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Abstract: This study addresses energy management challenges in hydrogen-electric hybrid tugs by proposing an energy 
allocation strategy based on operating condition recognition and optimization algorithms. Standard operating conditions 
were classifi ed through cluster analysis, a hybrid system performance model was established, and the Pontryagin Minimum 
Principle (PMP) algorithm was employed to achieve optimal power distribution between hydrogen fuel cells and lithium 
batteries. Simulation experiments demonstrated that the proposed energy management strategy prevented the fuel cell from 
operating under high-power heavy-load conditions, with only brief periods of low-power idle operation. This effectively 
reduced the operational strain on the fuel cell, thereby enhancing its long-term durability. Experimental results indicate that 
this method signifi cantly improves energy utilization effi  ciency, reduces energy consumption, and extends equipment service 
life, providing technical support for the effi  cient operation of hydrogen-electric hybrid tugs.
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1. Introduction
As a pivotal hub for global trade, the green and intelligent transformation of port operations has become a core challenge 
for the international shipping industry in addressing climate change and sustainable development[1]. Tugboats, indispensable 
vessels in port waters, undertake critical tasks such as mooring, unmooring, and escorting large ships[2]. Unlike ocean-going 
vessels, their operational patterns exhibit highly dynamic, intermittent, and impact-driven characteristics[3]. During a complete 
operational cycle, tugboats frequently experience drastic fl uctuations in working conditions—from “standby idle” and “high-
speed maneuvering” to peak loads during “pushing/towing” operations, followed by energy recovery during “braking and 
returning.” Traditional fuel-powered tugboats, particularly those with diesel propulsion systems[4], often operate for extended 
periods in non-design effi  ciency zones under these complex conditions, leading to incomplete combustion, increased harmful 
emissions, and overall low energy effi  ciency[5]. With the International Maritime Organization (IMO)'s increasingly stringent 
carbon emission regulations and the advancement of domestic and international “dual carbon” strategic goals, developing 
clean and effi  cient new tugboat propulsion systems has become an urgent industry imperative[6].
Among various new energy technologies, hydrogen-electric hybrid systems are considered an ideal solution for deep 
decarbonization of vessels on fixed coastal routes like ports, thanks to their zero-carbon emissions, high efficiency, long 
range, and rapid refueling capabilities[7]. This system typically consists of a proton exchange membrane hydrogen fuel cell 
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(PEM-HFC) and a lithium-ion battery pack. The PEM-HFC serves as the primary energy source, efficiently and quietly 
converting hydrogen's chemical energy into electricity with only water and heat emissions, making it an ideal clean base-
load power source. The lithium battery pack acts as a power buff er unit, leveraging its high power density and fast charging/
discharging characteristics to meet tugboat's instantaneous peak power demands and recover braking energy[8][9]. However, the 
full potential of this hybrid confi guration heavily relies on the intelligence of energy management strategies[10]. An effi  cient 
Energy Management System (EMS) must dynamically allocate power fl ows between the fuel cell and battery in real-time to 
optimize hydrogen consumption, equipment lifespan, and system effi  ciency under complex operating conditions[11]. While 
research on energy management for marine hydrogen-electric hybrid systems has made progress, significant gaps remain 
when applied to the unique context of tugboats.
Rule-based control strategies, such as thermocouple management and power-following approaches, are widely adopted 
due to their simple structure and ease of implementation[12]. However, these strategies often rely on engineers' empirical 
assumptions in their control logic. When dealing with complex loads featuring nonlinear towing height and strong time-
varying characteristics, they exhibit poor adaptability and limited optimization depth. Fixed power allocation thresholds fail 
to accommodate dynamic operational modes, frequently causing frequent start-stop cycles, ineffi  cient fuel cell operation, or 
excessive battery charging/discharging, thereby preventing true global optimization[13].
Control strategies based on optimization theory: Global o r instantaneous optimization algorithms represented by dynamic 
programming, the Pontryagin minimum principle, and model predictive control provide theoretical tools for addressing the 
aforementioned issues[14-16]. Among these, PMP transforms global optimization problems into a series of local instantaneous 
optimization problems by introducing co-state variables, achieving a favorable balance between computational complexity 
and optimization eff ectiveness[17]. This approach is regarded as a highly promising real-time optimization method. However, 
existing research often treats co-states (equivalent factors) as fi xed values or merely adjusts them slowly with battery SOC 
when applying PMP. This approach fails to fully explore and utilize the inherent patterns of specifi c operational conditions. 
For instance, when anticipating high-power push mode, fuel cell output can be increased in advance to charge the battery 
for energy storage. Conversely, during coasting braking, fuel cell output can be reduced early to reserve space for energy 
recovery. PMP that ignores operational conditions essentially represents a “passive response,” with its optimization 
performance constrained by current instantaneous states, making it diffi  cult to make forward-looking optimal decisions.
To this end, this paper proposes a power management method which combines the condition recognition and PMP algorithm, 
and realizes the dynamic balance distribution of power sources, and improves the overall performance of the system.

