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Abstract—The shipping industry is shifting towards efficient
and environmentally friendly propulsion systems to reduce costs
and ecological impact. Traditional diesel engines, predominant
in maritime operations, face challenges of high operating costs
and environmental pollution, prompting the exploration of al-
ternatives. Electric propulsion emerges as a promising solution,
offering cost reduction and environmental preservation through
reduced noise, This paper reviews electric ship propulsion sys-
tems and compares various marine propulsion systems, including
in-hull, azimuth, and POD propulsion, with an emphasis on
the latest POD systems. Specifically, it analyzes AZIPOD (ABB)
and Mermaid (Rolls-Royce) propulsion systems in terms of
motor type, cooling system, and power range. Additionally, the
paper provides insights into the electrical components of POD
propulsion, and the latest technology in ship propulsion, such
as transformers, frequency converters, and propulsion motors,
and explores redundancy in ship propulsion systems. It offers a
detailed comparison of different electric motors, including DC
motors, induction motors, superconducting motors, synchronous
motors, and permanent magnet motors, discussing the advantages
and disadvantages of each. This comprehensive review under-
scores the potential of electric propulsion systems to transform
the maritime industry toward sustainability and efficiency.

Index Terms—PM motor, vernier motor, HTS motor, ship
propulsion, POD propulsion.

I. INTRODUCTION

F
OR generations, ships have traversed the world’s oceans

propelled by the steady hum of diesel engines. However,

mounting concerns regarding pollution and the escalating costs

of traditional fuels are compelling the maritime industry to

chart a new course. Seeking more efficient and eco-conscious

propulsion systems, the shipping sector is actively exploring

alternatives to mitigate environmental impact and reduce op-

erational expenses [1]. While diesel engines have long been

the workhorses of maritime transport, their high operational

costs and adverse environmental effects have catalyzed a quest

for innovation [2]. Fueled by stringent emission regulations,

advancements in battery storage, and the emergence of alterna-

tive fuels, the industry is embarking on a diverse and dynamic

journey toward sustainability. This paper navigates through

this evolving landscape, delving into alternative propulsion

systems promising quieter journeys and cleaner oceans. At

the forefront of these alternatives are electric engines, her-

alded as the vanguard of marine propulsion technology [3],

[4]. Electric propulsion systems have emerged as compelling
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solutions, demonstrating the potential to simultaneously reduce

costs and preserve the environment [5]. Their advantages

include diminished noise and vibration levels, reduced space

requirements, and lower maintenance needs. As the industry

continues to evolve and innovate, the pursuit of effective and

sustainable propulsion solutions remains at the forefront of

maritime development [6], [7].

This paper provides an overview of various electric propul-

sion options, including hybrid propulsion, diesel-electric

propulsion, gas-electric propulsion, turbo-electric propulsion,

and pure-electric propulsion. Additionally, it examines differ-

ent propulsion systems such as in-hull propulsion, Azimuth

propulsion, and POD propulsion. Furthermore, it explores the

electrical overview of POD propulsion, encompassing compo-

nents like transformers, frequency converters, and various elec-

tric motors utilized in POD propulsion systems. By embracing

these advancements and exploring diverse propulsion systems,

the maritime industry seeks to navigate toward a future defined

by efficiency, environmental stewardship, and technological

innovation. The remainder of the paper is organized as follows:

In Section II, the all-electric propulsion system and powertrain

are discussed and compared from the beginning. In Section III,

all the electrical components of the POD propulsion system

are examined and compared, with a focus on the electric

motor used in the electric propulsion. In Sections IV and

V, redundancy and future work, which are important in ship

propulsion, are discussed. Finally, the conclusion is presented

in Section VI.

II. ELECTRIC PROPULSION

Embarking on a captivating voyage spanning nearly two

centuries, Fig. 1 navigates through the history of marine

vessel electrical power systems. From the pioneering sparks

of the 1830s to the groundbreaking innovations of 2015, it

illuminates key milestones along this electrifying journey. In

the evolving landscape of the maritime industry, a paramount

shift towards cleaner and more efficient propulsion systems is

evident [8]. Traditionally dominated by diesel generators (Fig.

2) [9], the industry is actively exploring innovative alternatives

through electric propulsion to address environmental concerns

and enhance fuel efficiency across various types of ships, as

depicted in Fig. 3. All electric propulsion systems can be

divided into three main categories in this journey, generator-

driven electric propulsion, hybrid propulsion, and pure-electric

propulsion systems according to the power generation method

[10], [11].
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Fig. 1: History of marine vessel electrical power systems (World War (WW)) [8].

Fig. 2: Traditional diesel-electric ship propulsion [9].

A. Generator-driven Electric Propulsion

This system consists of a generator (Diesel, Gas, or Turbo),

a phase shift transformer, a rectifier, an inverter, and a propul-

sion motor as depicted in Fig. 2.

