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Abstract 
The function of a propulsion plant of a submarine is to generate, store and supply the required power for 

propulsion and auxiliary systems. The electric power generation and distribution system is considered 

part of the propulsion plant. The propulsion plant is one of the most important factors contributing to the 

total size and weight of a submarine. New and existing technologies can reduce the required weight and 

volume for the propulsion plant, resulting in decreased submarine size or more room for crew, sensor and 

weapon systems in case of an equally sized submarine. The objective of this study is to evaluate and 

optimise a number of concept propulsion plant configurations for the replacement of the submarines of 

the Royal Netherlands Navy in terms of size, weight, efficiency and life cycle costs. 

The concept propulsion plant configurations must meet the design requirements which are captured in an 

assumed mission profile. The assumed mission profile is a representation of a mission in time domain 

that includes surfaced, snorting and deeply submerged operation and speed variation ranging from dead-

slow to burst speed. 

Two concept propulsion plant configurations have been modelled. Quasi-static modelling has been used 

to simulate an optimal propulsion plant based on a time variant mission profile. The components in the 

propulsion plant are modelled based on first principles. First principle modelling is used to increase 

fidelity. The results of the simulation are weight, volume and efficiency of the plant’s components. 

Together, they make up the concept systems weight, volume and efficiency.   

Both concepts are diesel electric configurations. In the first concept diesel generator power is supplied to 

lead-acid batteries. Stored energy in the batteries is distributed to mission-related auxiliary systems and 

to a direct current compound motor that drives the propeller resulting in propulsive power. The lead-acid 

batteries are replaced by lithium-ion technology in the second concept configuration.  

The weight and volume of the propulsion motor depends on the maximum required power output and 

motor parameters. Besides the constants, the efficiency is influenced by the momentaneous power 

requirements and available battery voltage. Battery voltage depends on the number of battery cells in 

series and on the battery cell parameters. The optimum number of battery cells with respect to weight and 

volume is found using an optimization algorithm.  The simulations showed that lead-acid batteries need to 

be 6.1 times heavier and 3.3 times more volume compared to lithium-ion batteries in order to meet the 

same requirements set in the assumed mission profile.  

The mission profile requirements define the amount of generator power that is required to charge the 

batteries during snorting operation. The propulsion plant efficiency with lithium-ion batteries is 6% higher 

compared to lead-acid, resulting in lower charge powers and therefor smaller diesel generator set. 

Resulting in possible lower indiscretion ratios for lithium-ion batteries. The optimum number of batteries 

and mass per battery cell do not affect the required generator power. The number of cell does however 

affect the maximum charge power. The maximum charge power of lead-acid battery cells is limited. High 

charge powers can damage the cells when the maximum cell voltage is exceeded.  

Several mission variations have been executed to investigate the effect of the burst, auxiliary load and the 

amplitude of the burst in the mission profile. It is recommended to use the models and define multiple 

realistic mission profiles and analyse the properties of the optimized propulsion plants.  

The concept propulsion configurations are limited to conventional diesel electric propulsion plants. 

Increasing the library of components by adding atmospheric air independent power generation systems 

increases the number of possible propulsion plant configurations and other optimum propulsion plant 
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configurations with respect to the defined criteria. An atmospheric air independent propulsion plant could 

be the optimum propulsion plant configuration. The same holds for the type of propulsion engine.  

It can be concluded that the diesel electric propulsion plant with lithium-ion battery technology requires 

less weight, less volume and a higher efficiency compared to the lead-acid variant for the assumed 

mission profile. Therefore, the submarine design can potentially benefit from the implementation of lithium 

cells. It is recommended to investigate in the required volume and weight of the auxiliary systems 

associated with the lithium-ion batteries.  
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 Introduction 1

 Back ground 1.1
The submarine fleet of the Royal Netherlands Navy – RNLN - consists of four Walrus-class submarines. 

These are attack submarines, specifically designed for attacking submarines and surface ships, deploying 

Special Forces and gathering intelligence. Figure 1 is an artistic impression of a Walrus-class submarine. 

The overall length of the illustrated submarine is 68 [m], the breadth is 8.5 [m] and diving depth over 300 

[m]. The crew consists of 55 persons. [1]   

The first of four submarines, christened as Zr. Ms. Zeeleeuw, was commissioned in April 1990. In 

December 2015 Zr. Ms. Zeeleeuw was relaunched after a refit. The refit program Instandhoudings- 

programma Walrusklasse (IPW) is intend to extend the technological lifetime of the fleet. The fleet will be 

in operational service for 35 years by 2025 and have reached their technological lifetime. The successor 

of the Walrus-class is planned to go into service in 2025. The Ministry of Defence is investigating the 

required capabilities of the new submarines given the tasks. 

 

Figure 1 artistic impression of a submarine [2] 

The conceptual design of the new submarine class is made by in the so called golden triangle. The 

corners of the triangle are the government, industry and research institutions. The government is 

represented by the Ministry of Defence and Defensie Materieel Organisatie (DMO) and is involved as 

customer and user of the system. Research institutes as TU Delft, TNO and Marin execute specialized 

profound research to improve the performance. The industry is represented by companies as Nevesbu 

and Damen Schelde Naval Shipbuilding. Nevesbu is a marine engineering and naval architecture 

company involved in the design of ships, offshore, naval and specialist vessels. The company offers 

supports in all project phases, including feasibility studies. The company can offer a wide range of 

services, ranging from specific study assignments to complete detail design and engineering projects.  

The research is conducted at Nevesbu, in cooperation with DMO and TU Delft. 
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 Problem 1.2
The function of the propulsion plant of a submarine is to generate, store and supply required power for 

propulsion and auxiliary systems. The propulsion plant is one of the most important factors determining 

the submarine size. The system makes up around 35% of a submarine’s weight and takes up to 50% of 

the total volume available in a submarine [3].  

The dimensions of the propulsion plant are dependent on the performance requirements. The primary 

factors that govern the power and energy storage are the maximum speed and the submerged 

endurance. The maximum speed requirement determines the size of the propulsion motor, while the 

energy storage capacity is determined by the submerged time, speed and auxiliary load. The maximum 

speed is one of the most difficult aspects of the design. For military operations having a high speed is 

desirable. This way, the submarine can outrun attackers or intercept the target more rapidly. Since 

submarine warfare tactics are largely involved with stealth it can be argued that the use of high speed in 

evasion or attack is not the only tactic. The propulsive power requirements vary with the cube of speed, 

resulting in a large increase of the propulsion plant components dimensions. [3]  

A comparison between various concept system configurations, with different propulsion plant 

technologies is desired to find the optimum propulsion plant. New and existing propulsion plant 

technologies could reduce the required weight and volume of the propulsion plant, resulting in a 

decreased submarine size. The concept propulsion plants need to meet set design requirements, which 

are combined in an assumed mission profile that varies in the time domain. Besides finding the optimum 

propulsion plant for the assumed mission profile is it interesting to investigate the effect of varying 

performance requirements on the propulsion plant’s efficiency, weight, volume and life cycle cost. 

 Objective 1.3
From the problem description above the objective of this thesis is to evaluate a number of concept 

propulsion plant configurations that meet the design requirements. This results in the concept propulsion 

plants that are most favourable with respect to; efficiency, weight, volume and life cycle cost (LCC). 

The design requirements for the propulsion plant are expressed in a mission profile. The mission profile 

defines a propulsive and auxiliary load for a period of time. The uses mission profile is an example and 

has all elements of a realistic submarine mission, such as snorting, slow submerged speed, high 

submerged speed and speeds in between. The simulation shall be set up to accommodate various 

mission profiles as input for the simulation. Technical and financial feasibility are the two criteria which 

determine whether the system is a conceivable option for the new submarines of the RNLN. The objective 

is reflected in the main research question: 

What are the optimum propulsion plant configurations for the replacement of the Walrus-class submarine 

given an assumed mission profile? 

The related research questions: 

 Which propulsion plant has the highest efficiency for the assumed mission profile? 

 Which propulsion plant has the lowest weight for the assumed mission profile? 

 Which propulsion plant has the smallest volume for the assumed mission profile? 

 Which propulsion plant has the lowest LCC for the assumed mission profile? 
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 Report overview 1.4
This subchapter gives a brief overview of report structure.  

The mission profile is the input to the propulsion plant. Chapter 0 elaborates on the assumed mission 

profile used to find the optimum propulsion plant configuration. Chapter 0 elaborates on the components 

of the propulsion plant layout. The first chapter is a general introduction into propulsion plants in 

submarines. The followed by the concept propulsion plant configurations that are taken into account for 

the optimization. 

Chapter 4 describes the methodology that is used to determine the efficiency, weight and volume of the 

concept propulsion plant configurations as function of the assumed mission profile.  

Chapter 0 explains the propulsion motor performance and propulsion motor dimensions as function of the 

assumed mission profile. The relation between the performance and dimensioning model is described. 

The performance model and the dimensioning model are verified with available measurements. Chapter 6 

elaborates on the battery performance model and the relation between battery dimensions and battery 

capacity. The battery performance model is verified with available measurements of the manufacturer of 

the batteries. Chapter 0 describes the diesel generator set performance model and the dimensioning of 

the diesel generator set as function of the generator output power.  

In chapter 0 are the propulsion motor, battery cell a diesel generator performance models combined to 

propulsion plant configuration A. The lead-acid batteries are optimized for optimum mass and volume as 

function of the assumed mission profile. The optimization is done with a battery optimization algorithm. 

The diesel generator set is dimensioned for the assumed mission profile. The propulsion plant efficiency 

is expressed in the fuel consumption required to fulfil the mission. 

In chapter 9 are the performance models combined to propulsion plant configuration B. The propulsion 

plant is optimized in the same way as propulsion plant configuration A. The difference between the 

concept configurations is the energy storage. The energy storage for concept B is lithium-ion battery 

technology.  

A rough estimate of the life cycle cost is made in chapter 10. The comparison of the propulsion plant 

configurations and the answer to the research question is given in chapter 11. The conclusions are 

summarized the recommendations are stated.  
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 Mission profile 2

 Introduction 2.1

The goal of the research is to find the optimum propulsion plant configuration given an assumed mission 

profile. The mission profile is a representation of a realistic mission. It represents a possible mission 

containing the various aspects that are relevant from design perspective. The mission profile is the input 

to the propulsion plant. This chapter elaborates on the assumed mission profile used to find the optimum 

propulsion plant configuration.  

 Mission profile  2.2
The assumed mission starts at a port, from which the submarine sails to a surveillance area. In the 

surveillance area an action is executed followed by the return to port. The various parts of the mission 

have various power loads. There are two power loads, the propulsive power and the auxiliary power load. 

The propulsive power load is the result of the set submarine speed and the resistance of the submarine. 

For this study submarine speed and resistance are defined and incorporated in the required power in the 

mission profile.  

The main auxiliary loads are the cooling systems, SEWACO systems; (SEnsoren, WApen-, Commando 

systemen), HVAC; (heating, ventilation and air-conditioning), freshwater systems and manoeuvring 

systems. The auxiliary load changes during the mission. 

 Assumed mission profile 2.2.1

The assumed mission profile is illustrated in Figure 2. The mission profile is illustrated in two graphs. The 

upper graph illustrates the set submarine speed in knots. The lower graph illustrates the auxiliary load. 

The submarine speed is varying in time. At time t0 the set speed is 10 knots up to time t1. The dashed 

line indicates the submarine is sailing in surfaced operation and can make use of atmospheric air. This 

phase is called the Overt Transit 1 (OT1) and is defined as a period of 260 hours.  

Overt Transit 1 passes into Covert Transit 1 (CT1). CT1 starts at t1 and ends at t2, the assumed mission 

profile prescribes a period of 470 hours. During the covert transit the submarine sails alternated deeply 

submerged and snorting. The submerged part is indicated as CT1 SM. The snorting part is indicated as 

CT1 SR. The ratio between the submerged parts and surfaced parts is defined by an indiscretion ratio 

(IR). The indiscretion ratio is the snorting time, divided by the total time. The total time is the submerged 

time plus the snorting time. The IR is stated in equation 2-1, the IR for CT1 is 0.10.  

𝐼𝑅 =
𝑇𝑠𝑛𝑜𝑟𝑡

𝑇𝑠𝑛𝑜𝑟𝑡 + 𝑇𝑠𝑢𝑏𝑚
=

𝐶𝑇1 𝑆𝑅

𝐶𝑇1 𝑆𝑅 + 𝐶𝑇1 𝑆𝑀
= 0.10 

2-1 
 

 

Figure 2 illustrates three snorting and submerged blocks during CT1, this is illustrative in reality is this a 

plurality of the blocks, depending on stored energy capacity and boundary conditions. The boundary 

conditions will be explained in chapter 4 Methodology description. 

During the snorting period the set auxiliary load is increased to 260 kW. The increase is due to several 

extra activities compared to submerged operation; the air in the submarine is scavenged and more power 

is required for the HVAC system, the compressors can be switched on to pressurize the compressed air 

storage tanks and the battery cooling system is switched on.  

The surveillance and attack (SA) phase can be seen as one phase. The submarine sails submerged and 

will not reach the surface to snort. The heat of the exhaust gases and the snorting pipes may reveal the 
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presence of the submarine, assuming a diesel electric submarine. An assumed mission could be the 

surveillance of an area and detecting an enemy vessel followed by the manoeuvring to an ideal position 

for the attack followed by a getaway. The indicated times in Figure 2; SA1 up to SA4 are defined and are 

elaborated in chapter 4 Methodology description. 

After the surveillance and attack the submarine heads home in a convert transit. Covert transit 2 (CT2) 

differs from CT1 in speed and defined indiscretion ratio. The indiscretion ratio for CT2 is 0.28. The IR 

indicates the submarine snorts longer compared to CT1. The duration of covert transit is 135 hours.  

After CT2 the submarine sails to port in overt transit 2 (OT2) with the same load specifications as OT1. 

The duration of CT2 is 230 hours. 

The assumed mission profile is based on a typical submarine mission. The duration of those missions is 

limited by the diesel storage capacity and provisions this is around the 1105 hours or 46 days. New 

submarine design could be based on this data.  
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 Propeller load characteristic 2.3
The mission profile defines the submarines speed and auxiliary power load. The propulsive power 

required to meet the defined speed results in the required propulsion motor brake power. This subchapter 

elaborates on the required engine brake power as function of the mission profile.  

The boundary conditions and constants used to determine the brake power as function of the set speed 

are obtained from measurement data of Zr. Ms. Zwaardvis. Zr. Ms. Zwaardvis is a predecessor of Zr. Ms. 

Walrus. A new submarine design would have a different power revolutions curve. The relation between 

power and rate of rotation or the propeller of Zr. Ms. Zwaardvis is a good representation. The relation 

between brake power and the revolutions of the propulsion motor is relevant for the dimensioning of the 

propulsion motor. 

 Load characteristics 2.3.1

It is acceptable to assume the submarine resistance is roughly proportional to the square of the ship 

speed for relative low speeds as stated in equation 2-2. The power required to tow a vessel through the 

water at ship speed, 𝑣𝑠, with resistance, 𝑅, is the effective towing power𝑃𝐸 . [4].  

𝑅 = 𝑐1 ∙ 𝑣𝑠
2 

 

2-2 
 

𝑃𝐸 = 𝑅 ∙ 𝑣𝑠 = 𝑐1 ∙ 𝑣𝑠
3 2-3 

 
The power delivered to the propulsor, 𝑃𝐷 , is defined as the effective towing power, 𝑃𝐸 , divided by the 

propulsive efficiency, 𝜂𝐷, as stated in equation 2-4.   

𝑃𝐷 =
𝑃𝐸
𝜂𝐷

=
(𝑐1 ∙ 𝑣𝑠

3)

𝜂𝐷
= 𝑐2 ∙ 𝑣𝑠

3 
2-4 
 
 

𝑛𝑝 = 𝑐3 ∙ 𝑣𝑠 2-5 
 

The relation between the power delivered to the propulsor, 𝑃𝐷 , and shaft speed is known as the propeller 

law. From experience it is known that shaft speed is almost linearly proportional to the ships speed. With 

equations 2-4 and 2-5 it can be shown that the delivered power, 𝑃𝐷 , is not only proportional to the cube of 

the ship speed but also to the cube of the shaft speed. This is also known as the propeller law and 

defined in equation 2-6 

𝑃𝐷 = 𝑐4 ∙ 𝑛𝑝
3 2-6 

 
The relation between the propulsion’s engine brake power, 𝑃𝐵 ,  and the delivered power to the propeller, 

𝑃𝐷 ,  can is defined in 2-7 [4]. The transmission efficiency, 𝜂𝑇𝑅𝑀, is the delivered power to the propeller 

divided by the delivered power by the propulsion motor. The shaft efficiency is equal to the transmission 

efficiency. The shaft loss is typically 0.5 to 1.0 percent at nominal power [4]. 

𝑃𝐵 =
𝑃𝐷
𝜂𝑇𝑅𝑀

=
𝑐4
𝜂𝑇𝑅𝑀

∙ 𝑛𝑝
3 

2-7 

 Load characteristics Zwaardvis 2.3.1

Relation between power and revolutions is measured by HOLEC [5] on board of the Zr. Ms. Zwaardvis. 

HOLEC is the manufacturer of direct current propulsion motors. The power revolutions curve is varying 

due to draught e.g. there is a difference between; surfaced, snorting and submerged and deep 

submerged. This is not included, only the submerged relation is used.  The measurement data is 

illustrated in Figure 3. 
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Figure 3 Power revolutions curve Zwaardvis 

The relation stated in equation 2-7 defines the rate of rotation of the propeller as function of the propulsive 

power. The measurement data of Zr. Ms. Zwaardvis are used defining the relation between power and 

speed. 

𝑃𝐵  =
𝑐4
𝜂𝑇𝑅𝑀

∙ 𝑛𝑝
3 = 123.12 ∙ 𝑛𝑝

3 ref. 2-7 

The required brake power can be expressed as function of the prescribed submarine speed. 

𝑃𝐵 =
𝑐4
𝜂𝑇𝑅𝑀

∙ 𝑛𝑝
3 =

𝑐4
𝜂𝑇𝑅𝑀

∙ (𝑐3 ∙ 𝑣𝑠)
3 

 

ref. 2-7 and 2-5 

𝑃𝐵 = (123.12) ∙ (𝑐3 ∙ 𝑣𝑠)
3 

 

ref. 2-5 

The value of 𝑐3 can be obtained from the mission profile.  
 

 

𝑣𝑠 𝑚𝑎𝑥 = 19 [𝑘𝑛] = 9.77 [
𝑚

𝑠
]  

 

 

𝑐3 =
𝑛𝑝

𝑣𝑠
=

3.10

9.77 [𝑚/𝑠]
= 0.315 

ref. 2-5 
 
 

𝑃𝐵 = (123.12) ∙ (0.315 ∙ 𝑣𝑠)
3 

 

ref. 2-7 

Resulting in an expression for the required propulsive power as function of the set speed.  
 

𝑃𝐵 = (3.85) ∙ (𝑣𝑠)
3 2-8 

 Conclusion 2.4
The mission profile prescribes the submarine speed and the auxiliary power demands for a period of time. 

The set submarine speed results brake power and rate of rotation using the properties of Zr. Ms. 

Zwaardvis as boundary conditions.  
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 Propulsion plant concept configuration 3

 Introduction  3.1

The propulsion plant requirements have been specified in the mission profile. The propulsion plant 

concept configuration has to meet the propulsion plant requirements. This chapter elaborates on the 

components of the propulsion plant. The first chapter is a general introduction into propulsion plants in 

submarines. The following chapters describe the concept propulsion plant configurations that are taken 

into account for the optimization.  

 Introduction into propulsion plants 3.2
The components in the propulsion plant are the diesel engine, the generator, the batteries, the propulsion 

motor and the propulsor. Stored chemical energy is converted into mechanical power by the main engine. 

The mechanical power is converted into electric power by the main generator, and the stored in the 

energy storage component. The energy storage component feeds the auxiliary users and the propulsion 

motor. 

The function of the main diesel engine is to deliver mechanical power. This can be coupled mechanically 

to the propulsor or electric. In the case of diesel electric submarines, is the diesel generator set and is 

connected electrically connected to the propulsor by means of a propulsion motor. The propulsion motor 

is sometimes referred to main electric motor (MEM). The diesel engine needs oxygen for the combustion 

process. The oxygen is obtained from atmospheric air. Atmospheric air is not available during submerged 

operation; the submarine is an enclosed space. Consequently diesel engine power is not available. 

Stored energy in batteries is used to power the propulsion and auxiliary systems during submerged and 

surfaced operation. Figure 4 is a simplified representation of the propulsion plant installed on-board of Zr. 

Ms. Walrus. 

Recharging of the batteries is done in snorting operation. During snorting operation the fresh air is 

supplied to the engine through a snorting system. The diesel engines creates an under pressure in the 

submarine. This under pressure causes airflow from the outside of the submarine to the engine room 

through the air intake system. Waves at the surface can cause the intake air snorkel valve to close, 

preventing water flowing into the engine intake. 

 

Figure 4 Propulsion plant 

The function of the propulsion motor is to deliver rotating mechanical energy to the propulsor. It converts 

electric energy from an energy source to mechanical energy. The electric motor is designed to deliver the 

shaft power at top speed of the submarine. The speed of rotation of the rotor is equal to the speed of 
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rotation of the shaft. The propulsion motor is usually arranged with the rotor directly coupled to the 

propeller shaft. Therefor the torque output of the motor needs to be similar to the requested torque of the 

propeller at full power. A gearbox is excluded because of acoustic aspects. The propulsor converts the 

rotating mechanical power into thrust to propel the ship.   

The mission profile defines the submarine speed. The speed results in a required power to deliver to the 

propeller, 𝑃𝐷 . Taking the shaft losses into account results in the required brake power, 𝑃𝐵. This is the 

required brake power to be delivered by the propulsion engine. The corresponding rate of rotation is 

obtained from  equation 2-7.  

The components that are taken into account for the determination of the optimum propulsion plant 

configuration are coloured in blue in Figure 4. Weight, volume, efficiency and the life cycle cost of the 

manoeuvring and battery board are not taken into account.  

 Concept propulsion plant configuration A 3.3

Conceptual system A is a conventional diesel electric-concept with lead-acid batteries. This concept is 

installed on board of the Walrus-class submarine. Figure 5 shows the energy flow diagram (EFD) of 

concept system A. An energy flow diagram is the chain of energy transfer and conversion from the energy 

source to the energy consumers. This configuration is installed on board of the Walrus-class (Dutch 

design), Kilo-class (Russian design), 209-class (German design) and Moray-class submarine.  

Diesel oil is stored in diesel tanks. At or near the surface (snorting), diesel generator sets provide electric 

energy for the primary net. In the Walrus-class, this is a DC net from which energy is stored in lead-acid 

batteries. The electric conversion before the main switchboard (DC bus) consists of rectifiers which 

convert the AC-power generated by the generators to DC power. The propulsion motor is a dc-compound 

motor. The propulsion motor used in the current submarine class is a direct current compound machine. 

The direct current is obtained from the batteries. The electrical consumers are assumed to be the 

auxiliary load. 

Other machine types as the brushless DC machines (BLDC) and the permanent magnet synchronous 

machines (PMSM) can be used in other concept configurations, but is not included in this research. 
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Figure 5 EFD concept system A [4] 

Lead-acid batteries have been used as energy storage components in conventional submarines for more 

than 100 years. The technology has continuously improved and evolved to mature energy storage 

technology. The lead-acid battery uses lead dioxide as the active material of the positive electrode and 

metallic lead as the negative active material. The electrolyte is a sulfuric acid solution. As the cell 

discharges, both electrodes are converted to lead sulphate, the process reverses on charge. 

The lead-acid submarine battery is specially designed for the submarine application. The cell design is 

optimized for high capacity and energy density. This is achieved by high specific gravity, electrolyte 

circulation, double cell decks arrangement, large areas with high porosity and a battery cooling system.  

The battery capacity at low discharge currents is mainly determined by the amount and specific gravity of 

the electrolyte. At higher discharge rates, the electrolyte in the pore structure of the plates becomes 

depleted and the electrolyte cannot diffuse rapid enough to maintain the cell voltage. Intermittent 

discharge, which allows time for the electrolyte to circulate, or forced circulation in case of the submarine 

cells, improves high rate performance. [6] 

Shock resistance and high safety standards are submarine specific design criteria. A shock absorber is 

included per cell, to reduce the impact on the battery cell components. The hydrogen produced during the 

recharging process is mechanically ventilated to the engine room and burned in the diesel engines. 
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Two batteries are used in concept configuration A. Two batteries are used for redundancy reasons. When 

one battery fails, the other battery is capable of delivering enough power for propulsion. Another reason 

for applying two batteries is voltage regulation. The voltage supplied to the propulsion motor can be 

regulated by switching the batteries in series and parallel. The switching enables to operate at maximum 

propulsion motor efficiency over the total power output.  

The batteries consist of multiple cells. The cells are switched in series. Switching cells in series results in 

higher voltages while the battery capacity maintains constant. The high cell voltages are required to 

deliver enough voltage to the propulsion motor. Figure 6 illustrates submarine battery cells. The 

dimensions of the cells can be over a meter in height, and a single cell can weight more than 600 kg. 

Figure 7 is a picture of the battery cells in the Tonijn. 

 
 

 
 

Figure 6 Examples of submarine battery cells [7] Figure 7 Multiple submarine cells forming a battery in the 
Tonijn [8] 

  

Figure 8 is a cross sectional view of a submarine. The batteries are located under the lower deck, in the 

battery room. Figure 9 is a longitudinal cross-section of the battery room.  

 

 
  

Figure 8 crossection of a submarine  

 
 
 
 
 
 
 

 
 
 
 
 

Figure 9 longitudunal section of the battery room 
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 Concept propulsion plant configuration B 3.4
The energy storage component in propulsion plant configuration B is a Lithium-ion battery. Lithium-ion 

batteries dominate the market for cell phones, tablets, power tools and electric cars. This is due to the 

high energy densities and specific densities i.e. mass and volumetric properties of stored energy. A 

possible new application could be the source of energy in a submarine during submerged operation. 

Several submarine design institutes have claimed to use Lithium-ion technology in their designs [9] [10]. 

Literature of cell types and supporting technology is however not available. This chapter elaborates on 

the possibility to apply Lithium-ion storage technology to submarines.  

Concept configuration system B is the Lithium-ion configuration. This configuration is applied in the 

Japanese Soryu class. The Japanese designers have chosen for the Lithium-ion technology instead of 

the lead-acid technology in combination with an AIP-system. [11] [12]   

The term lithium-ion battery refers to a battery design where the anode and cathode materials serve as a 

host for lithium-ion. Lithium-ions intercalate into the anode during charging and into the cathode during 

discharging. The batteries consist of four primary functional components; the negative electrode, the 

positive electrode, the separator and electrolyte. The positive and negative electrodes are sandwiched 

between the negative and positive current collectors, separated by the separator. The liquid electrolyte is 

imbibed into the separator. 

 Energy density 3.4.1

The energy density can be expressed in volume and mass for all types of batteries, as illustrated in 

Figure 10. On the horizontal axis is the stored energy per litre, on the vertical axis is the stored energy per 

kilogram. High values indicate high energy storage capabilities per volume and mass. 

 

Figure 10 Energy density and specific density 
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The blue dots indicate the MORAY battery. The MORAY battery is a lead-acid type of battery, optimized 

for submarine application. The MORAY cell is produced by VARTA. The three dots represent one battery. 

