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Abstract

:

With the strengthening of international environmental regulations, many studies on the integrated electric propulsion systems applicable to eco-friendly ship are being conducted. However, few studies have been performed to establish a guide line for the overall pure electric propulsion ship design. Therefore, this paper introduces the comprehensive design of DC shipboard power system for pure electric propulsion ship based on battery energy storage system (BESS). To design and configure the pure electric propulsion ship, 2 MW propulsion car ferry was assumed and adopted to be the target vessel in this paper. In order to design the overall system, a series of design processes, such as the decision of the ship operation profile, BESS capacity selection, configuration of the power conversion systems for propulsion, battery charging/discharging procedures, classification of system operation modes, and analysis of the efficiency, were considered. The proposed efficient design and analysis of the pure electric propulsion ship was qualitatively and quantitatively validated by MATLAB Simulink tool. The methodology presented in this paper can help design real ships before the system commissioning.
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1. Introduction


Currently, about 90% of international import and export cargoes rely on international shipping, and carbon dioxide emissions occurring in the maritime sector account for about 3.3% of greenhouse gas emissions [1,2,3]. Issues such as greenhouse gases, sulfur oxides, nitrogen oxides, and fine dust emitted by ships are emerging as environmental pollution problems [4]. Accordingly, the International Maritime Organization (IMO) is restricting greenhouse gas and air pollutant emissions by revising the Marine Pollution Treaty (MARPOL Annex VI) to strengthen international marine and air pollution regulations [5]. The IMO has implemented greenhouse gas reduction regulations since 2013 and aims to reduce greenhouse gas emissions by 30% by 2025 compared to the present in stages [6]. The operation of ships that are not equipped with technologies to reduce greenhouse gas emissions will be fundamentally blocked by the IMO’s greenhouse gas regulations, and the demand for eco-friendly ships and related equipment is expected to expand further with the introduction of various environmental regulations. As an alternative to the regulations, there is an integrated power system (IPS) that integrates and operates propulsion power and auxiliary power. The design and operation of IPSs has the advantage of being able to significantly reduce air pollutant emissions while increasing energy efficiency [7,8,9,10]. In the past, mechanical propulsion systems using diesel engines or gas turbine engines, which are internal combustion engines, were applied. However, since noises and vibration increase, and fuel efficiency is lowered under the conditions where the load factor of the internal combustion engines for propulsion is lowered in the case of mechanical propulsion systems as such, the fuel efficiency should be improved, and the exhaust gases should be reduced. In addition, as the size, speed and power load of ships increase rapidly, the need for electric propulsion technology for ships applying an integrated electric propulsion system capable of supplying large-capacity power is gradually increasing [11]. The electric propulsion methods can be largely divided into diesel-electric propulsion, pure electric propulsion, and hybrid electric propulsion depending on the power source, and studies on pure electric propulsion ships intended to save energy on board and increase cost efficiency are in the limelight [12,13,14].



Electric propulsion by batteries is an eco-friendly operation method that does not generate exhaust gases [15,16], and it can increase energy efficiency by supplying temporary power or storing regenerative energy using the characteristics of batteries that can be charged/discharged. When designing a system, the performance, volume, weight, and price of a battery should be considered as important factors, and the optimal design considering other power conversion systems (PCSs) as well as batteries should be possible. Many comprehensive studies have been conducted to design a pure electric propulsion ship, in academia as well as in industry. Table 1 shows the representative and conventional studies on the design of electric propulsion ship which are relative to this paper. This table introduces the major elemental technologies and their specific design elements, in terms of the related works and the relevance to this paper. It is necessary to establish a guide line for the overall electric ship design in reference to the related works.



Therefore, in this paper, a method of design through the design of the battery capacity for application as the power source of pure electric propulsion systems and the analysis of the efficiency of major equipment units according to the time-variant power distribution and the system structures was proposed. Furthermore, the integrated MATLAB simulation was performed by establishing DC distribution system and its operation modes.



The target vessel of this paper was assumed to be a 2 MW propulsion car ferry that operates round-trips between land and an island, and the detailed specifications were assumed referring to the specifications of the world’s first electric propulsion ships, the MV Ampere and the Future of the Fjords. The battery model provided by MATLAB was used to design the capacity of the Battery Energy Storage System (BESS) applied as a power source for the target vessel, and lithium-ion batteries that have high energy density and low self-discharge were applied [17]. Therefore, the aforementioned analysis of the system design requirement is described in Section 2.



There are two types of power distribution methods for electric propulsion systems: AC distribution and DC distribution; the DC distribution method is attracting attention due to the recent development of power electronics technologies and power conversion systems [18]. Compared to the AC power distribution method, the DC distribution method has the advantages that energy efficiency can be improved as its loss due to power conversion and line loss are small and that fuel consumption is reduced thanks to its optimal operation of the genset [19]. In addition, it also has the advantages that power conversion efficiency can be improved and that the control is simplified because an additional power conversion device becomes unnecessary thanks to the direct connection of an energy storage system (ESS). Therefore, the DC power distribution method has the advantages of low transmission loss, space and weight reduction, and flexibility in the arrangement of electrical equipment [20,21]. In Section 3 of this paper, the system configuration method for the target ferry is proposed based on the DC distribution, and operation modes are also established by accident situation.