A phase shift transformer is employed to enhance the

voltage waveform at the DC stage of the rectifier output and

to minimize harmonic components. However, the substantial

volume and weight of a phase shift transformer make it

impractical for use in small and medium-sized ship systems.

1) Diesel-electric Propulsion: The diesel-electric propul-

sion system involves using diesel engines as power generators

for electric motors and driving propellers. This configuration

provides benefits such as optimized fuel efficiency, precise

maneuverability, and reduced emissions, making it suitable

for vessels like cruise ships, ferries, icebreakers, and offshore

vessels [12].

2) Gas-electric Propulsion: Gas-electric propulsion em-

ploys high-powered gas turbines burning Liquefied Natural

Gas (LNG) or Liquefied Petroleum Gas (LPG) for electric-

ity generation, offering lower emissions, faster acceleration,

and fuel flexibility. This system is gaining traction in large

container ships, tankers, and LNG carriers [13], [14].

3) Turbo-electric Propulsion: Turbo-electric propulsion

utilizes waste heat from diesel engines or auxiliary boilers to

drive steam turbines, generating electricity for propulsion. This

complex yet efficient setup results in improved fuel efficiency,

quiet operation, and scalability, making it suitable for military

ships, research vessels, and certain large cruise ships [15].

B. Hybrid Propulsion

A hybrid-electric propulsion system is an electric propulsion

system that utilizes existing generator engines (diesel, gas,

or turbo) in conjunction with power sources such as Energy

Storage Systems (ESSs) and fuel cells as depicted in Fig.

4 [9]. An ESS is an energy storage device that stores and

supplies idle energy produced by the generator engine. Lithium

batteries are primarily used for this system. Additionally, a

fuel cell is a power generation device that converts chemical

energy into electrical energy using fuels such as hydrogen and

natural gas [11].

C. Pure-electric Propulsion

Pure-electric propulsion is designed to facilitate voyages

that are emission-free and exceptionally quiet, utilizing ESS or
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 3: Various types of ship, (a) cargo, (b) tug, (c) ferry, (d) cruise, (e) dredger, (f) ferry, (g) ice-breaker, (h) shuttle tanker,

(i) stern landing vessel (SLV)-port, (j) service operation vessels (SOV)-port, (k) towboat, and, (l) yacht [11].

fuel cells for energy, as illustrated in Fig. 5. These innovative

systems enable the ESS to be replenished with renewable

energy sources, such as solar panels and wind turbines,

especially when ships are docked. This method highlights a

deep commitment to sustainable and environmentally friendly

maritime practices. In the realm of fuel cell systems, hydrogen

gas is the primary source of electricity generation, providing

the flexibility to either recharge the ESS or directly power the

ship’s electric motors.This groundbreaking technology, though

still in the nascent stages for larger vessels, heralds a future

of zero emissions, silent operations, and reduced maintenance.

Early adoption is evident in various types of vessels, including

ferries, inland waterway barges, harbor tugs, and passenger

boats, underscoring the maritime industry’s shift towards more

sustainable solutions [16].

D. Propulsion Systems

The main benefit of using electric motors for ship propul-

sion is the reduction of mechanical gear and shaft length,

which leads to decreased fuel consumption, improved dy-

namic performance, heightened reliability, reduced mainte-

nance expenses, and increased flexibility in ship layout [17].

Through the careful selection of suitable drive motors, electric

propulsion eliminates the necessity for reduction gear and

significantly shortens the shaft length. The propulsion system

can be categorized into three main groups: in-hull propulsion,

azimuth thrusters, and POD propulsion [18].
1) In-hull Propulsion: The configuration of in-hull or shaft-

line propulsion with electric drives closely resembles that of

mechanical propulsion, which is designed with a Controllable

Pitch Propeller (CPP) or Fixed Pitch Propeller (FPP). The

ship’s main engine transmits torque to the propeller via a long

shaft through the hull.

The electric drive system offers a more compact configu-

ration compared to traditional mechanical propulsion due to

Generator
(diesel, gas, turbo)

(a)

Generator
(diesel, gas, turbo)

(b)

Fig. 4: Hybrid propulsion, (a) without fuel cell, and (b) with

fuel cell [9].

the flexible placement of the electric motor. This flexibility

allows the motor to be situated closer to the propeller, which

can significantly reduce the length of the propeller shaft. Fig.

6 depicts a shaft line propulsion arrangement for a vessel,

showcasing the electric drive motor, the propeller shaft, and

the associated reduction gearbox—key components of the in-

hull propulsion system [11].

2) Azimuth Propulsion: Azimuth thrusters provide a ver-

satile solution for maritime propulsion, designed for constant

speed and CPP design, variable speed FPP design, or, in rare
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(a)

(b)

Fig. 5: Pure-electric propulsion, (a) with fuel cell, and (b)

without fuel cell [9].

