  lowering  the  container,  the  SC  quickly  absorbed  the  regenerated 

energy, causing  its SoC to rise. The subsequent smaller SoC change was caused by the  lifting and 

lowering of the 11‐ton spreader. By the 151th second, the SC was full of electricity and its SoC reached 

1. Until the end of operation cycle, the SC absorbed enough regenerated energy to cope with the next 

container operation, meeting the requirement of Equation (15). 

0 50 100 150
-300

-200

-100

0

100

200

300

400

500

Time (s)

C
u

rr
e

n
t 

(A
)

 

 

Load
DG
Battery
SC
Braking Resistor

Figure 10. Output currents of three devices for operating a rated 40-ton container.

During the container drop phase, both the lithium battery and SC had negative currents.
These negative currents were charging currents. The charging currents were also the result of the game.
It can be seen that the charging current of the SC was much larger than that of the lithium battery. This
is because the SC had a more sensitive current change than the lithium battery, i.e., the coefficient of the
SC in Table 2 was bigger. Finally, around the 151th second, the SC was fully charged, and its charging
current was reduced to zero. In this case, due to the lack of competition from a faster SC, the charging
current of the lithium battery increased rapidly, reaching its maximum charging current. Certainly, it
can be seen from the Figure 10 that, due to the charging current limitation of the lithium battery, the
charging current of the lithium battery was lower than that of the SC. The rest of the current would be
dissipated by the braking resistor; however, this value was small and the duration was also short, as
shown by the red line in Figure 10. This also shows that the use of two energy storage devices could
efficiently absorb the regenerated energy.

During the cycle of operating a 40-ton container, the SoC of the SC was as shown in Figure 11.
When lifting the container, the SC quickly output large current to meet the power demand, and its
SoC decreased rapidly; when lowering the container, the SC quickly absorbed the regenerated energy,
causing its SoC to rise. The subsequent smaller SoC change was caused by the lifting and lowering of
the 11-ton spreader. By the 151th second, the SC was full of electricity and its SoC reached 1. Until the
end of operation cycle, the SC absorbed enough regenerated energy to cope with the next container
operation, meeting the requirement of Equation (15).
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Figure 11. State of charge (SoC) of SC for operating a 40-ton container.

6.3. Continuous Work Simulation

In order to verify the effectiveness of the energy management method in RTG crane continuous
work, the operations for two typical weights, 15 tons and 30 tons, were repeated several times.
The results of continuous work are shown in Figure 12. Whereas the 15-ton container was operated
12 times, the 30-ton container was operated eight times, and the average power for the whole work
period was 20.5 kW. During the working process of the RTG crane, the output of the DG remained
constant, the lithium battery provided the average power that the DG could not meet, and the SC dealt
with the dynamic power. The current dissipated by the braking resistor was also very small, and the
absorption efficiency of regenerated energy was calculated as described in Section 6.5. The SoC of the
lithium battery is shown in Figure 13. When operating the 15-ton container, the average power demand
for the operation cycle was less than the output power of the DG, whereas the lithium battery absorbed
the excess power of the DG and its SoC increased slightly. When operating the 30-ton container, the
average power demand was greater than 20 kW, whereby the lithium battery needed to provide a part
of the average power, and its SoC decreased.

After 20 consecutive cycles of operation, the SoC of the lithium battery dropped from 0.7 to 0.686.
This is because the average power (20.5 kW) of the continuous work was higher than the output power
of the DG. The lithium battery needed to provide a part of the average power. According to the SoC
utilization range in Section 4.2 of 0.5 to 0.8, the capacity of the lithium battery could satisfy such a test
20 times, i.e., the RTG crane could operate 400 containers continuously. This value is already greater
than the maximum container operation number 384 in Figure 6, showing that the proposed system
configuration can meet the continuous work requirements. If there is idle time between two operation
cycles, the output power of the DG during this time can charge the battery, further increasing the
battery operating time. The SoC of the SC is shown in Figure 14. It can be seen from the figure that
the SoC of the SC could return to 1 at the end of each operation cycle. The SC provided the dynamic
power and acted as a power buffer.
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Figure 12. Output currents of the three devices under continuous work conditions.
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Figure 13. SoC of the lithium battery under continuous work conditions.
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Figure 14. SoC of the SC under continuous work conditions.