In Section 4 of this paper, the analysis of the efficiency of the system components using MATLAB Simulink is described. Reflecting the propulsion speed and torque profile of the target vessel, a simulation of motor propulsion was performed for one of the two propulsion axes. In the case of a pure electric propulsion system, the analysis of the efficiency of ship components according to the charging/discharging sequence of the battery acting as a power source should also be conducted, and in the case of the inverter for propulsion, the average model was used to calculate the loss. The loss was derived based on one round trip, and when designing the actual system, the battery capacity should be designed with a larger margin reflecting the loss.
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Table 1. Conventional studies on the design of an electric propulsion ship.






Table 1. Conventional studies on the design of an electric propulsion ship.





	
Elemental Technologies

	
Specific Design Elements

	
Related Works

	
Explanatory Note

	
Relevance to This Paper






	
Extraction of ship operation profile

	
Ferry operation profile

	
[22,23]

	
-

	
++




	
Load profile

	
[22,24]

	
-

	
+++




	
BESS design

	
BESS capacity

	
[8,24,25]

	
without system loss consideration

	
+++




	
BESS equivalent circuit modelling

	
[22,23,26,27,28,29,30,31,32]

	
Ref. [22] with battery degradation modelling

	
+




	
SOC estimator

	
[22,33,34]

	
-

	
×




	
DC distribution design

	
Power conversion system

	
[13,21,35,36]

	
Ref. [21] with transient and steady-state consideration

	
+++




	
Propulsion motor

	
[8,37,38,39]

	
-

	
++




	
Efficiency analysis

	
Equivalent loss modelling

	
[40,41]

	
without pure electric propulsion ship consideration

	
+++




	
Development of overall system simulation

	
Non-real-time simulation

	
[13,23,36]

	
without instantaneous loss consideration

	
++




	
Real-time simulation

	
[35]

	
-

	
×








Degree of relevance: high (+++), intermediate (++), weak (+), unrelated (×).












2. Analysis of System Design Requirements


2.1. Selection of a Target Vessel for the Calculation of the Required Propulsion Power


In order to calculate the power required for the propulsion of the 2 MW-class target ferry, the MV Ampere and the Future of the Fjords, which are representative pure electric propulsion ships, were referred to. The target vessel used in this study was assumed to operate at a speed of up to 11 knots by operating two 900 kW class motors. In addition, in order to select the operation profile of the target vessel, the operation profile of an actual car ferry with similar vessel specifications was referred to. Table 2 shows the operation profiles by section of the target vessel. The target vessel in this paper operates a distance of 2.7 nautical miles between land and the island at speeds up to 11 knots. The power required for propulsion during operation is 1740 kW, and the auxiliary load used in the ship is 150 kW. In this case, the sailing time between land and the island is 15 min for one-way. After finishing sailing from land to the island, the vessel anchors on the island for about 15 min, and at this time, the power required for propulsion and aux. loads of the vessel are 3.3 kW and 150 kW, respectively. For simplicity of the discussion, the propulsion power (3.3 kW) during island anchoring was omitted in the simulation. After finishing a round-trip operation, the target vessel anchors on land and takes about 75 min to recharge the BESS.



The propulsion RPM and vessel speed according to the operation profile of the target vessel were implemented using MATLAB, as shown in Figure 1. In this paper, as shown in Figure 2, it was assumed that the vessel operates at a rated speed of 11 knots 30 s after the start of acceleration. If the speed is accelerated by rapidly increasing the RPM at the start of the operation, instantaneous overcurrent will occur, and this will lead to an unnecessary system price increase when designing the electrical system. Therefore, limiting the operation profile within the allowed limit is reasonable. Therefore, the load profile was derived applying the optimal operating speed and RPM that can reduce the fuel consumption of the target vessel.



The load profile of the target vessel was calculated reflecting the operation profile as shown in Figure 3. When the vessel operates in a section for a round trip between land and the islands, the total power consumption is 1890 kW, which is the sum of the power required for propulsion 1740 kW and the auxiliary load 150 kW. In the section for anchorage on land, the power consumption is 0 kW because there is no power consumption due to the power required for propulsion or auxiliary load. After a round-trip operation ended, the vessel has a recharge time of at least 1 h (about 75 min). The maximum propulsion power is 1740 kW, and it was assumed that 150 kW would be consumed as the auxiliary power during operation and loading and 0 kW would be consumed during charging.




2.2. Simulation of the Propulsion Motor of the Target Vessel


The propulsion of the target vessel in this paper, requires a large torque at low speed as shown in the operation profile. As a reference for the foregoing, the 1.7 MW-class electric motor can be cited as an example [37]. However, when the propulsion FFX-II EPM is applied, although high torque can be generated at low RPM, it is difficult to secure system parameters. Therefore, in this study, the simulation was carried out based on the 2.5 MW motor, which has been actually fabricated. Table 3 shows the specifications of that motor.