(a)

Fig. 6: In-hull with drive motor propulsion [11].

cases, a combination of speed and pitch control [20]. Azimuth

thrusters offer both Z-type and L-type gears to connect the

propeller horizontally and vertically to the shaft, as seen in

Fig. 7 [21]. The choice between vertical motors and L-shaped

gears depends on the absence of height restrictions in the

thrust chamber, making these configurations preferable due to

their simpler structure and lower power-transmission losses.

However, despite their advantages, azimuth thrusters have

limitations, particularly in their constrained ability to produce

speed in two directions. This limitation is inherent in their

design and optimization for one-way thrust applications.

In the realm of maritime control, azimuth thrusters stand out

with their external PODs featuring 360° rotating propellers and

shorter shafts compared to in-hull propulsion. Notably, these

thrusters operate without relying on a rudder, introducing a

new dimension to vessel agility. This innovation facilitates

precise maneuvers such as sideways movement and docking

[22]. While azimuth thrusters demand meticulous maintenance

due to their intricate design, their efficiency and reduced noise

levels position them as a superior alternative to conventional

propulsion systems. The choice between Z-type and L-type

gears, along with careful consideration of their limitations,

underscores the importance of selecting the most suitable

configuration for specific maritime applications [23].

3) POD Propulsion: Breaking away from tradition, podded

propulsion revolutionizes ship movement, departing from the

conventional FPP. By discarding the long, efficiency-sapping

shaft, podded systems house propellers in rotatable PODs

(a) (b)

Fig. 7: Azimuth propulsion, (a) L-drive, and (b) Z-drive [21].

outside the hull, unlocking a new era of nautical agility and

efficiency [24]. Streamlined designs and direct connections to

electric motors or engines mean less energy wasted, trans-

lating to fuel savings and cleaner emissions. Freed from the

constraints of the hull, these PODs open up valuable space.

Indirectly driven PODs, with their internal gearing, keep the

prime mover comfortably inside the ship. But for those seeking

ultimate simplicity, directly driven PODs house the prime

mover within the pod itself, cutting out the gearbox and

streamlining the system even further [25], [26].

A comparison between POD propulsion, azimuth propul-

sion, and in-hull propulsion is detailed in Table I. ABB

and Rolls-Royce (RR) stand out as prominent players in

the marine industry, both renowned for manufacturing POD

propulsion systems with a diverse range of power options and

features. ABB is known for its Azipod propulsion systems,

while RR offers the Mermaid series [11], [27]. All the POD

propulsion systems from ABB and RR are depicted in Fig.

8 and compared in Table II. It can be observed based on

Table II, that PM motors are predominantly utilized in the

1-5 MW power range due to their advantages in efficiency,

power density, and compactness. These characteristics make

them ideal for applications requiring precise control and high

performance in a smaller footprint, such as ship propulsion.

However, scaling PM motors to higher power levels presents

significant challenges.

The primary issues include the high cost and supply chain

limitations of rare-earth materials used in permanent magnets,

as well as difficulties in managing heat dissipation at higher

power levels, which can affect performance and reliability.

On the other hand, conventional synchronous and induction

motors are preferred for higher power applications (6-22 MW)

because they are more economical, have proven durability,

and can efficiently manage thermal stresses over prolonged

periods. These motors do not rely on expensive magnets and

have well-established, scalable manufacturing processes, mak-

ing them suitable for large-scale industrial applications such

as marine propulsion, heavy machinery, and power generation.

However, ongoing research in motor technology, including

advancements in magnetic materials and cooling techniques in
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(a) (b) (c) (d) (e) (f)

(g) (h) (i) (j)

Fig. 8: POD propulsion, (a) Azipod-CO, (b) Azipod-CZ, (c) Azipod-DO, (d)Azipod-DZ, (e) Azipod-ICE, (f) Azipod-VI, (g)

Azipod-XO, (h) Azipod-XL, (i) Mermaid ICE, (j) Mermaid PUSH [11], [27].

Fig. 9: Development path from the initial Azipod idea to Azipod XL [11].

the future, may disrupt this landscape by enabling PM motors

to be used at higher power levels.

Additionally, the development path from the initial Azipod

to Azipod XL is illustrated in Fig. 9, which represents the

latest product in ABB’s Azipod propulsion line.

4) Azipod vs Mermaid: As mentioned before, Azipod and

Mermaid are the most well-known POD propulsion systems,

which are for ABB and RR, respectively. Transformers and

converters are typically located inside the ship in a POD

room, with the motor positioned within the POD. Most of

the produced Azipods and Mermaid share a common design,

featuring a synchronous motor and a dry transformer with

delta-wye coupling. The circuit diagrams of the Azipod by

ABB and Mermaid by RR are depicted in Fig. 10. For a

more comprehensive comparison, the Azipod and Mermaid

are compared in Table III.

