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            Abstract
          
        

        
          This paper presents the development and implementation of an Integrated Energy Management System (IEMS) that applies a movable battery in an electric propulsion car ferry ship. The proposed system integrally controls fixed and movable battery, charging panels, inverters, and propulsion motors, and realizes stable and efficient power supply through the Power Management System (PMS) and the Energy Management System (EMS). It is also designed to quickly handle faults and alarms that may occur during operation through control logic and HMI-based monitoring. As a result of the experiment, the proposed system showed improved performance in operational efficiency and maintenance compared to fixed battery-based operation.
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      1. Introduction
      With the recent reinforcement of environmental regulations by the International Maritime Organization (IMO), the decarbonization of ships and the introduction of eco-friendly energy are accelerating. Offshore transport ships such as Car Ferry ship are suitable fields for applying battery-powered electric propulsion systems. However, when only fixed battery is used, the charging time is long, maintenance is not easy, and operation efficiency such as sailing distance constraints is low. To overcome this limitation, it is necessary to consider how to operate a movable battery that can be charged more easily than a fixed battery and has a large capacity together [1][2][3].

      The purpose of this study is to design an integrated energy management system for electric propulsion car ferry ship with movable battery and to implement a structure that enables stable operation and rapid energy replacement [4][5].

    

    

  
    
      2. Related Research and Technical Background
      Previous studies have focused on the development of Power Manage System(PMS) and Energy Management System(EMS) using ship energy storage systems (ESS) and battery. However, due to the nature of the ship, these systems are inefficient for car ferry ship that require fast charging after a short operation [6]-[10].

      Table 1 shows the main differences between the existing fixed battery-based system and the movable battery-based system proposed in this paper.

      
        Table 1: 
				
        

        
          Comparison of Fixed and Movable Battery Based Systems
        
        

      

      
        
          
            	Class
            	Fixed Battery
            	Movable Battery
          

        
        
          	Charging method
          	Recharge for a long time after berth
          	Battery replacement type, fast operation
        

        
          	Maintenance
          	Difficulty replacing the battery
          	Easy replacing the battery
        

        
          	operational efficiency
          	Unable to operate  during charging time
          	Charging at the  charging station, and re-operating quickly
        

      

      
        
          Cf. CC: Constant Current, CV: Constant Voltage batt.: Battery
        

      

      

      Based on this differentiation, this study design a power integrated control system that adds a movable battery in the existing fixed battery operation and controls it in conjunction with PMS/EMS.

    

    

  
    
      3. System Architecture
      
        3.1 Electric Propulsion System Overview
        The electric propulsion system consists of the power generation system based on the onboard battery system, the distribution system that manages and controls the generated power, and the propulsion system for ship propulsion, as shown in Figure 1. The system supports economic ship operation by efficiently generating and managing power through monitoring and control of each subsystem.

        
          
          

          Figure 1: 
				
          

          
            Single line diagram for electric propulsion car ferry ship
          
          

          

        

      

      
        3.2 Power Management System (PMS)
        The Power Management System is installed on the distribution board and controls and monitors the battery management system, DC-DC converter, hotel-load inverter, propulsion motor inverter, and circuit breaker for power supply in the ship. Each equipment is controlled and monitored through PMS and Hardwire connections and communication interworking. Modbus TCP is used as the protocol used during communication interworking, and the monitoring and control of PMS main data is performed using Hardwire, and other data is performed by communication [7][8].