The simulation of the propulsion motor of the target vessel was performed applying the parameters shown in Table 3. A gearbox (1:10) for the implementation of low RPM and high torque was applied, and a simulation of one of the two propulsion axes was carried out.



The MATLAB SIMULINK-based propulsion simulation is as shown in Figure 4. The simulation consists of the control unit including the speed and current controllers, and the power unit, including the permanent magnet motor and the load torque part. The speed controller receives the command value to output the torque command, and the current command according to the relevant torque was generated using MTPA (Maximum Torque Per Ampere) for maximum efficiency point operation.



The current controller was configured as a complex vector current controller, which receives current commands as inputs to generate inverter voltage commands. The voltage command of the inverter goes into the power unit, but the switching model of the inverter was omitted, and the controller was configured so that the voltage command goes into the input voltage of the permanent magnet synchronous motor (PMSM). The result of the propulsion simulation shown in Figure 4 is as shown in Figure 5, and the configuration of the propulsion inverter was proposed based on this simulation result.



It was assumed that one of the two propulsion axes would be started, and about 1 MW of propulsion was simulated. As a result of the simulation, in the case of propulsion of about 1 MW, the motor has a current of 2126 A at the maximum. Therefore, if the inverter is assumed as a 2-level IGBT-based inverter with a DC link voltage of 1000 V, it is reasonable to operate the motor with two inverters per one axis. In the case of a three-phase motor that will be configured with the inverters for propulsion as such, parallel operation of the inverters must be implemented, and this is addressed in Section 2.3.




2.3. Configuration of the Inverter for Propulsion of the Target Vessel


When designing based on 2.5 MW class motor, if it is assumed that the DC link voltage is 1000 V and the AC rated voltage is 690 V, a power conversion device can be configured using two-level parallel inverters as shown in Figure 6. According to the results of the simulation of the propulsion motor, parallel operation of two inverters is required to configure the electric propulsion system of the target ship. When designing a system with two-level inverters per axis in two parallel configurations, the system can be designed in a structure where multiple half-bridge inverters are connected in parallel. The system was configured so that three half-bridge inverters constitute one three-phase inverter, and two of these three-phase inverters generate an output power of 1 MW. Parallel operation has the advantage that the reliability of the system can be improved by connecting multiple single half-bridge inverter modules in parallel so that they are operated as if one large inverter is operated and designing the system to have spare modules so that when one inverter breaks down, another inverter can be operated normally. Parallel operation is also advantageous for productivity, maintenance, and mass production through module manufacturing, and if applied to light-load operation conditions, parallel operation has the advantage that the loss at light loads can be reduced, and the efficiency can be improved by adjusting the number of inverters operated [42]. In addition, power quality improvement can be expected in the case of interleaving operation as the output voltage and current ripple are reduced. However, since circulating current (   i 0   ) inevitably occurs due to the mismatch of the switching state, parallel operation can cause the distortion of the output current and system loss without controlling the circulating current. Therefore, efforts to reduce losses are necessary such as reducing the circulating current through control [43].




2.4. Design of Battery Energy Storage System Capacity


For the design of the capacity of the BESS applied as the power source of the target vessel, the BESS was simulated with MATLAB SIMULINK as shown in Figure 7. The required propulsion was calculated reflecting the operation profile, and the total energy consumed by the vessel was calculated by adding the auxiliary loads used on the vessel. During the time when charging is possible, the battery is charged by as much as the power that is consumed in one voyage.



The simulation implemented BESS modeling using the battery model provided by MATLAB, and the detailed specifications of the battery are as follows [29,30,31,32], provided that, the initial condition of SOC is set to 80–90% according to the recommendation of the battery manufacturer.








	
Battery Type: Lithium-Ion;



	
Nominal Voltage: 1000 [V];



	
Rated Capacity: 1800–2500 [Ah];



	
Initial SOC: 80–90%.









2.5. BESS Charge/Discharge Profile According to Operation


The target vessel consumes 1740 kW for propulsion and 150 kW for auxiliary load when operating at 11 knots, and 150 kW for auxiliary load when anchored. The total load for one round trip operation calculated is about 980 kWh. When the battery capacity is designed as 2 MWh according to the operation profile, the DoD discharges at a discharge rate of 47.2%. In this case, the SOC of the battery is adjusted to 30–90% to protect it from over-charge and over-discharge [44]. The capacity of the battery was selected in consideration of DoD and C-rate when the initial charging capacity was assumed to be 80%.



Figure 8 shows the charge/discharge profile of the BESS according to the operation of the target vessel. The BESS is discharged at a discharge rate of 1.05 C during the operation between land and the island and is charged at a rate of 0.45 C when the vessel is anchored on land. It was identified that the charging time in this case was 63 min. The temperature of lithium-ion batteries rises rapidly when operating under operating conditions of overcharge or over-discharge. Therefore, heat generation due to rapid charging/discharging of the battery should be considered without fail when the BESS is actually applied because it affects the lifespan of the battery pack [45,46].