The upper right dot is the capacity of the battery at low discharge current. Low discharge current mean a 

discharge time of the battery of 100 hours. The dot in the middle is the capacity at medium discharge 

time, 5 hours. The blue dot near the origin represents the capacity at 1.25 hours discharge time. The 

degradation of the capacity as function of the current is caused by the electrochemical process in the 

battery. 

The red dots indicate the super B battery at high and low discharge times. The term high and low are not 

further specified by the manufacturer. The super B cell is a lithium-ion cell with a Lithium iron phosphate 

oxide (LiFePO4) cathode. This cathode material is safer in terms of a thermal runaway, but results in a 

less energy dens battery design. Thermal runaway is an energetic failure of the battery. Cell thermal 

runaway refers to rapid self-heating of a cell derived from the exothermic chemical reaction of the 

oxidizing positive electrode and the reducing negative electrode. The more energy stored in a cell, the 

more energetic a thermal runaway reaction will be. One of the reasons a lithium-ion cell thermal runaway 

reaction can be very energetic is because the cells have a very high energy density compared to other 

cell types for example lead-acid. The electrolyte of a lithium-ion cell behaves fundamentally different than 

the water-based electrolyte in the lead-acid cell. The electrolyte is flammable at high temperatures. So the 

cell has electric energy stored and chemical energy in the form of combustible materials. The deviation in 

specific density and energy density at high and low discharge times is not as large as for the lead-acid 

battery. The cell stores more energy per kilo then the lead-acid cell, but it requires more volume. This can 

be explained by the addition of a battery management system (BMS) and a hard casing. The battery 

management system monitors the state of charge of the cell and the state of health, to prevent thermal 

runaway. Figure 11 is a representation of the Super B module. The Super B cell is not further 

investigated. It can be concluded on advance that the volume of the battery is larger with respect to the 

lead-acid battery whatever the mission profile is.  

The yellow dot is a Valence battery. The battery is also equipped with a BMS, but has a less rigid and 

thus lighter protective casing compared to the super B battery. The battery is illustrated in Figure 12. 

 
 

Figure 11 Super B module [13] 

 
Figure 12 Valence module [14] 

 

The purple dots represent a lithium polymer cell, for high-middle-low discharge capacity. The material in 

the cell used in NMC. (NMC = NiMnCo) cell which means, no protective casing, no cooling and no battery 

management system. The green dots are modules that contain multiple polymer cells. The module has a 

BMS, cooling applications, and a casing. These additions result in significantly less performance 

properties, compared to the single cell.  
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Figure 13 Lithium-ion Rack of multiple modules [15] 

1. Cell 
2. Module 
3. High-strength battery tray 
4. Thermal insulation 
5. Coolant connection 
6. Coolant connector 
7. Electric connectors 
8. Main contactor box 
9. High voltage connection 
10. BMS 
11. Safety control unit 

 

 
Figure 14 Lithium-ion battery module [15] 

1. Cell 
2. Module 
3. High-strength battery tray 
4. Thermal insulation 
5. Coolant connection 
6. Coolant connector 
7. Electric connectors 
8. Main contactor box 
9. High voltage connection 
10. BMS 

 

The light blue dot in the top right corner of Figure 10 is a single Samsung cell smart phone battery cell. 

The smartphone cell is optimized for low discharge currents of mille Amperes (10
-3

 [A]). The currents that 

are required for submarine application are in the range of several kilo Ampere’s (10
3
 [A]). Therefore, 

smartphones cells cannot be used in a submarine as they do not meet the requirements. 

The batteries of interest are the optimized lead-acid batteries and the single lithium-ion cell. The VARTA 

cell is a battery optimized for submarine application and a mature technology. The lead-acid technology 

has been further improved from 1992 up to now, resulting in a higher energy density and specific energy. 

The VARTA cell is used in concept system configuration A. This data is the most recent available non-

classified data. 

The single lithium cell performs superior compared to Lithium-ion modules and lead-acid batteries. The 

packing of a single cell into a module decreases in particular the volumetric properties. The open red dot 

is the energy density that possible can be achieved for submarine specific design. This lithium cell is used 

on concept system configuration B. This value is obtained during conversations with the supplier of the 

modules; EST-Flowtech. 

The high energy capacity of the lithium cell provides opportunities, but the high energy is also a potential 

danger. Several incidents have occurred with Lithium-ion batteries [16] [17] [18]. The galaxy Note 7 is the 

latest known accident [19]. The batteries become overheated, resulting in thermal runaway.  
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 Summary concept configuration  3.5
The two concepts are illustrated in Table 1 Concept configuration systems 

Table 1 Concept propulsion plant configurations 

Concept system configuration Power generation Energy storage 
Technology 

Propulsion 
motor 

Concept configuration A Diesel generator power Lead-acid  DC machine 

Concept configuration B Diesel generator power Lithium-ion NMC DC machine 
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 Methodology description 4

 Introduction 4.1

The research question is stated as: What is the optimum propulsion plant configuration for the 

replacement of the Walrus-class submarine given an assumed mission profile?  This chapter describes 

the methodology that is used to determine the efficiency, weight and volume of the concept propulsion 

plant configurations as function of the assumed mission profile.  

The approach is illustrated in Figure 15. The mission profile is the input, the efficiency, weight, volume 

and LLC are the output. The different propulsion plant concept configurations are parallel in the middle in 

the figure. The concepts are modelled and optimized, resulting in the properties of the components. The 

properties of the components are the weight, volume and efficiency. The total weights and volumes of the 

components result in the propulsion plant configuration weights and volumes. The efficiency is obtained 

with the simulations of the total propulsion plant.  

The different propulsion plant configurations are modelled. The modelling of the propulsion plant is done 

by modelling the different components and connects the components to form the propulsion plant model. 

The different components have their own technical parameters. The technical parameters are used in the 

models. The performance of the components and the interaction with the connected components can be 

simulated with the models and parameters.  

The propulsive and auxiliary power demand affects the performance of the components. The technical 

parameters of the components can be changed to improve the performance. The changing of the 

parameters and results in different component properties; efficiency, weight and volume. The properties 

of the components result in the total propulsion plant efficiency, weight, volume and life cycle cost.  

The optimum propulsion plant is the plant that meets the mission profile with the minimum required weight 

and volume, highest efficiency and lowest life cycle cost. This chapter describes the methodology that is 

used to come to the four outputs given a mission profile.  

 

Figure 15 System approach 
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 Methodology 4.2
The mission profile contains the required information to dimension the propulsion plant. The components; 

propulsion motor, battery and diesel generator set have the mission profile as input. Besides the mission 

profile the first principles, technical parameters and boundary conditions are required to define the 

efficiency and components volume and weight. The first principles modelling is said to be a modelling 

starting from the established laws of physics. The technical parameters are used to supplement the first 

principle models and optimize the volume, weight and efficiency.  

The propulsion motor is dimensioned for the required maximum brake power. The maximum brake power 

is required during the surveillance and attack phase. More specific, in the case of the mission profile 

defined in chapter 0, during period SA4 in Figure 2.  

The battery efficiency and dimensions are depending on the longest set period without recharging the 

batteries. This period is the surveillance and attack phase indicated in Figure 2. The propulsive and 

auxiliary load act on the batteries. The optimization is done using a battery optimization algorithm. The 

objective of the battery mass optimization algorithm is to find the optimum battery mass. The optimum 

battery mass is defined as the lowest battery cell mass that meets the set requirements. The battery mass 

is the battery mass per cell times the required number of cells. It is assumed that the battery volume is 

linear dependent on the battery mass. Finding the optimum battery mass results in finding the optimum 

battery volume. 

The volume, weight and efficiency of the diesel generator set are dependent on the required generator 

output power. The generator output power is dependent on (3) inputs. (1) The first principles, technical 

parameters and boundary conditions associated to the diesel generator set. (2) The optimized battery 

layout and battery performance model, as the charge current is a function of the battery voltage. (3) The 

propulsion motor performance model with the associated parameters. The propulsion motor delivers 

power during the covert transit. The charging power of the batteries is the generator power minus the 

propulsive power. The required diesel generator set power output is obtained with performance 

simulations of the propulsion plant.  

The required diesel fuel to complete the mission is the result of all the mentioned components and the 

mission profile. Figure 16 illustrates the relations between the mission profile and the components. The 

following subchapters elaborate on the methodology that is applied per component.  

 

Figure 16 Calculation flow  
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 Propulsion motor performance model and dimensions 4.2.1

There are two models required to determine efficiency and the dimensions of the propulsion motor. The 

dimensions, expressed in weight and volume are determined with a first principle dimension prediction 

model. The efficiency is simulated with a propulsion motor performance model.  

The propulsion motor performance model is used to simulate the performance of the propulsion motor for 

varying loads and available battery voltages. The propulsion motor model is developed by D.M. Meuldijk 

[20] at the NLDA. This quasi-static performance model is based on first principles. The input of the 

propulsion model is modified to meet the properties of the output of the mission profile, the requested 

propulsive power at the related rate of rotation. With the boundary conditions related to Zr. Mr. Zwaardvis. 

The propulsion motor dimensions are determined with a dimension prediction model. The idea behind first 

principle dimension prediction is that the dimensioning of the propulsion motor, and other electric 

machines, can be estimated by sizing the core of the machine to the required power output using first 

principles [21]. The core consists out of primary and secondary elements. The primary element of the 

propulsion motor is the rotor. In the rotor electric energy is converted into mechanical energy. The 

secondary element is the stator. The machine dimensions can be obtained by multiplying the core 

dimensions, times a correction factor. The correction factor is obtained using regression analysis. 

The relation between the dimensioning model and the performance model are the rotor dimensions. The 

rotor dimensions are a part of the technical parameters. Other technical parameters are for example the 

number of windings and the air gap between rotor and stator. Figure 17 is a schematically representation 

of the propulsion motor dimensioning and efficiency as function of the mission profile.     

 

Figure 17 schematically representation of the propulsion motor weight, volume and efficiency as function of the mission 
profile 
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Available measurement data of a similar propulsion motor has been made available. The measurement 

data is used and compared to the simulation results of the performance model. Numerical simulation and 

experimental results show relative good agreement and justifies the use of the performance model for the 

simulation of the discharge current and efficiency. Chapter 0 elaborates on the propulsion motor 

performance, verification and dimension prediction model. 

 Battery performance model and dimensions 4.2.2

The required stored energy capacity of the batteries is determined by the current demand of the 

propulsion motor and the auxiliary consumers, during the surveillance and attack phase of the mission. 

This is the longest period without recharging to reduce the risk of exposure. The energy flow diagram of 

the concept configuration propulsion plants during the surveillance and attack part of the mission is 

illustrated in Figure 18. 

 
 

Figure 18 EFD Surveillance and attack phase 

 

The battery cell performance model is developed by D. Stapersma [22]. The model can be considered as 

voltage source with an energy capacity. The models input are the charge or discharge current, the output 

of the model is the cell voltage. Data of the manufacturer of the battery cells is available and is used to 

supplement the battery cell constants resulting in an accurate performance model.  

For the dimensioning of the battery size are the verified propulsion motor performance model and the 

verified battery cell performance model used. A schematic overview of the relation between the models is 

illustrated in Figure 19. The propulsive power, rate of rotation and the available battery voltage are the 

input for the propulsion motor performance model. The output of the performance model is the discharge 

current and propulsion motor efficiency. 
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The propulsion motor is not directly coupled to the batteries. According to Figure 4 are the battery board 

and manoeuvring board in between the propulsion motor and the batteries. In the simulation are the 

manoeuvring-, and battery board modelled as the switchboard. The switchboard connects the two 

components. The switchboard model has two functions. The first function is the switching of the batteries 

and armatures of the propulsion motor in series and parallel. The second function is the calculation of the 

dis-, charge current at battery cell level. The moments of switching are optimized for propulsion motor 

efficiency. The cells are connected in series to form a battery. The battery voltage is dependent on the 

number of battery cells in series. It is assumed that the cells in the battery have the same behaviour, 

independent of their position in the battery. The battery voltage has influence on the propulsion motor 

performance, and is connected to simulate their performance. 

The optimization of the battery mass is done using a battery optimization algorithm. The objective of the 

battery mass optimization algorithm is to find the optimum battery mass. The optimum battery mass is 

defined as the lowest battery cell mass that meets the set requirements. The battery mass is function of 

two variables. (1) The number of cells and (2) the mass per cell. The numbers of cells in series define the 

battery voltage and the mass per cell defines the available capacity per cell. Larger batteries have more 

stored capacity compared to smaller batteries. These two variables cannot be seen separately.  

As the number of cells increases, the voltage of the battery increases. This affects the discharge current 

from the propulsion motor and the discharge current of the auxiliary load. The discharge current and 

efficiency of the propulsion motor are modelled in the propulsion motor performance model. Lower 

discharge currents result in lower battery cell capacity. The battery cell performance and capacity as 

function of the discharge current cell is modelled in the battery cell performance model. The battery 

performance is a function of three functional dependencies. (1) The battery capacity as function of the 

discharge current. (2) The open cell voltage as function of the pseudo discharge state and (3) the pseudo 

resistance as function of the pseudo discharge state [22]. The required cell capacity results in the battery 

mass. Varying the number of battery cells result in the optimum battery mass.  

 

Figure 19 Propulsion plant model during submerged operation 
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 Main Generator and Diesel engine dimensions and efficiency 4.2.3

The methodology that is used to determine the generator power is illustrated in Figure 20. The input is the 

mission profile. From the mission profile the performance requirements are obtained. These are the 

propulsive power and auxiliary power during the snorting and deep submerged operation and the given 

indiscretion ratio. These requirements are the input for the performance model of the propulsion plant. 

The power is limited by the maximum cell voltage during charging. The cell voltage may not exceed 2.45 

[V] [23]. The cell voltage is a function of the charge current. The used battery model simulates the cell 

voltage during the charging.  

The calculated generator power is the input for the dimensioning of the generator and the propulsion plant 

performance simulations. The propulsion plant performance is expressed in the fuel efficiency. 

 

Figure 20 calculation methodology generator power output 

The propulsion plant performance model is illustrated in Figure 21. This is the same model as illustrated 

in Figure 21 with in addition the diesel generator model. The generator output power is divided by the 

available battery voltage. The result is the generator current, 𝐼𝑔𝑒𝑛. The discharge current and the 

generator current result in the battery current. Depending on the sign is the current charging or 

discharging. 

 

Figure 21 Propulsion plant performance model 
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The result of the generator power is the input for the dimension prediction of the main generator(s). The 

required power output of the main engine is dependent on the required mechanical power input of the 

generator. The dimension prediction of the diesel engine and generator are done using first principle 

dimension prediction. The optimum diesel generator weight, volume and efficiency are obtained by 

comparing the results of dimension prediction for various diesel generator set configurations. 

 

Figure 22 Optimization of the dimension of the diesel generator set 

 Diesel fuel tank capacity 4.2.4

The required diesel oil storage capacity is obtained with a simulation of the total assumed mission profile. 

The snorting time and the specific fuel consumption results in the required full tank capacity. 
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 Propulsion motor performance model and dimensions 5

 Introduction 5.1

The research question defines the optimum as the optimum propulsion plant configuration in weight, 

volume efficiency and LCC. The weight of the propulsion plant configuration is defined as the weight of 

the components. This chapter elaborates on the weight, volume and efficiency of the propulsion motor. 

There are two types of models required to answer the research questions. (1) A propulsion motor 

performance model. The results of interest of the model are the efficiency and the discharge current. 

Efficiency is explicitly defined in the research question. The discharge current is a result of interest 

because the current need to be supplied by the battery. (2) A dimensioning prediction model. The 

purpose of the propulsion motor dimension prediction model is to predict the dimensions, expressed in 

weight and volume, as function of the maximum set output power at a given revolutions rate. 

The relation between the dimensioning model and the performance model are the rotor dimensions. The 

rotor dimensions are a part of the motor parameters used in the performance model. This chapter 

elaborates on those two models, the relation between the two models and the results of the simulations.  

 Propulsion motor performance model  5.2
The DC propulsion motor is attractive on warships and submarines for the low vibration level, which is 

beneficial for the low underwater signature. [4]  There are three possible types of DC motors which can 

be used for the propulsion of a submarine; series motor, shunt-motor and a compound motor.  

 In a dc-series motor, the field windings are connected in series with the armature windings; 

 In a dc-shunt motor, the field winding is connected in parallel with the armature circuit; 

 In a dc-compound motor both shunt- and series-field windings are applied. The resulting field is a 
combination of the contribution of the two windings. See Figure 29 for the schematic overview.  

 

Figure 23 Series and field windings of a DC-compound motor (cumulative) 

The propulsion motor of the concept systems configurations is a dc-compound motor. The selection of the 

propulsion motor is based on the benefits of the two types of windings that are applied. The series motor 

torque-speed characteristic can be obtained by reducing the current in the shunt windings, resulting in a 

maximum torque at no load. The advantage of the shunt motor is the no-load speed, the motor can rotate 

at no-load and go smooth into generator mode. The propulsion motor of the concept systems 

configuration motor cannot fully behave as a shunt motor as the current in the series windings cannot be 

reduced without reducing the armature current. [24].  

Shunt windings 
Series windings 

Armature windings 
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The field windings of a dc-machine are placed in the stator and the armature windings are mounted on 

the rotor. A dc current is passed through the field windings, see Figure 24. The current produce an air gap 

flux in the d-axis, shown in Figure 26.  

 
 

Figure 24 Cross section of a dc-machine 
[25] 

 
 
 

 

 
Figure 25 Flux 

created by the shunt 
and series windings  

d-axis [20] 

 

 
Figure 26 Flux created 

by the armature 
windings  

q-axis [20] 

 

 
Figure 27 Resulting 
flux of the field and 

armature windings [20] 

 
 

The equivalent circuit of a dc-compound machine is shown in Figure 28. An equivalent circuit is a 

simplified representation of the system, while the electric characteristics are retained. There are two 

separated circuits; the shunt field windings and the armature with the series windings. The voltage 

equations can be obtained from the equivalent circuit. The constant terms illustrated in the equivalent 

circuit are specified in Table 2 List of Symbols. 

  

 

Figure 28 Equivalent circuit DC compound propulsion motor [20] 
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Table 2 List of Symbols 

Symbol Description 

U Armature voltage 

Uf Shunt field voltage 

I a Armature current 

I f Shunt field current 

Nf Number of shunt windings  

Ns Number of series windings  

Na Number of armature windings  

Rf Shunt windings resistance 

Rs Series windings resistance 

Ra Armature windings resistance 

 

The shunt and series windings have a contribution to the d-axis, while the compensating and armature 

winding have a contribution to the q-axis. This equation is set up by D.M Meuldijk. [20] 

 

{
 
 

 
 𝑈𝑓 = 𝑅𝑓 ∙ 𝐼𝑓 + 𝑁𝑓

𝑑𝜙𝑑
𝑑𝑡

𝑈 = (𝑅𝑎 + 𝑅𝑠) ∙ 𝐼𝑎 +𝑁𝑠
𝑑𝜙𝑑
𝑑𝑡

+ 𝑁𝑎
𝑑𝜙𝑞

𝑑𝑡
+ 𝐸𝑎

 

 

5-1 

The equivalent circuits re-written in differential equations: [20] 

{
 
 

 
 

𝑑𝜙𝑑
𝑑𝑡

=
1

𝑁𝑓
∙ (𝑈𝑓 − 𝑅𝑓 ∙ 𝐼𝑓)

𝑑𝜙𝑞

𝑑𝑡
=
1

𝑁𝑎
∙ (𝑈 − (𝑅𝑎 + 𝑅𝑆) ∙ 𝐼𝑎 −

𝑁𝑠
𝑁𝑓
∙ (𝑈𝑓 − 𝑅𝑓 ∙ 𝐼𝑓) − 𝐸𝑎)

 

 

5-2 

The differential equations are used to construct a block model in MATLAB/Simulink. For this model are 

the Maxwell second law, also known as Faraday’s law. The contour integral of the electric field intensity is 

equal to the derivative of the surface of the magnetic flux density. 

∮ �̅� 𝑑�̅�
𝐶

= −
𝑑

𝑑𝑡
∬ �̅� ∙ 𝑑𝐴̅̅̅̅
𝑆

 

 

5-3 

The left half of the equation is the contour integral of the electric field intensity. This is equal to the integral 

of the current density times the electric resistance minus the voltage.  

∮ �̅� 𝑑�̅�
𝐶

= ∫𝜌𝐶𝑢 ∙ 𝐽 ̅ ∙ 𝑑�̅� − 𝑢 = ∫ 𝜌𝐶𝑢 ∙
𝑖

𝐴𝐶𝑢
∙ 𝑑𝑙 − 𝑢 = 𝑅 ∙ 𝑖 − 𝑢

𝑙𝐶𝑢

 

 

5-4 

The derivative of the surface of the magnetic flux density can be written as:  

−
𝑑

𝑑𝑡
∬ �̅� 𝑑𝐴̅̅̅̅
𝑆

= −
𝑑𝜆

𝑑𝑡
= −𝑁

𝑑𝜙

𝑑𝑡
= 𝐸𝑎 

5-5 
 
 



Commercial in confidence  
 

Nevesbu b.v. P.O. Box 278   Kelvinring 48   2950 AG Alblasserdam -The Netherlands  www.nevesbu.com  Phone: +31 (0)88 – 943 3400 

©  Copyrights: Reproduction, utilization or disclosure to third parties in any form is not allowed without written consent. 

Thesis_Rietveld_SDPO.17.001_Final.docx Page 41 of 151 
        Page 41 of 151 

The power and torque for a DC motor is expressed by equation 5-6, [4] [25] Where 𝑍𝑎 is the number of 

armatures, and 𝜔𝑚 is the mechanical frequency in rad/second. 

  

(
0
0

𝑇𝑀𝐸𝑀

) = (
𝐾𝑎 ∙ 𝜙𝑑
𝐾𝑎 ∙ 𝜙𝑞
0

) × (
𝐼𝑎𝑑
𝐼𝑎𝑞
 0

) 
5-6 
 
 
 

𝑇𝑀𝐸𝑀 = (𝐾𝑎 ∙ 𝜙𝑑 ∙ 𝐼𝑎𝑑+𝐾𝑎 ∙ 𝜙𝑞 ∙ 𝐼𝑎𝑞)  

 
𝑇𝑀𝐸𝑀 = (𝐾𝑎 ∙ 𝜙𝑑 ∙ 𝐼𝑎𝑞) 𝑍𝑎 = (𝐾𝑎 ∙ 𝜙𝑑 ∙ 𝐼𝑎) 

 

 

As illustrated in Figure 26 is there only a contribution in the q-axis induced by the armature current. 
Resulting in equation 5-7.  
 
 

𝑃𝑀𝐸𝑀 = 𝑇𝑀𝐸𝑀 ∙ 𝜔𝑚 ∙ 𝑍𝑎 
 
5-7 

 

 Propulsion motor efficiency 5.2.1

This chapter explains the effect of a fluctuating armature voltage on the efficiency. The losses of the MEM 

are divided in three components. (1) The losses in the rotor due to the magnetization and 

demagnetization. (2) The losses in the series circuit due to the series and armature resistance and (3) the 

losses in the shunt circuit due to the shunt resistance. 

5.2.1.1 Rotor losses 

The rotor losses due to the magnetization are defined and modelled by D.M. Meuldijk [20], also known as 

Eddy current losses. Where 𝜔𝑒 is the electric frequency, which is defined as 𝜔𝑒 = 𝑝 ∙ 𝜔𝑚 and 𝜔𝑚 is the 

mechanical frequency? V Is the volume of the iron in the rotor.  𝜌 Is the specific electric resistivity, B is the 

amplitude of the flux density. At constant power and constant frequency, it can be stated that: 

𝑃𝑙𝑜𝑠𝑠𝑒𝑠 𝑟𝑜𝑡𝑜𝑟 =
𝑉

24 ∙ 𝜌
∙ (𝜔𝑒 ∙ Δ ∙ �̂�)

2
 

 

5-8 

𝑃𝑙𝑜𝑠𝑠𝑒𝑠 𝑟𝑜𝑡𝑜𝑟 = 𝐾𝑣 ∙ 𝜔
2 ∙ �̂�2 = 𝑓(𝐵) 5-9 

5.2.1.2 Resistance losses 

The power losses due to the resistance can be written as equation 5-10 and 5-11. Where 𝐼𝑎 is the 

armature current and 𝐼𝑓 is the shunt current, and so is 𝑅𝑎 the armature resistance, 𝑅𝑠 the series 

resistance and 𝑅𝑓 the shunt resistance.  

𝑃𝑙𝑜𝑠𝑠𝑒𝑠 𝑠𝑒𝑟𝑖𝑒𝑠 = 𝐼𝑎
2 ∙ (𝑅𝑎 + 𝑅𝑠) 

 

5-10 

𝑃𝑙𝑜𝑠𝑠𝑒𝑠 𝑠ℎ𝑢𝑛𝑡 = 𝐼𝑓
2 ∙ (𝑅𝑓) 

 

5-11 

5.2.1.3 The overall efficiency 

The overall efficiency is the sum of the losses and a function of the power and battery voltage.  

𝜂𝑀𝐸𝑀 =
𝑃𝑀𝐸𝑀
𝑃𝐸

=
𝑃𝑀𝐸𝑀

𝑃𝑀𝐸𝑀 + 𝑃𝐿𝑜𝑠𝑠𝑒𝑠
 

5-12 
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 Performance model motor controller 5.3
The propulsion motor is for redundancy reasons composed of two identical the same halves. Both 

armature halves are separated from each other by means of a partition, which acts as a fire shield. To 

realize variable speed in the system, the selection of the two main batteries and the two armatures of the 

MEM are done by switching them in parallel and series and controlling the current by the shunt field 

chopper. Speed control is achieved by field weakening with the with the shunt field choppers in the slow, 

cruise and high mode. Field weakening is the reduction of the magnetic flux. For dead slow speed (2-5 

kn) a third chopper across the armatures is available, this chopper can be considered as variable voltage 

source.  The armature chopper in combination with the shunt field chopper ensures a high efficiency in 

the dead slow mode. [26] The chopper is not used in the armature circuit because of noise. The switching 

of the armature circuit would involve high currents and therefor high noise [4].  For redundancy there are 

two shunt field choppers, one in operation, one stand-by.  

 Modes of operation 5.3.1

There are 4 modes of operation. The lowest speed is dead slow speed. The MEM armatures are switch in 

series with parallel switched shunt fields in dead slow settings and controlled by one of the two shunt field 

choppers. The armature chopper is a second controller to control the armature voltage. [27] The layout is 

illustrated in Figure 29. In the slow speed condition both MEM armatures are in series, and the batteries 

are switched in parallel. The speed is controlled by one of the shunt field choppers, as illustrated in Figure 

30. [27]  

 

 
 

Figure 29 Dead slow speed switch settings – 
(Zeer langzame Sluipvaart) 

 
 

Figure 30 Slow speed switch settings  
(Stapvaart) 

 

In the cruise speed settings the MEM armatures as switched in parallel as well as the batteries, see 

Figure 31.  The speed is controlled by one of the shunt field choppers. [27] In high speed switching 

settings, the MEM’s and the batteries are switched in series. This is illustrated in Figure 32. The speed is 

controlled by one of the shunt field choppers. [27] 
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Figure 31 Cruise speed switch settings 
(Kruisvaart) 

 
 

Figure 32 High speed switch settings 
(Hogevaart) 

 
The armature voltage controller is the controller that controls the battery voltage between the batteries 

and the MEM. This power supply can control the voltage. In the used model is this controller not 

implemented. The three modes of operation are the slow speed; cruise speed and high speed switch 

settings to find the optimum battery mass.  