        
          	• Main Controller : PLC-based CPU with Redundancy Structure


          	• Connection : fixed/movable battery, fixed/movable battery converter, propulsion motor inverter, Hotel Load inverter, Energy Management System


          	• Interface : Hardwire, Ethernet(Modbus TCP), RS-485 Serial


          	• Main Function
- On/off control and power status monitoring of fixed/movable battery
- DC-DC converters, Hotel-load inverters and PM motor drive : Pre-Charging, start, ttop, output power monitoring and control
- Monitoring and control main bus and circuit breaker status


        

        
          Table 2: 
				
          

          
            PMS Main Specification
          
          

        

        
          
            
              	Classification
              	Specification
            

          
          
            	CPU
            	Siemens PLC 1517H-3 PN, Redundancy
          

          
            	Input
            	Digital 16ch x 7, Analog 8ch x 4
          

          
            	Output
            	Digital 16ch x 6, Analog 8ch x 2
          

          
            	Comm.
            	Ethernet, RS-485
          

          
            	HMI Device
            	Siemens Touch Panel 12"
          

        

        

      

      
        3.3 Energy Management System (EMS)
        The Energy Management System (EMS) is a system that efficiently manages energy by monitoring and control the power generated by the battery and charging panels installed on board and the power consumed by the propulsion motor and onboard equipment. It also provides a function to control the propulsion motor inverter through the speed lever installed in the EMS Console for propulsion of the ship [9][10].

        
          	• Application of PC-based HMI and PLC controller, redundant servers and marine monitor-based operations


          	• Connection : Power Management System, Speed Lever


          	• Interface : Hardwire, Ethernet(Modbus TCP)


          	• Main Function
- Monitoring power generation and consumption of fixed/movable battery through PMS
- Display the status of DC-DC converters, hotel load inverters, propulsion motor inverters, and circuit breakers
- Control fixed battery charging using a movable battery
- Propulsion Motor Inverter Speed Command via Speed Control Lever
- Power Flow Monitoring, Alarm and Trend Data Management, Mimic Screen Display


        

      

    

    

  
    
      4. Implementation
      
        4.1 PMS Control Logic
        The PMS controls battery charging/discharging and inverter operation in stages. It performs pre-charging, run, and stop control and includes an automatic shut-off function in case of a fault.

        
          Table 3: 
				
          

          
            EMS Main Specification
          
          

        

        
          
            
              	Classification
              	Specification
            

          
          
            	PC & Monitor
            	Class-approved PC, WinCC Server Redundancy, Monitor(24'' Marine, Console Mount)
          

          
            	Controller
            	Siemens PLC 1516-3 PN/DP
          

          
            	IO
            	DI:16ch, DO:16ch, AI:40ch, AO:8ch
          

          
            	Comm.
            	Ethernet(Modbus TCP)
          

        

        

        
          Table 4: 
				
          

          
            Battery operation method
          
          

        

        
          
            
              	　
              	Battery operation method
              	Note
            

          
          
            	1
            	Fixed battery independent operation
            	- CC Control
          

          
            	2
            	Movable battery independent operation
            	- CC Control
- Performs movable battery power connection control
          

          
            	3
            	Battery Parallel Operation
- Fixed (discharge) 
- Movable (discharge)
            	- Movable batt.: CC Control
- Fixed batt.: CC Control
          

          
            	4
            	Battery Parallel Operation
- Fixed (Charge) 
- Movable (discharge)
            	- Movable batt.: CC Control
- Fixed batt.: CC-CV Control
          

        

        
          
            Cf. CC: Constant Current, CV: Constant Voltage batt.: Battery
          

        

        

        The cases and control methods of fixed and movable battery in the PMS are shown in the table below.

        ① Fixed battery independent operation

        In this mode, the fixed battery system independently supplies onboard power. This operation is applied when the movable battery is not in use, such as during battery replacement while the vessel is anchored. The fixed battery ensures continuous power supply to onboard loads under these conditions.

        
          
          

          Figure 2: 
				
          

          
            Fixed battery independent operation
          
          

          

        

        
          
          

          Figure 3: 
				
          

          
            Movable battery independent operation
          
          

          

        

        ② Movable battery independent operation

        During most propulsion operating conditions while sailing, the movable battery system operates independently. In this mode, the movable battery supplies power to both the onboard electrical loads and the propulsion motor, enabling normal vessel operation.