2.6. BESS Design According to the Charge/Discharge Profile


Lithium-ion batteries, which have excellent energy density, are one of the most widely used batteries. Although the development of battery miniaturization technology and cathode materials with high energy storage efficiency have achieved great results, the amount of energy that can be stored in one cell is limited. Therefore, when using batteries in actual systems, multiple cells are connected in series and parallel to form and use battery packs to fit the voltage, current, and capacity required by each system [46]. The lithium-ion cells used in the battery system pack configuration are made using an active material called Li-NMC (Lithium Nickel Manganese Cobalt Oxide), which is mainly used in applications such as ESS and EV. These cells have nominal voltages of 3.6~3.7 V and are designed in the configuration of 2P-252S (2 parallel and 252 series). The voltage range of the cells is 3.0 to 4.2 V and that of the battery pack is 756 to 1058 V. Assuming the design life of the battery system as 10 years, in order to design a system with a capacity of 2.0 MWh, 16 battery packs with 124 kWh/pack are connected in parallel.





3. Design of a High-Efficiency Eco-Friendly Integrated Power System


3.1. Proposal of a System Configuration Method


In Section 2.4 and Section 2.5, simulations were carried out using the battery model provided by MATLAB to design the capacity of the BESS, which is applied as the power source of the target vessel. Considering the required load energy according to the operation profile of the target vessel, the capacity was calculated as 2 MW based on lithium-ion batteries. Accordingly, the DC/DC converter for the purpose of voltage regulation during battery charging/discharging has a capacity of 1 MW per axis. The target vessel obtains propulsion by operating 900 kW motor per one axis, and the inverter connected to the motor and operating as a variable frequency drive (VFD) has a capacity of 1 MW in this case. As such, the capacities of the main equipment units were selected according to the capacity of the battery, and based on the foregoing, a system configuration method was presented in this section. In addition, based on MATLAB SIMULINK, the loss models of the main components of the power distribution system were simulated to analyze the efficiency of the main components according to the battery charge/discharge sequence.



An electric propulsion vessel is an integrated power system that integrates and operates power generation, power conversion, and distribution systems. In this paper, the DC distribution structure of the pure electric propulsion system is proposed. In addition, a DC distribution method, which has the advantage of low transmission loss, enabling space and weight saving, and flexibility in the arrangement of electrical equipment units is proposed. In the proposed DC distribution structure, a solid-state circuit breaker (SSCB) is applied to the bus tie to cope with failures and battery accidents. This is to prepare for safety and enable emergency operation in the event of an accident in the battery, which serves as the power source of the electric motor that generates propulsion. Figure 9 shows a schematic diagram of the proposed DC distribution structure, and the system operation method according to the configuration method is described in Section 3.2.




3.2. Establishment of System Operation Modes


Reflecting the operation profile of the target vessel, the operation modes were separately established for cruising, anchor, and shore. By establishing operation modes by situation, system stability and energy efficiency were increased, and the battery charge/discharge sequence and situations where fault currents occurred were considered and reflected. Battery charging is performed when the vessel is anchored on land, and the relevant schematic diagram is as shown in Figure 10. The shore operation mode means the target vessel’s BESS charging when anchored on land. In this case, the battery charging is carried out by receiving electricity from an alternative maritime power (AMP). The AMP is a device with which vessels anchored in the port is supplied with electricity from a power plant on land. It enables auxiliary loads to be supplied with power continuously. This has the advantage of preventing the emission of air pollutants such as sulfur oxides (SOx) and nitrogen oxides (NOx) that are generated when conventional ships use bunker fuel to generate electricity [47].



In the shore operation mode, the battery is charged by receiving 660 V with the AMP. When charging is carried out, the AC circuit breaker performs a closed operation and charges the battery through a power conversion system (PCS). In this case, the SSCB of the DC Bus performs a closed operation. The DC/DC converter manages battery charging and the prevention of over-charging.



In the cruising operation mode, the battery is discharged by receiving the power required for the propulsion of the electric motor and the auxiliary load on board (Aux.load) from the battery acting as the power source of the propulsion. The auxiliary loads used on board include air conditioning loads, fan loads, and pump loads. The air conditioning loads have no direct effect on the vessel operation and are loads for the crew’s living environment, which are adjusted according to the outboard temperature. Room heating/cooling systems, ventilation systems, and lighting systems correspond to air conditioning loads [48]. When discharging is performed, the AC circuit breaker carries out open operation and the power loss occurring during discharging can be reduced by supplying the entire power from #1 and #2 batteries through SSCB, and not operating the #2 sine filter and #2 500 kW DC/AC inverter. Through the DC/DC converter connected to the batteries, both batteries become to consume the same energy. Figure 11 shows a schematic diagram of the battery discharge sequence in the cruising operation mode.