The battery voltage is not constant during submerged operation. The battery voltage drops during 

discharge. This needs to be compensated to maintain power at constant rotating frequency. This is 

controlled by the motor controller. 
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 Motor controller 5.3.2

The control loop feedback mechanism calculates the error between the set power and simulated power 

and minimizes this error over time by controlling a variable until the set power is equal to the delivered 

power by the propulsion motor. The variable unit is 𝑈𝑓. 𝑈𝑓 Is the voltage in the shunt field circuit. The 

shunt voltage results in a shunt field current. The shunt field current is limited to an output of 80 [A]. 

𝑃𝐵 𝑠𝑒𝑡  (𝑡) = 𝑃𝐵 𝑀𝐸𝑀  (𝑡)  
 

{𝑃𝐵 , 𝑡 ∈ ℝ | 𝑃, 𝑡 ≥ 0} 
 

5-13 

The controller is a proportional-integral-derivative controller (PID-controller). The PID-controller is a 

mathematical representation of the chopper in the shunt field circuit. See Figure 33 Propulsion motor and 

controller . The chopper is in a static switch, which can be operated with a controllable pulse-width and/or 

pulse-frequency. The incoming voltage from the batteries will be switch on and off very quick and fed to 

the MEM. By varying the pulse-pause ratio it is possible to control, in theory, the mean voltage between 

zero and actual battery voltage. The used switching element is a thyristor [26]. The PID controller is 

limited to non-negative reel numbers; ℝ+. A negative shunt voltage is no solution.  

 

 

Figure 33 Propulsion motor and controller performance model  
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 Verification performance model propulsion motor 5.4
The verification of the propulsion model is done with available measurement data. The measurement data 

is from the same machine type, but another maximum power output. The maximum power output of the 

propulsion motor is 4000 [kW]. The technical parameters are assumed to be the same for both propulsion 

motors. The variables that are assumed to be different are rotor dimension related. The rotor dimensions 

of the propulsion motor are changed and the simulation results are changed until there is a good fit 

between the numerical simulations and the experimental measurement data.  

 Technical Parameters 5.4.1

The propulsion motor model has parameters classified into physical constants and machine parameters. 

The physical constants describe material these constants are known. Machine parameters describe the 

specific machine properties. 

5.4.1.1 Physical constants 

The physical constants are defined in Table 3. 

Table 3 Physical Constants 

Symbol Description Value Unit 

𝝓𝒔𝒂𝒕  Saturation flux 2.3 Vs 

𝑩𝒔𝒂𝒕  Saturation flux density 2 T 

𝝁𝟎 Permeability of a vacuum 4 pi e-7 H/m 

𝝁𝒓 Permeability of iron 2000 - 

 

5.4.1.2 Machine parameters 

The machine parameters are defined in Table 4. 

Table 4 Machine parameters 

Symbol Description Value Unit 

Nf Number of shunt windings  89 - 

Ns Number of series windings  2 - 

Na Number of armature windings  13 - 

Nc Number of compensating windings 10 - 

Rf Shunt windings resistance 1 Ohm 

Rs Series windings resistance 5 e-3 Ohm 

Ra Armature windings resistance 10 e-3 Ohm 

 

 Rotor dimensions approach 5.4.2

Available performance data of a similar type of machine was made available [5]. This performance data is 

over the full range of the propulsion motor’s power output; from dead slow to high speed. The 

performance data have been measured at constant power output for various battery voltages and 

constant voltages and various power output. This data is used to complement the unknown rotor 

parameters is such a way that the simulated performance would correspond to the performance data.  

The technical parameters and load is input for the performance model of the propulsion motor. The output 

of the simulations is the efficiency and armature current. Output of the simulation is compared to the 

available measurement data. The size of the rotor is changed and is changed in the technical parameters. 
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This process is repeated until the error between the simulated results and the experimental data has 

come to a minimum. This process is schematically illustrated in Figure 34.  

 

Figure 34 Rotor dimensioning 

The changing of the rotor dimensions changes the effective cross sectional area of the rotor, as illustrated 

in Figure 35. As the area changes, the flux changes. In order to meet the maximum power output the 

armature current has to increase as calculated in equation 5-14. 

𝜙𝑑 =∬ �̅� 𝑑𝐴̅̅̅̅
𝑆

 

 

5-15 

𝑃𝑀𝐸𝑀 = 𝑇𝑀𝐸𝑀 ∙ 𝜔𝑚 ∙ 𝑍𝑎 
 

ref. 5-6 

𝑇𝑀𝐸𝑀 = (𝐾𝑎 ∙ 𝜙𝑑 ∙ 𝐼𝑎) 𝑍𝑎 
 

ref. 5-7 

The rotor dimensions are defined as the area cross section, rotor length and rotor diameter. It is assumed 

that the diameter of the rotor is 2.0 [m] and that only the length of the machine varies. This assumption 

allows using a constant airgap length. Figure 35 illustrates the rotor dimensioning.  

 

Figure 35 Rotor dimensioning 
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 Rotor dimensions 5.4.3

The measured armature current and the simulated armature current are plotted in Figure 37. The 

measurements data with the subscript surfaced indicates a constant voltage over the range of the 

measurements. During the surfaced operation are the diesel generators running allowing constant voltage 

operation. The subscript submerged indicates a decreasing voltage during the measurements as the 

batteries drain. The simulated and efficiency and the efficiency obtained from the measurement data is 

plotted in Figure 37. The shape and value of the lines have a good fit. The simulation results fit well for a 

rotor length of 1.44 [m] and 2 [m] in diameter. The resulting cross sectional area is 2.88 [m]. 

𝐴𝑑 = 𝐷𝑟𝑜𝑡𝑜𝑟 ∙ 𝐿𝑟𝑜𝑡𝑜𝑟 = 2.88 [𝑚
2] 5-16 

 

Table 5 Rotor dimension results 

Symbol Value Unit Description Source 

Ad 2.88 m
2 

Area cross section d-axis  Fit 

Aq 2.88 m
2 

Area cross section q-axis  Fit 

ld 5.0 m Magnetic length in d-direction Fit 

lyq  2 m Effective length q-axis Function of Ad 

lyrd 2 m Effective length d axis Function of Ad 

dd 0.0105 m Airgap length on the d-axis Schulten/Stapersma/Meuldijk [28] 

dq 0.0148 m Airgap length on the q-axis Schulten/Stapersma/Meuldijk [28] 

Ls 3.5 m Iron length stator  
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 Rotor dimension prediction mission profile 5.5
This chapter elaborates on the dimensions of the propulsion motor expressed in volume and weight. The 

dimensions of the propulsion motor are a function of the required power output. The first principle 

dimension prediction is described by D. Stapersma and P. de Vos [21]. The idea behind first principle 

dimension prediction is that the dimensioning of the propulsion motor, and other electric machines, can 

be estimated by sizing the core of the machine to the required power output using first principles. The 

core consists out of primary and secondary elements. The machine dimensions can be obtained by 

multiplying the core dimensions, times a correction factor. The correction factor is obtained using 

regression analysis. This process is illustrated in Figure 38. 

 

Figure 38 Process of prediction machine dimensions and rotor dimensions based on first principles 

The rotor of the propulsion motor is the primary element of the motor. Electrical energy is converted to 

mechanical energy in the rotor. The dimensions of the rotor are a function of the operational 

requirements. The operational requirement that determine the propulsion motor size is the maximum 

power demand at a defined number of revolutions, which correspond with the number of revolutions of 

the propeller as there is no gearbox is involved in the system layout. The revolution and power are 

obtained from equation 2-7. 

 Primary dimensions 5.5.1

The basic equation that relates power output to angular speed and torque is given in 5-17. 𝑇 Is the torque 

in Nm, 𝜔 is the angular speed in rad/s and n is the rate of rotation is rev/s. For electromotor is the torque 

expressed as the electromotive force times the radius of the rotor. The electromotive force is the Lorentz 

force that acts on the current carrying conductors in the rotor. Resulting in a force. P. de Vos [21] states 

that the electromotive force can be represented as a shear stress. The current carrying conductors are 

evenly spread over the rotor circumferential area, and therefor is this area considered. Using this relation 

results in equation 5-17. 

𝑃 = 𝑇 ∙ 𝜔 = 𝑇 ∙ 𝑛 ∙ 2𝜋 
 

5-17 

𝑇 = 𝐸𝑀𝐹 ∙
𝐷𝑅
2
= 𝜏𝑅 ∙ 𝐴𝑅 ∙

𝐷𝑅
2
= 2 ∙ 𝜏𝑅 ∙ 𝑉𝑅 

 

5-18 
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𝑛 =
𝑣𝑡

𝜋 ∙ 𝐷𝑅
 

 

 
5-19 

The area of the rotor is a function of the rotor diameter and length. The relation between those variables 

is defined in 5-21. This relation enables to play with the dimensions, while keeping the other terms 

constant. A long slender motor could deliver the same output power as a short big diameter motor.  

𝜆𝑅 =
𝐿𝑅
𝐷𝑅

 

 

5-20 

𝑃 = 𝜋 ∙ 𝜏𝑅 ∙ 𝑣𝑡 ∙ 𝐷𝑅 ∙ 𝐿𝑅 = 𝜋
2 ∙ 𝑛 ∙ 𝐷𝑅

2 ∙ 𝐿𝑅 ∙ 𝜏𝑅 
 

5-21 

The shear stress can be calculated with the available data. The output power of the propulsion motor is 
divided by the number of armatures in the motor as both motor partitions deliver the same work. This 
technical parameter is assumed to be constant for the propulsion motors of the different required power 
outputs. The diameter and length of the rotor are obtained from the 5-16. 
 
 

𝜏𝑅 =
𝑃/𝑍𝑎

𝜋2 ∙ 𝑛 ∙ 𝐷𝑅
2 ∙ 𝐿𝑅

=
4000/2

𝜋2 ∙ 3.3 ∙ 2.02 ∙ 1.44
= 11 [

𝑘𝑁

𝑚2
] 

5-22 

 

 

The dimension of the rotor for a constant diameter and the same shear stress is calculated in equation 

5-23. The length of the rotor is usually extended at a constant diameter. The verified model is designed 

for higher power output than the nominal power output required for the assumed mission profile. The 

dimensions for the propulsion motor for the mission profile are determined with first principle dimension 

prediction. According to mission profile is the maximum output power 3600 kW at 19 knots. According to 

equation 2-7 is the rate of rotation 3.3 rps. The resulting rotor length is 1.3 meter according to 5-23. 

𝐿𝑅 =
𝑃/𝑍𝑎

𝜋2 ∙ 𝑛 ∙ 𝐷𝑅
2 ∙ 𝜏𝑅

=
3600/2 

𝜋2 ∙ 3.3 ∙ 2.02 ∙ 11
= 1.3 [𝑚] 

5-23 

 

 Rotor dimensions performance model 5.5.2

The rotor dimensions that are obtained with the first principle dimension prediction model are input for the 

propulsion motor performance model for 3600 kW output. 

Table 6 Rotor dimensions corresponding to the mission profile 

Symbol Value Value Unit Description Source 

Ad 𝐿𝑅 ∙ 𝐷𝑅  1.3 ∙ 2 m
2 

area cross section d-axis   

Aq 𝐿𝑅 ∙ 𝐷𝑅 1.3 ∙ 2 m
2 

area cross section q-axis   

ld 5.0 5.0 m Magnetic length in d-direction  

lyq  𝐷𝑅 2 m Effective length q-axis  

lyrd 𝐷𝑅 2 m Effective length d axis  

dd  0.0105 m Airgap length on the d-axis [28] 

dq  0.0148 m Airgap length on the q-axis [28] 

 

 Operational capabilities 5.6
The MEM on board is speed controlled with the shunt field controller. The controller has a limited output, 

resulting in a limited power output. The propulsion motor is switched in series and parallel, and the 
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batteries are switched in series and parallel to extend the operational area of the propulsion motor. The 

switching moments are based on the limits of the shunt field controller and the optimum efficiency. This 

chapter elaborates on the operational capabilities of the propulsion motor with the derived parameters.  

 

Figure 39 Switching points MEM 

There are 4 modes of operations as stated in chapter 5.3. The limitations of the slow speed, cruise speed 

and high speed modes of operations are first analysed, followed by the dead-slow speed mode, which 

operates in a different way.  

 Slow speed mode of operation 5.6.1

In the slow speed mode of operation are the batteries switched in parallel and the armatures switched in 

series. The armature voltage of is than half of the battery voltage. The battery voltage is around 400 [V].   

The armature current increases for an increasing power demand at constant armature voltage. The 

controlling variable, the shunt current, decreases. The armature current, shunt current and load and 

efficiency is illustrated in Figure 40. 

The efficiency has an optimum. The optimum is a result of the losses due to the armature and shunt 

currents as explained in chapter 5.2.1 Propulsion motor efficiency. The contribution of the shunt losses 

are at first dominant, as the armature current becomes larger the armature losses increase. 

Around 100 rpm the value shunt current is zero, and the shunt current cannot further decrease. The 

propulsion motor cannot be controlled at higher propulsor speeds. If higher speeds are desired the 

system switches into the cruise speed settings.  
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Figure 40 Slow speed settings 

 Cruise speed mode of operation 5.6.2

In the cruise speed mode of operation are the batteries and armatures switched in parallel. The armature 

voltage is around 400 [V]. The operational area of this mode of operation is shifted to higher rates of 

rotation compared to the slow speed settings.  

 

Figure 41 Cruise speed settings 
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 High speed mode of operation 5.6.3

At the high speed settings is the armature voltage equal to twice the battery voltage. The armature 

voltage is around 800 [V].  

 

Figure 42 High speed settings 

 Switchboard settings 5.6.4

Switchboard settings are the powers at which the batteries and armatures switch in series or parallel. 

There are two switching points, representing the three modes of operation. The switchboard settings are 

optimized for optimum propulsion motor efficiency. The different modes of operation are plotted in Figure 

43. 

 

Figure 43 Modes of operation 
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The two switch points are at 90 and 140 rpm, respectively 400 kW and 1200 kW brake power. Up to 400 

[kW] are the battery setting values 0.5 and the armature settings 0.5. The setting represents the slow 

speed switch settings. The batteries are switched in parallel, and the armatures are switched in series. As 

the armatures are switched in series, the voltage over the armatures is half of the battery voltage. The 

batteries are switched in parallel, so the batteries deliver both of the total required discharge current.  

At 400 [kW] is the second switching point. This point represents the cruise speed switch settings. The 

batteries are switched in parallel and armatures are switched in parallel. The voltage supplied to the 

armatures is the voltage of one battery. The discharge current of the MEM is divided over two batteries. 

So the battery setting is 0.5.  

At 1200 [kW] is the switching from cruise speed to high speed. The batteries are switched in series, and 

the armatures are switched in series. The armature setting is two, because the voltage to the MEM is 

twice the battery voltage. The battery settings are one because the each battery has to deliver the current 

of the two MEM halves.  

 
Figure 44 Switching points 
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 Discharge currents 5.7
The combined switchboard settings and load characteristics lead ultimately to the armature current as 

function of the set power and available voltage. The relation is plotted in Figure 45. The armature current 

is the discharge current acting on the batteries. The influence of the shunt currents can be neglected.  

 

Figure 45 Armature current as function of the set power 

 

The values of the armature current are based on an armature voltage of 200 V for the slow speed setting, 

400 V for the cruise speed settings, and 800 V for the high speed settings. The armature voltage 

decreases during discharging. The result is an increased armature current. Figure 46 illustrates the 

armature current as function of the armature voltage and set power. The set power is according the ships 

resistance equation 2-8. On the vertical axis is the delivered brake power of the propulsion motor, with 

two armatures. The horizontal axis is the available battery voltage. The current is illustrated in the colours 

corresponding to their amplitude.  
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Figure 46 Armature current as function of power and voltage 

The figure also illustrates the operational area of the propulsion model. The chopper is a mechanical 

device that has a limited output voltage. The output current is limited of 0 [A] up to 80 [A]. These 

limitations are taken into account for the PID-controller.  

The effect of the controller limitations is clearly visible at high available voltages and low power demands. 

At low power demands, and higher voltages is the controller limited by the upper limit, 80 [A]. At the 

higher powers for lower voltages is the controller limited to the lower limit of 0 [A]. The values of the shunt 

field current are illustrated in Figure 47. The empty spaces are area’s where the propulsion motor cannot 

operate. The switching of the batteries and armatures in series and parallel can prevent the propulsion 

motor to operate in these areas.  

 

Figure 47 Shunt field current [A] 
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 Dead slow speed 5.7.1

The dead slow speed setting differs from the other modes of operation. The chopper between the 

batteries and armatures works like a variable voltage supply in the dead-slow mode of operation. In the 

slow, cruise and high modes of operation is this chopper not used. The chopper is too noisy when it is 

switching the high currents during the slow, cruise and high speeds.  

In contrast to the slow, cruise and high speed modes of operation is the dead slow speed not generic 

modelled. The settings are optimized for the two requested power outputs, 18 kW and 40 kW.   

5.7.1.1 18 kW Power demand 

The 18 kW power demand corresponds to the set dead-slow speed set in the mission profile during the 

surveillance and attack phase. The simulation results show a narrow voltage range where the propulsion 

motor can deliver the requested output power. The narrow range of the high efficiency illustrates the need 

of a voltage regulator between the batteries and the MEM. The voltage is acceptable in a range between 

40 and 100 [V]. The optimum efficiency at the slow speed, 18 [kW] propulsive power, given in the mission 

profile is 88%. The battery voltage of the charged batteries is dependent on the number of cells per 

battery and the battery cell voltage. The optimum battery voltage is 50 [V]. The armature current is held 

constant at 24 [A]. See  

 
Figure 48 Efficiency and discharge current at 18 kW 

propulsive power 

 
Figure 49 Power losses 18 kW 

 

𝑃𝐸𝐿 = 𝑍𝑎 ∙ 𝑈𝑎 ∙ 𝐼𝑎 = 2 ∙ 45 ∙ 220 = 19.8 [𝑘𝑊] 
 

𝜂 =
𝑃𝑀𝐸𝑀
𝑃𝐸𝐿

=
18.0

19.8 
= 0.91 = 91% 

 

𝐼𝑎 =
𝑃𝐴𝑟𝑚𝑎𝑡𝑢𝑟𝑒
2 ∙ 𝑈𝑏𝑎𝑡𝑡

=
19.8

2 ∙ 400
= 24 [𝐴] 

 

5-24 
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5.7.1.2 40 kW power demand 

The 40 kW power demand corresponds to the set dead-slow speed set in the mission profile during 

covert transit 1. The armature current is computed as 53 [A]. See equation 5-25. 

 

 
Figure 50 Efficiency and discharge current at 18 kW 

propulsive power 

 
Figure 51 Power losses 18 kW 

 

𝑃𝐸𝐿 = 𝑍𝑎 ∙ 𝑈𝑎 ∙ 𝐼𝑎 = 2 ∙ 80 ∙ 265 = 42.4 [𝑘𝑊] 
 

𝜂 =
𝑃𝑀𝐸𝑀
𝑃𝐸𝐿

=
40.0

42.4
= 0.93 = 93% 

 

𝐼𝑐𝑒𝑙𝑙 =
𝑃𝐴𝑟𝑚𝑎𝑡𝑢𝑟𝑒
2 ∙ 𝑈𝑏𝑎𝑡𝑡

=
42.4

2 ∙ 400
= 53 [𝐴] 

 

 
 
 
5-25 
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 Sizing the machine 5.8
The sizing of the total machine is the size of the core multiplied with an additional term. The term is a 

correction factor. It corrects the core size of the motor to the total dimensions of the motor. The additional 

term is obtained from data of suppliers. A database for DC machines is created, consisting data of one 

manufacturer; HOLEC. Unfortunately data of submarine propulsion motors is limited. Another type of 

submarine propulsion motor is added to verify the method. This type of machine is a permanent magnet 

(PM) type. As the first principle dimension prediction is generic, the method is also applicable to other 

types of electric machinery.  

The results of the propulsion motor dimensioning are illustrated in Figure 52. The circles in this figure 

illustrate the two DC propulsion motors, the stars represent the PM. The colour of the circles and stars 

correspond to the length/diameter lines in Figure 52. The correction factors for the length and diameter 

make that the lines are a perfect fit. The correction factors for the length are 1.5 and for the diameter 1.3 

for the DC and the PM motor. 

It is clearly visible that the motors do fit the corresponding coloured lines for the DC and PM motors. 

There is however a significant deviation for the PM 1700 kW propulsion motor. The machine dimensions 

are smaller than calculated. This can be explained by a higher maximum air gap flux density as 

calculated in resulting in higher shear stress in equation 5-22. 

Another interesting aspect is the ratio between rotor length and diameter. The DC motor diameter is 

limited to a radial speed of 25 m/s. Higher speeds may damage the rotor windings. The line with solutions 

stops for the DC machines in Figure 52, the limit of 25 m/s is exceeded. The PM motor does not have this 

limitation as the rotor of a PM machine has no windings on the rotor, but permanent magnets. This allows 

higher circumferential speeds. Resulting in larger rotor diameter for the same motor speed. 

 

Figure 52 diameter of the propulsion motor as function of the length for constant volume 

With the correction factors determined, the machine size of the 3600 [kW] motor can be estimated as 

illustrated in Figure 53. This motor is required for the given mission profile. The star in the figure is the 
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arbitrarily chosen propulsion motor. Resulting in a total diameter of 2.6 [m] and a total motor length of 3.9 

[m]. 

 

 
Figure 53 motor dimensions 3600 kW 

 
 

The dimensions of the propulsion motors are the outsides of the external dimensions excluding the 

mounted coolers, choppers or frequency converters. The propulsion motors have resistors mounted on 

top, and the PM has frequency converters on top. The data of the motors is included in ANNEX E 

Propulsion motor dimensions. 

 Weight of the machine 5.8.1

The weight of the machine is related to the machine density. The machine density is expressed as the 

mass of the machine divided by the volume of the machine.  The variations is length, width and height of 

the machine do not affect the mass of the machine as the volume of the machine is constant. 

The mass of the motor is calculated as the volume of the motor times a motor density. The energy density 

is 2500 [kg/m
3
] for the PM, the density is 2800 [kg/m

3
] for DC machines. This value is obtained by 

comparing different motor data. The difference between the PM and DC machines can be explained by 

the materials used in the machine. The copper used in the DC compound machines is heavier than the 

rare magnets materials.  

𝑃 = 𝜋2 ∙ 𝑛 ∙ 𝐷𝑅
2 ∙ 𝐿𝑅 ∙ 𝜏𝑟 

𝑚𝑚𝑜𝑡𝑜𝑟 = 𝑉𝑚𝑜𝑡𝑜𝑟 ∙ 𝜌𝑚𝑜𝑡𝑜𝑟 =
𝜋

4
∙ 𝐷𝑅

2 ∙ 𝑓𝑑 ∙ 𝐿𝑅 ∙ 𝑓𝑙 ∙ 𝜌𝑚𝑜𝑡𝑜𝑟 
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Figure 54 Volume of the motor Figure 55 Weight of the motor 
  

 

 Propulsion motor efficiency and dimensions 5.9
The propulsion motor is dimensioned for the maximum defined power output at a defined rate of rotation. 

The mass, volume and efficiency as function of the assumed mission profile is captured in Table 7. 

Table 7 DC- Compound properties for the assumed mission profile 

DC-Compound 2 armatures Mass [ton] Volume [m³] Efficiency  

3600 [kW] Brake Power 48 19 Max. 95% 
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 Conclusion 5.10
The propulsion motor performance is modelled in a performance model. This first principle model is based 

on the first and second law of Maxwell. The model is extended with a motor controller. The motor 

controller uses the shunt field to control the power output.  

The model with controller is verified with available measurements of the manufacturer. The available 

measurements contain 30 measurement points. There are two types of measurements. (1) 

Measurements of constant power at varying battery voltages and (2) varying powers for constant battery 

voltages. The simulated armature current fits the available measurements perfect. The efficiency fits good 

perfect, within a margin of 2%. At lower power output is the error 4%. 

It can be concluded that the propulsion motor performance model is a good representation of the 

propulsion motor. The model can be used for the propulsion plant simulations. The model is generic, and 

so it can be concluded that it is not only valid for the measured data points, but for the total power range 

over the total voltage range.  

The measurement data is obtained from a 4000 [kW] propulsion motor. The required propulsion motor for 

the assumed mission profile is 3600 [kW]. It is assumed that all the motor parameters are constant except 

for the rotor dimensions. The rotor dimensions of the 4000 [kW] propulsion motor have been decreased 

with a prediction model, based on first principles, to the predicted size of the 3600 [kW] propulsion motor  

rotor. The performance model with controller, motor parameters and the calculated rotor dimensions is 

used to obtain the armature currents and to simulate the propulsion motor efficiency.  

The calculated rotor dimensions have been used as starting point for the overall MEM dimensions, 

expressed in mass and volume. The rotor dimensions are assumed to be the core dimensions of the 

propulsion motor. Those core dimensions are multiplied with a correction factor to obtain the mass and 

volume of the MEM. The correction factor is obtained with regression analyse. The generic approach for 

the first principle predicting the dimensions of the propulsion motor is applicable and valid for the 

submarine propulsion motors of different types. The technical parameter used in the method is the shear 

stress acting on the rotor. This technical parameter is obtained by means of the available data of a 

propulsion motor, and a method based on the industry standards used in the construction of the rotor. 

The result is the mass and volume of the propulsion motor.  
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 Battery performance model and dimensions 6

 Introduction 6.1

For the prediction of the performance of batteries is a mathematical model required. The performances of 

interest are the capacity, the cell voltage and the battery efficiency. The model that is used for the 

prediction of the performances is the battery model of D. Stapersma [22]. The mathematical model is 

developed as a model for design calculations.  

This chapter elaborates on the usability of the model for lead-acid and lithium-ion energy storage 

technology. The first subchapter elaborates on the theoretical model, the second chapter verifies the 

lead-acid model, and the third subchapter verifies the lithium-ion model. 

The relation between the performance and the dimensions is the battery cell mass. The battery cell 

capacity is to be a function of the cell mass. As the cell mass increases the capacity of the cell increases: 

larger cells have more stored energy. The volume of the battery is assumed to be a function of the mass. 

The factor between the mass and volume is the battery density. The battery density is obtained from an 

unclassified battery cell.  

 Battery cell performance model 6.2
A complete description of the battery performance is obtained when the following functional 

dependencies are specified [22]: 

 Battery capacity as function of the discharge current; 

 Open cell voltage as function of pseudo discharge state; 

 Pseudo resistance as function of pseudo discharge state. 

These equations together form the performance model of a battery cell, as illustrated in Figure 56. The 

following subchapters elaborate  on the functional dependencies as mentioned above.  

 

Figure 56 performance model battery cell 

 Discharge capacity as function of the discharge current 6.2.1

The capacity of a cell is expressed as the total quantity of electricity involved in the electrochemical 

reaction and is defined in terms of coulombs or ampere-hours. The change in ampere-hour in the battery 

cell is by definition: 

𝑑𝑄 = 𝐼 ∙ 𝑑𝑡  →  𝑄 = ∫ 𝐼 ∙ 𝑑𝑡
𝑡

0

 

 

6-1 

The available charge; 𝑄𝑒𝑛𝑑  [Coulomb] is the electric current flow in Ampere [A] over a period of time. The 

delivered charge over the maximum time is also known as the capacity, 𝐶𝑡  [Ah]. 