        ③ Battery Parallel Operation : Fixed (discharge) + Movable (discharge)

        Parallel discharge operation is applied during departure and arrival, or when additional power is required during sailing, such as increased propulsion demand or higher onboard load. In these cases, the fixed battery system is connected in parallel with the movable battery system to support additional power demand and ensure stable system operation.

        ④ Battery Parallel Operation : Fixed (Charge) + Movable (discharge)

        During sailing, if the state of charge (SOC) of the fixed battery system falls below a predefined threshold, parallel charging operation is initiated. In the proposed system, the IEMS evaluates the available power margin of the movable battery and performs charging of the fixed battery system when the SOC falls below 10%, which is set as the default threshold in the EMS.

        
          
          

          Figure 4: 
				
          

          
            Battery Parallel Operation : Fixed (discharge) + Movable (discharge)
          
          

          

        

        
          
          

          Figure 5: 
				
          

          
            Battery Parallel Operation : Fixed (Charge) + Movable (discharge)
          
          

          

        

        
          Table 5: 
				
          

          
            EMS Functions
          
          

        

        
          
            
              	Menu
              	Description
            

          
          
            	Home
            	EMS's main display and includes buttons for navigating to various other HMI screens.
          

          
            	Overview
            	Overview Screen delivers critical information from the linked equipment to the user through graphical elements, numerical data, and symbolic indicators
          

          
            	Mimic
            	Mimic Screen offers a detailed visualization of the power system operation using graphical representations, symbols, and numerical values. Users can select individual equipment images to view the corresponding detailed information.
          

          
            	Alarm
            	Alarm screen provides fault information detected or diagnosed by the IEMS and notifies the user of the relevant fault conditions.
          

          
            	History
            	History screen logs fault events detected by the IEMS, along with equipment maintenance history over a specified duration, and makes this information available to the user.
          

          
            	Trend
            	Trend screen compiles the analog signals acquired by the IEMS to show the vessel's operational trends, and enables the storage of output data over a specified duration for external use.
          

          
            	Parameter
            	Parameter screen allows users to view the IEMS control settings, fault conditions, and automatic operation parameters. Users with the appropriate operator permissions can modify these configuration values.
          

        

        

      

      
        4.2 EMS functions
        The EMS visualizes the power flow of the power generation source (fixed and movable battery) and controls the propulsion motor through a speed lever. It also provides functions to limit the output of the propulsion motor through automatic/manual mode switching of the propulsion motor and power limit setting. To this end, the EMS provides several human machine interface (HMI) screens for the operator. EMS and related HMI screens were developed directly using a WinCC-based platform with custom screen layout and control.

        
          
          

          Figure 6: 
				
          

          
            EMS HMI Configuration Screens
          
          

          

        

      

    

    

  
    
      5. Experiment & Results
      
        5.1 Experimental environment
        The test environment was tested through a test operation using an electric propulsion car ferry ship, and the main electric propulsion equipment installed on the electric propulsion car ferry ship is as follows.

        
          	• Ship battery: 200kWh class fixed battery system and 800kWh class movable battery system each 2 units


          	• Two separate bus bars consisting of one each fixed and movable, and four converters for the battery


          	• Two on-board power supply inverters and two propulsion motors using power supplied from each main bus


        

        Two types of batteries used in this test were used, and their specifications are shown in Table 6.

        
          Table 6: 
				
          

          
            Fixed Battery and Movable Battery Specification 
          
          

        

        
          
            
              	　
              	Fixed Battery
              	Movable Battery
            

          
          
            	Nominal Voltage
            	608.85V
            	712.8V
          

          
            	Rated Capacity
            	362.8Ah
            	1260Ah
          

          
            	Energy Capacity
            	220.94kWh
            	898.1kWh
          

          
            	Operating Voltage Range
            	495V ~ 679.8V
            	594.0V ~ 821.7V
          

          
            	Useable Voltage Range
            	495V ~ 679.8V
            	685.4V ~ 795.9V
          

          
            	Max charge Current Limit
            	120.96A 
 (1 C-Rate)
            	300A 
 (1 C-Rate)
          

          
            	Max discharge Current Limit
            	241.92A 
 (1 C-Rate)
            	300A 
 (1 C-Rate)
          

          
            	Battery Material
            	Li-Ion
            	Li-Ion
          

        

        

        The fixed battery is fixed to the hull and configured to be connected to the main distribution panel. The movable battery is installed in a 20-feet container and can be moved while mounted on the vehicle, and is configured to be connected to the main switchboard through a power connection device.