III. ELECTRICAL OVERVIEW OF POD PROPULSION

The core electrical components of POD propulsion systems

generally encompass a power plant, switchboards, transform-

ers, frequency converters, and propulsion motors [28]. These

components maintain crucial roles in powering the system, as

shown in Fig. 11.
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TABLE I
MARINE PROPULSION SYSTEMS COMPARISON

Aspect In-Hull Propulsion Azimuth Thrusters Podded Propulsion

Maneuverability Limited Excellent (360° rotation) Excellent (360° rotation)
Installation Flexibility Fixed position Flexible design External POD placement
Maintenance Straightforward Specialized Potentially complex
Efficiency Standard High High
Noise and Vibration Moderate High (gear noise) Low
Space Utilization Very high High Low
Installation Cost Lower High High
Fuel Efficiency Standard High High
Vessel Types Large ships, general cargo, tankers Tugboats, ferries, cruise ships Cruisers, yachts, high-speed vessels

TABLE II
ABB AZIPOD AND RR MERMAID PRODUCTS COMPARISON

Feature Frequency (Hz) Motor Type Cooling System Power Range (MW)

Azipod-CZ 50-60 PM Air 1-4.5
Azipod-CO 50-60 PM Air 1-4.5
Azipod-DO 50-60 Induction/PM Forced-air and water 2-7.5
Azipod-DZ 50-60 Induction/PM Forced-air and water 2-7.5
Azipod-ICE 50-60 PM Air 2-5
Azipod-VI 50-60 Synchronous Forced-air 6-17
Azipod-XO 50-60 Synchronous Forced-air 8-22
Azipod-XL 50-60 Synchronous Forced-air 14-22
Mermaid ICE 50-60 Induction Oil/Water 8-18
Mermaid PUSH 50-60 Induction/Synchronous Air/Water 4-11

A. Transformer

The transformer serves multiple purposes, including seg-

menting the system into various sections to achieve differ-

ent voltage levels and facilitating phase shifting. It provides

electrical isolation between the generator and drive sides,

as illustrated in Fig. 11. In the realm of POD propulsion,

two primary configurations are prevalent: the wet type and

the dry type. ABB and RR predominantly employ the dry

type, featuring a delta-wye connection. Harmonic distortion,

which deviates from the ideal sinusoidal shape of the supply

voltage, can increase losses, overheating of equipment, and

electromagnetic interference.

To counteract these issues, employing Variable Frequency

Drives (VFDs) that modulate current intake in pulses is effec-

tive in diminishing the impact of harmonics. Transitioning to

converters with higher pulse numbers—moving from 6-pulse

to configurations of 12, 18, or 24 pulses—can significantly

improve harmonic mitigation. However, this approach might

compromise efficiency due to the incremental losses associated

with additional transformers [28], [29].

B. Frequency Converter

The purpose of a frequency converter is to regulate the

speed and torque of the motor by converting a constant

frequency into a variable frequency. Advances in semiconduc-

tor technology have played a crucial role, enabling various

converter designs [30]. In POD propulsion, three converters

are currently of interest: the Cyclo converter (Cyclo), the Load

Commutated Inverter (LCI), and the Voltage Source Inverter

(VSI) drive is shown in Fig. 12 [31]. The VSI drive, the second

type, differs from the former two by employing controllable

switches instead of thyristors. The VSI utilizes Pulse-Width-

Modulation (PWM) to control the output voltage. It is widely

used in industrial applications and is anticipated to become

increasingly prevalent in marine applications [32].

(a)

(b)

Fig. 10: Circuit diagrams of (a) ABB’s Azipod, and (b) RR’s

Mermaid [29].

RR utilizes the Cyclo and VSI, while ABB employs the

LCI and VSI. ABB deploys VSI in their small POD Compact

and some older small Azipods, while RR utilizes it in some

of their smaller Mermaid PODs. ABB uses IGCT (Integrated

Gate Commutated Thyristor), and RR uses IGBT (Insulated
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Fig. 11: Electrical part of POD propulsion system [11].

Gate Bipolar Transistor) [28]. LCI and VSI share a similar

design, comprising a diode rectifier, a DC link, and an in-

verter generating variable frequency and voltage for motor

frequency control. In contrast, the Cyclo employs a different

design with a direct converter and no DC link, resulting in a

more complex construction. Notably, the VSI has the highest

output frequency at around 300 Hz, while the LCI reaches

a maximum of approximately 120 Hz. The Cyclo can only

provide 40% of the input frequency, equivalent to 25 Hz at a

60 Hz input.

A comparison has been made for all converter types for the

POD propulsion system in Table IV. All three converters are

currently available at various power levels and voltages. Fig.

13 shows all the AC motor drives categorized by voltage and

power level for POD propulsion. As can be observed, VSI

is utilized for low voltage (LV), medium voltage (MV), low

power (LP), and medium power (MP) applications, Cyclo is

employed for MV and MP, and CSI is applied for HV and HP,

respectively [33], [34], [35].

C. Electric Motor for POD Propulsion

The ship propulsion motor is a pivotal component in a

vessel. A comprehensive literature review was conducted to

identify the most suitable propulsion motor options. Generally,

there are five types of electric propulsion motors for ships:

DC motors, induction motors, superconducting motors, syn-

chronous motors, and permanent magnet motors [36].