Figure 12 shows a schematic diagram of battery discharge reflecting a situation of a battery accident during operation. In Figure 12, a situation is assumed where when a No. 1 battery accident has occurred during operation, a fault current occurred, the SSCB detected the accident and carried out open operation thereafter, and the battery-side fuse was blown so that the fault current is completely cut off was assumed. Even in the event of an accident, the AC circuit breaker in the 660 V bus tie operates close for the normal operation of the vessel so that No. 2 battery supplies power to the two axes of the motor and the auxiliary loads on board. In this case, an emergency generator can be additionally operated to supply power together with a No. 2 battery. When an accident with the same condition has also occurred in a No. 2 battery, power can be supplied while maintaining a similar sequence.



As shown in Figure 13, a situation where when a battery accident has occurred in the No. 1 battery, the fuse was blown so that the fault current was completely cut off while the current and voltage within the rated range were maintained. Such a case mainly occurs when the point where the accident occurred and the SSCB are far away in distance. Since the SSCB operates normally, No. 2 battery supplies power to the two axes of the motor and the auxiliary loads on board through the SSCB. In this case, since only the #1 or #2 sine filter and the 500 kW DC/AC inverter operate, the power loss is reduced compared to the Fault 1 situation assumed earlier, as shown in Figure 12. In this case, an emergency generator can be additionally operated to supply power together with No. 2 battery. Identically to the situation of Fault 1, when an accident with the same condition has occurred in No. 2 battery too, power can be supplied by No.1 battery while maintaining a similar sequence.



Figure 14 shows the DC distribution structure, where two 1 MW DC/DC converters connected to the 1 MWh batteries were removed. The 1 MW DC/DC converter used for voltage balance at the DC bus terminal was removed by separating the two batteries by N.O (Normally Open) operating the DC Bus Tie. In this case, in the event of a battery accident, the SSCB or DC breaker can be used to transmit power from the normal battery to the two axes of the motor and the auxiliary load on board. In addition, the AC circuit breaker in the 660 V bus tie can be close operated to additionally transmit power through an emergency generator. However, since one battery deals with the auxiliary load on board in normal operation, problems that may occur due to battery energy imbalance should be considered. It can be controlled by selecting starting or non-starting of #1 and #2 DC/AC inverters depending on the battery SOC or its output voltage, but there is the disadvantage that the control is complicated.





4. Analysis of the Efficiency of a Pure Electric Propulsion Ship


4.1. Simulation of the Loss Model for a Pure Electric Propulsion Ship


Based on the proposed DC distribution system configuration method and the calculation of the capacity of major equipment units in the previous sections, a MATLAB and SIMULINK-based simulation of the electric propulsion of the entire system was constructed. The efficiency of the major equipment units was analyzed through the simulation.



4.1.1. Implementation of the Average Model-Based Converter Loss Model


In the case of the converter loss model, the average model was implemented through three processes [48].



(a) Nonideal half-bridge converter



As shown in Figure 15, the nonideal switch is composed of a transistor and a diode and was configured with a voltage drop component (   V d   ) and a resistance (   r  o n    ) occurring in the conduction state.



(b) Nonideal half-bridge converter average model



An average model was implemented reflecting the tail current generated during transistor turn-off and the reverse recovery current generated during diode turn-off. In the nonideal half-bridge converter shown in Figure 15, the average output voltage (    V ¯  t   ) on the AC side in one cycle when the AC side current ( i ) is positive can be obtained with Equation (1):


    V ¯  t  =  1   T S       ∫ 0   T S      V t  ( τ )      d τ =  1   T S         ∫ 0   t  r r       V t  ( τ )      d τ +    ∫   t  r r     d  T S      V t  ( τ )      d τ +    ∫  d  T S    d  T S  +  t  t c       V t  ( τ )      d τ +    ∫  d  T S  +  t  t c      T S      V t  ( τ )      d τ    



(1)




where    T S   ,  d ,    t  r r    ,    t  t c     refer to the switching period, duty ratio, reverse recovery time, and tail current time, respectively. If Equation (1) is calculated for each section, the results can be expressed as in Equation (2), where    Q  r r    ,    Q  t c     refer to the quantity of electric charge of the reverse recovery current and that of the tail current, respectively. The values of    Q  r r    ,    Q  t c     are commonly provided in datasheets of the power semiconductor switches. In addition,  m  is the modulation index, and     V ¯  t    includes two parasitic terms in addition to   m    V  D C    2   : the effective voltage offset (   V e   ) and the effective resistive voltage drop (   r e  i  ):


      V ¯  t  = m    V  D C    2  −  V e  −  r e  i   ,         w h e r e           i > 0 ,      V e  =  V d  −      Q  r r   +  Q  t c      T S       r  o n   +  V  D C        t  r r      T S      ,      r e  =   1 −    t  r r      T S       r  o n      



(2)







Likewise, the average AC side output voltage (    V ¯  t   ) for one cycle when the AC side current ( i ) is negative can be obtained with Equation (3), and each section can be calculated as shown in Equation (4):