        Two 500 kW propulsion motors were used in this test, and their specifications are shown in Table 7.

        
          Table 7: 
				
          

          
            Propulsion Motor Specification
          
          

        

        
          
            
              	Type
              	Value
            

          
          
            	Power
            	500kW
          

          
            	Torque
            	3979Nm
          

          
            	Max Speed
            	1200 RPM
          

          
            	Current
            	618A
          

          
            	Voltage
            	AC 520V
          

        

        

        
          Table 8: 
				
          

          
            Operating conditions of the test cases
          
          

        

        
          
            
              	Item
              	5.2.1
              	5.2.2
              	5.2.3,
5.2.4
            

          
          
            	Battery Operation Mode
            	Fixed Battery Alone
            	Movable Battery Alone
            	Fixed/Movable Battery Parallel
          

          
            	Bus Tie State
            	Open
          

          
            	Propulsion Motor Speed(rpm)
            	0-700
            	0-1050
            	0-1050
          

          
            	Propulsion Motor Power(kW)
            	0-160
            	0-390
            	0-390
          

          
            	Onboard Load(kW)
            	10
          

          
            	Fixed Battery Charging Power(kW)
            	N/A
            	N/A
            	0-110
          

        

        

        The test monitoring the battery state of charge (SOC) change and main bus power voltage change according to the load change in the ship using fixed and movable battery installed on the electric propulsion car ferry ship, and this test was conducted with the bus tie in an open state. The test items are as follows.

        
          	1) Battery SOC change and propulsion motor output results when using a fixed battery


          	2) Battery SOC change and propulsion motor output results when using a movable battery


          	3) Use movable battery to propel ships, supply onboard power, and charge fixed battery


          	4) Fixed and movable battery output voltage in parallel operation


        

      

      
        5.2 Test Results
        
          5.2.1 Battery SOC change and propulsion motor output results when using fixed battery alone
          
            
            

            Figure 7: 
				
            

            
              No.1 Bus power usage and remaining power trend graph when using a No.1 fixed battery
            
            

            

          

          
            
            

            Figure 8: 
				
            

            
              No.2 Bus power usage and remaining power trend graph when using a No.2 fixed battery
            
            

            

          

          If the propulsion motor 700 rpm (160 kW) and the onboard power supply (10 kW) were supplied by each fixed battery, the discharge state could be maintained for about 1 hour.(When maintaining the corresponding propulsion state according to the sea trial verified condition, the battery SOC decreased from 92% to 28%, and the electric propulsion car ferry ship was operated for about 1 hour.)

          The fixed battery was discharged in real time according to the change in power demand under the load change condition used during sea trial, and it was confirmed that the entire system could maintain stable power supply and demand.

        

        
          5.2.2 Battery SOC change and propulsion motor output results when using movable battery alone
          If the power that propulsion motor 1050 rpm (390 kW) + onboard power supply (10 kW) is supplied by each movable battery, the discharge can be maintained for about 2 hours, but the actual electric propulsion ship was operated for 40 minutes, and at this time the battery SOC changed from 80% to 58%.

          The movable battery was discharged in real time according to the change in power demand under the load used during the system test operation, and it was confirmed that the power supply and demand of the entire system could be stably maintained.