𝑄𝑒𝑛𝑑 = ∫ 𝐼 ∙ 𝑑𝑡 = 𝐶𝑡

𝑡𝑒𝑛𝑑

0

   𝑎𝑛𝑑 𝐶𝑡 = 𝑓(𝐼𝑒𝑛𝑑) 
6-2 
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The real discharge state of a battery state can be defined as the ratio of the ampere hours that left the cell 

and its maximum capacity at zero current 𝐶∞. This is stated in equation 6-3. 𝑥 = 0 Represents a full 

battery and 𝑥 = 1 is related to an empty battery.  

𝑥 = 𝑟𝑒𝑎𝑙 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑠𝑡𝑎𝑡𝑒 =
𝑑𝑒𝑙𝑖𝑣𝑒𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
 

 

𝑥 =  
𝑄

𝐶∞
=
∫ 𝐼 ∙ 𝑑𝑡
𝑡

0

𝐶∞
 

 

6-3 

As the capacity is a function of the discharge current a new term is introduced, the pseudo discharge 
state. The pseudo discharge state is defined as the delivered capacity divided by the available capacity at 
the momentous current.  
 
 

𝑦 = 𝑝𝑠𝑒𝑢𝑑𝑜 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑠𝑡𝑎𝑡𝑒 =
𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑖𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
 

 

𝑦 =  
𝑄

𝐶𝑡(𝐼)
=
∫ 𝐼 ∙ 𝑑𝑡
𝑡

0

𝐶𝑡(𝐼)
 

 
 

6-4 

𝑥𝑒𝑛𝑑 =
𝑄𝑒𝑛𝑑
𝐶∞

=
𝐶𝑡
𝐶∞

 

 

6-5 

6.2.1.1 Battery parameters 

The input for the capacity as function of the current is data obtained from manufacturers. Data that is 

related to long, 𝐶∞, medium, 𝐶5, and short, 𝐶0, discharge times what corresponds with respectively low, 

medium and high discharge currents. The lowercase c denotes the specific capacity in [Ah\kg], the 

uppercase C denotes the battery cell capacity. 

𝐶∞ = 𝑐∞ ∙ 𝑚 6-6 
 

𝐶5 = 𝑐5 ∙ 𝑚 6-7 
 

𝐶0 = 𝑐0 ∙ 𝑚 6-8 
 

The coefficient 𝛼 shapes the minimum value of 𝐶𝑡 i.e. at high discharge current say, in 1.2 hours. The 

coefficient 𝛽 is the fraction of discharge capacity in 5 hours divided, by the maximum discharge capacity.  

𝛼 =
𝐶0
𝐶∞

=
𝑐0 ∙ 𝑚

𝑐∞ ∙ 𝑚
 

 

6-9 

𝛽 =
𝐶5
𝐶∞

=
𝑐5 ∙ 𝑚

𝑐∞ ∙ 𝑚
 

 

6-10 

𝜏𝑐ℎ𝑎𝑟  Is the characteristic discharge time in hours for the 5 hour fraction. 𝜏 Is the discharge time in hours. 

𝜏𝑐ℎ𝑎𝑟 = (
1 − 𝛼

𝛽 − 𝛼
) 

6-11 
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𝜏 = 𝑡5 ∙ ln(𝜏𝑐ℎ𝑎𝑟) 6-12 

 

𝐼𝑐ℎ𝑎𝑟 =
𝐶5

5 ∙ ln (
1 − 𝛼
𝛽 − 𝛼

)
 

6-13 

 

Equation 6-14 is the expression for the battery cell capacity in relation to the discharge current. 

𝐶𝑡(𝐼) = 𝐶∞ (𝛼 + 𝛼 ∙ 𝑒
− (

𝐼𝑖𝑛
𝐼𝑐ℎ𝑎𝑟

)
) 

 

 
6-14 

 Open cell voltage as function of pseudo discharge state 6.2.2

The open cell voltage during discharge is a function of the pseudo discharge state. The parameters 𝑎 and 

𝑏 prescribing the open voltages at respectively 70% and 100%. The determination of the parameters 𝑎 

and 𝑏 is profound elaborated in “Theory and model for battery charging and discharging”. [22] 

𝑈0(𝑦) = 𝑈0(0) ∙ (1 − 𝑎 ∙ 𝑦 − 𝑏 ∙ 𝑦
𝑒) 

 

 
6-15 

The open cell voltage during charge is comparable to the cell voltage during discharge.  

𝑈0̃(𝑦) = 𝑈0̃(0) ∙ (1 − �̃� ∙ 𝑦 − �̃� ∙ 𝑦
�̃�) 6-16 

 Pseudo resistance as function of pseudo discharge state 6.2.3

The internal cell resistance is a function of the pseudo discharge state. The fit function consists of two 

parameters. The increase of the internal cell resistance, at increasing is expressed by the term 𝑐. 𝑐 Is the 

total resistance increase over the available capacity. For submarine batteries is 30% an acceptable value 

at constant discharge rate. The value 𝑑 is a fit factor that influences the steepness of the tail of the 

function. 𝑅𝑖(0) Is the resistance when the battery is fully loaded.  

𝑅𝑖(𝑦) = 𝑅𝑖(0) ∙ (1 + 𝑐 ∙ 𝑦
𝑑) 

 

6-17 

𝑐 =
𝑅𝑖(1.0)

𝑅𝑖(0.0)
− 1 

6-18 

 

𝑑 =
ln (

𝑅𝑖(0.7)
𝑅𝑖(0.0)

) − ln(𝑐)

ln(0.7)
  

6-19 
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 Verification battery model for lead-acid 6.3
The equations stated in chapter 6.2 are combined in a performance model. The input is the current, the 

output is the cell voltage corresponding to the current. The current can be a charging current or 

discharging current. Discharging is associated with a positive current, charging is associated with a 

negative current.   

The model is verified with data of the MORAY Battery. The battery is manufactured by VARTA. The cell 

type is UR12. The mass of the cell is 530 [kg]. The parameters for the verification of the lead-acid battery 

cells are stated in Table 8. 

Table 8 Battery cell parameters 

Symbol Value Unit Description Source 

𝒎 530 kg Battery mass VARTA 

𝒄∞ 24.5 Ah/kg Capacity at 100 h discharge time VARTA 

𝒄𝟓 17.7 Ah/kg Capacity at 5 h discharge time VARTA 

𝒄𝟎 13.6 Ah/kg Capacity at 1.2 h discharge time VARTA 

𝑼𝟎(𝟎. 𝟎) 2.09 V Open cell voltage fully charged  VARTA 

𝑼𝟎(𝟎. 𝟕) 1.95 V Open cell voltage at 0.7  VARTA 

𝑼𝟎(𝟏. 𝟎) 1.75 V Open cell voltage fully discharged VARTA 

𝒆 16 - Fit function tail Assumed & Fit 

𝑹𝒊(𝟎. 𝟎) 0.042 µOhm Cell resistance voltage fully charged VARTA & Fit 

𝒄 30 % Increase of resistance  Assumed increase acc. [22] 

 

The performance simulation of the battery cell used to verify the model is illustrated in Figure 57. The 

input is the discharge current and the battery parameters. The model is limited for the maximum allowable 

state of discharge. The maximum depth of discharge is taken as the pseudo discharge state equal to 1, 

i.e. the battery is fully discharged for the given discharge current. The initial depth of discharge is taken as 

0, i.e. the battery is fully loaded. The discharge current varies over a range between 130 up to 6000 [A]. 

The maximum discharge current is equal to the armature current of the propulsion motor. The simulation 

stops if the set maximum depth of discharge is equal to the pseudo state of discharge. The elapsed time 

is defined as the total discharge time. 

 

 

Figure 57 Verification performance model 
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6.3.1.1 Results verification 

The results of the simulation are stated in Table 9. The first column represents the discharge current. The 

second and third column represent the discharge times. Respectively the data of the manufacturer and 

the results of the simulation. The fourth column represents the error between the manufacturer and the 

model. From the table it can be concluded that model is accurate enough to simulate the discharge time 

as function of a constant discharge current. 

Table 9 Results discharge time simulation 

I [A] t [h] Data t [h] Model Error 

130 100 97.0 3.0 % 

249 50 49.3 1.2 % 

570 20 20.2 -1.0 % 

1050 10 10.0 -1.0 % 

1880 5 4.99 0.2 % 

2840 3 3.00 0.7 % 

3950 2 2.01 1.0 % 

5050 1.5 1.51 2.0 % 

5900 1.25 1.27 1.6 % 

 

Figure 58 illustrates the discharge time given by the manufacturer, and from the simulation at defined 

discharge currents. The lines in Figure 58 are lines of constant discharge currents. The labels of the 

figure are the pseudo depth of discharge and the open cell voltages. The dots in the figure are the 

voltages given by the manufacturer of the cells. The currents in the legend correspond to the discharge 

currents stated in Table 9. The voltage of the battery during charging is illustrated in Figure 59. The 

battery voltage is higher due to hysteresis effects [22]. Data of the manufacturer is not added as it was 

not available. 

 
Figure 58 Cell voltage as function of the pseudo discharge 

state – Discharging 

 

 
Figure 59 Cell voltage as function of the pseudo discharge 

state – Charging  
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Figure 60 illustrates the battery capacity as function of the discharge current. The line is the modelled 
capacity, the circles are the data obtained from the manufacturer. It can be concluded that the standalone 
model is a good representation of the behaviour of a real battery cell. The discharge times and the 
voltages as function of the discharge state match within a maximum deviation of 3 %. 
 

 
Figure 60 Battery capacity as function of discharge current  

 
Figure 61 pseudo internal resistance as function of pseudo 

discharge state 

 

 Verification battery model for lithium-ion 6.4
This subchapter elaborates on the verification of the battery model for lithium-ion battery cells. The 

lithium-ion battery cells are the energy storage components in concept system configuration B. 

Verification justifies the use of the model.  

Table 10 Lithium battery cell parameters 

Symbol Value Unit Description Source 

𝒎 4.2 kg Battery mass KOKAM 

𝒄∞ 51.0 Ah/kg Capacity at 100 h discharge time KOKAM 

𝒄𝟓 47.6 Ah/kg Capacity at 5 h discharge time KOKAM 

𝒄𝟎 45 Ah/kg Capacity at 1.2 h discharge time KOKAM 

𝑼𝟎(𝟎. 𝟎) 4.2 V Open cell voltage fully charged  KOKAM 

𝑼𝟎(𝟎. 𝟕) 3.7 V Open cell voltage at 0.7  KOKAM 

𝑼𝟎(𝟏. 𝟎) 3.0 V Open cell voltage fully discharged KOKAM 

 

Table 11 Lithium-ion cell dimension properties 

Cell type Length [mm] Width [mm] Thickness [mm] Volume [L] Mass [kg] 

SLPB14060330 327 464 14 2.12 4.2  

 Discharging 6.4.1

The available cell voltage data as function of the pseudo depth of discharge and discharge current is 

illustrated in Figure 62. The obtained simulation results of the performance model are represented in 

Figure 63. The cell capacities and discharge current are obtained from the manufacturer. The internal 

resistance is adjusted to fit simulation fit the given data. The simulated voltage can be considered a 

straight line up to 0.9 SOD, where the given data prescribes a dip around 40% relative capacity. This 
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error is considered as not to be significant. The capacity as function of the discharge current is illustrated 

in Figure 64. The simulation do fit the data points of the manufacturer. 

 
Figure 62 Cell voltage according to the manufacturer as 

function of the pseudo depth of discharge [15] 

 
Figure 63 Modelled cell voltage as function of the pseudeo 

depth of discharge 

 

The maximum charge current of the specified battery cell is 1C, corresponding to 200 A per cell up to the 

open cell voltage when fully charged of 4.2 V.  

  
 

Figure 64 Cell capacity as function of the discharge current 

 
Figure 65 Battery voltage as function of time during 

constant charging 
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 Comparison battery types 6.5
The batteries are compared on a very high level in the energy density plot in Figure 10. From the figure it 

was concluded that the energy densities; expressed in Watthour per litre and Watthour per kilogram, are 

higher for lithium-ion batteries compared to lead-acid batteries. The maximum discharge current per cell 

is however not taken into account. The maximum lithium-ion discharge current is limited to 400 [A] for the 

used cell [15], where the lead-acid cell discharge current is limited to 6000 [A] [29]. This subchapter 

elaborates on the comparison between the cells on a deeper level than the energy density plot in Figure 

10, based on the battery models described in the previous chapters. 

Figure 66 illustrates the battery cell capacity, expressed in Ampere-hour as function of the discharge 

current in Ampere. This figure is a combination of Figure 60 and Figure 64. The lead-acid battery is the 

VARTA UR 12 battery cell, the Li-ion battery is the single KOKAM cell. It is clearly visible that the lead-

acid battery contains more capacity. The Li-ion cell is hardly visible in the left bottom corner. Besides the 

capacity, is the maximum discharge current of the lead-acid battery 6000 [A], a significant higher value 

compared to the lithium-ion cell, that is limited to 400 [A]. It is however not hard to understand that the 

lead-acid battery contains more capacity as the used battery cell mass is a 530 [kg] and the lithium-ion 

cell mass is a 4.2 [kg]. A better comparison is the comparison per unit of mass. The capacity per unit of 

mass is illustrated in Figure 67. Per unit of mass is the capacity of the li-ion cell twice the capacity of the 

lead-acid cell.  

 
Figure 66 Battery cell capacity in [Ah] 

 
Figure 67 Battery cell capacity in [Ah/kg] 

 

The maximum discharge current for lithium-ion cells can be increased by switching cells in parallel. By 

adding a second cell in parallel, the maximum discharge current doubles to a value of 800 [A]. Doubling 

to 4 cells in parallel results in a maximum discharge current of 1600 [A]. Besides the doubling of the 

discharge current is the capacity doubled.  

The capacity for the parallel switched lithium-ion cells is expressed by equation 6-20. This equation is 

based on equation 6-14.  The values are illustrated in Figure 68. 

𝐶𝑡(𝐼) = 𝐶∞ (𝛼 + 𝛼 ∙ 𝑒
− (

𝐼𝑖𝑛
𝐼𝑐ℎ𝑎𝑟

)
) 

 

ref 6-14 
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𝐶𝑡(𝐼) = 𝐶∞ ∙ 𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 ∙

(

 
 
𝛼 + 𝛼 ∙ 𝑒

− (

𝐼𝑖𝑛
𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
𝐼𝑐ℎ𝑎𝑟

)

)

 
 

 

 

6-20 

The capacity of the lead acid battery cell (VARTA UR 12), is compared to the lithium-ion battery cell. The 

lithium-ion battery cells are switched in parallel of 40, up to 70 cells. The simulation results show the 

steep decrease of capacity of the lead-acid cell as function of the discharge current. At low discharge 

currents is the capacity of the lead-acid cell equal to 60 cells in parallel. But at high discharge currents is 

the capacity as low as 40 cells. 

 
Figure 68 Lithium-ion cells in parallel 

 

 
Figure 69 Lithium-ion and Lead-Acid 

 

 Normalized mass and normalized volume 6.5.1

The comparison of lead-acid and lithium-ion battery cells is normalized to equal weight and volume. The 

packing of the lithium-ion cells into a module is significant as discussed in section 3.4 and illustrated in 

Figure 70. The packing factor for volume, 1.6, must be multiplied with the volume of the cells. The 

packing correction factor for the mass, 1.3, must be multiplied with the mass of the cells.  

 

Figure 70 Correction factors 



Commercial in confidence  
 

Nevesbu b.v. P.O. Box 278   Kelvinring 48   2950 AG Alblasserdam -The Netherlands  www.nevesbu.com  Phone: +31 (0)88 – 943 3400 

©  Copyrights: Reproduction, utilization or disclosure to third parties in any form is not allowed without written consent. 

Thesis_Rietveld_SDPO.17.001_Final.docx Page 73 of 151 
        Page 73 of 151 

The cell properties are defined in Table 11 Lithium-ion cell dimension properties. The cell volume is 2.12 

litres and has a mass of 4.2 kg. The packing factor for the volume is the specific mass of the cell divided 

by the specific mass of the cell module. This results in a packing correction factor of 1.6. The packing 

factor for mass is calculated in the same way as volume. The packing correction factor is 1.3.  

𝑛𝑛𝑜𝑟.𝑚𝑎𝑠𝑠 =
𝑚𝑐𝑒𝑙𝑙 𝑙𝑒𝑎𝑑

𝑚𝑐𝑒𝑙𝑙 𝑙𝑖−𝑖𝑜𝑛 ∙ 𝑓𝑚𝑎𝑠𝑠 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛
=

530

4.2 ∙ 1.3
= 97 

 
 

𝑛𝑛𝑜𝑟.𝑣𝑜𝑙𝑢𝑚𝑒 =
𝑉𝑐𝑒𝑙𝑙 𝑙𝑒𝑎𝑑

𝑉𝑐𝑒𝑙𝑙 𝑙𝑖−𝑖𝑜𝑛 ∙ 𝑓𝑣𝑜𝑙𝑢𝑚𝑒 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛
=

0.20

2.12 ∙ 10−3 ∙ 1.6
= 59 

 

6-21 
 
 
 
 
6-22 
 

The lead-acid cell capacity, the lithium-ion battery capacity with normalized mass, and the lithium-ion 

battery capacity for normalized volume are plotted in Figure 71. The normalized mass configuration has 

the highest capacity over the total discharge range. The shape of the capacity of the normalized volume 

is the same as the shape of the normalized mass. According to the simulation is the capacity for lead-acid 

higher at for discharge currents lower than 200 [A].  

The capacity can also been expressed in watt-hours. The difference between watt-hours and Ampere-

hours is the multiplication with battery voltage. The battery voltage of the lithium ion battery cell is higher 

compared to a lithium-ion cell as illustrated in Figure 58 and Figure 63. Combining the capacity in 

Ampere-hours and the battery voltage results the watt-hour capacity. This is plotted in Figure 72. The 

battery capacity for the normalized volume is now higher for all discharge currents.   

 
 

 
 

Figure 71 Battery capacity in Ampere-hour as function of 
the discharge current 

Figure 72 Battery capacity in kWh as function of the 
discharge current 

 Analyse 6.5.2

The illustrated results in Figure 71 and Figure 72 contain uncertainties. The lead-acid battery cell 

parameters are obtained from a battery from 1992, since than the battery technology became better, 

resulting in higher storage capabilities. Those data is classified and therefore not used in the research. 

The lithium-ion technology on the other hand is the newest technology with the latest available data. The 

intersection is assumed to shift to higher discharge currents.  

Another uncertainty is the applied packing factor. This factor is obtained in a technical meeting with EST-

Flowtech. The packing factor has however a significant influence on the total mass and volume. The used 

packing factor is for an air-cooled system. A water-cooled system could have a higher packing factor. The 
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result of a higher packing factor is a lower number of cells in parallel, as calculated in equation 6-22. This 

results in a lower capacity. The difference in capacity, expressed in watthours, is such that the lithium-ion 

battery cell is preferred. 

 Conclusion 6.6
For the performance prediction of a battery cells is a performance model used. The mathematical model 

of D. Stapersma accurately describes the performance and is therefore useful for the propulsion plant 

design. Available discharge times and voltages over the total discharge range obtained from the 

manufacturer can be reproduced with the battery parameters. These constants are supplied by the 

manufacturer. The model is valid for lithium-ion and lead-acid batteries, as verified in subchapters 0 and 

6.4. The battery cell performance during charging is also verified. These performances are required for 

the concept configuration power plant performance during snorting. 

The lead-acid battery that is used to verify the performance model is optimized for submarine specific 

applications. Large cells of 530 kilograms containing large discharge capacities. A disadvantage of the 

lead-acid technology is the capacity at higher discharge currents. The cells have the highest energy 

storage capacity at low discharge currents, but are less effective at higher discharge currents. The 

available cell capacity is strongly dependent on the discharge current. The capacity is almost halved for 

the submarine specific battery cell. The capacity of lithium-ion battery technology is less dependent on 

the discharge current, an advantage during high propulsive power demands.   

The disadvantage of the lithium-ion battery cells is that they are not capable of delivering the high 

discharge currents required for the high propulsive power of 6000 [A]. Besides, the cell mass is limited, 

resulting in a limited stored capacity per cell. The solution is switching the cells in parallel to deliver the 

high currents and to store the required capacity. 

When the cells are switched in parallel, and the packing factor for mass and volume is taking into 

account, the lead-acid and lithium-ion cells can be compared. The stored energy as function of the 

discharge current is illustrated in Figure 71. The simulation results show that at very low discharge 

currents, lower than 200 [A] the lead-acid cell stores more energy than the lithium-ion cell for a 

normalized volume. At higher discharge currents the lithium-ion cell performs better, for normalized 

volume and mass. If the capacity is expressed in Watthours, the lithium-ion cell stores more energy for 

the normalized mass and normalized volume. It can be concluded in advance, based on the found results 

that for the assumed mission profile the lithium-ion battery cells require less mass and volume compared 

to lead-acid battery technology.  

The absolute mass, containing the required energy to fulfil the mission can be obtained with simulations, 

using the battery cell and propulsion motor performance models.  
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 Diesel generator performance model and dimensions 7

 Introduction 7.1

The generator output power is dependent on the defined indiscretion ratio. The generator power is 

calculated for the specific mission profile. The required generator power is the input for the dimensioning 

of the generator and diesel engine. This chapter elaborates on the diesel generator set dimensioning and 

optimization with respect to mass and volume. 

 

Figure 73 Diesel generator set dimensioning 

 Diesel generator set performance model 7.2
A diesel generator performance model is assumed not to be necessary. The diesel engines are running at 

constant power. The maximum constant power output. The load is not changing, the efficiency is 

assumed to be constant.  

 First principle dimensioning generator 7.3
The input for the generator component dimensioning is the generator output power. The sizing of the 

generator set is done using a scaling method described in the book: Electric machines, Drives, and 

Power Systems by Theodore Wildi [30]. The scaling of power output of the synchronous machines has an 

effect on the efficiency, mass, volume and costs. A small AC synchronous generator is taken as the initial 

generator. This generator can be scaled while remaining the technical constants; the numbers of poles, 

number of slots and speed of rotation, current and flux densities in the various parts of the machine; 

stator teeth, air gap and core.  

The scale factor is expressed by the factor 𝑓. The volume of the motor is a multiplication of the area of the 

motor times the length. This is a cubic formula, the volume of the motor is scaled with a factor 𝑓3. The 

mass of the generator is a function of the volume. The mass and the losses are therefore also scaled with 

a factor 𝑓3.  

𝑚𝑔𝑒𝑛 = 𝑚𝑖𝑛𝑖 ∙ 𝑓
3 

 

𝑉𝑔𝑒𝑛 = 𝑉𝑖𝑛𝑖 ∙ 𝑓
3 

7-1 
 
7-2 
 



Commercial in confidence  
 

Nevesbu b.v. P.O. Box 278   Kelvinring 48   2950 AG Alblasserdam -The Netherlands  www.nevesbu.com  Phone: +31 (0)88 – 943 3400 

©  Copyrights: Reproduction, utilization or disclosure to third parties in any form is not allowed without written consent. 

Thesis_Rietveld_SDPO.17.001_Final.docx Page 77 of 151 
        Page 77 of 151 

The slots of the machine are a factor 𝑓 wider and 𝑓 deeper. As a result the cross section of the conductor 

is scaled with a factor 𝑓2. A larger machine results in a larger allowable current, when the maximum 

current density is constant, the current is a function of the area and therefore scalable with a factor 

𝑓2. The generated voltage per conductor is expressed in equation 7-3. 

𝐸 = 𝐵 ∙ 𝑙 ∙ 𝑣 
 

7-3 

The flux density is assumed to be constant. The length is scaled with a factor 𝑓. The speed of rotation is 

constant, so the peripheral speed of the conductor trough the magnetic field is increased with a factor 𝑓. 

𝐸𝑠𝑐𝑎𝑙𝑒𝑑 = 𝐵 ∙ 𝑓 ∙ 𝑙 ∙ 𝑓 ∙ 𝑣 = 𝑓2 ∙  𝐵 ∙ 𝑙 ∙ 𝑣 
 

7-4 
 

The power output is the result of multiplying the voltage and current.  
 

𝑃𝑠𝑐𝑎𝑙𝑒𝑑 = 𝐸𝑠𝑐𝑎𝑙𝑒𝑑 ∙ 𝐼𝑠𝑐𝑎𝑙𝑒𝑑 = 𝑓2 ∙ 𝐸 ∙ 𝑓2 ∙ 𝐼 = 𝑓4 ∙ 𝐸 ∙ 𝐼 
 

7-5 

The scaled efficiency can be calculated by: 

𝜂𝑠𝑐𝑎𝑙𝑒𝑑 =
𝑃𝑜𝑢𝑡𝑠𝑐𝑎𝑙𝑒𝑑
𝑃𝑖𝑛𝑠𝑐𝑎𝑙𝑒𝑑

= 𝜂 ∙ (
𝑓4

𝑓3 + 𝑓4
) = 𝜂 ∙ (

𝑓

𝑓 + 1
)  

 

7-6 

The results of the scaling are compared with data of manufacturers. The data is obtained of multiple 

manufacturers, and a varying range of power. The blue dots in  Figure 74 and Figure 75 are the data 

points. Three coloured dots are the initial generators. The lines are the scaling lines of the initial 

generators.  

 

 
Figure 74 Power versus mass generators 

 

 
Figure 75 Power versus efficiency generators 

 

It can be concluded that the methodology of scaling an initial generator while remaining the technical 

constants the same results in accurate results. The required diesel engine power is obtained by dividing 

the required generator power by the generator efficiency. The required diesel engine power is the input 

for the dimensioning of the diesel motor. The used generator efficiency is 95%. Besides the generator 

efficiency is the conversion of AC to DC taken into account. This value is assumed to be 92%.  
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 First principle diesel engine dimensioning 7.4
Sizing the diesel engine for a submarine application is the same as the sizing of surfaced marine diesel 

engines. The invention of the snorting system increased the main objective of a submarine, stealth, but 

has a significant effect on the performance.  

Due to power density and relative robustness against exhaust gas backpressure, most modern 

submarine diesel engine designs employ high-speed four stroke engines.  An interesting aspect of the 

diesel engine, especially in submarine applications, is the charging of the cylinder. The charge of air is 

pre-compressed by a compressor before entering the cylinder. The supply air to the cylinder consists of 

three parts, the first part is the air drawn into the cylinder during the inlet stroke by the movement of the 

piston, this is called the induction. The second part is filling up of the cylinder during the equalizing of the 

cylinder pressure and the inlet receiver while only the inlet vale is open; and therefor this mechanism is 

called pressurizing. And the third part is the scavenging of the cylinder while both in-, and exhaust valves 

are open. [31]  Especially the pressurization and the scavenging require the compressor.  

The static backpressure has an influence on the blow down and gas exhaust stroke and scavenging 

stroke. As the backpressure increases more power is required to expel the gases out of the cylinder. The 

pressure ratios across the turbocharger compressor and turbine decrease, reducing mass flow of air 

through these components and thus the available air in the cylinder. At the same time, the fuel flow must 

increase to provide extra power necessary to overcome the increased pumping losses while maintaining 

a constant brake power output. As a result the specific fuel consumption increases above that for an 

engine operating in atmospheric conditions [32]. The high back pressure is responsible for the power drop 

of the engine under submerged conditions.  

 Submarine diesel engine technical parameters 7.4.1

The predicting of diesel engine dimensions using first principle relationships consists out of two main 

steps. First, the core of the engine has to be sized to the required power output and speed. Second, 

making use of core dimensions a range can be estimated for the size of the total engine using regression 

analysis. [21] The challenge for submarine diesel engine sizing is that there are just a few diesel engine 

manufactures. Those manufactures are not willing to share information or the information is outdated. The 

only recent information is of MTU. Therefor MTU data are used.  