    V ¯  t  =  1   T S       ∫ 0   T S      V t  ( τ )      d τ =  1   T S         ∫ 0   t  t c       V t  ( τ )      d τ +    ∫   t  t c     d  T S      V t  ( τ )      d τ +    ∫  d  T S    d  T S  +  t  r r       V t  ( τ )      d τ +    ∫  d  T S  +  t  r r      T S      V t  ( τ )      d τ    



(3)






      V ¯  t  = m    V  D C    2  +  V e  −  r e  i   ,         w h e r e           i < 0 ,      V e  =  V d  −      Q  r r   +  Q  t c      T S       r  o n   +  V  D C        t  r r      T S      ,      r e  =   1 −    t  r r      T S       r  o n      



(4)







Using Equations (2) and (4), the average output voltage on the AC side can be expressed as shown in Equation (5):


    V ¯  t  = m    V  D C    2  −  i   i     V e  −  r e  i   ,       w h e r e     i ≠ 0  



(5)







In this case, the power loss of the converter may be defined as the value obtained by subtracting the average power of the AC side (   P 2   ) from the average power of the DC side (   P 1   ). The average power of the DC side and the average power of the AC side are as shown in Equations (6) and (7), respectively. Therefore, the average power loss of the converter can be expressed as shown in Equation (8):


    P ¯  1  =  1   T S       ∫ 0   T S      P 1  ( τ )   d τ = m    V  D C    2  i +  V  D C        Q  r r   +  Q  t c      T S          



(6)






    P ¯  2  =   V ¯  t  i = m    V  D C    2  i −  V e   i  −  r e   i 2   



(7)






    P ¯   l o s s   =   P ¯  1  −   P ¯  2  =  V  D C        Q  r r   +  Q  t c      T S      +  V e   i  +  r e   i 2   



(8)







Figure 16 shows the average equivalent circuit of the nonideal half-bridge converter reflecting the average output voltage of the AC side and the average power loss of the converter. Since the reverse recovery time is much shorter than one cycle in general, it can be expressed as    r e  ≅  r  o n    , and since   m    V  D C    2    is much larger than    V e   ,    i   i     V e    can be ignored. Therefore, the average equivalent circuit in Figure 16 can be simplified as shown in Figure 17.



(c) Nonideal 3-phase 2-level converter average model



Based on the average equivalent circuit of the nonideal half-bridge converter shown in Figure 17, the average equivalent circuit of the 3-phase 2-level converter was implemented as shown in Figure 18. The average power loss of the 3-phase 2-level converter can be expressed as shown in Equation (9) based on Equation (8).


    P ¯   t o t a l   l o s s   =   ∑  x = a , b , c      P ¯   l o s s ( x − p h a s e )     = 3  V  D C        Q  r r   +  Q  t c      T S      +  V e       i a    +    i b    +    i c      +  r e     i a    2  +  i b    2  +  i c    2     



(9)







Based on the average power loss equation of the 3-phase 2-level converter shown in Equation (9), the MATLAB/SIMULINK model was implemented as shown in Figure 19.




4.1.2. Loss Model of the Entire DC Power Distribution System


Based on the MATLAB/SIMULINK model of the average power loss of 3-phase 2-level converters, the simulations of 1 MW VFD inverters #1 and #2, 500 kW DC/AC inverters #1 and #2, and 1 MW DC/DC converters #1 and #2 were carried out.



The 1 MW VFD inverter was made with two parallel configurations of 500 kW 2-level inverters. Figure 20 and Figure 21 show the average power loss of the 500 kW DC/AC inverter and the MATLAB/SIMULINK model of the 1 MW VFD inverter power loss, respectively.



In order to simulate the power loss of the DC/AC inverter shown in Figure 20, the process of converting the input power into the current is necessary. Therefore, the current was calculated based on 660 V, which is the AC bus voltage of the DC/AC inverter. If it is assumed that the power factor that is controlled at 1 is close to the optimum efficiency point, the d-axis current which controls the reactive power should be 0% and the q-axis current which provides the active power should be 100% of the converter’s current. Therefore, a process to calculate the q-axis current and convert it into the current in the stationary coordinate system which has an abc-frame, as shown in Figure 20, is necessary.



In order to simulate the VFD inverter power loss shown in Figure 21, the loss according to the operation profile should be calculated. Therefore, the results of the simulation of motor propulsion shown in Figure 4 were used. The current and frequency according to the propulsion power in the simulation of motor propulsion shown in Figure 21b were extracted, and a Look Up Table (LUT), as shown in Figure 21a, was constructed and applied to the simulation. Since the input power of the VFD changes instantaneously according to the operation profile, reflecting the changes, the output current of the VFD was simulated using the magnitude and frequency of the current, which is the output of the LUT according to the input power. The resultant value was input to the inverter loss simulation to extract the final loss. The total loss varies because the operating efficiency is different depending on the proportions of low-speed operation and high-speed operation. If this simulation is used, the loss can be simulated even if the operation profile is changed, considering the foregoing.