2. Architecture of Hydrogen-Electric Hybrid Towing System
The hydrogen-electric hybrid tugboat utilizes hydrogen fuel cells, lithium battery packs, and shore-based charging equipment 
as its power supply sources, while its load side comprises propulsion motors, propellers, and living loads. The energy fl ow 
must maintain a dynamic balance between the tugboat's required power and the output power of the power sources, with the 
core challenge being the coordination of power distribution between the hydrogen fuel cells and lithium batteries.

Figure 1: Architecture of Hydrogen-Electric Hybrid Towing System 
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3. Design of Energy Management Method for Hydroelectric Hybrid Tug
3.1 Model Construction of Hydroelectric Hybrid Tugboat Power System
The hydrogen fuel cell, lithium battery pack, and shore-based charging equipment serve as the power source for the 
tugboat, while the propulsion motor, propeller, living loads, and operational loads constitute the load side. The energy fl ow 
relationship of the hybrid power system is as follows:

（1）
In this formula, PB denotes the battery output power, PF represents the net output power of the fuel cell system, PM indicates 
the motor output power, and PA is the power consumption for the ship's living and operational loads.
To optimize the energy management strategy for hydrogen-electric hybrid tugs, modeling of hydrogen fuel cells and hydrogen 
consumption rates is required. The hydrogen consumption rate of hydrogen fuel cells is:

（2）

Where:   is the number  of fuel  cell units; =2 g/ mol is the  molar mass of hydrogen; =2 is the number 
of electrons in a hydrogen molecule; I is the output current of the fuel cell; F is the Faraday constant (96485 C/mol).

The efficiency of the hydrogen fuel  cell is  defined as the  ratio of the system's output power to the power 
consumed by hydrogen.

（3）

In the  formula, the high calorifi c value of hydrogen is 143 kJ/g.
As an auxiliary power source for hydrogen-electric hybrid tugs, the lithium battery is  modeled  using the R-int 
framework, as shown in Figure 2. , with its real-time discharge and charge effi  ciency values as follows.

Figure 2:  Lithium Battery R-int Model

（4）

（5）

where R is the internal resistance and U is the open-circuit voltage.
To ensure the hydrogen fuel cell system and lithium battery pack meet the requirements of the entire tug's hybrid power 
system, the following boundary conditions must be satisfi ed:

（6）
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In the formula, SOC denotes  the state of charge; represents the rate of change of the hydrogen fuel cell's output power; 
superscripts max and min respectively indicate the upper and lower limits of each variable.
The complete performance model of the hybrid system can be constructed by the energy fl ow relation, the effi  ciency and 
consumption rate of each component and the constraint boundary expression, which provides a theoretical basis for the 
accurate calculation of the required power of the towed vessel and the energy distribution, and ensures the scientific and 
reasonable energy management process.

3.2 Identifi cation and Classifi cation of Hydroelectric Hybrid Tug Operating Conditions
Given the highly repetitive and segmented nature of tugboat operations, their driving processes can be divided into distinct 
phases: departure initiation, pushing operations, departure and return, departure initiation, port entry, reverse towing 
operations, and port entry and return. During energy allocation, the required power of the tugboat motor depends not only 
on speed but also on the magnitude of towing force. Therefore, speed and power can serve as key indicators for identifying 
tugboat operating conditions. By extracting feature values from historical operational segments and conducting cluster 
analysis, the hydrogen-electric hybrid tugboat operating conditions can be categorized into seven standard modes, as detailed 
in the table below.