The submarine diesel engine performance parameters are obtained from the available output power and 

the knowledge that the core of the machine is constructed out of 4000M73. [33] 

Table 12 marine diesel engine technical parameters 4000M73 

Symbol Description  Value Unit Source 

𝒑𝒎𝒆 Mean effective pressure  22.5 bar - 

𝒄𝒎 Mean piston speed 12.5 m/s - 

𝑳𝒔 Stroke length 0.19 m MTU  

𝑫𝑩 Bore diameter 0.17 m MTU 

𝝀𝒔  Stroke to bore ratio 1.12 - MTU 

𝒏 Revolutions per second 32.8 rev/s MTU 

𝒌 4-stroke diesel engine 2 - MTU 

 

The length and diameter of the bore of the 4000M73 are used. This results in the same stroke to bore 

ratio. The output power and the revolutions per second of the submarine diesel engines are known. [33] 
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The mean piston speed and the mean effective pressure can be derived. As stated in equation 7-7 and 

7-8. [4] 

𝑃𝐵 = 1300 𝑘𝑊 

𝑁 = 1800 𝑟𝑝𝑚 → 30 𝑟𝑝𝑠 

𝑐𝑚 = 2 ∙ 𝐿𝑠 ∙ 𝑁 = 2 ∙ 0.19 ∙ 30 = 11.40 𝑚/𝑠 
 

7-7 

 

𝑝𝑚𝑒 =
32 ∙  𝑃𝐵
 𝜋

∙
𝜆𝑠
2

𝑐𝑚
3
∙
𝑁2 ∙ 𝑘

𝑖
= 16.8 𝑏𝑎𝑟 

 

7-8 

The submarine diesel engine performance parameters are stated in Table 13. Those parameters are 

used to determine the core size of the diesel engines. 

Table 13 submarine diesel engine technical parameters 

Symbol Description  Value Unit Source 

𝒑𝒎𝒆 Mean effective pressure  16.8 bar - 

𝒄𝒎 Mean piston speed 11.4 m/s - 

𝑳𝒔 Stroke length 0.19 m MTU  

𝑫𝑩 Bore diameter 0.17 m MTU 

𝝀𝒔  Stroke to bore ratio 1.12 - MTU 

𝒏 Revolutions per second 30.0 rev/s MTU 

𝒌 4-stroke diesel engine 2 - MTU 

 

The performance parameters of the submarine engine are plotted against the marine diesel intended for 

surface operation in Figure 76. The performance parameters of the diesel engines have been obtained 

from technical datasheets of the supplier. In propulsion motors with the highest performance parameters 

are diesel engines with a low average load factor.  

The load factor is the amount of load and the amount of time the generator set is operating at that load. 

One of the important steps in sizing generator sets for any application is to determine the application’s 

average load factor. Understanding this parameter is essential not only for proper power system sizing 

but also for operability and reliability. [34] The engines with the low load factor are designed for sprint 

power, where the high load engines are more conservative, designed for long endurance. The submarine 

diesel engine is designed as a more conservative engine. The submarine diesel engines have high load 

factors. The diesel engine is only running at maximum power output, to reduce the snorting time.  

In Figure 76 illustrates two submarine diesel engines; 396 SE84 and MTU Submarine. The 396 SE84 is 

an older design of MTU. This type will be replaced by the MTU submarine engine. There have been 

improvements in the performance parameters. This results in a higher power output within the same 

space. The most recent development in submarine diesel engine technology is the exhaust gas turbo 

charging in combination with a waste gate. The dynamic effects caused by the waves working on the 

turbo are reduced. MTU uses the 4000 series as a basis for the submarine engine [35]. As for all 

predecessor submarine engine designs, submarine specific components are developed to meet the 

demanding operating conditions on board of submarines. The M73 components are used as the basis for 

the core of the motor.  
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Figure 76 Mean effective pressure plotted against mean pistion speed 

The parameters of the MTU submarine diesel engine have been used to predict the dimensions of the 

diesel engine generator set as function of the assumed mission profile.  

 Dimension prediction submarine diesel engine 7.4.2

The performance parameters of the diesel engine have been obtained in the previous chapters. Those 

performance parameters are used to size the core of the diesel engine.  

7.4.2.1 Sizing the core 

The brake power can be expressed in terms of mean effective pressure [4], mean piston speed, bore to 

stroke ration, λs , and rate of rotation. This equation can be rewritten to express the number of cylinders 
as function of the brake power. The parameters used in the equation are stated in Table 13. 
 

𝑃𝐵 𝐷𝑖𝑒𝑠𝑒𝑙 =
𝑃𝑔𝑒𝑛

𝜂𝑔𝑒𝑛 ∙ 𝜂𝑐𝑜𝑛𝑣
=
𝜋

32
∙ 𝑝𝑚𝑒 ∙

𝑐𝑚
3

𝜆𝑠
2
∙

𝑖

𝑛2 ∙ 𝑘
 

 

𝑖 =
𝑃𝑔𝑒𝑛

𝜂𝑔𝑒𝑛 ∙ 𝜂𝑐𝑜𝑛𝑣
∙ (
32 ∙ 𝑛2 ∙ 𝑘 ∙ 𝜆𝑠

2

𝜋 ∙ 𝑝𝑚𝑒 ∙ 𝑐𝑚
3
) 

  

7-9 
 
 
 
7-10 
 

The calculated number of cylinders is the input for the dimensioning of the core diesel engines. The core 

dimension is the input for the total volume and mass of the diesel engine(s).  

7.4.2.2 Length of the core 

The core length of the motor is the number of cylinders times the bore diameter. For V-shaped engines 

the core length is divided by two. [21] 

𝐿𝑐𝑜𝑟𝑒 =
𝑖

2
∙ 𝐷𝐵 
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7.4.2.3 Width of the core 

The construction type, ct, is 0 for the trunk piston type and 1 for crosshead type engines. Current 

submarine engines do not make use of a crosshead. Crosshead type constructions are used in large 2-

stroke low speed diesel engines to minimize sideways forces on the piston. The width of the core is 

calculated in equation 7-11. The derivation of the equation is stated in the work of P. de Vos. [21]. 

𝑊𝑐𝑜𝑟𝑒 = 2 ∙ max ((
𝐿𝑠
2
+ (1 + 𝑐𝑡) ∙ 𝐿𝑠) ∙ 𝑠𝑖𝑛 (

𝛼

2
) +

𝐷𝐵
2
∙ 𝑐𝑜𝑠 (

𝛼

2
) ; 𝐿𝑠) 

 

7-11 

𝑊𝑐𝑜𝑟𝑒 = 2 ∙ max ((
0.19

2
+ (1 + 0) ∙ 0.19) ∙ 𝑠𝑖𝑛 (

90

2
) +

0.17

2
∙ 𝑐𝑜𝑠 (

90

2
) ; 0.19) = 0.523 [𝑚] 

7.4.2.4 Height of the core 

The height of the core can be calculated with equation 7-12. [21]: 

𝐻𝑐𝑜𝑟𝑒 =
𝐿𝑠
2
∙ max ((

𝐿𝑠
2
+ (1 + 𝑐𝑡) ∙ 𝐿𝑠) ∙ 𝑐𝑜𝑠 (

𝛼

2
) +

𝐷𝐵
2
∙ 𝑠𝑖𝑛 (

𝛼

2
) ;
𝐿𝑠
2
) 

 

7-12 

𝐻𝑐𝑜𝑟𝑒 =
0.19

2
+ max ((

0.19

2
+ (1 + 0) ∙ 0.19) ∙ 𝑐𝑜𝑠 (

90

2
) +

0.17

2
∙ 𝑠𝑖𝑛 (

90

2
) ;
0.19

2
) = 0.357 [𝑚] 

7.4.2.5 Sizing the machine  

The sizing of the machine is the multiplication of the calculated core, times the correction ratio. The 

correction factor are illustrated in Figure 77 Core length vs overall length ratio, Figure 78 Core length vs 

overall length ratio and Figure 79 Core height vs overall height ratio. 

 
Figure 77 Core length vs overall length ratio 

 

 
Figure 78 Core length vs overall length ratio 

 

 
Figure 79 Core height vs overall height ratio 

 

 
Figure 80 Power vs volume 

 
The length and width ratios are comparable with that of surfaced marine diesel engines. Which makes 

sense, the U83 diesel motor is an assembly of the M70 and M73 types. The height ratio has a deviation. 
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This deviation is caused by the exhaust gas collection vessel on top of the diesel engine. The result is a 

much higher volume compared to marine surface diesel engines.  

The dispersion in Figure 80 in volume as function of power is caused by the load factors. The volumes 

are relatively constant as function of the power output. The higher power outputs are from the engines 

with a low load factor.  

MTU is working on a V12 submarine diesel engine. It is assumed that the submarine line will be extended 

with a six, eight and 16 cylinder engine. The parameters and the correction ratios can be used to predict 

the size of the engines.  

Table 14Submarine diesel volume engine prediction 

 6 Cylinder 8 Cylinder  12 Cylinder  16 Cylinder  

Core length 0.51 [𝑚] 0.68 [𝑚] 1.02 [𝑚] 1.36 [𝑚] 

Core Length correction  3.5 3.3 3.2 2.8 

Total length 1.8[𝑚] 2.2[𝑚] 3.3 [𝑚] 3.8 [𝑚] 

Core width 0.523 [𝑚] 0.523 [𝑚] 0.523 [𝑚] 0.523 [𝑚] 

Core width correction 3 3 3 3 

Total width 1.5 [𝑚] 1.5 [𝑚] 1.5 [𝑚] 1.5 [𝑚] 

Core height 0.357 [𝑚] 0.357 [𝑚] 0.357 [𝑚] 0.357 [𝑚] 

Core height correction 7 7 7 7 

Total height 2.5[𝑚] 2.5[𝑚] 2.5[𝑚] 2.5[𝑚] 

Volume 6.75 [𝑚3] 8.25 [𝑚3] 12.76 [𝑚3] 14.25 [𝑚3] 

 Weight of the diesel engine 7.4.3

The weight of the standard 4000 series is available and of the weight of a 12V4000 submarine motor. The 

weight of the submarine diesel engine is 1.5 times the weight of the standard diesel engine. The weight of 

the other types is available and corrected with the factor 1.5 for the conversion to a submarine diesel 

engine.  

Table 15Submarine diesel engine mass prediction 

 6 Cylinder 8 Cylinder  12 Cylinder  16 Cylinder  

Mass surface propulsion motor 4000 𝑘𝑔 4700 𝑘𝑔 [36] 6600 𝑘𝑔 [36] 8000 𝑘𝑔 [36] 

Correction submarine equipment   1.5  

Added mass equipment  2000 [𝑘𝑔] 2350 [𝑘𝑔] 3300 𝑘𝑔 4000 [𝑘𝑔] 

Total mass per engine incl. equipment 6000 [𝑘𝑔] 7050 [𝑘𝑔] 9900 [𝑘𝑔] [33] 12000 [𝑘𝑔] 

 

 Diesel and generator dimensioning optimization 7.5
The combination of the generator dimensioning and the die diesel engine dimensioning results in the 

power generation system optimization. The mass of the scaled generator, diesel engine and the 

combined mass are plotted against the delivered generator power in Figure 81. The blue line is the diesel 

engine mass, the red line is the generator mass and the yellow line is the combined mass. In the figure is 

a 6 cylinder engine plotted. The steps are the increase of the number of engines, for 600 [kW] is one 

engine required, 700 [kW] requires 2 engines. In Figure 81 is the volume plotted against the generator 

power.  
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Figure 81 power generation mass plotted against generator 

output power 

 
Figure 82 power generation volume plotted against 

generator output power  

In Figure 83 is the mass of the diesel generator set plotted for a 6,8,12,16 cylinder diesel engine as 
function of the diesel generator. Figure 84 illustrates the volume of the diesel generator sets as function of 
the generator power. These dimension prediction models are used to determine the optimum diesel 
generator sets with respect to mass and volume.  

 
Figure 83 Mass of the diesel generator set as function of the 

generator output power 

 
Figure 84 Volume of the diesel generator set as function of 

the generator output power 

 

 Conclusion 7.6
The volume and weight of the diesel generator set as function of the required generator power can be 

obtained with first principle dimension prediction.  

The efficiency of the diesel generator set is assumed to be constant. According to the diesel engine 

manufacturer are the performance parameters of the submarine engine comparable to the performance 

parameters of the marine surface diesel engines with high load factors. The manufacturer (MTU) uses 

exhaust gas turbo charging in combination with a waste gate to optimize the performance parameters.  

The performance parameters are used in the first principle dimension prediction modelling to predict the 

dimensions of the diesel generator set.   
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 Propulsion plant configuration A 8

 Introduction 8.1

The performance models of the propulsion motor and the battery cell have been verified in the previous 

chapters. It is concluded from numerical simulations and experimental results, that those models are 

good representations. Combining the two models and the switchboard settings results in the propulsion 

plant configuration A. 

The model is used to dimension the batteries. The dimensions of the batteries are dependent on the 

battery properties and the set mission profile. The battery properties are defined as parameters. The 

relevant part of the mission profile for dimensioning the batteries is the surveillance and attack part of the 

mission. The surveillance and attack part of the mission is the longest part without recharging the 

batteries. An algorithm is used to find the optimum battery mass for the assumed mission profile, for the 

set parameters. The found optimum battery properties are used for the computing of the generator output 

power. The generator power is depended on the covert transit requirements set in the mission profile. The 

generator output is used to determine the weight and volume of the diesel generator set.  

 Propulsion plant model 8.2
The propulsion plant performance model during the deeply submerged operation is built with the 

performance models of the propulsion motor and the batteries. The input for the propulsion motor is the 

set propulsive power, at a defined rate of rotation, and the available battery voltage. The output of the 

model is the current that has to be supplied by the battery cells. The current required for propulsion motor 

and the current for the auxiliary systems is considered to be the total discharge current, acting on the 

batteries.  

The switching of the batteries and propulsion motor in series and parallel is done in the switchboard 

(SWB). Besides the switching in series and parallel converts the SWB the total discharge current to the 

discharge current per cell. The discharge current per cell is the input for the performance model of the 

battery. The output of the battery cell performance model is the battery cell voltage. The battery cell 

voltage is input for the SWB. The SWB switches to the total battery output. The battery output is 

dependent on the cell voltage and battery settings; series or parallel. The propulsion plant model during 

deeply submerged operation is illustrated in Figure 85. 

 

Figure 85 Propulsion system during submerged operation 
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 Battery topology 8.3
The energy storage components consist of two batteries. The batteries consist of multiples cells as can 

been seen in Figure 86. The cells are connected in series to form a battery. The battery voltage is 

dependent on the number of battery cells in series.  

 

Figure 86 Battery topology lead-acid 

The cells in the batteries are connected in series. The voltage of the battery is equal to the sum of the 

cells.  

𝑈𝑏𝑎𝑡1 = 𝑈𝑏1 𝑐𝑒𝑙𝑙1 + 𝑈𝑏1 𝑐𝑒𝑙𝑙2 + 𝑈𝑏1 𝑐𝑒𝑙𝑙3 +⋯+ 𝑈𝑏1 𝑐𝑒𝑙𝑙 𝑛 
 

𝑈𝑏𝑎𝑡2 = 𝑈𝑏2 𝑐𝑒𝑙𝑙1 + 𝑈𝑏2 𝑐𝑒𝑙𝑙2 + 𝑈𝑏2 𝑐𝑒𝑙𝑙3 +⋯+ 𝑈𝑏2 𝑐𝑒𝑙𝑙 𝑛 

8-1 

 

The performance model of the battery cell represents a single cell. It is assumed that the cells in the 

battery have the same behaviour, independent of their position in the battery. Equation 8-1 becomes 

equation 8-2. 

𝑈𝑏𝑎𝑡1 = 𝑈𝑐𝑒𝑙𝑙 + 𝑈𝑐𝑒𝑙𝑙 + 𝑈𝑐𝑒𝑙𝑙 +⋯+ 𝑈𝑐𝑒𝑙𝑙 
 

𝑈𝑏𝑎𝑡2 = 𝑈𝑐𝑒𝑙𝑙 + 𝑈𝑐𝑒𝑙𝑙 + 𝑈𝑐𝑒𝑙𝑙 +⋯+ 𝑈𝑐𝑒𝑙𝑙 

8-2 

 

The batteries can be either in parallel or series. Switch S1 and S3 closed, S2 is open for parallel. And in 

series are switch S2 closed and S1 and S3 open. The armature voltage and capacity then becomes: 

𝑈𝐵𝑎𝑡 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 𝑈𝑏𝑎𝑡1 = 𝑈𝑏𝑎𝑡2 

 
𝐶𝐵𝑎𝑡 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 𝐶𝑏𝑎𝑡1 + 𝐶𝑏𝑎𝑡2 

 
𝑈𝐵𝑎𝑡 𝑠𝑒𝑟𝑖𝑒𝑠 = 𝑈𝑏𝑎𝑡1 + 𝑈𝑏𝑎𝑡2 = 2 ∙ 𝑈𝑏𝑎𝑡1 

 
𝐶𝐵𝑎𝑡 𝑠𝑒𝑟𝑖𝑒𝑠 = 𝐶𝑏𝑎𝑡1 = 𝐶𝑏𝑎𝑡2 = 𝐶𝑏𝑎𝑡1 

8-3 
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 Battery mass optimization algorithm 8.4
A battery mass optimization algorithm is used to find  the optimum battery mass as function of the 

assumed mission profile.  

 Objective 8.4.1

The objective of the battery mass optimization algorithm is to find the optimum battery mass. The 

optimum battery mass is defined as the lowest battery cell mass that meets the set requirements. The 

requirements are set in the mission profile. The surveillance and attack (SA) part of the mission contain 

the requirements. This part of the mission is the longest period without recharging. The SA part of the 

mission is illustrated in Figure 87. 

 

Figure 87 Assumed mission profile 

 Method 8.4.2

There are two variables in sizing the batteries. (1) The number of cells in series per battery and (2) the 

mass per cell. The number of cells in series defines the battery voltage and the mass per cell defines the 

cell capacity. These two variables cannot be seen separately as the discharge current is a function of the 

battery voltage.  

The minimum number of cells in series is determined by the minimum required voltage of the propulsion 

motor for the maximum power output. The maximum power output of the propulsion motor is 3600 kW. 

The minimum required voltage for the power output is 680 [V] and is obtained from Figure 46. This results 

in a minimum number of cells of 326 for a battery cell voltage of 2.09 [V] [23]. The batteries are switched 

in series, so the minimum number of cells is 163 per battery. The maximum allowed MEM voltage is 882 

[V] according to the manufacturer, resulting is a maximum of 210 cells in series per battery. The range of 

batteries is extended to investigate the influence of the number of cells in series. The maximum number 

of cells is taken as 240 cells in series per battery. 

The capacity of the battery is a function of the discharge current as stated in equation 6-14. The 

parameters involved in equation 6-14 are related to the different cell capacities for high, medium, and low 

discharge current, related to 𝛼 and 𝛽 . And 𝛼 and 𝛽 are related to the mass as stated in equation 6-9 and 

6-10. 
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𝐶𝑡(𝐼) = 𝐶∞ (𝛼 + 𝛼 ∙ 𝑒
− (

𝐼
𝐼𝑐ℎ𝑎𝑟

)
) 

 

ref(6-14) 

𝐼𝑐ℎ𝑎𝑟 =
𝐶5

5 ∙ ln (
1 − 𝛼
𝛽 − 𝛼

)
 

ref(6-13) 

  

𝛼 =
𝐶0
𝐶∞

=
𝑐0 ∙ 𝑚

𝑐∞ ∙ 𝑚
 

 

ref(6-96-10) 

𝛽 =
𝐶5
𝐶∞

=
𝑐5 ∙ 𝑚

𝑐∞ ∙ 𝑚
 

 

ref(6-10) 

The capacity of the cell is increased until the capacity is sufficient for the assumed mission profile, by 

increasing the mass of the cell by Δ𝑚.  

𝑚 = 𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + Δ𝑚 

When the battery cell mass is obtained the number of cells is increased. This process is visualized in 

Figure 88 and Figure 89.  

 

 

 
Figure 88 Number of cells n with mass m 

 
Figure 89 Cell mass increase by 𝚫𝒎  

 
𝑈𝑏𝑎𝑡 = 𝑈𝑐𝑒𝑙𝑙 ∙ 𝑛 

 
𝐶𝑡(𝐼,𝑚) = 𝐶𝑐𝑒𝑙𝑙(𝐼,𝑚𝑐𝑒𝑙𝑙) 

𝑈𝑏𝑎𝑡 = 𝑈𝑐𝑒𝑙𝑙 ∙ 𝑛 
 

𝐶𝑡(𝐼,𝑚) = 𝐶𝑐𝑒𝑙𝑙(𝐼, (𝑚𝑐𝑒𝑙𝑙 + Δ𝑚)) 
 

 Simulation 8.4.3

The performance models of the propulsion motor and the battery model are used to simulated the 

performance and indicate if the capacity is sufficient. This is illustrated in Figure 90. There are three stop 

functions added to the performance model. The first stop function is the stop for exceeding the maximum 

pseudo depth of discharge. When the batteries are discharged the depth of discharge increases from the 

initial 0.2 to 1.0. When the value of 1.0 is reached the stop function is activated and the cell mass is 

increased.   

The second stop function is activated when the propulsive power delivered by the model is lower than the 

set required power by the mission profile. The lower power is caused by the low battery voltage. The 

battery voltage is too low to maintain constant. A pre-set allowable error margin is integrated that allows 

an offset between the delivered propulsive power and the set propulsive power. This value is set at 80%.  

The third stop function is activated if the simulation time is equal to the final time, the end time of the 

mission profile. When the set time is reached, the battery cell mass is a valid solution.   
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Figure 90 Battery mass optimization methodology 
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 Results optimization 8.5
The results of the optimization are discussed in this chapter. Figure 91 is a plot of the found solutions of 

the algorithm. The figure illustrates the required mass per cell as function of the number of cells in series. 

As the number of cells increases, the required cell mass decreases. Increasing number of cells causes 

higher voltages. Higher voltages result in lower discharge currents. Lower discharge currents result in 

higher battery capacity, and therefore less battery mass. Figure 92 illustrates the mass per battery. The 

mass per battery is the cell mass, times the number of cells.  

The discontinuous result is remarkable. There is a nod in the solution at 223 cells in series. This nod is 

caused by the stop functions. At low cell numbers is the stop function for delivered power activated. The 

propulsion motor is not capable of delivering the required power at low voltages as described in chapter 

5.6. At higher battery cells is the battery voltage high enough to deliver the required power but is the 

battery cell capacity the limiting factor.   

Figure 93 illustrates the required mass as calculated and illustrated in Figure 91 and only the power 

limitation. Those values are indicated with the red line. As expected is the red line continuous. 

 
Figure 91 Optimization results [1] 

 
Figure 92 Optimization results [2] 

 
Figure 93 Optimization results [1] 

 
Figure 94 Optimization results [2] 
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 Power requirements 8.5.1

Two conditions have been set. (1) The propulsive power may not be lower than 80% of the set power in 

the mission profile. And (2) the pseudo depth of discharge may not be higher than 1. 1 Indicates the 

battery is empty for the momentous discharge current. 

The results of the simulation with the optimum battery settings are illustrated in the following figures. 

Figure 95 illustrates the set propulsive power and the and the simulated deliverd power bij the MEM. The 

densitiy of the circels illustrate the required calculation steps. The denser the more steps. The high peaks 

are caused by the PID controller. The peaks have a neglegible effect on the battery charge. It is clearly 

visible that the set mission profile is followed by the propulsion motor. Figure 96 illustrates the finale part 

of the mission profile. The deliverd power by the propulsion motor decreases steaply, but ends precisily 

within the 80% margin. It can be concluded that the power requires have been met. 

 
Figure 95 Set power and simulated power 

 
Figure 96 Set burst power and simulated power 
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 Pseudo state of discharge 8.5.1

The pseudo state of discharge and the real state of charge of the battery cell is plotted in Figure 97. The 

maximum allowable pseudo state of discharge is 1, the battery is empty for the corresponding current. 

The maximum real state of discharge is not reached.  

The battery cell voltage during the SA is plotted in Figure 98. The slope of the cell voltage decreases 

linear with the set power as the voltage a function is of the discharge current. At the end of the mission is 

the voltage decreasing non-linear as the voltage is decreasing non-linear around a pseudo depth of 

discharge. This is illustrated in Figure 58.The value of the voltage is dependent on the pseudo state of 

discharge as plotted in Figure 97.  

 
Figure 97 State of discharge(x) and pseudo discharge(y) 

 
Figure 98 Battery cell voltage 

 
The armature voltage and the discharge current per battery are plotted in time in Figure 99. The switching 

of the batteries and armature is clearly visible. These are the steps in the voltage. During the discharging 

decreases the battery cell voltage, as the SOC decreases. The result is a decreased battery voltage.  

The simulated propulsion motor efficiency during SA part is plotted in Figure 100. The fat line, and the 

vertical lines from 10 hours and above are caused by the controller settings. It can be concluded that the 

optimum number of cells and mass per battery complies with the set requirements and is a valid solution. 

 
Figure 99 Armature voltage and current 

 
Figure 100 Propulsion motor efficiency 
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 Volume 8.5.1

The given mission profile results in an optimum battery mass for 223 cells per battery and 571 kg per cell. 

Or 210 Cells per battery and 625 kg per cell is the optimum if the maximum propulsion voltage is taken 

into account.  

The volume of the cells is assumed to be only a function of the mass. The moray battery is used as 

reference. The mass of the moray cell is 530 [kg] and volume is 0.20 [m³]. This results in an average cell 

density of 2650 [kg/ m³]. The required volume for the 223 cell layout is 96 [m³]. 

𝑉𝑐𝑒𝑙𝑙 =
𝑚𝑐𝑒𝑙𝑙

𝜌𝑐𝑒𝑙𝑙
=
571

2650
= 0.22 𝑚3 

 

8-4 

𝑉𝐵𝑎𝑡𝑡𝑒𝑟𝑦 = 2 ∙ 𝑛𝑐𝑒𝑙𝑙 ∙ 𝑉𝑐𝑒𝑙𝑙 = 2 ∙ 223 ∙ 0.22 = 96 𝑚
3 

 

8-5 

 

The volume for the 210-625 cell lay out is 99 [m³]. The results of the simulations and calculations are 

listed in Table 16. 

Table 16 Results as function of the mission profile 

 Battery Layout Battery technology Mass Volume 

Concept Conf. A 223-571 Lead-acid 282 ton 96 m
3
 

Concept Conf. A 210-625 Lead-acid 290 ton 99 m
3
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 Sensitivity analysis 8.5.1

The mass of the battery is increased to find the optimum battery mass for the assumed mission profile. 

The mass is increased without changing other battery parameters. A relevant parameter is the internal 

cell resistance. The increased mass leads to increased battery volumes and battery dimensions. The 

area and the height of the cell increase. The height of the battery cell is a property that is related to the 

internal cell resistance. Higher the cell dimensions results into a longer electrical path, results in a higher 

internal cell resistance.  

An analysis is done to determine the effect of increased cell resistance on the loss on capacity, and there 

for the increase of mass, as the mass is a representation of the stored capacity. As starting point is the 

internal resistance of the MORAY cell of 530 kg chosen. This resistance is multiplied with a factor 𝑓 that 

represents the increase. For 𝑓 is a value between 0.1 and 0.4 used. Representing an increase of 

resistance between 10% and 40% per kilogram of increased mass, compared to the 530 kg lead-acid 

battery. This is mathematical represented by equation 8-6.   