As shown in Figure 22, the average power loss model of the 1 MW DC/DC converter was constructed with two parallel configurations of 500 kW 3-phase 2-level converters by connecting them back-to-back. Consequently, it is expected that the efficiency will be lower compared to that of the 1 MW DC/DC converter actually manufactured. Considering the foregoing, the maximum rated efficiency was corrected to about 98% when the simulation was carried out, and this study is meaningful in that it presented the methodology of the analysis.



The overall DC distribution loss simulation model is shown in Figure 23. The transformer, motor, and sine filter were simulated based on the loss in the data sheet for the actual equipment, and the battery charge/discharge efficiency was assumed to be about 97.5%. The entire DC distribution loss simulation model is as shown in Figure 23.





4.2. Simulation Results of System Efficiency


System loss and efficiency were analyzed through the simulation of the entire DC distribution loss model. Thereafter, reflecting the derived system loss and efficiency, BESS design and system loss analysis were conducted again.



Figure 24 shows the simulation results for the power and energy loss of 500 kW DC/AC inverters #1 and #2. In the battery charging section, since both 500 kW DC/AC inverters #1 and #2 operate, power loss occurs in both inverters. However, in the battery discharge section, since only 500 kW DC/AC inverter #1 operates, power loss occurs only in inverter #1.



Figure 25 shows the sum of the power loss and energy loss of 1 MW VFD inverters #1 and #2. As shown in Figure 2, which shows the load profiles according to the operation profiles, the propulsion power increases rapidly in the section where the speed of the ship increases to the maximum speed at the beginning of the operation. Therefore, the power loss of the 1 MW VFD inverter connected to the motor also increases rapidly in the same section. Since the motor does not operate in the section where the vessel is anchored and the section where the battery is charged by anchoring, there is little loss of the VFD inverter in these sections. It can be seen that the efficiency of the VFD inverter improves as the input power approaches the rated input power, as shown in Figure 26.



Figure 27 and Figure 28 show the sum of the power loss and the sum of the energy loss of the 1 MW DC/DC converter, respectively. In the section where the vessel does not charge the battery and only anchors, power is supplied only to the auxiliary loads, so that less power loss occurs compared to the operation section. As mentioned earlier, the average power loss model for the 1 MW DC/DC converter was constructed with two parallel configurations of the 500 kW 3-phase 2-level converters by connecting the converters back-to-back, and the simulation efficiency calculation was corrected reflecting the loss of the actually manufactured DC/DC converters.



Figure 29 shows the BESS charge/discharge profiles reflecting the entire system loss according to the target vessel operation profile. Considering battery life and safety, the initial charging capacity was set to 80%. The battery capacity was calculated reflecting the system loss and surplus. Those battery cells that have a capacity of 2.2 MWh with an increase by 200 kWh and are the same as 2 MWh batteries and series/parallel configurations were used. With an increase in the battery capacity, the number and weight of the packs increased, and the capacity of the 1 MW DC/DC converter also increased to 1.1 MW. After one round trip operation, the battery’s SOC is 27.2% and the DoD is 52.8%. The maximum discharge C-rate was shown to be 1.15 C, and when charging 1000 kWh, the charging C-rate is 0.49 C, and the total charging time is 65.2 min. The losses of DC/AC inverter, DC/DC converter, and sine filter occurring in the charging section are not reflected in the battery SOC because the shore system must consider the losses.





5. Conclusions


This paper proposed the comprehensive design of a pure electric propulsion ship which has BESS as the only source of power. Additionally, this paper has covered a series of design processes such as the extraction of load profile in time domain according to the operation profile, specification selection of propulsion motor, configurating VFD circuits, BESS capacity design, DC distribution configuration, efficiency analysis from equivalent modelling of major equipment, loss calculation, and so on. Furthermore, the proposed design and analysis have been conducted and validated through the MATLAB Simulink tool. Therefore, the design methodology can help to provide a design guide for the electric ship building industry. Finally, the workflow chart for comprehensive design of DC shipboard power system for pure electric propulsion ship based on BESS is drawn as shown in Figure 30, which briefly covers most of the contents of this paper.
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Nomenclature




	
Abbreviations




	
AMP

	
alternative maritime power




	
AUX.LOAD

	
auxiliary load on board




	
BESS

	
battery energy storage system




	
CB

	
circuit breaker




	
DOD

	
depth of discharge




	
EPM

	
electric propulsion motor




	
ESS

	
energy storage system




	
IPS

	
integrated power system




	
LUT

	
look up table




	
MTPA

	
maximum torque per ampere




	
N.C.

	
normally closed




	
N.O.

	
normally open




	
PCS

	
power conversion system




	
PMSM

	
permanent magnet synchronous motor




	
SOC

	
state of charge




	
SSCB

	
solid state circuit breaker




	
VFD

	
variable frequency drive




	
Superscript




	
*

	
reference value




	
s

	
stationary reference frame




	
e

	
Synchronously rotating reference frame




	
Subscript




	
a, b, c

	
basic three phase




	
d, q

	
direct axis, quadrature axis




	
Symbols




	
  d  

	
duty ratio




	
    i 0    

	
circulating current




	
    i  D k     

	
diode conduction current (where, k = 1, 2, 3...)