Table 1 Tugboat Operating Conditions

operating mode Standard speed (kn) Power range (horsepower)

berthing condition 0 200~700

slow speed condition 4 700~1000

service speed condition 10 1000~2000

General towing condition with departure and mooring 6 2000~4000

off -berthing dynamic positioning condition 0 4000~5000

full service speed condition 12 5000~6000

maximum towing condition/maximum speed of sailing 14 6000~7000

3.3 Construction of Energy Management Strategy for Hydroelectric Hybrid Tug 
Based on real-time towing vessel power demand calculated from current navigation conditions and the hybrid system 
performance model, the PMP (Pontryagin's Minimum Principle) algorithm is employed to determine the optimal fuel cell 
output power. The power demand is then allocated to both the hydrogen fuel cell and lithium battery according to the energy 
fl ow dynamics of the hydrogen-electric hybrid system.

3.3.1 PMP Algorithm 
The PMP algorithm (Pontryagin minimum principle), first proposed in the 1950s, is a fundamental global optimization 
method for solving optimal control problems with constrained variables. It remains a cornerstone in modern control theory[18]. 
Under conditional constraints,

(7)
In this formula, x(t) denotes the state variable, u(t) the control variable, and f the state equation.
The performance metric (objective function) is:

(8)
In the formula  , represents the start time, the end time, the terminal cost, and L denotes the running cost.
Defi ne the Hamiltonian function as:

(9)
where is  the ketechnical vector.
The consensual equation is:

（10）
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The state equation is:

（11）
The boundary conditions are:

（12）

（13）
In the formula , is the terminal state variable. At every time instant, the optimal control variable u*(t) minimizes the 
Hamiltonian function.

（14）
3.3.2 Energy Management Strategy for Hybrid Tug
The system employs the PMP algorithm for energy management of hydrogen-electric hybrid tugs, with the hydrogen fuel cell 
system's output power (PF) as the control variable, the lithium battery's state of charge (SOC) as the state variable, and the 
ship's equivalent hydrogen consumption (J) as the performance metric.
Performance metrics:

（15）
In this  formula, represents  the real -time consumption rate of hydrogen fuel cells, while denotes the instantaneous 
fuel consumption rate of lithium batteries.
The state equation of the system is

（16）
Construct the Hamiltonian function as

（17）
In this  formula, the state variable ( x) takes  different  values under different  operating 
conditions, corresponding to distinct energy distribution outcomes. The product of these variables is equivalent to the battery's 
real-time hydrogen consumption rate.
Construct an energy management strategy model for hydrogen-electric hybrid tugs, as shown in Figure 3. The model 
primarily consists of an offl  ine optimized energy management method and an online real-time optimized energy distribution 
approach, with the latter further divided into two stages: operating condition identifi cation and tug operation. 

Figure 3 Energy Management Strategy Model
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4. Experimental Verifi cation
A Simulink model was developed in MATLAB to simulate a segmented energy management strategy for optimal equivalent 
hydrogen consumption and SOC maintenance across the entire ship. Case studies were conducted under conditions where the 
tugboat transitions from service speed to maximum towing or maximum speed. The simulation parameters included an initial 
SOC value of 0.8 and a target SOC value of 0.5, as shown in Figure 4.

Figure 4 Simulation Result Diagram

Simulation test results demonstrate that during the tug's transition from service speed to maximum towing or cruising speed, 
the power battery SOC curve shows a high initial SOC. The tug's hybrid system executes an energy management strategy 
optimizing equivalent hydrogen consumption, causing the SOC to gradually decrease. When the SOC reaches the preset 
threshold, the system maintains an energy management strategy to stabilize the power battery SOC at approximately 0.5. The 
fuel cell output power curve reveals that under the optimal equivalent hydrogen consumption strategy, the fuel cell's output 
fl uctuates around 5,000 horsepower, a characteristic inherent to the fuel cell's operational properties. When implementing the 
SOC maintenance strategy, the fuel cell's output increases due to the boundary condition of SOC stabilization. This power 
boost achieves the goal of maintaining the power battery SOC.

Conclusion
The overall operational data indicates that the fuel cell never operated under high-power heavy-load conditions, with only 
brief periods of low-power idle operation. This energy management strategy for the towing vessel eff ectively reduces the fuel 
cell's workload, thereby enhancing its long-term durability. Meanwhile, the power battery consistently operates within an 
effi  cient range, which slows down performance degradation and improves both battery lifespan and overall system effi  ciency.
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