𝑟𝑖 = 𝑟𝑟𝑒𝑓   ∙ (1 + 𝑓 ∙ (
𝑀𝐵𝑎𝑡 −𝑀𝑟𝑒𝑓

𝑀𝑟𝑒𝑓

)) 

 

8-6 

The result of the simulation is illustrated in Figure 101. The lines converge to one point, the reference 

mass. When the battery mass is equal to the reference mass is the internal resistance the same, 

independent of 𝑓.  

𝑟𝑖 = 𝑟𝑟𝑒𝑓   ∙ (1 + 𝑓 ∙ (
𝑀𝐵𝑎𝑡 −𝑀𝑟𝑒𝑓

𝑀𝑟𝑒𝑓

)) = 𝑟𝑟𝑒𝑓   ∙ (1 + 𝑓 ∙ (
530 − 530

530
)) = 𝑟𝑟𝑒𝑓 ∙ 1 = 𝑟𝑖 

Figure 101 illustrates the required mass per cell with increased cell resistance. At 210 cells is the increase 

15 kg per cell, an increase of 4%. At 223 cells is the increase less than 1%. It can be concluded that 

increasing the internal resistance as function of the mass has not significant influence on the set battery 

mass.  

 

Figure 101 Effect of increased resistance as function of cell mass 
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 Variation studies surveillance and attack  8.6
The generic propulsion plant model enables to variate the mission profile. Variation studies investigate 

the effect of the assumed mission profile on the mass and volume of the batteries. In addition, variations 

prove the possibility of changing the mission profile and the robustness of the optimization algorithm. 

 Mission profile variations 8.6.1

The first variation aims to illustrate the effect of the burst load. The different propulsion load variations are 

illustrated in Figure 102. The first profile is the mission profile as defined in Figure 2. The second profile is 

a mission profile with the burst at the beginning of the mission. The third mission is only a burst load.  

 
Figure 102 Mission profile variations 

 

The results of the simulations are plotted in Figure 103 and Figure 104. The variations show the effect of 

the burst on the mass per cell as function of the number of cells. The line indicating the mission profile 

without burst is linear while the cell mass for the burst load non-linear is. This can be explained with 

Figure 60, the capacity as function of the discharge current. Lower number of cells result in lower battery 

voltages, resulting in higher discharge current and lower capacity per cell. 

  
 

Figure 103 Mass per battery cell Figure 104 Mass per battery 
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 Inverse mission profile 8.6.2

The inverse mission profile has the same composition and as the assumed mission profile. The difference 

is the position of the burst load. The burst load is in the inverse mission profile is at the beginning of the 

mission, instead of at the end. Figure 105 shows the mission profiles. 

The battery masses as function of the number of cells are plotted in Figure 106. It is noticed that a lower 

mass is required for the inverse mission profile than for the normal mission profile even though the 

kilowatt-hour load is the same. This can be explained by the pseudo state of discharge of both mission 

profiles are illustrated in Figure 107.  

 
Figure 105 Mission profile and inverse mission profile 

 
Figure 106 Results optimization 

 

Both states start at 0.2, as stated in the boundary conditions. The high peak of the inverse mission profile 

rises to 0.5 and then drops back to 0.3. The pseudo discharge state  is defined as the charge divided by 

the total capacity as function of the discharge current. 

As the discharge current decreased just after the burst, 𝐶𝑡 increases resulting in a drop of 𝑦. The normal 

mission profile has the peak at the end of the mission. So the peak hits 𝑦 = 1 and the simulation is 

stopped as the maximum discharge state is reached.  

 

 
Figure 107 State of discharge and pseudo state of discharge 



Commercial in confidence  
 

Nevesbu b.v. P.O. Box 278   Kelvinring 48   2950 AG Alblasserdam -The Netherlands  www.nevesbu.com  Phone: +31 (0)88 – 943 3400 

©  Copyrights: Reproduction, utilization or disclosure to third parties in any form is not allowed without written consent. 

Thesis_Rietveld_SDPO.17.001_Final.docx Page 96 of 151 
        Page 96 of 151 

 Charging lead-acid batteries  8.7
The generator(s) on board of a submarine are primarily responsible for charging the main batteries during 

snorting. The required generator output power is a function of the performance requirements set in the 

assumed mission profile.  

The generator power is however limited to a maximum. The generator power is limited by maximum 

charge current. The charge current charges the batteries. During charging  the battery voltage increases. 

The cells can be damaged if the maximum cell voltage is exceeded. The cell voltage during charging is a 

result of three factors. (1) The hysteresis losses during charging (2) The internal resistance times the 

charge current and (3) the increase of voltage as function of the SOC.  

This chapter elaborates on the required generator power as function of the assumed mission profile 

taking into account the battery cell voltage.   

 Methodology 8.7.1

The methodology that is used to determine the generator output power is illustrated in Figure 108. The 

input is the mission profile. From the mission profile are the performance requirements obtained. These 

are the propulsive power and auxiliary power during the surfaced and snorting operation and the given 

indiscretion ratio. These requirements are the input for the propulsion plant performance model. The 

power is limited by the maximum cell voltage during charging. The cell voltage may not exceed 2.45 [V] 

[23]. The battery cell performance model is verified and can be used to simulate the cell voltage during 

the charging.  

The calculated generator power is the input for; (1) the dimensioning of the generator and (2) the 

propulsion plant performance simulations. The propulsion plant performance is expressed in the 

efficiency during the covert transit. 

 

 

Figure 108 Generator power methodology  
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 Charging process lead-acid 8.7.2

Charging process of a lead-acid is divided in three stages. The first charging stage is the constant power 

charging stage. The capacity is restored up to 80% of the battery cell capacity. The second stage is 

constant voltage charging. The charge current rapidly decreases to maintain constant voltage. The third 

stage is a constant charge current. The charging of the batteries during snorting operation is in the first 

charging stage. This is illustrated in Figure 109. During the convert transit varies the SOC of the batteries 

between 80% and 60%. This implies that the batteries are charged at constant power.  

 

Figure 109 Charging phases [23] 
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 Performance requirements charging  8.7.3

The generator performance requirements during the covert transit are defined in the mission profile. The 

mission profile defines the indiscretion ratio. The indiscretion ratio is the ratio between the submerged 

time and snorting time. The submerged time is the time between the snorting periods. Figure 110 

illustrates the submerged and snorting time of covert transit 1. The submerged time has a propulsive load 

of 40 kW, and an auxiliary load of 180 kW. The propulsive load during snorting is 160 kW, the auxiliary 

load is 260 kW. 

 

Figure 110 Submerged and snorting time for covert transit 1 

The submerged time is dependent on the battery layout, the propulsive and auxiliary load, and the SOC 

range. The mission profile has a defined state of charge between 0.8 and 0.6. The batteries are drained 

between 80% and 60% during snorting. The deeply submerged time is obtained with simulations. The 

corresponding snorting time is computed with equation 8-7. Equation 8-7 is obtained by rearranging 

equation 2-1. 

𝐼𝑅 =
𝑇𝑠𝑛𝑜𝑟𝑡

𝑇𝑠𝑛𝑜𝑟𝑡 + 𝑇𝑠𝑢𝑏𝑚
 

ref(2-1) 

 

𝑇𝑠𝑛𝑜𝑟𝑡 =
𝑇𝑠𝑢𝑏𝑚 ∙ 𝐼𝑅

1 − 𝐼𝑅
 

8-7 

 

The snorting time is a function of the generator output power. Higher charge power result in shorter 

recharge times. The recharge time is considered to be the snorting time.  

The assumed mission profile contains two covert transit periods. The transit periods differ in the 

indiscretion ratio and in propulsive power demand. The shape of the mission profiles is illustrated in 

Figure 111 and Figure 112. The assumed propulsive loads are defined in Table 17 and Table 18. 
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Figure 111 Power requirements covert period 1 

 

 
Figure 112 Power requirements covert period 2 

Table 17 Requirements covert period 1 

Requirements covert period 1 

Sub Propulsive power 40  [kW] 

Sub Auxilairy power 180 [kW] 

Snort Propulsive power 170 [kW] 

Snort Auxiliary power 260 [kW] 

IR Indiscretion ratio 0.10 [-] 
 

Table 18 Requirements covert period 2 

Requirements covert period 2 

Sub Propulsive power 560  [kW] 

Sub Auxilairy power 180 [kW] 

Snort Propulsive power 400 [kW] 

Snort Auxiliary power 260 [kW] 

IR Indiscretion ratio 0.28 [-] 
 

 

The used battery layout is the optimized battery layout with respect to mass and volume; 210 cells in 

series and 625 kg per battery cell. The batteries SOD is increasing during this period for 0.2 to 0.4. The 

computed submerged times that correspond to the battery layout, and requirements are set Table 19. The 

propulsion plant is capable of delivering the set propulsive power and auxiliary power for a period of 18.84 

hours for the settings of period 1, and 3.28 hours for covert period 2.  

Table 19 Simulated submerged time 

 Submerged time Simulation 

Covert transit 1  18.84 [h] 

Covert transit 2 3.28 [h] 

 

The required snorting time required to meet the set indiscretion ratio for the simulated submerged time is 

calculated by rewriting equation using equation 8-8. 

𝑇𝑠𝑛𝑜𝑟𝑡 =
𝑇𝑠𝑢𝑏𝑚 ∙ 𝐼𝑅

1 − 𝐼𝑅
=
18.84 ∙ 0.1

1 − 0.1
= 2.01 ℎ𝑜𝑢𝑟𝑠 

 
 

ref(8-7) 

Table 20 Required snorting time to meet the IR set in the mission profile 

Required snorting time Simulation 

Covert transit 1  2.01 [h] 

Covert transit 2 1.24 [h] 
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 Required generator output power  8.7.4

The required generator output to charge the batteries within the defined period of time is obtained with 

simulations. The diesel engines convert the chemical energy into mechanical power and the generator 

converts the mechanical power into electric power. The available generator power, divided by the battery 

system voltage, 𝑈𝑏𝑎𝑡 , is the charge current 𝐼𝑏𝑎𝑡. This is illustrated in Figure 113. 

 

Figure 113 Propulsion plant performance model 

The charge time as function of the generator power output power, with the constant propulsive and 

auxiliary loads are illustrated in Figure 114. The charge time decreases as the generator power 

increases. Increased generator power results in a higher charge current and a reduced charge time. It 

takes less long to charge the batteries up to 0.2 SOD from 0.4 SOD for covert transit 1 compared to 

covert transit 2. The current acting on the battery is defined as the discharge current minus the charge 

current. Note that the discharge current is indicated with the positive sign. The discharge current is higher 

for covert transit 2 compared to covert transit 1, resulting in a lower charge current and a longer charge 

time. 

𝐼𝑏𝑎𝑡(𝑡) = 𝐼𝑑𝑖𝑠(𝑡) − 𝐼𝑐ℎ𝑎𝑟𝑔𝑒(𝑡) 

 

 
8-8 

The charge time as function of the generator power and the required snorting times as defined in Table 

20 are plotted in Figure 115. The blue lines correspond to covert transit 1, the red lines correspond to 

covert transit 2. The intersection of the charge times results in the required generator output power. The 

required generator power for covert transit 1 is 1900 [kW] and 3000 [kW] for covert transit 2. The obtained 

powers from the simulations are stated in Table 21.  

Table 21 Generator power according the performance requirements 

Required generator power IR Simulation 

Covert transit 1  0.10 1900 kW 

Covert transit 2 0.28 3000 kW 
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Figure 114 Charge time as function of the generator output 

power 

 
Figure 115 Solution according to the mission profile 

The IR can also been directly expressed as function of the generator power for the defined covert 

periods. The submerged time is constant for the calculations, the charge time decrease. The result is a 

decreasing IR. The tangent of the indiscretion ratio is steep at lower charge powers and flattens out at 

higher generator power voltages. A doubling in the power results in a halving of the IR. 

  
Figure 116 IR covert 1 and covert 2 Figure 117 Round trip efficiency 

 

The time simulations for the found solution are plotted in Figure 118 and Figure 119. Figure 118 illustrates 

the charge and discharge powers during covert transit 1. The discharge power is indicated with a blue 

area, the charge power is indicated with a red area. The first part is the submerged part; 40 [kW] 

propulsive power and 180 [kW] auxiliary power. After a period of 18.84 hours is the generator started. The 

generator output power is 1900 [kW]. At that moment the propulsive power is increased to 170 [kW] and 

260 [kW] auxiliary power. 

Figure 119 illustrates the cell voltage and the state of discharge during covert transit 1. The SOD 

increases from 0.2 to 0.4 in a period of 18.84 hours and is decreased to 0.2 in a period of 2.01 hours. It 

can be concluded that the generator output power of 1900 [kW] meets the requirements for covert transit 

1. It can also be concluded that the battery voltage does not exceed the maximum battery voltage. 
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Figure 118 Representation of covert transit 1 Figure 119 Battery voltage during covert transit 1: 
1900 kW charging IR = 0.10 

 

The time simulation results of covert transit 2 are plotted in Figure 120 and Figure 121. The computed 

generator power output meets the set requirements, and the battery cell voltage does not exceed the 

maximum cell voltage. 

 
 

 

Figure 120 Representation of covert transit 2 Figure 121 Battery voltage during covert transit 1: 
3000 kW charging IR = 0.28 
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 Verification  8.7.5

The results of the simulations have been compared to the results of another calculation methodology, 

available at Nevesbu. The power requirements are stated in Table 22 and illustrated in Figure 122. The 

propulsive power is constant during snorting and during submerged sailing. The auxiliary power is 

different for the submerged and snorting conditions.  

 
 

Figure 122 Requirements concept design 

 

Table 22 Requirements concept design 

Requirements concept design 

Sub Propulsive power 160 [kW] 

Sub Auxilairy power 180 [kW] 

Snort Propulsive power 240 [kW] 

Snort Auxiliary power 260 [kW] 

IR Indiscretion ratio 0.13 [-] 
 

The results of the simulation are captured in Figure 123. The required generator power to meet the 

defined indiscretion ratio is 2500 [kW]. The required installed diesel generator power is 2850 [kW], 

assuming a combined generator efficiency and AC/DC conversion of 87%. This efficiency is based on the 

generator efficiency of 95% [30] and the AC/DC conversion of 92% [4]. According to another calculation 

method that is available at Nevesbu is the required power to meet the requirements 3300 [kW], a 

deviation of 450 [kW]. It is not directly clear what caused the deviation. The difference might be caused by 

different boundary conditions and propulsion plant component parameters.  

 

Figure 123 Sketch Design 
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 Charge power limitations 8.8
The maximum charge power is limited by the cell voltage. The cell voltage may not exceed 2.45 Volt, this 

value is defined by the manufacturer. This subchapter elaborates on the maximum charge power. 

A representation of the first charging stage is illustrated in Figure 124 [23]. The second and third charging 

stages are not relevant during the covert transit. The diesel engine will run at a maximum constant power 

to charge the batteries as fast as possible, without exceeding the gassing voltage. The battery cell 

voltage increases during charging. The charging current is decreasing during charging. The decrease is 

caused by an increasing battery cell voltage. The charge current is the generator output power divided by 

the battery voltage.  

The assumed mission profile prescribes a SOC varying between 0.8 and 0.6. In an ideal situation is for 

constant power charging the cell voltage 2.45 at the end of charging. The charge time is than minimal for 

constant power charging. This is illustrated in Figure 124. 

 

Figure 124 Illustration of the maximum voltage during constant power charging 

 

The method used to find the maximum charge power is to calculate the battery voltage at the end of 

charging for the different charge powers. The end of charging is defined as 0.8 state of charge. The 

battery voltages and the IR are both a function of the generator output power. The performance 

requirements and the limitations are captured in one figure, Figure 125. On the left vertical axis is the IR 

plotted, on the right vertical axis is the battery voltage at the end of charging plotted. The continuous lines 

represent the properties of covert transit 1, the discontinuous lines represent the properties of covert 

transit 2.  

The intersection of the maximum cell voltage and the cell voltages during charge indicates the maximum 

allowable charge power. The maximum charge power, is 3250 [kW] for covert transit 1, and 3500 [kW] for 

covert transit 2. At those generator output powers is the battery voltage 2.45 [V] at the end of charging.  
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Figure 125 Cells in series 210 of 625 kg  

Table 23 Covert transit generator performance requirements and limitations 

Generator power IR Set Performance requirements Limitation 

Covert transit 1  0.10 1900 kW 3250 kW 

Covert transit 2 0.28 3000 kW 3500 kW 

 

The generator output power computed to meet the performance requirements is lower than the limiting 

generator power. It can be concluded that the maximum voltage is not exceeded during CT1 and CT2.  

Figure 126 illustrates the battery voltage and the charge current during snorting. At the SOD value of 0.2 

is the battery voltage at a maximum. Figure 127 illustrates the charge current and battery cell voltage 

during the snorting for the maximum charge power. At a SOD of 0.2 is the maximum battery voltage of 

2.45 [V] reached. The discharge time is for both generator output powers the same, the charge time is 

shorter. This results in a lower IR.  

The peak at the beginning of the charging is caused by the motor controller. The motor controller needs 

time to control the propulsion motors power output. The battery voltage rises immediately after the 

generator is started. Resulting in The change of the battery voltage has an influence on the power output.   
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Figure 126 Battery voltage during covert and SOD for covert 
transit 1: 1900 kW charging IR =0.10 

Figure 127 Battery voltage during covert transit 1: 
3250 kW charging IR =0.05 

 

The battery cell voltages and charge currents, for CT2, as function time are plotted in Figure 128 and 

Figure 129. The first part of the time simulation is a submerged sailing. The battery cell voltage 

decreases. At the time 3.28 [h] the battery capacity is 60%. The diesel generator set is started and the 

cell voltage increases. Figure 128 has an installed generator output power of 3000 kW. 3000 kW is 

computed to meet the set performance requirements.  

The maximum generator output power is 3500 kW. The cell voltage at the end of charge is equal to the 

maximum cell voltage. The IR is reduced to 0.24. 

 
Figure 128 Battery cell voltage and current at 3000 kW 

constant power charge: IR =0.28 

 
Figure 129 Battery cell voltage and current at 3500 kW 

constant power charge: IR = 0.24 
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 Battery layout variations 8.9
The number of batteries does not affect the required generator output power to meet the indiscretion 

ratio. The optimization of the propulsion plant configuration A as function of an assumed mission profile 

can only be done for the battery mass. This is plotted in Figure 130 and Figure 131.  

The number of cells in series and the mass per affects the deeply submerged time during the covert 

transit. This is not a requirement set in the mission profile. Besides the deeply submerged time do the 

number of affect the maximum generator power. The battery charge current is the generator power 

divided by the battery voltage. Higher battery voltages result in lower charge currents. Lower charge 

currents mean lower battery voltages and result in higher allowable generator powers.  

 

Figure 130 Cells in series 223 of 625 kg 

 

Figure 131 Cells in series 223 of 571 kg 
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 Variation performance requirements 8.10
The charging requirements are set in the assumed mission profile. This chapter elaborates on the defined 

requirements. 

 SOC variation 8.10.1

The assumed mission profile prescribes a SOC during snorting varying between 0.8 and 0.6. The battery 

voltage is highly dependent on the SOC and therefor is the limitation highly dependent on the SOC. 

Figure 132 illustrates the cell voltages at the end of charging for 0.8 SOC and 0.7 SOC and the 

corresponding IR, both as function of the generator output power. A significantly lower cell voltage is 

reached for 0.7 SOC compared to 0.8 SOC at the end of charging. Or in other words, the intersection 

shifts to the right, enabling higher charge powers, and allowing higher charge powers without exceeding 

the maximum battery cell voltage. 

The IR as function of the generator output power is the same. This is hardly visible in the plot, the lines lie 

on each other.  

 

Figure 132 Battery cell voltage and IR as function of the generator output power  
for set auxiliary and propulsive power and 210 series and 625 kg 

The figure shows that the effect of a set maximum state of charge can limit the generator output power. 

Table 24 summarizes the results of the simulation. It is clear that the generator output power limitation is 

dependent on the SOC. The IR as function of the generator power output is not changed for a changed 

SOC area.  

Table 24 Required generator power 

Generator power IR Set Required  Limitation 
(0.8 SOC) 

IR MAX  
(0.8 SOC) 

Limitation  
(0.7 SOC) 

IR MAX 
(0.7 SOC) 

Covert transit 1  0.10 1900 kW 3250 kW 0.05 4200 kW 0.04 

Covert transit 2 0.28 3000 kW 3500 kW 0.24 4300 kW 0.22 
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 Tactical snorting time 8.10.2

From a tactical point of view it is desired to snort for a period of maximum 20 minutes or snort until the  

maximum cell voltage [37]. The diesel engines are loud machines that disturb the passive sonar of the 

submarine resulting in a blind spot. To be sure whether there is no hostile submarine approaching, the 

snorting is interrupted to clear the area.  

 

Figure 133 Set snorting period 

The submerged time for 20 minutes snorting can be calculated with equation 8-9. The snorting time is 20 

minutes and the IR is assumed to be the same for discharging between 0.8 and 0.6 SOC.  

𝑇𝑠𝑢𝑏𝑚 20 min =
(𝑇𝑠𝑛𝑜𝑟𝑡 20 min − 𝐼𝑅20 min ∙ 𝑇𝑠𝑛𝑜𝑟𝑡(20 min))

𝐼𝑅20 min
 

 

8-9 

𝐼𝑅0.8 = 𝐼𝑅20 min 8-10 

 

The indiscretion ratio corresponding to the generator output power for the different load conditions are 

obtained with simulations. The propulsive load conditions during the submerged sailing vary while the 

surfaced speed is assumed to be constant.  

Figure 134 illustrates the SOD and battery cell voltage as function of time. Two methods of charging are 

illustrated. (1) The SOD between 0.2 and 0.4 and (2) the tactical charging of 20 minutes. The SOD is 

linearly increasing during the discharge as function of time. It can be concluded that assumption made in 

equation 8-9 holds and that the set snorting time does not affect the required generator output power.  
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Figure 134 Covert transit 1 
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 Optimization of the mission profile 8.10.1

The assumed mission profile defines two deeply submerged speeds in CT1 and CT2. Those are 

arbitrarily chosen. The propulsion motor performance model and the battery cell performance model 

enables to obtain the maximum deeply submerged range as function of the submarine speed. The 

technical parameters and the boundary conditions stated in the previous chapters are used.   

The calculated submerged time is obtained with the performance models. The deeply submerged time 

and the deeply submerged speed results in a deeply submerged range. The submerged time is the time 

between 0.8 and 0.6 batteries SOC.  

𝑆𝑆𝑢𝑏 = 𝑇𝑠𝑢𝑏𝑚 0.2 ∙ 𝑣𝑠𝑢𝑏 
 

8-11 

 

Figure 135 Range as function of submarine speed 

Notable is the optimum range peak, as function of the submerged speed, for the three configurations. 

This peak is a result of the propulsive and auxiliary power demand. At low speeds is there a relatively 

long discharge time. The longer discharge time implies that the auxiliary power is delivered for a longer 

time. The energy consumed by the auxiliary systems cannot be used for the propulsion motor. After the 

peak is the range steeply decreasing. This is caused by the increased resistance. The required propulsive 

power as function of the set speed a third order function. 

It can be concluded that the maximum range for a discharge between 0.8 and 0.6 battery state of charge 

is 78 nautical miles. The distance is achieved at a submarine speed of 4.7 knots.   
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 Dimensioning diesel generator set 8.11
The required generator output power is calculated in chapter 8.7 0for concept configuration A. The 

required generator output power for concept configuration A is 3000 kW. This power can be delivered by 

multiple diesel generator set layouts. The diesel generator weight as function of the generator output 

power is plotted in Figure 136. The diesel generator volume is plotted in Figure 137. The realization of the 

figures is explained in chapter 7.5 Diesel and generator dimensioning optimization. The optimum result is 

the solution with two V16 diesel engines. The possible diesel generator layouts are listed in Table 25. 

 

Figure 136 Diesel generator mass as function of generator power 

 

Figure 137 Diesel generator volume as function of generator power 

Table 25 Solutions concept configuration A 

Type Power 
[EkW] 

Brake  
Power [kW] 

n.o. 
engines 

Mass 
ton 

Volume 
m³ 

max Power  
[EkW] 

Mass 
ton 

Volume 
m³ 

V6 3000 3400 6 48 45 3400 49 45 

V8 3000 3400 4 39 48 3000 39 38 

V12 3000 3400 3 40 41 3400 41 41 

V16 3000 3400 2 33 32 3000 33 32 
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 Propulsion plant efficiency 8.12
The propulsion plant efficiency during snorting is defined as the delivered propulsive and auxiliary power 

over the total period of time divided by the generator output power during the snorting period. The 

efficiency during the charging after the mission profile is stated in equation 8-12. Figure 138 is a graphical 

representation of the efficiency of covert transit 1. The blue area represents the discharge power of the 

propulsion and auxiliary load. The red area indicates the generator power. The discharge power divided 

by the charge power results in the snorting efficiency. 

𝜂𝑠𝑛𝑜𝑟𝑡𝑖𝑛𝑔 =
∫ (𝑃𝑀𝐸𝑀 𝑆𝑈𝐵 + 𝑃𝑎𝑢𝑥 𝑆𝑈𝐵)𝑑𝑡𝑠𝑢𝑏
𝑡𝑠𝑢𝑏
0

+ ∫ (𝑃𝑀𝐸𝑀 𝑆𝑁𝑂𝑅𝑇 + 𝑃𝑎𝑢𝑥 𝑆𝑁𝑂𝑅𝑇 ) ∙ 𝑑𝑡𝑠𝑛𝑜𝑟𝑡
𝑡𝑠𝑛𝑜𝑟𝑡
𝑡𝑠𝑢𝑏

∫ 𝑃𝐺𝐸𝑁
𝑡𝑠𝑛𝑜𝑟𝑡
𝑡𝑠𝑢𝑏

𝑑𝑡𝑠𝑛𝑜𝑟𝑡
 

 

8-12 

The efficiency is determined for the battery system of 210 cells and 625 kg per cell. The efficiency during 

the covert transit 1 for the 1900 [kW] generator power is 84%. The efficiency for 3000 [kW] charging is 

84%. 

 
Figure 138 Representation of the efficiency calculation during covert transit 1 

 

The efficiency of the propulsion plant is the efficiency of the propulsion motor, battery  and diesel 

generator. The propulsion motor efficiency and battery efficiency are modelled in performance models. 

The diesel generator efficiency is assumed to be constant. The efficiency of the diesel engine is obtained 

with the data of the manufacturer. [33] The efficiency of the generator set is obtained from Figure 75. 

𝜂𝐶𝑇 = 𝜂𝑠𝑛𝑜𝑟𝑡𝑖𝑛𝑔 ∙ 𝜂𝑒 ∙ 𝜂𝑔𝑒𝑛 ∙ 𝜂𝑐𝑜𝑛𝑣 

 

8-13 

 

𝜂𝑒 = (
3.600.000

𝑠𝑓𝑐 ∙ ℎ𝐿
) = (

3.600.000

238 ∙ 42700
) = 0.35 

 
𝜂𝑔𝑒𝑛 ∙ 𝜂𝑐𝑜𝑛𝑣 = 0.95 ∙ 0.92 = 0.87 

 
The resulting efficiencies during the covert transit are  
 

8-14 
 
8-15 
 
 
8-16 

𝜂𝐶𝑇1 = 0.84 ∙ 0.35 ∙ 0.95 ∙ 0.92 = 0.26 = 26% 
 

ref. 8-13) 
 

𝜂𝐶𝑇2 = 0.77 ∙ 0.35 ∙ 0.95 ∙ 0.92 = 0.24 = 24% ref. (8-13) 
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  Fuel consumption covert transit 1 8.12.1

The required diesel fuel for the transit mission is obtained by simulations. The input is the generator 

output of 3000 [kW], the battery properties and SOD. The SOD varies between 0.2 and 0.4. The results of 

the simulation are illustrated in Figure 139. Total duration of period 1 is set at 470 hours. 