1) DC Motor: In the early days of maritime electric propul-

sion, DC motors reigned supreme thanks to their unique advan-

tages as can be seen in Fig. 14. Their step-less speed control

capabilities offered unparalleled maneuverability, while their

inherent torque characteristics provided smooth, responsive

power ideal for delicate operations [37]. However, the tide

began to turn with the emergence of AC motors and variable-

speed drives, as innovative technologies outmatched DC in

several crucial areas. DC motors, for all their advantages,

hit a hard ceiling of around 5 MW, and their brushes and

commutators, vital for operation, became increasingly prone

to wear and tear at higher power levels, demanding frequent

(a)

(b)

(c)

Fig. 12: Simplified topology of all converter types for POD

propulsion, (a) Cyclo, (b) VSI and (c) LCI [29], [31].
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Fig. 13: AC motor drive technology review.

maintenance and limiting their scalability. In contrast, AC

motors boasted significantly higher power capacities, often

exceeding 10 MW for larger vessels, and significantly reduced

maintenance needs, thanks to the absence of these wear-

prone components [37]. Efficiency, although a significant

factor, wasn’t the only aspect contributing to the superiority

of AC motors. Their inherently robust design translated to

enhanced reliability compared to DC motors. Furthermore,

the widespread availability of sophisticated AC variable-speed

drives offered unparalleled control and optimization, further

solidifying their dominance. While DC motors’ smooth oper-

ation still finds niche applications in tasks like hydrodynamic

surveys where precision is paramount, their limitations confine
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TABLE III
COMPARISON OF MERMAID (RR) AND AZIPOD (ABB) POD PROPULSION SYSTEMS

Feature Mermaid (RR) Azipod (ABB)

Power Range 4-18 MW 1-22 MW
Transformer Dry type Dry type
Motor Synchronous and Induction Synchronous, Induction and PM
Exciter Placing Non-drive end Drive end
Exciter Converter Gradathyr (Triac) Triac
Converter (old) LCI and VSI Cyclo and VSI
Semiconductor (new) Thyristor and IGCT Thyristor and IGBT
Grounding Contact Shaft Copper ring with silver track Directly on shaft
Grounding Brushes Silver-graphite Copper-graphite
Insulation Material Fiberglass epoxy Fiberglass epoxy
Insulation Placing Drive-end and non-drive-end Drive-end only

TABLE IV
COMPARISON OF MOTOR DRIVE TYPES

Type Advantages Disadvantages

Cyclo High reliability due to fewer components.
Simplified construction.
Lower cost (high voltage applications).
Compact size.

Limited frequency range.
More complex control for variable speed.

LCI Excellent control over variable speed.
Suitable for a wide range of frequencies.

Higher complexity due to additional inverter.
Increased maintenance requirements.
Larger size (compared to VSI).
Higher cost (thyristor technology).

VSI High efficiency and precise control.
Widely used in industrial and marine sections.
Higher frequency range.
Fast switching (advanced control strategies).
Compact size (similar power levels as LCI).

Higher initial cost.
Sensitive to voltage variations.
Complex control (sophisticated algorithms).

them to smaller vessels [38]. For the vast majority of modern

seagoing ships, AC motors’ combination of scalability, relia-

bility, efficiency, and advanced controllability positions them

as the preferred choice for electric propulsion.

2) Induction motor: Induction Motors (IM) are widely

used in ship propulsion systems. Leveraging the principles of

electromagnetic induction, they generate torque by inducing

currents in the rotor via a rotating magnetic field produced in

the stator windings. Their robustness and versatility make them

the preferred choice for both main propulsion and auxiliary

thruster systems in high-power maritime applications [39],

[40], [41], [42]. Although there are some drawbacks in speed

control, power density, and starting torque, IM remains the

top choice for ship propulsion. They are reliable, efficient,

and cost-effective [43]. These motors perform well in harsh

maritime conditions, require little maintenance, and have sim-

ple designs that reduce downtime and operating costs. While

specialized motors like multi-phase or tandem IM may provide

high power ranges and more reliability, the overall value of

IM keeps them firmly at the forefront of maritime propulsion

Fig. 14: Structure of DC motor for ship propulsion [38].

[44], [45]. Fig. 15 depicts the real size of three different types

of IM commonly used in ship propulsion.

3) Synchronous Motor: In podded propulsion applications,

the synchronous motor was traditionally favored for its excep-

tional power output, which is capable of reaching up to 100

MW. However, the IM is gaining traction due to its advantages.

While synchronous motors offer unlimited power potential,

their benefits come at a cost. As power increases, so does their

size and complexity, translating to bulky frames and intricate

rotor designs with field windings. Additionally, they require a

starting application, which initially seemed like a drawback.

However, the use of frequency converters transforms this into a

significant advantage. These converters enable precise control

over the motor’s speed and torque, proving invaluable during

port maneuvers and berthing, and enhancing efficiency and

dynamic performance across a range of operating conditions

[46]. However, this versatility comes at a price, as synchronous

motors generally cost more than comparable power IM. Fig.