	
    i  Q k     

	
switch conduction current (where, k = 1, 2, 3...)




	
  m  

	
modulation index




	
      P ¯   1    

	
average power of the dc side




	
      P ¯   2    

	
average power of the ac side




	
    Q  r r     

	
quantity of electric charge of the reverse recovery current




	
    Q  t c     

	
quantity of electric charge of the tail current




	
    r  o n     

	
on-state resistance




	
    r e    

	
effective resistance




	
    T  r r     

	
reverse recovery time




	
    T s    

	
switching period




	
    T  t c     

	
tail current time




	
    V d    

	
voltage drop




	
    V e    

	
effective voltage offset




	
      V ¯   e    

	
average ac side output voltage




	
      V ¯   t    

	
average output voltage
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Figure 1. Propulsion RPM (left) and vessel speed (right) according to the operation profile. 
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Figure 2. Propulsion RPM and vessel speed graph according to the operation profile. 
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Figure 3. Load profile according to the operation profile. 
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Figure 4. Simulation of the propulsion motor. 
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Figure 5. Results of simulation of the propulsion motor. 
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Figure 6. Two parallel configurations of two-level inverters for propulsion. 
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Figure 7. Simulation for BESS capacity design. 
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Figure 8. BESS charge/discharge profile according to target vessel operation. 
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Figure 9. Schematic diagram of the proposed DC distribution structure. 






Figure 9. Schematic diagram of the proposed DC distribution structure.



[image: Energies 14 05264 g009]







[image: Energies 14 05264 g010 550] 





Figure 10. Schematic diagram of battery charging sequence—shore operational mode. 
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Figure 11. Schematic diagram of the battery discharge sequence—cruising operational mode. 
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Figure 12. Schematic diagram of the discharge reflecting battery accident situation—Fault 1. 
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Figure 13. Schematic diagram of the discharge reflecting battery accident situation—Fault 2. 
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Figure 14. Schematic diagram after removing the battery side DC/DC converter. 
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Figure 15. Nonideal half-bridge converter equivalent circuit. 
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Figure 16. Nonideal half-bridge converter average equivalent circuit. 
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Figure 17. Simplified nonideal half-bridge converter average equivalent circuit. 
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Figure 18. Nonideal 2-level converter average equivalent circuit. 
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Figure 19. MATLAB/ SIMULINK simulation diagram of the average power loss of 3-phase 2-level converters. 
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Figure 20. MATLAB/ SIMULINK model of 500 kW DC/AC inverter power loss. 
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Figure 21. 1 MW VFD inverter power loss model and loss look up table (a) and current and frequency (b) according to propulsion power. 
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Figure 22. MATLAB/ SIMULINK model of 1 MW DC/DC converter power loss. 
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Figure 23. MATLAB/ SIMULINK model of the DC distribution loss. 
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Figure 24. Simulation results for the power and energy loss of 500 kW DC/AC inverter #1, #2. 
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Figure 25. Simulation results for the power and energy loss of 1 MW VFD inverter #1, #2. 
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Figure 26. VFD inverter efficiency graph according to the input power. 
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Figure 27. Simulation results for the power loss of 1 MW DC/DC converters #1, #2. 
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Figure 28. Simulation results for the total energy loss of 2 MW DC/DC converters. 
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Figure 29. BESS charge/discharge profile reflecting the entire system loss according to the operation profile. 
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Figure 30. Workflow chart for comprehensive design of DC shipboard power system for pure electric propulsion ship based on BESS. 






Figure 30. Workflow chart for comprehensive design of DC shipboard power system for pure electric propulsion ship based on BESS.



[image: Energies 14 05264 g030]







[image: Table] 





Table 2. Target ferry operation profile.






Table 2. Target ferry operation profile.





	Operations of Target Ferry
	Land ↔ Island
	Island Anchorage
	Land Anchorage





	Distance
	2.7 nautical miles one way (5 km)
	-
	-



	Speed
	Up to 11 knots
	0 knots
	0 knots



	Propulsion Power
	1740 kW
	3.3 kW
	0 kW



	Auxiliary load
	150 kW
	150 kW
	0 kW



	Time required
	15 min. (one way)
	15 min
	75 min (BESS charging)
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Table 3. 2.5 MW class motor simulation parameters.






Table 3. 2.5 MW class motor simulation parameters.





	Item
	Value
	Item
	Value





	Type
	IPMSM
	Resistance
	0.0022 Ohm (0.012 p.u.)



	Power rating
	2.5 MW
	D-axis inductance
	0.19 mH (0.69 p.u.)



	Voltage rating (line-line rms)
	690 V
	Q-axis inductance
	0.34 mH (1.23 p.u.)



	Current rating (rms)
	2100 A
	Rated speed
	1650 r/min



	No. of poles
	8
	-
	-
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