6.4. Intermittent Work Simulation

When the port is not busy, there is idle time between two operations. During idle time, the RTG
crane had an auxiliary power of 7 kW. The results of intermittent work are shown in Figure 15. In about
28 min, the RTG crane operated six containers, and the average power was 13.4 kW. The output
currents of the three devices met the load requirements and their respective preferences. The current
on the braking resistor was small, and the absorption efficiency was as listed in Section 6.5. Figure 16
shows the SoC of the lithium battery. In idle time, the output power of the DG was greater than the
auxiliary power, and the excess power charged the lithium battery, such that the SoC of the lithium
battery increased. This not only made full use of the energy, but also extended the working time of the
lithium battery. Since the output of the DG could meet the auxiliary equipment consumption during
idle time, the SC did not need to output, and the output of the SC was limited to zero according to this
condition. Figure 17 shows the SoC of the SC. During the RTG crane idle time, the SC did not provide
current and the SoC remained unchanged. When the RTG crane operated a container, the change in
SoC was the same as that in Figure 14.
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Figure 15. Output currents of the three devices under intermittent work.
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Figure 16. SoC of the lithium battery under intermittent work.
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Figure 17. SoC of the SC under intermittent work.

6.5. Results Analysis

The simulations showed several important features of the proposed control method.

• The DG, lithium battery, and SC operated in coordination to meet the load power demand.
• The preferences of the devices were satisfied. The output power of the DG was stable at rated

power. The lithium battery cooperated with the DG to meet the average power demand, and
increased the output power in time when the output power of the SC decreased. The SC met the
dynamic power demand.

• The hybrid energy storage system composed of the lithium battery and SC could fully absorb the
regenerated energy.
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The evaluation criteria for the proposed energy management method included the average fuel
consumption for the operation of a single container Fave, the life-decay rate of the lithium battery γ,
the average current error eave between the load demand and the total output, the maximum error emax

between the load demand and the total output, and the absorption efficiency of the regenerated energy
ηcoe. The average fuel consumption and absorption efficiency are defined as follows:

Fave =
Fe + Fb

Nc
, (18)

ηcoe =
Eabs
Etot
× 100%, (19)

where Nc is the number of containers operated during the working time, Fb is the equivalent fuel
consumption for the output of the lithium battery, Eabs is the regenerated energy absorbed by the
lithium battery and SC, and Etot is the whole regenerated energy. In calculating the average fuel
consumption, in order to facilitate a comparison with a conventional RTG crane, according to the
conversion efficiency of diesel to electric energy of 3.47 kWh/L [8], the electrical energy released by the
battery was converted into equivalent fuel consumption, i.e., the average fuel consumption Fave was
the result of equivalent calculation.

According to the diesel generator’s consumption of 236 g of fuel per hour per kW, combined
with the conversion efficiency of diesel to electric energy, the fuel consumption per operation could be
calculated. According to the battery SOC curve in Figures 13 and 16 and the relationship in Figure 3,
the life-decay rate of the lithium battery could be estimated. The error between the load demand and
the total output could be obtained according to the simulation process data. The absorption efficiency
of the regenerated energy could be calculated according to Equation (19) based on the process data.
The calculated evaluation criteria are shown in Table 3.

Table 3. Evaluation criteria.

Criteria Fave (L) γ (%) eave (A) emax (A) ηcoe (%)

Rated load 0.414 0.00029 0.024 0.180 98.23
Continuous work 0.234 0.00153 0.010 0.029 98.26
Intermittent work 0.306 0.00149 0.013 0.029 98.24

In the simulation, only the efficiency of the DC/DC converter was considered, and the losses of
the battery and the SC were not included. The average fuel consumption in Table 3 represents the best
results under ideal conditions. In intermittent work, the DG charged the battery while the crane was in
idle time; thus, the average fuel consumption for every operation was bigger than that in continuous
work. The current errors between the output and the demand were very small, no more than 0.18 A,
reflecting the precise control of the energy management method. In the last column of Table 3, the
results of regenerated energy absorption efficiency show that the hybrid system configuration and
energy management method in this paper could improve the energy efficiency.

There are two reasons for fuel saving in the hybrid RTG crane system. One is that the DG is
always working in the optimal range to make the DG more efficient. The other is that the ESS fully
recycles regenerated energy when the RTG crane lowers a container. The DG is the main energy source,
providing the average power of the system. In Figure 15, between approximately 110 and 140 s, the
crane lifted a 30-ton container with a peak current of 262 A, while the output current of the DG was
maintained at 31.25 A and the peak was reduced by 88%. The ESS consisting of the battery and SC
provided this 88% peak reduction, where the SC provided most of the peak demand. Between 160 and
180 s, the crane lowered the container, and the recoverable current had a peak of 160 A. The output
current of the DG still remained at 31.25 A. The charging current of the SC, 172 A, was greater than the
recoverable current because the output current of the DG was also charging the SC. The ESS releases
energy when lifting a container, absorbs energy when lowering a container, and plays the role of
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cutting the peak and filling the valley, so that the DG can always work at a constant power; this is the
main reason for fuel saving.

According to the statistics in Figure 6, it was assumed that the continuous working time
accounted for two-thirds of the total working time, and the intermittent working time accounted for
one-third. The overall average fuel consumption of continuous and intermittent work was 0.258 L/TEU
(Twenty-foot Equivalent Unit). The reduction in fuel consumption was due to the combination of the
lithium battery and SC fully absorbing the regenerated energy. Table 4 lists the fuel consumption and
fuel savings compared to the results in the literature.