16 shows two synchronous motors with different poles in ship

propulsion.

4) Superconducting Motor: High-temperature supercon-

ducting (HTS) technology is revolutionizing naval propul-

sion. Compared to traditional bulky engines, HTS motors

offer a compelling combination: compact size, enhanced ef-

ficiency, and robust power [47], [48]. These motors utilize

superconductors as coils and bulk cooled to -200°C using

liquid nitrogen [49]. However, this innovation also introduces

potential risks, notably related to coolant safety and cooling

system size [50], [51]. HTS technology finds applications in

synchronous motors and DC homopolar motors. Homopolar

motors represent a leap in simplicity and weight reduction,

potentially up to 50% compared to conventional models [52].
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(a) (b) (c)

Fig. 15: The real size of IMs for ship propulsion, a) 80 MW multi-phase IM for the Navy; [42], b) Tandem 15-phase IM

where M1 is first IM, M2 is second IM, and M3 is three-phase PM motor [44], c) squirrel cage IM [40].

(a) (b)

Fig. 16: Synchronous motor in ship propulsion, (a) 60-pole,

3000-H.P, (b) 46-pole, 2600-H.P [46].

Superconducting Homopolar DC Motors (SHDCMs) take this

further by employing superconducting field coils, minimizing

size and weight while reducing acoustic noise for direct hull

mounting, and enhancing maneuverability [53]. Fig. 17 shows

some HTS homopolar motors used for propulsion. However,

brush technology presents challenges for SHDCMs, with

graphite fiber and copper fiber brushes showing promise, while

liquid metal brushes face material toxicity issues. Despite

these challenges, SHDCMs promise quieter operation, simpler

control systems, and compatibility with cost-effective ship

electrical distribution architectures [54]. The HTS material is

used as the field winding for 5 MW [55], 36.5 MW [56], and

3 MW [57], synchronous motors in ship propulsion as can be

seen in Fig. 18 in real size.

5) Wound-field synchronous motors: The Wound-Rotor

Synchronous Motor (WRSM) stands out among motor types

for its unique characteristics and operational flexibility, par-

ticularly in the marine sector as depicted in Fig. 19. Unlike

traditional synchronous motors, WRSMs offer variable speed

control, achieved by adjusting resistance or impedance in the

rotor winding. This capability allows for precise speed adjust-

ments, optimizing motor performance in demanding conditions

without the need for additional mechanisms or complex gear

arrangements.

Moreover, they offer power factor control, optimize motor

efficiency, and potentially lower energy costs by regulating

the excitation current. Additionally, WRSMs provide smooth

(a)

(b)

Fig. 17: HTS homopolar motor in propulsion, (a) a rotor

(left) and the stator (right) of a fully superconducting 10

HP homopolar motor [52], (b) homopolar electrically excited

brushless DC motor [53].

operation, devoid of cogging torque, ensuring consistent per-

formance. However, these advantages come with inherent dis-

advantages. The presence of slip rings and brushes introduces

complexity, increasing maintenance requirements and opera-

tional costs [58]. WRSMs generally exhibit lower efficiency

compared to permanent magnet synchronous motors (PMSMs)

and higher efficiency compared to the IM, resulting in higher

operating costs and environmental impact due to energy losses

in the rotor winding and slip rings. Additionally, the bulkier

size of WRSMs, especially compared to PMSMs, may pose

limitations in space-constrained applications [59].

6) PMSM: Early research envisioned a bright future for

Permanent Magnet Synchronous Motors (PMSMs) in ship

propulsion due to their lightweight, compact size, and superior

efficiency compared to traditional motors [60], [61]. PMSMs

in ship propulsion come in various configurations, including

surface-mounted [62], [63], [64], Halbach array [65], [66],

interior permanent magnets [67], [68], v-shape PM [69], [70],
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(a) (b) (c)

(d) (e)

Fig. 18: The real size of HTS synchronous motors for ship propulsion, (a) 5 MW HTS synchronous motor [55], (b) 36.5 MW

HTS synchronous motor [56], (c) 3 MW HTS synchronous motor [57], (d) split model of 3 MW HTS synchronous motor [57]

and (e) HTS field coil of 3 MW HTS synchronous motor [57].

TABLE V
ELECTROMAGNETIC COMPARISON OF 5-MW PMVM AND PMSM [78].