          
            
            

            Figure 9: 
				
            

            
              No.1 Bus power usage and remaining power trend graph when using a No.1 movable battery
            
            

            

          

          
            
            

            Figure 10: 
				
            

            
              No.2 Bus power usage and remaining power trend graph when using a No.2 movable battery
            
            

            

          

        

        
          5.2.3 Battery SOC change and propulsion motor output results in fixed and movable battery parallel operation
          While supplying power to the onboard power and propulsion motor with a movable battery, the fixed battery was charged as much as the extra power of the movable battery (more than 30kW of power) determined by the power management system.

          During charging, the power management system supervises the charging current limit defined by the battery management system (BMS) and regulates the charging power accordingly. The charging current limit is not fixed; rather, it varies according to the state of charge (SOC) of the fixed battery based on the BMS charging profile. In this study, the charging power was determined by comprehensively considering the real-time available power of the movable battery, the maximum allowable charging current of the fixed battery, and the DC bus voltage variations caused by load conditions during the sea trial. The charging conditions were configured in accordance with the specifications and operating requirements provided by the battery manufacturer. If the extra power of the movable battery is less than 30 kW or the SOC of the movable battery exceeds 90% for 5 minutes or more during the charging operation of the fixed battery, the power management system ends the charging operation and switches to the movable battery only operation mode.

          In the event that the excess power of the movable battery is less than 30 kW or the SOC of the fixed battery exceeds 90% for 5 minutes or more, the power management system ends the charging operation and switches to the movable battery alone mode.

          The movable battery was discharged in real time in accordance with the change in power demand under the load used during the system test operation (propulsion motor + fixed battery charging by the excess power + power), and it was confirmed that the overall power supply and demand of the system can be stably maintained.

          
            
            

            Figure 11: 
				
            

            
              Graph of the use of No.1 Bus power and the remaining capacity of the No.1 fixed battery and the No.1 movable battery in parallel operation
            
            

            

          

          
            
            

            Figure 12: 
				
            

            
              Graph of the use of No.2 Bus power and the remaining capacity of the No.2 fixed battery and the No.1 movable battery in parallel operation
            
            

            

          

          
            
            

            Figure 13: 
				
            

            
              Graph of output voltages for No.1 Bus and No.2 Bus in parallel operation of fixed and movable battery
            
            

            

          

        

        
          5.2.4 Fixed and movable battery output voltage results in parallel operation
          In the No. 1 Bus, the movable battery was operated alone, and in the No. 2 Bus, the fixed battery parallel operation (charging) while the movable battery was operated alone and then switched to the separate operation. In this case, it was confirmed that the output voltage was maintained within about ±2% even during the parallel operation of the fixed battery and the movable battery.

        

      

    

    

  
    
      6. Conclusion
      In this study, a DC distribution system was designed and implemented by integrating fixed and movable battery systems, a DC switchboard for DC power generation, and an Integrated Energy Management System (IEMS) capable of remotely monitoring and control equipment interconnected with the DC distribution network. The proposed system was applied to an actual vessel, and its feasibility and operational stability were verified under real ship operating conditions.

      The integrated energy management system continuously monitors and evaluates the operational status of the battery power sources, enabling seamless transitions between parallel and stand-alone operation modes while maintaining continuity of power supply during mode switching. Furthermore, during parallel operation, an energy management strategy that utilizes surplus power to charge the fixed battery system was successfully implemented and validated, allowing the system to prepare for future increases in propulsion and onboard power demand.

      Compared to conventional power systems based solely on fixed battery installations, the proposed system enhances operational efficiency by increasing flexibility in power source utilization, enabling adaptive power sharing according to operating conditions, and reducing operational downtime during battery replacement. In addition, maintenance and serviceability are improved by allowing the movable battery system to be replaced or serviced independently, thereby minimizing vessel downtime and simplifying battery management procedures.

      Future research will extend the system architecture presented in this study to establish practical guidelines applicable to ships and shore-based equipment employing DC distribution systems. Further investigations will focus on scaling distribution capacity, expanding the number and configuration of power sources, and integrating the proposed system with existing ship automation systems. Moreover, the standardization of shipboard battery systems and the development of battery replacement and charging infrastructure will be addressed as key challenges for practical implementation.
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