Table 4. Fuel consumption and fuel savings.

System/Configuration Fuel Consumption (L/TEU) Fuel Savings (%)

Hybrid system: DG, battery, SC 0.258 -
Hybrid system: VSDG, battery, SC [6] 0.85 70.6

Hybrid system: DG, battery [8] 0.405 36.3
Conventional system: single DG [8] 0.95 72.8

In the simulation, the power demand update rate was 0.01 s. For a new power demand, a new
Nash equilibrium needs to be calculated within the update time. Table 5 shows the calculation times
for three different operation scenarios in the simulation. According to the data in Table 5, the average
calculation time is 56 µs, which is much faster than the update rate of 0.01 s. The game-based method is
short enough to meet the needs of a real-time control system. According to the simulations, the energy
management method proposed in this paper can meet the power demand well, and the output power
of the devices can keep up with the change in load demand power in time. The three devices of DG,
lithium battery, and SC were modeled as three agents in the game, and this method could adequately
reflect and meet the different preferences of the devices in energy management.

Table 5. Calculation time in simulations.

Operation Scenario Working Duration
(s)

Overall Calculation
Time (s)

Average Calculation
Time (µs)

Rated load 156 0.87 56
Continuous work 1636 9.16 56
Intermittent work 2724 15.25 56

The method proposed in Reference [6] also involved three types of devices. A state machine
method was used in Reference [6] to control the operations of devices by performing a state transition
based on the SoC and load current information. The conditions for determining state transitions
were fixed for a determined system. This type of rule-based method is relatively fixed and simple to
implement, but does not fully exploit the device characteristics. The game-based method proposed in
this paper is more flexible and meets the characteristics of different devices. The optimization-based
control methods use complex models and optimization algorithms, such as MPC [11] and GA [13].
The time for obtaining the optimization results is long, and energy management can only be performed
on a large time scale. The algorithm in this paper is relatively simple (the iterative-based Nash
equilibrium solution algorithm), which can be used for real-time control of RTG operations.

6.6. Economics Analysis

The initial investment of the energy system of a hybrid RTG crane is one million renminbi (RMB),
of which the battery pack cost is 0.2 million RMB, the SC cost is 0.4 million RMB, the DG cost is
20,000 RMB, and the cost of the two DC/DC converters is 0.2 million RMB [40]. For typical operation
days, the working time of the crane is from 10.3 to 12.7 h. For low-activity days, the working time is
from 6.7 to 7.3 h [41]. Suppose a crane works 10.3 h every day; it can operate 75,000 containers and
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save 51,900 L of fuel per year. According to the fuel price of 6 RMB/L, the annual fuel cost can be
reduced by 0.31 million. It would take 3.2 years to equalize the initial investment. Suppose that a crane
operates for 10.3 h every day; according to the relationship between the cycle number and the depth of
discharge of the lithium battery in Figure 3, the battery life is estimated as 5.8 years before reaching
30% lifetime attenuation. The remaining life of the battery will generate energy-saving value.

7. Conclusions

According to current research, this paper is the first to apply the game theory to the energy
management of a hybrid RTG crane. This paper also discusses the hybrid system structure and device
sizing issues. The hybrid RTG crane consisted of a 20-kW DG, a 73.9-kWh lithium battery pack, and a
22-F SC pack. The hybrid RTG crane configuration proposed in this paper has good fuel economy and
lower initial investment. The game method was used to solve the energy management problem of the
hybrid system, such that the devices could run in coordination and take into account the preferences of
the devices, i.e., the DG wants to improve fuel efficiency, the lithium battery wants to increase cycle
life, and the SC wants to provide dynamic power. The fuel efficiency of the DG was improved due to
its small size and stable operation at rated power, avoiding the low-efficiency range. The long cycle life
of the lithium battery was due to the charge or discharge current being small, and the range of SoC
variation being narrow. The SC acted as a power buffer, releasing power when lifting the container,
absorbing power when lowering the container, and returning to full charge after an operation cycle.
The proposed method has the advantages of low computational complexity, good flexibility and
extensibility, and the prospect of practical application.

Further work might be aimed toward the study of a network of electrified RTG cranes [2].
Each crane in the network can be treated as a separate agent, and game theory methods for the energy
management of a network of cranes are very interesting. Another prospect of future research might be
modeling humans as players to take part in the game, considering the effect of human operation, taking
the hybrid RTG crane as a human–machine system, and studying the preferences and characteristics of
humans in the system. Machine learning techniques and representations of observations of a visual
input [42,43] can be used to study the effects of human behaviors on the Nash equilibrium and the
impact of manual operation delay on the whole system.
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