Parameters PMSM PMVM %diff w.r.t. PMSM

Frequency (Hz) 55 65 18%
Active mass (kg) 5608 5344 -5%
PM mass (kg) 336.5 336.5 0%

Current density (A/mm2) 5 4.15 -20%
Power factor (PF) 0.71 0.71 0%
Efficiency (%) 98.91 99.08 0.17%
Core loss (kW) 14.88 18.14 22%
Copper loss (kW) 39.52 27.73 -30%
Rated torque (kNm) 159 159 0%
Ripple torque (%) 3.6 3.3 -8.3%
Cogging torque (%) 2.8 2.2 -28%

Torque per volume (kNm/m3) 70 79 12%
Torque per active mass (Nm/kg) 28.4 29.8 5%
Cost (per unit) 1 0.95 -5%

spoke array PM [71], [72], axial PM [73], [74], transverse

PM [75], [76] and hybrid PM [77]. Their true strength lies in

efficiency. With minimal energy loss (up to 98% efficiency),

PMSMs outperform induction motors (93.5%-95% efficiency

at full load) [60]. They also produce significantly less noise

and vibration, thanks to their simpler design, but they are

more expensive due to the magnets and the possibility of

demagnetization. Fig. 20 shows some structures of PMSMs

designed for ship propulsion.

7) Vernier Motor: The permanent magnet Vernier motor

(PMVM) is a new generation of PM motor design featuring

multiple magnetic pole pairs or gears. This design enables

exceptionally high torque at low speeds eliminating the need

for bulky speed-reducing gears and allowing direct connection

to the propeller. PMVM has lower PF compared to the normal

PMSM. Recent research emphasizes the Vernier’s superior

performance compared to the PMSM and its lightweight

construction, positioning it as a promising choice for high-

power ship propulsion applications [78]. In recent research,

both a PMSM and a PMVM were designed and optimized for

a 5 MW POD ship propulsion system, with the same winding

assignment. The only difference lies in the number of poles

on the rotor, as shown in Fig. 21. The results of optimizations

showed that at the same magnet volume, the PMVM is lighter

than the PMSM, as can be seen in Fig. 22. A comparative

analysis was conducted between the two optimum models

as shown in Fig. 21, revealing that the PMVM demonstrates

superior overall performance and is cheaper, even at identical
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TABLE VI
POD PROPULSION MOTOR COMPARISON.

Motor Type Advantages Disadvantages

DCM speed control, smooth operation limited power, brushes and commutators maintenance
IM simple, reliable low efficiency, power density, speed control, and starting torque
WRSM simple, cheap, reliable low efficiency, size
SM high efficiency, high power complex construction
PMSM high efficiency, light and compact expensive, potential demagnetization risks
HTSM highest potential efficiency, compact complex cooling, limited availability
PMVM high torque density, low noise low PF, expensive

Fig. 19: One-seventh (1/7) of the structure of a 5 MW WRSM

used in ship propulsion [59].

levels of power factor and magnet volume. Moreover, the

torque versus current characteristics of both the PMVM and

PMSM models are illustrated in Fig. 23. The average torque

of the PMVM shows a more substantial increase compared to

the PMSM design with the rise in applied current. This finding

confirms that the PMVM exhibits a marginally higher torque

production capability compared to the PMSM. The comparison

is shown in Table V for both models. In conclusion, an overall

comparison has been conducted for all motors used in POD

ship propulsion, as presented in Table VI.

IV. REDUNDANCY

Redundancy is a critical design principle in ship propulsion

systems, essential for ensuring reliable and safe maritime

operations. For vessels traversing vast, often remote oceans,

potential system failures pose unique challenges. To address

this, ships incorporate strategic redundancy through backup

components like engines, propellers, power generation, and

control systems [79]. This redundancy not only acts as a safe-

guard against unforeseen technical failures but also enhances

the ship’s ability to withstand and navigate through adverse

conditions, minimizing downtime, maximizing operational re-

silience, and ultimately ensuring the safety of both vessel

and crew, especially in critical situations demanding swift

responses. There are several methods to maximize electrical

drive redundancy, including (a) having a backup system, (b)

using a tandem drive and (c) converting a single electric drive

to dual or triple independent units [80], [81] as can be seen in

Fig. 24. The last option (c) with minimal changes to the stator

winding assignment, resulting in lower overall complexity and

cost.

In [81] a normal three-phase 5 MW PMVM with a slot/pole

combination of 24/34 is designed and optimized for 5MW

POD ship propulsion, as depicted in Fig. 25. By changing

(a) (b)

(c) (d)

(e) (f)

Fig. 20: The PM motors used for ship propulsion (a) surface-

mounted [64], (b) U-shape [72], (c) V-shape [70], (d) spoke

array [72], (e) axial [73], (f) transverse [76].

one set of winding to two different sets of winding, created

a dual three-phase configuration. The performance of the

PMVM in normal three-phase, dual three-phase, and dual

three-phase in the open-circuit conditions is evaluated to check

the redundancy of the system. By changing the normal three-

phase winding to the dual three-phase winding, the winding

factor increased from 0.925 to 0.957, resulting in a near

3% improvement in torque. Additionally, the reduction of

non-working harmonics leads to a decrease in ripple torque,

as depicted in Fig. 26 and Fig. 27. In comparison to the
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Fig. 21: Cross-section of the optimum models. (a) PMSM

(24/22), and (b) PMVM (24/26) [78].
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Fig. 22: Pareto front optimization of the 5-MW ship propulsion

PMVM and PMSM [78].

performance of the normal three-phase PMVM and the dual

three-phase PMVM at the same rated power, as well as in

open circuit and faulty conditions, the dual three-phase motor

exhibits better performance compared to the normal three-

phase motor in terms of losses, efficiency, ripple torque, power

factor, and thermal characteristics, as illustrated in Table VII.