 

Figure 139 Generator power during covert transit 1 

The required fuel mass is calculated as the time the generator is running times the specific fuel 

consumption of the diesel engine. This is defined in equation 8-17. The total power delivered by the 

generator during the mission is the integral over time of the generator power. The snorting time is 

obtained by dividing the total delivered power by the generator power as stated in equation 8-19. The 

resulting fuel mass of during covert transit 1 is 19 ton. 

𝑚𝑓𝑢𝑒𝑙 = 𝑇𝑠𝑛𝑜𝑟𝑡 ∙ 𝑃𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 ∙ 𝑠𝑓𝑐 

 

8-17 

𝑄 =  ∫ 𝑃𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟  𝑑𝑡 
𝑡𝑒𝑛𝑑

0

 
8-18 

 

𝑇𝑠𝑛𝑜𝑟𝑡𝑖𝑛𝑔 =
𝑄

𝑃𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟
 

8-19 

𝑚𝑓𝑢𝑒𝑙 = 26.2 ∙ 3000 ∙ 238 = 19 𝑡𝑜𝑛 Ref. 8-17 

The indiscretion ratio is the simulated snorting time, divided by the total mission time.   

𝐼𝑅 =
𝑇𝑠𝑛𝑜𝑟𝑡 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑

𝑇𝑠𝑛𝑜𝑟𝑡 𝑑𝑒𝑓𝑖𝑛𝑒𝑑 + 𝑇𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 𝑑𝑒𝑓𝑖𝑛𝑒𝑑
=
26.2

470
= 0.056 

 Fuel consumption covert transit 2 8.12.1

The total fuel mass during cover transit 2 is 26 ton.  

𝑚𝑓𝑢𝑒𝑙 = 36.2 ∙ 3000 ∙ 238 = 25.9 𝑡𝑜𝑛 
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The indiscretion ratio is obtained by simulations as 0.27. 

𝐼𝑅 =
𝑇𝑠𝑛𝑜𝑟𝑡 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑

𝑇𝑠𝑛𝑜𝑟𝑡 𝑑𝑒𝑓𝑖𝑛𝑒𝑑 + 𝑇𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 𝑑𝑒𝑓𝑖𝑛𝑒𝑑
=
36.2

135
= 0.27 

 Overt transit 8.12.1

The overt transit, illustrated in Figure 2, indicated with OT1 and OT2 have the same power load, the 

resulting required power is 705 [kW]. Resulting in a total required diesel storage tank of 88 ton. According 

to the energy flow diagram (EFD) in Figure 5 is the battery not used during the overt transit. The 

efficiency of the batteries does not have to be taken into account. A simulation is not required.  

𝑃𝑙𝑜𝑎𝑑 = 𝑃𝑎𝑢𝑥 + 𝑃𝐵 = 𝑃𝑎𝑢𝑥 +
𝑃𝐷
𝜂𝑠
= 200 +

500

0.99
= 705 [𝑘𝑊] 

𝑃𝑙𝑜𝑎𝑑
𝜂𝑔𝑒𝑛 ∙ 𝜂𝑐𝑜𝑛𝑣

=
𝑃𝑙𝑜𝑎𝑑

0.95 ∙ 0.92
= 810 [𝑘𝑊] 

The diesel engine efficiency according to MTU with the 5% error margin is 238 [gr/kWh]. 

𝑚𝑓𝑢𝑒𝑙 𝑜𝑣𝑒𝑟𝑡 = 810 [𝑘𝑊] ∙ (260 + 230)[ℎ] ∙ (238) [
𝑔

𝑘𝑊ℎ
] = 94.5 ∙ 106 [𝑔] = 95 𝑡𝑜𝑛 

 Summary 8.12.2

Table 26 summarizes the efficiency and fuel consumption of the concept configuration A during the 

assumed mission profile.  

Table 26 Efficiency and fuel consumption during the assumed mission profile 

 Generator 
power 
[kW] 

Transit IR  
Set 
[-] 

IR 
Sim. 
[-] 

Time 
 
[h] 

Efficiency 
 
[-] 

Efficiency 
 
[-] 

Fuel 
Mass 
[ton] 

Concept Conf. A 810 OT - - 490 - - 95 

 3000 CT1 0.10 0.056 470 84% 26% 19 

 3000 CT2 0.28 0.270 135 77% 24% 31 

Total        145 
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 Conclusion concept propulsion plant configuration A 8.13
The concept configuration propulsion plant A can be modelled by combining the performance model of 

the propulsion motor battery cell. This enables to simulate the performance of the concept propulsion 

plant during the surveillance and attack part of the mission.  

An algorithm is used to find the optimum mass and volume of the battery. The algorithm calculates for all 

the possible number of cells the corresponding mass per cell. The solution found by the algorithm has to 

meet three requirements. (1) The delivered power by the propulsion motors are within a defined error of 

the set power. (2) The maximum pseudo depth of discharge of the battery cell may not be exceeded. (3) 

The simulation time has to be equal to the set time.  

The result of the algorithm is an optimum number of 223 per battery, with a corresponding cell mass of 

571 kg per cell. The total mass of the batteries is 257 ton. The corresponding volume is 97 m³. The 

MORAY design has 210 cells per battery and 530 [kg] per cell. The number of cells is based on the 

maximum allowable propulsion voltage. Increasing the maximum allowable voltage of the propulsion 

motor would increase the endurance of the submarine at higher speeds. For a limited system voltage of 

882 V is the corresponding to 210 cells per battery and a mass 625 [kg] so a total mass of 262 ton and 99 

[m³] for the assumed mission profile. The difference between the optimum battery mass, and the battery 

mass limited to the maximum propulsion motor voltage is 3% or 5 ton.  

The algorithm will always find a solution for a given number of cells if the number of cells is able to deliver 

the required voltage to be able to be in the operating field of the propulsion motor. The disadvantage of 

this solution is that battery sizes may become unrealistically large and not constructible. The solution 

found is a theoretical solution and gives an indication of the required battery mass. This theoretical 

approach does not take into account the possible batteries on the market.  

The mission profile is an assumed profile, it is an example, the propulsion plant performance model is 

generic and capable of following al the mission profiles as input. The variations in the mission profile 

show the high dependency of the battery system layout. Despite the specific character of the mission 

profile, the simulation shows an optimum cell mass, in the range of  200 cells up to 240 cells. The burst 

and the position of the burst in the mission profile have a major influence on the mass. The maximum 

allowable motor voltage limits the design. It is recommend adding more realistic mission profiles to 

explore whether there is a trend in the operational requirements.  

There are inaccuracies in the models and the method of increasing the battery cell capacity while  

keeping the other parameters constant. By increasing the cell capacity, the cell size is increased. As the 

cell size increases the cell resistance will increase as the current has to travel a longer distance trough 

the battery. And vice-versa the battery cell resistance would decrease for smaller batteries than the 

battery resistance obtained from the MORAY battery. This effect is not taken into account. Simulations 

with increasing resistance as function of the cell mass have been executed to indicate the sensitivity of 

the model and the effect on the cell mass. The increase in resistance of 40% results in 5 kg more cell 

mass required for 223 cells in series, and 15 kg for 210 cells in series. This effect needs to be taken into 

account.  

The batteries are charged at constant power during snorting operation. The batteries are drained during 

the submerged part of the covert transit and charged during the snorting part of the transit. This is 

repeated until the set covert transit time is reached. The batteries are recharging at constant power. The 

power is delivered by diesel generator set(s). The required generator output power is obtained by 

performance simulations.  
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The performance requirements consist of three parts. (1) The propulsive and auxiliary power during 

snorting and submerged parts of the covert transit. (2) The indiscretion ratio during the covert transit. (3a) 

Set state of discharge during the covert transit of (3b) the maximum charge time. The maximum charge 

time is set for tactical reasons. During snorting operation is a blind spot created on the radar. Allowing 

hostile submarines approaching from the rear. The boundary conditions are the optimized battery-layout 

and computed MEM properties. The properties are defined in the parameter files.   

The charging power is limited by the cell voltage. The generator power is however limited to a maximum. 

The generator power is limited by maximum charge current. The charge current charges the batteries. 

The battery voltage increases during charging. The cells can be damaged if the maximum cell voltage is 

exceeded. 

The number of cells in series per batteries does not affect the required generator output power to meet 

the indiscretion ratio. The number of cells and the mass per affect the deeply submerged time during the 

covert transit and the maximum charge power.  

The result of the simulation is a generator output power of 1900 kW for convert transit 1 (CT1), and a 

required generator power of 3000 kW for covert transit 2 (CT2). The highest generator power is leading 

from design perspective, resulting in a generator power of 3000 kW. The 3000 kW generator output 

power is also used to charge the batteries during CT1. The maximum allowable generator power, for 

constant power charging up to 80% SOC, is 3250 kW for covert transit 1 and 3500 kW for covert transit 2. 

The IR is respectively 0.05 and 0.24. It can be concluded that for approaches, 3a and 3b the calculated 

generator power is the same. 

The assumed mission profile defines two deeply submerged speeds in CT1 and CT2. Those are 

arbitrarily chosen. The propulsion motor performance model and the battery cell performance model 

enables to obtain the maximum deeply submerged range as function of the submarine speed. It can be 

concluded that the maximum range for a discharge between 0.8 and 0.6 battery state of charge is 78 

nautical miles. The distance is achieved at a submarine speed of 4.7 knots.   

The efficiency during the covert transit is defined as the energy used by the propulsion motor and 

auxiliary users during the submerged and snorting part of the covert transit divided by the power output of 

the generator for the duration of the snorting period. The efficiency of the propulsion plant during CT1 is 

84%. This is the result of the propulsion motor and battery efficiency. The efficiency can be explained by 

the propulsion motor efficiency (93%), combined with the battery efficiency (85%). When the diesel 

generator set efficiency is taken into account is the efficiency 26%. The efficiency during CT2 is 77%. The 

propulsive power is higher resulting in higher required currents and a higher power loss. The propulsion 

plant efficiency, including the diesel generator set is 24%. The required diesel fuel storage capacity to 

meet the mission requirements is 145 ton.  
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 Propulsion plant configuration B 9

 Introduction 9.1

This chapter elaborates on the battery dimensioning and generator output power for propulsion plant 

configuration B as function of the assumed mission profile. The same methodology is used as for concept 

propulsion plant configuration A. The first part is the optimization of the lithium-ion batteries for the 

assumed mission profile. The second part is the determination of the generator output power. 

 Battery topology 9.2
The topology of the Lithium-ion batteries is comparable to the lead-acid batteries. Two batteries can be 

switched in series or parallel to supply the required voltage to the propulsion motor. The lead-acid 

batteries consist of cells where the Lithium-ion batteries consist of cell packs. The cell packs contain cells. 

This is illustrated in Figure 140. 

 

Figure 140 Battery topology Lithium-ion 

The cell packs in the batteries are connected in series. The voltage of the battery is equal to the sum of 

the cell packs.  

𝑈𝑏𝑎𝑡1 = 𝑈𝑏1 𝑐𝑒𝑙𝑙 𝑝𝑎𝑐𝑘 1 + 𝑈𝑏1 𝑐𝑒𝑙𝑙 𝑝𝑎𝑐𝑘 2 +⋯+ 𝑈𝑏1 𝑐𝑒𝑙𝑙 𝑝𝑎𝑐𝑘  𝑛 

 
𝑈𝑏𝑎𝑡2 = 𝑈𝑏2 𝑐𝑒𝑙𝑙 𝑝𝑎𝑐𝑘 1 + 𝑈𝑏2 𝑐𝑒𝑙𝑙 𝑝𝑎𝑐𝑘 2 +⋯+ 𝑈𝑏2 𝑐𝑒𝑙𝑙 𝑝𝑎𝑐𝑘 𝑛 

9-1 

 

The performance model of the battery cell represents a single cell. It is assumed that the cells in the cell 

pack have the same behaviour, this is described in equation 9-2. It is also assumed that the cells in the 

different cell packs have the same behaviour as described in equation 9-2.  

𝑈𝑏1 𝑐𝑒𝑙𝑙 𝑝𝑎𝑐𝑘 1 = 𝑈𝑐𝑒𝑙𝑙 1 = 𝑈𝑐𝑒𝑙𝑙 2 = ⋯ = 𝑈𝑐𝑒𝑙𝑙 𝑚 

 

9-2 

𝑈𝑏1 𝑐𝑒𝑙𝑙 𝑝𝑎𝑐𝑘 1 = 𝑈𝑏1 𝑐𝑒𝑙𝑙 𝑝𝑎𝑐𝑘 2 =. . . = 𝑈𝑏1 𝑐𝑒𝑙𝑙 𝑝𝑎𝑐𝑘 𝑛 

 

9-3 
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 Battery mass optimization algorithm 9.3
The optimum battery mass method is the comparable to the lead-acid technology optimization. The 

difference is the increasing of capacity. The lead-acid optimization algorithm increases the battery cell 

mass when the capacity is insufficient. The additional cell mass contains energy that is added to the initial 

cell energy up to the point where the stored energy capacity is sufficient for the submerged part of the 

mission profile. The lithium-ion cell mass cannot be increased. The largest cells on the market are around 

5 kg. The cell chemistry and stability do not allow the increase of the cell. The algorithm increases the 

number of cells in parallel to increase the capacity. Through this the battery voltage remains the same 

while the battery capacity is increased. This is illustrated in Figure 141 and Figure 142.  

 
Figure 141 Battery construction 

 

 
Figure 142 Increased capacity 

 
𝑈 = 𝑈𝑐𝑒𝑙𝑙 ∙ 𝑛𝑐𝑒𝑙𝑙 𝑝𝑎𝑐𝑘 

 
𝐶 = 𝐶𝑐𝑒𝑙𝑙 ∙ 𝑚𝑐𝑒𝑙𝑙 𝑠𝑒𝑟𝑖𝑒𝑠 = (𝑐 ∙ 𝑚𝑐𝑒𝑙𝑙 𝑚𝑎𝑠𝑠) ∙ 𝑚𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 

 

𝑈 = 𝑈𝑐𝑒𝑙𝑙 ∙ 𝑛𝑐𝑒𝑙𝑙 𝑝𝑎𝑐𝑘 

 
𝐶 = (𝑐 ∙ 𝑚𝑐𝑒𝑙𝑙 𝑚𝑎𝑠𝑠) ∙ (𝑛𝑐𝑒𝑙𝑙 𝑠𝑒𝑟𝑖𝑒𝑠 + 1) 

 
 

The number of cell packs is increased and the loop algorithm is started again, as illustrated in Figure 143 
and Figure 144. 
 

 
Figure 143 Battery construction with increased cell pack 

 

 
Figure 144 increased cell pack and capacity 

 
𝑈 = 𝑈𝑐𝑒𝑙𝑙 ∙ (𝑛𝑐𝑒𝑙𝑙 𝑝𝑎𝑐𝑘 + 1) 

 
𝐶 = 𝐶𝑐𝑒𝑙𝑙 ∙ 𝑚𝑐𝑒𝑙𝑙 𝑠𝑒𝑟𝑖𝑒𝑠 

 

𝑈 = 𝑈𝑐𝑒𝑙𝑙 ∙ (𝑛𝑐𝑒𝑙𝑙 𝑝𝑎𝑐𝑘 + 1) 

 
𝐶 = 𝐶𝑐𝑒𝑙𝑙 ∙ (𝑚𝑐𝑒𝑙𝑙 𝑠𝑒𝑟𝑖𝑒𝑠 + 1) 

 

 Battery mass prediction results 9.4
The result of the optimization is plotted in Figure 145. On the horizontal axis is the number of cells in 

series, on the vertical axis is the number of cells in parallel. The various lines are different mission 

profiles. The mission profiles are described in chapter  8.6.1. The increase of cells in series results in in a 

nonlinear decrease of number of cells in parallel for the mission profile. The increased number of cells in 

parallel has two effects. The first effect is that the discharge current is divided by the number of cells in 

parallel, resulting in a lower discharge current per cell and there for a longer discharge time. The second 

effect is an increased cell capacity as the cell capacity is a function of the discharge current. The bumpy 

line is caused by the stepwise increase per cells.  

The total number of cells is the number of cells in series, times the number of cells in parallel times the 

number of batteries. The total number of cells is reasonably constant as can be seen in Figure 146 can 

be explained by the fact that the cell capacity a function is of discharge current. The optimum number of 
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cells is constant from 105 cells in series and 40 cells in parallel. The battery voltage is equal to the 882 

[V] when fully charged and switched in series.  

 
Figure 145 Cells in parallel as function of the cells in series 

 
Figure 146 Total number of cells per battery as function of 

the cells in series 

 
The result of the time simulation is plotted in Figure 147. The battery layout is 105 cells in series and 40 in 

parallel. It can be concluded that the set MEM power requirements have been met. The same holds for 

the pseudo discharge state. 

  
Figure 147 Propulsion motor delivered power Figure 148 State of discharge(x) and pseudo discharge(y) 

 

Figure 149 illustrates the armature voltage and discharge current acting on the battery. The armature 

voltage is at the beginning of the mission is 45 [V]. This is the optimum battery voltage with respect to 

efficiency at 18 kW brake power. This is calculated in chapter 5.7.1.1.  

After 10 hours dead-slow speed is the speed increased. The set output power is 1500 [kW]. The 

switchboard settings are 2 batteries in series and the armatures in parallel. The 2 batteries in series form 

210 cells in series. The battery voltage is then 210 times the cell voltage. As the battery voltage 

decreases, the discharge current increases to maintain constant power.  

After the set 1500 [kW] is the set output brake power 400 [kW]. The batteries and the armatures are 

switched in parallel. The armature voltage is 105 times the battery cell voltage.  
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The final load is the burst load at the end of the mission. The batteries are switched in series and the 

armatures in parallel. The armature voltage drops steeply, resulting in a steep increase of the discharge 

current.  

Figure 150 is a plot of the voltage and discharge current of a single battery cell. The steepness in 

decrease of the cell voltage is caused by the cell discharge current. High cell discharge currents result in 

steep voltage decreases. 

  
Figure 149 Armature voltage and discharge current Figure 150 Cell voltage and cell discharge current 

 

The MEM efficiency is plotted in Figure 151. The propulsion motor efficiency is comparable to the 
propulsion motor efficiency results of concept configuration plant A. The propulsive power delivered by 
the motor is the same and the battery voltage is comparable.  
 

 
Figure 151 Propulsion motor efficiency 
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 Battery mass and volume prediction 9.4.1

The optimum number of cells is obtained in the previous chapter. The volume and mass of the cells is a 

good indication of the required mass and volume of the batteries. The packing of the cells into a module 

is significant as discussed in section 3.4 and illustrated in Figure 70. The packing factor for volume must 

be multiplied with the volume of the cells. The packing correction factor for the mass must be multiplied 

with the mass of the cells.  

The cell properties are defined in Table 11 Lithium-ion cell dimension properties. The cell volume is 2.12 

litres and has a mass of 4.2 kg. The packing factor for the volume is the specific mass of the cell divided 

by the specific mass of the cell module. This results in a packing correction factor of 1.6. The packing 

factor for mass is calculated in the same way as volume. The packing correction factor is 1.3. The 

resulting volume and masses are calculated in equation 9-4 and 9-5. 

𝑉𝑙𝑖−𝑖𝑜𝑛 = 𝑓𝑐𝑜𝑟𝑟 𝑉 ∙ (𝑉𝑐𝑒𝑙𝑙 ∙ 𝑛𝑏𝑎𝑡 ∙ 𝑛𝑠𝑒𝑟𝑖𝑒𝑠 ∙ 𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) 

 

9-4  

𝑉𝑙𝑖−𝑖𝑜𝑛 = 1.6 ∙ (2.12 ∙ 10−3 ∙ 2 ∙ 105 ∙ 40) = 29 [𝑚3] 
 

  

𝑚𝑙𝑖−𝑖𝑜𝑛 = 𝑓𝑐𝑜𝑟𝑟 𝑚 ∙ (𝑚𝑐𝑒𝑙𝑙 ∙ 𝑛𝑏𝑎𝑡 ∙ 𝑛𝑠𝑒𝑟𝑖𝑒𝑠 ∙ 𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) 

 

9-5  

𝑚𝑙𝑖−𝑖𝑜𝑛 = 1.3 ∙ (4.2 ∙ 2 ∙ 105 ∙ 40) = 46 [𝑡𝑜𝑛]   

 

 Charge power lithium-ion 9.5
The required charging power is obtained in similar ways as the lead-acid batteries. The charge current 

charges the battery up to the point where the battery is filled up to 80%. The results of the charging are 

combined in Table 27. The calculations are done for different battery settings; 40, 80 and 140 cells in 

parallel. 40 Cells in parallel is the optimum according to the surveillance and the attack phase of the 

mission. The 80 cells in parallel have the same submerged endurance time compared to lead-acid 

batteries, when discharged from 80% to 60% SOC. 140 cells in series is the normalized volume 

compared to the required lead-acid volume, as calculated in equation 9-6. 

𝑉𝑙𝑖−𝑖𝑜𝑛 = 𝑉𝑙𝑒𝑎𝑑−𝑎𝑐𝑖𝑑 = 𝑓𝑐𝑜𝑟𝑟 𝑉 ∙ (𝑉𝑐𝑒𝑙𝑙 ∙ 𝑛𝑏𝑎𝑡 ∙ 𝑛𝑠𝑒𝑟𝑖𝑒𝑠 ∙ 𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) 

 

𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
𝑉𝑙𝑒𝑎𝑑−𝑎𝑐𝑖𝑑

𝑓𝑐𝑜𝑟𝑟 𝑉 ∙ 𝑉𝑐𝑒𝑙𝑙 ∙ 𝑛𝑏𝑎𝑡 ∙ 𝑛𝑠𝑒𝑟𝑖𝑒𝑠
=

99

1.6 ∙ 2.12 ∙ 10−3 ∙ 2 ∙ 105
≈ 140 

 
The required generator output power for CT1 is listed in Table 27. 
 

9-6 

Table 27 Required generator output powers CT1 

 Unit 105s-40p 105s-80p 105s-140p 

Covert 1 Submerged time  h 10.2 20.4 35.76 

Covert 1 Snorting time h 1.13 2.27 3.97 

Indiscretion ratio 1  - 0.10 0.10 0.10 

Required Power  kW 1600 1600 1600 

Efficiency  93% 93% 93% 
 

 
It may be clear that an increased number of parallel cells increase the submerged time. An increased 
submerged time results in an increased snorting time for constant set Indiscretion ratio. The state of 
charge and the battery voltage are plotted for the three battery settings in Figure 152. 
 



Commercial in confidence  
 

Nevesbu b.v. P.O. Box 278   Kelvinring 48   2950 AG Alblasserdam -The Netherlands  www.nevesbu.com  Phone: +31 (0)88 – 943 3400 

©  Copyrights: Reproduction, utilization or disclosure to third parties in any form is not allowed without written consent. 

Thesis_Rietveld_SDPO.17.001_Final.docx Page 123 of 151 
        Page 123 of 151 

 
Figure 152 State of charge and battery cell voltage for 3 battery settings 

 
 
The required generator output power for CT2 is listed in Table 28. 

Table 28 Required charging powers CT2 

 Unit 105s-40p 105s-80p 105s-140p 

Covert 2 Submerged time h 1.78 3.61 6.35 

Covert 2 Snorting time  h 0.69 1.40 2.47 

Indiscretion ratio 2 - 0.28 0.28 0.28 

Required Power kW 2800 2800 2800 

Efficiency % 84% 84% 84% 

 

The weight and volume of the different battery layouts are stated in Table 29. 

Table 29 Mass and volume 

 Unit 105s-40p 105s-80p 105s-140p 

Volume batteries m
3
  29 58 99 

Mass batteries ton 46 92 161 
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 Maximum generator power 9.5.1

The maximum charge power is limited by maximum charge current for Lithium-ion battery technology. 

The maximum charge current is 200 [A]. The charge power is limited to 7.1 [MW] as calculated  

𝑃𝐺𝐸𝑁 𝑀𝐴𝑋 = 𝑛𝑏𝑎𝑡 ∙ 𝑛𝑠𝑒𝑟𝑖𝑒𝑠 ∙ 𝑈𝑐𝑒𝑙𝑙 𝑚𝑎𝑥 ∙ 𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 ∙ 𝐼𝑚𝑎𝑥 

 
𝑃𝐺𝐸𝑁 𝑀𝐴𝑋 = 2 ∙ 105 ∙ 4.2 [𝑉] ∙ 40 ∙ 200 [𝐴] = 7.1 [𝑀𝑊] 

 

9-7 

The theoretical IR for the given powers in the mission profile is 0.03 for covert period 1 and 0.11 for covert 

period 2. The IR as function of the generator power is plotted in Figure 153. The cell charge current 

during CT1 is 200 [A] as can been seen in Figure 154. 

 
 

 

Figure 153 IR as function of the generator power 

 
Figure 154 Cell voltage and charging current at 7100 [kW] 

(105-40 cells – CT1) Resulting IR = 0.02 

 

 Dimensioning diesel generator for concept configuration B 9.6
The optimum result for concept configuration B are two V16 propulsion motors, resulting in a volume of 

32 m³ and weight of 33 ton.  

Table 30 Solutions concept configuration B 

Type Power 
 
[EkW] 

Brake  
Power 
[kW] 

n.o. 
engines 
[-] 

Mass 
 
[ton] 

Volume 
 
[m³] 

Max. 
Power  
[EkW] 

Mass 
 
[ton] 

Volume 
 
[m³] 

V6 2800 3200 6 48 45 3400 49 45 

V8 2800 3200 4 39 48 3000 39 38 

V12 2800 3200 3 40 41 3400 41 41 

V16 2800 3200 2 33 32 3000 33 32 
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 Propulsion plant efficiency 9.7
Table 26 summarizes the efficiency and fuel consumption of the concept configuration A during the 

assumed mission profile.  

Table 31 Efficiency and fuel consumption during the assumed mission profile 

 Generator 
power 
[kW] 

Transit IR  
Set 

IR 
Sim. 

Time 
 
[h] 

Efficiency 
 
[-] 

Efficiency 
 
[-] 

Fuel 
Mass 
[ton] 

Concept Conf. B** 810 OT - - 490 - - 95 

 3000 CT1 0.10 0.050 470 93% 28% 17 

 3000 CT2 0.28 0.244 135 84% 26% 24 

Total        136 

 

 Conclusion concept propulsion plant configuration B 9.8
The concept propulsion plant configuration B is modelled. The model is used to simulate and optimize the 

behaviour of the plant. The optimum number of cells in series and parallel with respect to the surveillance 

and attack phases of the mission are found with the algorithm. The optimum number of cells in series is 

105 and 40 cells in parallel, a total of 8,400 cells. The active cell mass is 46 ton. The corresponding 

corrected volume for packing is 29 [m³]. 

The submerged time during covert transit one is 10.2 hours for the battery layout of 105 cells in series 

and 40 cells in parallel. This submerged time is shorter compared to the lead-acid batteries (210 – 625 

kg). The submerged time for the lead-acid battery is 18.84 hours. From this data it seems that the lead-

acid battery is more effective in snorting operation. This is however not true. The optimum battery mass 

algorithm calculates the minimum cell capacity, during the surveillance and attack part of the mission. The 

lead-acid battery capacity is highly dependent on the discharge current, and state of charge. The lead-

acid cell mass that determines the battery capacity is strongly dependent on the burst at the end of the 

attack part. This result in a high mass, and a long discharge time at low discharge currents. 