The result shows, that the dual three-phase motor can operate

with half of the rated power in open circuit conditions and

maintain acceptable ripple torque (Fig. 28), which provides

good redundancy.

V. FUTURE SHIP PROPULSION SYSTEMS

The paper compares various types of electric ship propul-

sion, including in-hull, azimuth, and POD propulsion, high-

TABLE VII
COMPARISON OF ELECTROMAGNETIC PERFORMANCE OF THREE

DIFFERENT WINDING PMVMS [81].

Parameter Normal Dual Open circuit*

Current density (A/mm2) 4.4 4.23 4.23
Ld (mH) 2.2 2.2 0.8
P out (MW) 5 5 2.61
Ripple torque (%) 1.45 0.81 4.9
Power factor 0.7 0.71 0.88
Efficiency (%) 99.04 99.08 98.88
Copper loss (kW) 21.16 19.54 9.77
Core loss (kW) 26.5 26.41 19.78

* One set open-circuited in dual three-phase PMVM
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Fig. 23: Current-torque curve [81].
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M
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(c)

M

(d)

(e)

Fig. 24: Redundancy option in ship propulsion, (a) simple

propulsion system with one drive train, (b) two motors on

a single shaft, (c) two motors coupled through a gearbox,

(d) two parallel converters supplying a single-winding motor,

(e) two parallel converters supplying a double-winding motor

[79], [82].

lighting the advantages of POD propulsion such as higher

maneuverability, lower noise and vibration, compact size,

and higher efficiency. Additionally, it provides a detailed

comparison of different electric motors used in POD propul-

sion, including DC motors, induction motors, superconducting

motors, synchronous motors, and permanent magnet motors.

In lower power ranges (1-5 MW), PM motors are more
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Rotor

PM

Winding

Stator

Fig. 25: Cross-section of the optimum three-phase PMVM

(24/34) [81] .

Normal PMVM

Dual PMVM

Fig. 26: Effect of shifting angle on torque and ripple torque

[81].

suitable for ship propulsion applications due to their efficiency,

power density, and compactness. This suitability is even more

pronounced in Vernier machines, which offer higher torque

density, better efficiency, improved thermal performance, and

lower mass and cost. However, scaling PM motors to higher

power levels presents significant challenges, including the

high cost and supply chain limitations of rare-earth materials

used in permanent magnets, and difficulties in managing heat

dissipation at higher power levels, which can affect perfor-

mance and reliability. Conversely, conventional synchronous

and induction motors are preferred for higher power applica-

tions (6-22 MW) because they are more economical, durable,

and can efficiently manage thermal stresses over prolonged

periods. These motors do not depend on costly magnets and

benefit from established, scalable manufacturing processes,

making them ideal for large-scale industrial uses, including

marine propulsion. Innovations in magnetic materials and

cooling techniques may further disrupt the current landscape

by enabling PM motors, particularly Vernier motors, to operate

more efficiently at higher power levels (6-22 MW), thereby

enabling them to compete with conventional motors in high-

power applications. Future propulsion systems are expected

to be compact and zero-emission to reduce pollution. By

2030, with further advancements in battery storage, they are

anticipated to transition to pure electric propulsion systems,

integrating giant solar sails, wind turbines, or a combination

of both, as shown in Fig. 29.

0.0
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Fig. 27: Effect of shifting angle on harmonic winding factor

[81].

One set open-circuited

Fig. 28: Full load torque of the PMVM with three different

winding configurations [81].

VI. CONCLUSION

Electric propulsion is transforming the maritime industry

by offering a cleaner, more efficient, and quieter alternative

to traditional diesel engines. This paper explores the technol-

ogy’s evolution and its advantages. Based on the literature

review, electric propulsion reduces emissions, optimizes fuel

consumption for cost savings, enhances maneuverability and

performance, and reduces noise for a more pleasant experience

for passengers and crew. The paper compares various types of

electric ship propulsion, including in-hull, azimuth, and POD

propulsion, highlighting the advantages of POD propulsion

such as higher maneuverability, lower noise and vibration,

compact size, and higher efficiency. Additionally, it provides

a detailed comparison of different electric motors used in

POD propulsion, including DC motors, induction motors,

superconducting motors, synchronous motors, and permanent

magnet motors. The analysis suggests that PMVM which is the

new family of PM motors can be a good candidate for future

POD propulsion due to their compact size, better thermal

performance, higher efficiency, lower cost, and higher torque

density. Additionally, in terms of redundancy, dual three-

phase systems can improve the reliability and redundancy of

ship propulsion, making them a promising option for future

propulsion systems.
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