The number of cells in parallel is increased to have the same submerged time, and have an equal 

comparison. By increasing the number of cells in parallel the systems voltage stays unchanged but the 

capacity increases. The lithium-ion cells that meet the submerged time during covert transit 1 is 105 cells 

in series and 80 cells in parallel. Resulting in a corrected mass for packing 92 ton and 58 [m³]. 

The maximum continuous charge current of the lithium-ion cells is 200 [A] up to 0.0 SOD [15]. The 

required charge power is not limited to the maximum charge current. The requirements set in the mission 

profile demand a continuous charge current of maximum 50 [A]. 

The efficiency during covert transit 1 is 93% due to the propulsion motors efficiency and the battery round 

trip efficiency at 1600 [kW].  The efficiency during covert transit 2 is 84% at 2800 kW. The high efficiency 

can be explained by the high propulsion motor efficiency, 92% and the high 96.5% round trip efficiency. 
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 Life cycle cost 10
The submarine market is a small market compared to surface ships and land based applications. This will 

affect the component price. The capital expenditures are based on data of 1992. The prices are 

converted to 2016 using data of the CBS (Centraal Bureau voor de Statistiek). 

 Propulsion motor 10.1
The quotations for the MORAY 1400 have been used to make a rough estimation of the price of the 

propulsion motor in the present. The prices in the quotation are based on DC-propulsion motors. More 

research has to be done on the operational expenditures. 

Table 32 Propulsion MEM - CAPEX 

Estimated price per submarine Price DC 
€/kW 

Propulsion motor 
2016 

Quotation (1) 2000 €/kW € 7.3 million 

Quotation (2) 2300 €/kW € 8.4 million 

 

 Batteries 10.2

 Lead-acid 10.2.1

The cycle life of the battery is dependent on the battery treatment. Lead-acid batteries have a typical 

cycle life of 200 at 100% SOD. In general, batteries have a longer life for lower SOD cycles. Up to 1500 

cycles can be attained at 25% SOD. [38] The number of cycles during the given mission profile is 140 

cycles. One cycle is a deep discharge cycle of 80% state of discharge and the other cycles are 40Total 

SOD. Based on the available data the estimated price is € 6,000 per cycle for the total battery layout. This 

is based on general data and specification of lead-acid batteries, the price is not based on submarine 

specific batteries. 

Table 33 Lead-acid CAPEX 

Estimated price per submarine Lead-acid Moray  Lead-acid  €/kg Mission profile  
2016 

Quotation (1) € 3.5 million 27 €/kg € 8.8 million 

Quotation (2) € 3.7 million 29 €/kg € 9.4 million 

 

The cycle life of the battery is dependent on the battery treatment. Lead-acid batteries have a typical 

cycle life of 200 at 100% SOD. In general, batteries have a longer life for lower SOD cycles. Up to 1500 

cycles can be attained at 25% SOD. [38]  

 Mission profile 2016 
Configuration A 
2 x 210 x 625 kg 

Estimated price per submarine € 10 million 

Price per cycle 100% SOD € 50.000 

Price per cycle 20-40% SOD € 6000 

Based on the available data the estimated price is € 6,000 per cycle for the total battery layout. This is 

based on general data and specification of lead-acid batteries, the price is not based on submarine 

specific batteries. 
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The operational expenditures are the maintenance of the battery cells. Maintenance of the cells is for 

instance the check and of the electrolyte level in the cell. Hydrogen gas can be produced as an unwanted 

by-product resulting in a decrease of electrolyte. The reduced electrolyte level can result in damage to the 

battery cell [39]. The small space above the cells and the mounting of the cells make the maintenance 

time consuming.  

 Lithium-ion  10.2.2

Lithium-ion cells have the longest cycle life. At 100% SOD 4000 cycles are typically. At 20-40% SOD they 

can last up to 20000 cycles. [15] The estimated price per cell is €1500 [40] [41]. The price is only based 

on the cells. The packing, battery management system and other auxiliary systems are not included. The 

price for the total cost is a multiplication of the cell price.  

Table 34 Lead-acid CAPEX 

 Configuration B 
8400 Cells  

Configuration B* 
16800 Cells 

Configuration B** 
29400 Cells 

Estimated price submarine € 15 million € 30 million € 45 million 

Price per cycle 100% SOD € 3000 € 6000 € 10000 

Price per cycle 20-40% SOD € 1000 € 2000 € 2500 

 

 Comparison LCC batteries 10.2.3

The CAPEX of the lithium-ion batteries are estimated to be up to three times higher than the lead-acid 

batteries. More interesting is the price per cycle. The number of cycles for lithium-ion batteries is 

especially at low depth of discharge states significantly higher than lead-acid battery cells. Resulting in an 

estimated price per cycle of €1500 for lithium-ion compared to €6000 per cycle for lead-acid cells.  

 Aging batteries 10.2.4

More attention needs to be paid to the aging effect of lead-acid and lithium-ion batteries. The 

performance of the battery cells decrease with increasing aging.  
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 Conclusion and recommendations 11

 Introduction 11.1

The conclusion gives a summary and interpretation of results and a review on the research question. 

The objective was to evaluate a number of concept propulsion plant configurations that meet the design 

requirements. The evaluation of the concept propulsion plant results in the concept system that would be 

most favourable with respect to efficiency, volume, weight and life cycle cost.  

The design requirements for the propulsion plant where captured in an assumed mission profile. The 

mission profile consist all the parts of a possible submarine mission, the overt transit, covert transit, 

surveillance and attack. The propulsive power varies in time to represent different ship speeds. Slow 

speed represents the surveillance in an area followed by a burst to simulate a quick getaway. The generic 

model enables the user to simulate different missions, with varying power demands for varying period of 

times.  

 Propulsion motor 11.1.1

The maximum set propulsive power is the input for the first principle dimension prediction of the 

propulsion motor. The idea behind first principle dimension prediction is that the dimensioning of the 

propulsion motor, and other electric machines, can be estimated by sizing the core of the machine to the 

required power output using first principles [21].The first principle modelling is preferred above trend and 

regression lines because of fidelity. The physical principles in the models make the results not per 

definition more accurate but make the results a better representation of the real system and a better 

understanding, where fit functions do not represent physical relations.  

The obtained core dimensions are a part of the technical parameters used in the propulsion motor 

performance model. The performance model is used to simulate the performance of the propulsion motor. 

The performance is considered to be the efficiency and discharge current as function of the available 

battery voltage and set propulsive power. The performance model is verified with a realistic propulsion 

motor. The accuracy is within 5%. It can be concluded that the model is suitable for simulating the current 

and efficiency.  

The propulsion motor efficiency and dimensions is the same for the two concept configurations. The 

propulsion motor is dimensioned for the maximum defined power output at a defined rate of rotation. The 

mass, volume, efficiency and CAPEX as function of the assumed mission profile is captured in Table 35. 

Table 35 propulsion motor properties for the assumed mission profile 

DC-Compound 2 armatures Mass [ton] Volume [m³] Efficiency  CAPEX 

3600 [kW] Brake Power 48 19 max. 95% € 7.9 million 

 

 Batteries 11.1.2

The propulsion motor’s load is defined in the assumed mission profile. This load determines the required 

energy storage capacity. The energy is stored in the batteries. The performance of the batteries is 

captured in a battery performance model. This model simulates the battery voltage, capacity and 

resistance as function of the charge and discharge current. The model is verified for lead-acid and lithium-

ion battery technology.  
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The number of batteries and the size of the battery cells are optimized for weight and volume. The 

optimum is found with a battery optimization algorithm. The algorithm is applicable for lead-acid and 

lithium-ion battery technology. The algorithm has as input the set propulsive power and time interval 

corresponding to the set power. Thanks to this approach it is possible to simulate all kinds of mission 

profiles and the user of the algorithm is not limited to one mission profile. The result of the simulations is 

the total battery mass and volume.  

The battery optimization algorithm has two stop functions; (1) Insufficient delivered power and (2) 

maximum pseudo state of charge. The lead-acid battery fails mainly on the delivered power. The lithium-

ion battery fails mainly on the pseudo state of charge. This is illustrated in Figure 95 and Figure 97 for the 

lead acid battery cell. For lithium-ion in Figure 147 and Figure 151.  

 
 

 

ref. Figure 95 Lead-Acid Battery - Power requirements ref. Figure 147 Li-ion Battery - Power requirements 

 

 
 

ref. Figure 97 Lead acid Battery – Capacity requirements ref. Figure 151 Li-ion Battery - Capacity requirements 

 

The optimum mass and volume of the optimization are combined in Table 36. The battery layout for 

concept configuration A represents; the number of batteries – the number of cells in series – and the 

mass per cell. The battery layout for concept configuration B represents the number of batteries – the 

number of cells in series – the number of cells in parallel.  
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Table 36 Battery properties for the preassumed mission profile 

 Battery 
Layout 

Battery technology Mass  Volume  

Concept Conf. A 2 – 223 – 571  Lead-acid 282 ton 96 m
3
 

Concept Conf. A* 2 – 210 – 625  Lead-acid 290 ton 99 m
3
 

Concept Conf. B 2 – 105 – 40  Li-ion 46 ton 29 m
3
 

 

The required mass is 6.1 times lower for the lithium-ion battery technology compared to the lead-acid 

technology for this specific mission. The expected difference in mass is according to Figure 10 between 

5.6 and 2.8 times lower for lithium-ion battery cell technology. The difference is higher due to the high 

burst load at the end of the surveillance and attack part of the mission.  

Multiple battery configurations for concept configuration B have been examined. Those are listed in Table 

37. Concept Configuration B is the optimized result for the surveillance and attack part of the mission. 

Conf. B* has the same submerged time during covert transit 1 for 80% to 60% SOC. Concept Conf. B** 

has the same battery volume compared to concept configuration A*. 

Table 37 Concept configurations B 

 Battery 
Layout 

Battery 
technology 

Mass  Volume  

Concept Conf. B 2 – 105 – 40  Li-ion 46 ton 29 m
3
 

Concept Conf. B* 2 – 105 – 80  Li-ion 58 ton 92 m
3
 

Concept Conf. B** 2 – 105 – 140  Li-ion 161 ton 99 m
3
 

 

The solutions A, A* and B are a result of the assumed mission profile during the surveillance and attack 

part of the mission. The found solutions can also be expressed in terms of submerged range as function 

of the submerged speed. The solutions A* and B are illustrated as continuous lines in Figure 155.  The 

third discontinuous line is the line with the normalized volume compared to lead-acid, this is concept 

configuration B**. The boundary conditions for the SOC are between 0.8 to 0.2. 

It is clearly visible that the submerged range of the lead-acid battery (A*) has a longer range compared to 

lithium-ion technology (B) for lower submerged speeds. The range of the lead-acid cells is decreasing 

faster compared to lithium-ion cells. This is due to the higher decrease of capacity as function of the 

discharge current for lead-acid cells compared to lithium-ion cells. From 18 knots and above the lithium 

cells have a larger range. The normalized volume configuration, B**, has the same shape as B but a 

larger range over the total speed range.  
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Figure 155 Submerged range as function of speed 

The CAPEX cost for the lithium-ion batteries are higher compared to the lead-acid batteries. The cost per 

cycle is lower for lithium-ion batteries. 

Table 38 Lead-acid CAPEX 

 Conf. A 
2 x 210 x 625 kg 

Conf. B 
8400 Cells  

Conf. B* 
16800 Cells 

Conf. B** 
29400 Cells 

Estimated price submarine € 10 million € 15 million € 30 million € 45 million 

Price per cycle 100% SOD € 50.000 € 3.000 € 6.000 € 10.000 

Price per cycle 20-40% SOD € 6.000 € 1.000 € 2.000 € 2.500 

 

 Diesel generator set 11.1.3

The defined indiscretion ratio is the input for the generator output calculations. The required generator 

output power is the input for dimension prediction of the diesel generator set. The dimensions of the 

diesel generator set are obtained with first principle dimensions. The technical parameters used are 

obtained from a submarine diesel engine manufacturer. The core dimensions of the diesel engine are 

multiplied with a correction factor to come to the weight and volume of the diesel generator set. The time 

the running time of the diesel engines determines the required fuel for the mission. The required 

generator output power to meet the design requirements are summarized in Table 39. The required 

generator output power is higher for the lead-acid batteries. This is due to the higher losses in the lead-

acid batteries.  

Table 39 Required generator output as function of the assumed mission profile 

 Battery Layout IR 1 IR 2 Volume Mass 

Concept Conf. A 2 – 210 – 625  1900 [EkW] 3000 [EkW] 32 m
3
 33 ton 

Concept Conf. B 2 – 105 – 40   1600 [EkW] 2800 [EkW] 32 m
3
 33 ton 

Concept Conf. B* 2 – 105 – 80  1600 [EkW] 2800 [EkW] 32 m
3
 33 ton 

Concept Conf. B** 2 – 105 – 140  1600 [EkW] 2800 [EkW] 32 m
3
 33 ton 
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The additional advantage of concept configuration B above configuration A is the improved IR. The IR is 

lower for the assumed mission profile because there are less losses during charging and discharging. 

Resulting in a higher charge powers. The IR as function of the generator output power for CT1 and CT2 

for the configurations A and B are illustrated in Figure 156. The asymptotic shape of the indiscretion ratio 

as function of the generator power results in significant power differences for the same IR.  

 

Figure 156 IR as function of generator output power 

Another advantage of the lithium-ion technology above lead-acid is the maximum charge power. The cell 

charge power for lead-acid battery technology is limited to a maximum. During the charging increases the 

battery voltage, the battery voltage may not exceed the maximum value of 2.45 [V]. This would damage 

the cells. The cell voltage is dependent on the battery cell state of charge and the charge current. The 

maximum cell voltage did not occur for the assumed mission profile, but for stricter performance 

requirements is this expected.  
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The charging of the batteries during the snorting transit is for tactical reasons limited to 20 minutes 

snorting. The range associated with 20 minutes snorting at 3000 [EkW] generator power is indicated in 

Figure 157. After 20 minutes snorting is the lithium-ion battery technology capable of longer submerged 

ranges. The transmission efficiencies are higher for lithium-ion battery technology.  

 

Figure 157 comparison 20 minutes charging  

 Fuel storage capacity 11.1.4

The required fuel storage capacity for concept configuration A is 145 ton. The fuel storage capacity for 

conf. B is 6% smaller, due to the efficiency of the  propulsion plant during snorting.  
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 Conclusion research question 11.2
The results of the simulation and optimization give answer to the research questions.  

Which propulsion plant has the highest efficiency for the assumed mission profile? 

The highest efficiency during the covert transit is concept configuration B. The total propulsion plant 

efficiency is 2% higher for CT1 and CT2 compared to concept configuration A. This is the efficiency from 

fuel to usable delivered power. The efficiency can also be expressed in the fuel consumption used during 

the assumed mission profile. The required diesel fuel mass for concept configuration 6% lower.  

The efficiency of the batteries in combination with the MEM is more relevant as both system 

configurations use the same diesel generator set. The difference in efficiency is 9% for CT1 and 7% for 

CT2 in favour of the lithium-ion battery technology. 

A side effect of the higher efficiency is an improved indiscretion ratio that is especially visible for CT, due 

to the asymptotic shape of the IR as function of the generator power.   

Which propulsion plant has the lowest weight for the assumed mission profile? 

The propulsion motor’s weight is the same for configuration A and B. The diesel generator weight is the 

same for A and B. The difference in battery weight for the assumed mission profile is a factor 6.1 less for 

configuration B compared to A. Concept A and concept B* have the same submerged time for CT1. The 

difference in weight is a factor 5.0.  

Which propulsion plant has the lowest volume for the assumed mission profile? 

The lowest volume required to meet the requirements is concept configuration B. The required battery 

volume is 3.3 lower compared to the optimum propulsion plant that meets the requirements of concept A. 

Concept configuration B** has the same battery volume compared to system A. The range of concept B** 

is 2.1 times extended for slow speed and 3.5 times for high speeds.  

Which propulsion plant has the lowest LCC for the assumed mission profile? 

Based on the CAPEX is the lead-acid battery technology the most favourable. If the number of cycles is 

taken into account, the lithium-ion technology is expected to be more favourable. There is a great 

uncertainty concerning the obtained numbers.  

The performance simulations and the dimension prediction calculations answers the research question: 

“What are the optimum propulsion plant configurations for the replacement of the Walrus-class submarine 

given an assumed mission profile?” The optimum propulsion plant configuration for the specific assumed 

mission profile concept configuration B. This is the diesel electric propulsion plant with lithium-ion battery 

storage technology.  

The diesel electric propulsion plant with lithium-ion battery technology requires less weight and less 

volume compared to the lead-acid variant for the assumed mission profile. Therefore, the submarine 

design can potentially benefit from the implementation of lithium cells. 

Additionally, it may be concluded that the calculated propulsion plant properties as the weight and volume 

are conventional. No unusual large battery sizes, number of cells or remarkable generator powers 

required to meet the design requirements. This is not surprising as the design requirements are not very 

challenging. The requirements are typical conventional diesel electric requirements.  
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 Recommendations 11.3

 Approach 11.3.1

The following recommendations are approach related, and can be illustrated in Figure 158. The figure is 

based on Figure 15. 

The optimum propulsion plant configuration is found for a given assumed mission profile. Several mission 

variations have been executed to illustrate the effect of the burst, auxiliary load and the order of the burst 

in the mission profile. It is recommended to use the models and define multiple realistic mission profiles 

and analyse the properties of the optimized propulsion plants.  

The concept propulsion configurations are limited to conventional diesel electric propulsion plants. 

Increasing the library of components by adding atmospheric air independent power generation systems 

increases the number of possible propulsion configurations and other optimum propulsion plant 

configurations with respect to the defined criteria. An atmospheric air independent propulsion plant could 

be the optimum propulsion plant configuration.  

The propulsion motor is modelled as a direct current compound machine. The direct current machine has 

a good efficiency at higher power demands. The efficiency at slow speeds is lower than at higher speeds. 

A permanent magnet synchronous machine could have higher efficiencies at lower speeds as the rotor of 

the PM lacks rotor bars conducting the armature current.  

 

 

Figure 158 Recommendation Mission profile and plant extensions 
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 Calculation related 11.3.2

The used algorithm will always find a solution for the assumed mission profile. The algorithm will increase 

the mass that is related to capacity, until the propulsion plant meets the defined mission. This will lead to 

unrealistic large battery sizes, or switching more cells in parallel. It might be interesting to limit the 

maximum cell size and investigate at what moment the propulsion plant fails to meet the design 

requirements.  

The computing time is unnecessarily long. The time can be reduced to use a more intelligent way of 

increasing the battery size. It is plausible finding the solution in minutes instead of hours while using the 

same methodology. 

The propulsion motor uses different battery and armature settings to operate over the total propeller 

curve. This works fine for the slow, cruise and high speed. The dead-slow speed settings are less robust. 

The available battery voltage and the set propulsive power have a major influence on the armature 

current and propulsion motor efficiency. It is recommended to use the defined settings for the dead-slow 

conditions.  

The resistance of the submarine is taken constant. The constant in equation 2-2 changes for submerged, 

snorting and surfaced sailing.  

 Lithium-ion technology 11.3.3

Additional research has to be done on safety aspects of lithium-ion battery technology. Thermal runaway 

is a serious risk that needs to be managed. Extensive testing of the cells and modules in harsh ambient 

conditions is required to gain confidence in the technology. In addition it is recommended to extend the 

simulation with an atmospheric air independent power system, that is capable of charging the batteries 

during submerged operation, and evaluate the influence of that concept configuration. 

The auxiliary systems required for the lead-acid batteries and the auxiliary systems required for the 

lithium-ion technology have similar and different components. Both need a switchboard and cabling, but 

the cooling might be different. It is recommended to investigate in the required volume and weight of the 

auxiliary systems associated with the lead-acid and lithium-ion batteries. 

Another uncertainty is the applied packing factor. This factor is obtained in a technical meeting with EST-

Flowtech. The packing factor has however a significant influence on the total mass and volume. 

 Life Cycle Cost 11.3.4

The diesel engine dimensions are based on MTU. The diesel engine database for submarine specific 

diesel engines could be extended.  

The CAPEX of the components is based on prices from the past. The prices give an indication, but 

contain uncertainties. Especially the packing of a single lithium battery cell into multiple cells and the 

battery management system do influence the costs of the energy storage. 

More attention needs to be paid to the aging effect of lead-acid and lithium-ion batteries. The 

performance of the batteries decreases with increasing aging.  
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 ANNEX C Glossary  14
AC Alternating current 

 
AIP Air independent power generation 

 
BMS Battery management system 

 
DC Direct current 

 
DMO Defensie materieel organisatie 

 
EFD Energy Flow Diagram 

 
HVAC Heating Ventilation and Air Conditioning 

 
IPW Instandhoudingsprogramma Walrusklasse 

 
IR Indiscretion Ratio 

 
LCC Life Cycle Cost 

 
MARIN Maritime Research institute Netherlands 

 
MEM Main Electric Motor 

 
MP Mission Profile  

 
MOSES-CD Model-based Ship Energy System Conceptual Design 

 
MSI Mechanical Systems and Integration 

 
Nevesbu Nederlandse verenigde scheepsbouw bureaus 

 
NMC Nickel Manganese Cobalt Lithium Cell 

 
PID-Controller Proportional-integral-derivative  

 
PM Permanent Magnet Machine 

 
RNLN Royal Netherlands Navy 

 
SEWACO Sensoren, wapensystemen en commandosystemen 

 
SOC State of Charge 

 
SOD State of Discharge 

 
SWB Switch board 

 
SWBS Ship Work Breakdown Structure 

 
TNO Nederlandse organisatie voor toegepast-natuurwetenschappelijk onderzoek 

 
TU Delft Technical University Delft 
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 ANNEX D Nomenclature 15
   
𝐴𝑑 area cross section d-axis m

2
 

𝐴𝑞 area cross section q-axis m
2
 

𝐵𝑔𝑎𝑝 air gap flux density T 

𝐵𝑠𝑎𝑡 flux density saturation value T 

𝐵𝛿  air gap magnetic flux density  T 

𝐶𝑡 battery capacity Ah 

𝐷𝑟  diameter rotor m 

𝐻𝑛 The depth of the slot m 

𝐼𝑎 armature current A 

𝐼𝑎 armature current A 

𝐼𝑐ℎ𝑎𝑟 characteristic current A 

𝐼𝑐ℎ𝑎𝑟𝑔𝑒 charge current A 

𝐼𝑓 shunt current A 

𝐼𝑝𝑟𝑜𝑝 propulsion current A 

𝐽𝑎 Current density in the armature A/m
2 

𝐾𝑎  motor constant - 

𝐾𝑣 Loss coefficient related to Eddy current - 

𝐿𝑟𝑜𝑡𝑜𝑟  length rotor m 

𝑁𝑎 number of armature windings - 

𝑁𝑐 number of compensating windings - 

𝑁𝑓 number of shunt windings  - 

𝑁𝑠 number of series windings - 

𝑃𝑎𝑢𝑥 auxiliary power kW 

𝑃𝑏 𝑚𝑎𝑥 maximum brake power kW 

𝑃𝑏 𝑚𝑒𝑚 brake power main electro motor kW 

𝑃𝑏 𝑠𝑒𝑡 set brake power kW 

𝑃𝑏  brake power  kW 

𝑃𝑑  delivered power kW 

𝑃𝑔 generator power kW 

𝑅𝑎 armature resistance Ohm 

𝑅𝑓 field winding resistance Ohm 

𝑅𝑖 Internal resistance battery model Ohm 

𝑅𝑠 series winding resistance Ohm 

𝑇𝑠𝑛𝑜𝑟𝑡  snorting time h 

𝑇𝑠𝑢𝑏𝑚  submerged time h 

𝑈𝑎 armature voltage V 

𝑈𝑏𝑎𝑡 battery voltage V 

𝑈𝑐𝑒𝑙𝑙  cell voltage V 

𝑈𝑓 shunt voltage V 

𝑉𝑅 rotor volume m
3
 

𝑉𝑏𝑎𝑡 battery volume m
3 

𝑉𝑐𝑒𝑙𝑙 battery cell voltage V 

𝑉𝑑𝑒  diesel engine volume m
3 

𝑉𝑑𝑔 diesel generator volume m
3
 

𝑉𝑔  generator volume m
3 

𝑉𝑚𝑒𝑚 propulsion motor volume m
3
 

𝑍𝑎 number of armatures - 

𝑐0 capacity at 1.2 h discharge time Ah/kg 

𝑐5 capacity at 5 h discharge time Ah/kg 

𝑐∞ capacity at 100 h discharge time Ah/kg 

𝑐𝑐𝑒𝑙𝑙 cell capacity Ah/kg 
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𝑓𝑑 correction factor diameter - 

𝑓𝑙 correction factor length - 

𝑘𝑐𝑢,𝑎 Filling factor slots - 

𝑙𝑑 magnetic length d-axis m 

𝑙𝑦𝑞 magnetic length q-axis m 

𝑙𝑦𝑟𝑑 Stator length d-axis m 

𝑚𝑏𝑎𝑡𝑡  mass batteries ton 

𝑚𝑐𝑒𝑙𝑙 battery cell mass kg 

𝑚𝑑𝑒 diesel engine mass ton 

𝑚𝑑𝑔  diesel generator mass ton 

𝑚𝑔 generator mass ton 

𝑚𝑚𝑒𝑚  mass propulsion motor ton 

𝑛𝑝 𝑚𝑎𝑥 maximum rate of rotation propeller s
-1

 

𝑛𝑝  rate of rotation propeller s
-1 

𝑡5 characteristic time constant h 

𝑣𝑡 transversal velocity m/s 

𝛷𝑠𝑎𝑡 flux saturation value Vs 

𝜂𝑑𝑒 diesel engine efficiency - 

𝜂𝑑𝑔 diesel generator efficiency - 

𝜂𝑔 generator efficiency - 

𝜂𝑚𝑒𝑚 propulsion motor efficiency - 

𝜂𝑠𝑐𝑎𝑙𝑒𝑑  Scaled efficiency - 

𝜂𝑡𝑟𝑚 transmission efficiency - 

𝜇0 permeability in a vacuum H/m 

𝜇𝑟 relative permeability of iron H/m 

𝜌𝑐𝑒𝑙𝑙 battery cell density kg/m
3 

𝜏𝑅 shear stress Nm/m
2 

𝜏𝑐ℎ𝑎𝑟  characteristic   

𝜔𝑒 electrical frequency Hz 

𝜔𝑚 mechanical frequency Hz 

Δ plate thickness Eddy current m 

𝐵 flux density T 

𝐻 Magnetic field intensity A/m 

𝐼𝑅 indiscretion ratio - 

𝑄 charge C 

𝑇 Torque Nm 

𝑈 voltage V 

𝑎 constant in open voltage function - 

𝑏 constant in open voltage function - 

𝑐 Increase of resistance battery model - 

𝑐 constant in internal resistance function - 

𝑑 constant in internal resistance function - 

𝑒 fit function tail battery model - 

𝑛 rate of rotation s
-1

 

𝑛 number of - 

𝑝 number of pole pairs - 

𝑥 absolute discharge state - 

𝑦 pseudo discharge state - 

𝛼 constant in capacity function - 

𝛼 pole cover factor  - 

𝛽 constant in capacity function - 

𝛿 air gap length m 

𝜏 time constant h 

𝜔 frequency Hz 
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 ANNEX E Propulsion motor dimensions 16
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 ANNEX F Schematic propulsion motor model 17
 

 


