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SUMMARY 
 
Since the inception of the NATO Frigate studies in the 1980s the role and capabilities of major navies' principal combatants 
have developed to meet the requirements for worldwide operation in an uncertain threat environment.  Mission systems, 
platform flexibility, long duration worldwide missions with high-transit speeds and future electric weapons all conspire to 
drive ship size up and with it the installed power for ship and propulsion.  This paper reviews the trends current and 
expected for future ship types and their speed and power requirements.  It looks at the power and propulsion technologies 
available in the near to medium term for both the conventional full displacement destroyer hulls and for the new class of 
semi-displacement fast-combatants.   
 
NOMENCLATURE 
 
AIM Advanced Induction Motor 
ATC Air Treatment Cooler 
AWJ Advanced Water Jet 
CODLAG Combined Diesel Electric And Gas Turbine 
COGLOG  Combined Gas Electric Or Gas Turbine 
DG Diesel Generator 
ESTD Electric Ship Technology Demonstrator 
FIAC Fast Inshore Attack Craft 
GT  Gas Turbine 
GTA Gas Turbine Alternator 
HEV Hybrid Electric Vehicles 
HTS High Temperature Superconductor 
HV High Voltage (defined here as >1,000V) 
IEP Integrated Electric Propulsion 
IFEP  Integrated Full Electric Propulsion 
LPD Landing Platform Dock 
MEDS  Marine Engineering Development Strategy 
nm Nautical mile 
QoPS Quality of Power Supply 
pa Per Annum 
PM Permanent Magnetic 
SCOT Satellite Communications Terminal 
SFC Specific Fuel Consumption 
Si Silicon 
SiC Silicon Carbide 
SoA Speed of Advance 
TLC Through Life Cost 
UPC Unit Procurement Cost 
VA Volt-Amp 
WJ Waterjet 
 
1. INTRODUCTION 
 
The Royal Navy has made some sea-changes in their 
platform technology over the last 20 years.  The Type 23 
Frigate sported a Combined Diesel Electric and Gas 
Turbine (CODLAG) propulsion system that proved to be 
reliable and economic and had a Main Electrical Power 
System that, with some drawbacks, provided a significant 
improvement to the resilience and flexibility of power 

supplies to vital weapon and sensor systems.  The 
Landing Platform Docks (LPDs) ALBION and 
BULWARK have Integrated Full Electric Propulsion 
(IFEP) and the Type 45 Destroyer and Future Carrier, 
(CVF), will provide a further IFEP development step.    
 
These changes were enabled by a Marine Engineering 
Development Strategy (MEDS) that, from 1995, provided 
clear vision through to an all electric ship fighting force.  
The MEDS catalysed the Electric Ship Technology 
Demonstrator (ESTD) which spawned many technology 
de-risking activities.  The MEDS also prompted a high 
level acknowledgement of platform systems as 
fundamental enablers to the maritime war-fighting 
function. 
 
Despite these leaps forward, that some compare to the 
change from steam to gas turbines, IFEP ships have 
drawbacks.  At present the IFEP systems have not 
developed the overall fuel efficiencies lauded by the 
MEDS.  They are not resilient to full High Voltage (HV) 
earth-faults and have significant Quality of Power Supply 
(QoPS) issues, combining to cause a need to run in 'island 
mode' at Action Stations, which further reduces the 
inherent survivability expected of an electric architecture.  
They also do not yet give high speed to 'small' ships, and 
little notice is given to the need to retro-fit high energy 
users; when the Electric Rail Gun truly matures there is 
little chance of retrofit within any of the current or near-
future platforms.  Put simply, the true benefits of IFEP 
have yet to be realised and the concept could be stymied 
unless both Industry and the Government strive to deliver 
the true potential of the IFEP. 
 
This paper will set some targets for Speed and Efficiency 
for a warship power and propulsion system.  It questions 
why Electric Drive in Naval applications has not been as 
successful as hoped, and delivers a target for both 
customer and supplier.  It states that high speed with high 
efficiency must be a goal of electric drive architecture 
and that suitable de-risking from both ministry and 
industry must be made to properly realise the high 



performance that the original MEDS articulated.  It does 
this with a keen eye to the achievable, and gives a variety 
of areas where hybrids may be suitable, but ultimately 
supports the original tenet of the 1995 MEDS that 
propulsion power must be unlocked and made available 
to the fight the external battle - and that probably means 
running an IFEP plant. 
 
2. THE FUTURE MARITIME CHALLENGE 
 
High level defence guidance is clear.  Naval platforms 
must be resilient, adaptable, able to survive enemy action 
and provide speed and agility that 'force multiplies' and 
gives a wide range of options for the force commander.  
Two elements of warship power and propulsion system 
architectures stand out as critical to achieving this high-
level direction; efficiency and speed. 
 
2.1 EFFICIENCY 
 
High efficiency not only reduces the ship through life 
operating cost but also delivers significant operational 
benefits.  A long range on a single tank of fuel allows 
platforms to cover larger areas of ocean and associated 
littoral land areas, it minimises their time 'off-task' for 
replenishment.  Reduced fuel usage also provides 
significant benefits to the fuel supply chain, reduced time 
'off-task' for tankers to consolidate their bunker stocks 
and, ultimately, reducing the numbers of tankers required 
within a task force.  Efficiency 'unleashes us from the 
tether of fuel'.  An approximate guide to Useable Fuel 
load for 6,000 nm endurance is shown in figure 1 for a 
range of hull sizes and speeds. 
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Figure 1 Approximate guide to un-refuelled endurance 
for the global combatant 
 
2.2    SPEED 
 
Whilst the necessity for high speed (for example over 40 
knots) can be debated, the utility of high speed should be 
obvious; ask any naval warfare officer, high speed is 
intuitively good.  The current Speed of Advance (SoA) of 
a task group is necessarily low, therefore seemingly, 
dictating the speed requirements of accompanying surface 
combatants, but high-speed combatants deliver 
considerable operational benefits.  High speed gives 
greater coverage of sea areas and an ability to threaten 
larger portions of coastline with Naval Fire Support 

weapons, increasing the utility of warships to the Joint 
Force Commander ashore.  This greater coverage means 
force structures could be reduced, although the 
concurrency of operations may be degraded - this would 
need further analysis in an environment increasingly 
dominated by Constabulary Operations.  A higher SoA 
gives greater transit speeds to areas of interest, which 
may allow lower readiness states to be accepted as greater 
preparation time to increase readiness is available.  Lower 
readiness states invariably means lower Through Life 
Costs.  Speed within the littoral has clear advantages for 
constabulary operations, high-speed transport and overall 
operational manoeuvre. 
 
Put simply, higher speed can increase the persistence of 
naval presence by greater coverage, or could be used to 
make a cost/capability trade-off with reduced hull 
numbers.  It clearly delivers better littoral manoeuvre and 
attack capability.  High speed is available, but comes at a 
cost.  The challenge is to deliver this speed in a 
combatant of circa 3,500 tonnes with minimal trade-off 
for bunkerage and Unit Procurement Cost (UPC).  A tall 
order! 
 
Two other areas are highly relevant to the fighting 
maritime force of the near future.  They are survivability 
and the ability to accept high-energy weapons and sensors, 
such as the rail-gun as retro-fit. 
 
2.3   SURVIVABILITY 
 
IFEP can be an inherently survivable system, much more 
so than hybrid mechanical-electric or mechanical direct 
drive propulsion system options.  The electrical energy 
from Prime movers can be directed where needed, prime 
movers can be strategically located well away from each 
other and a full parallel-running system provides as close 
to seamless power supplies as possible.  Unfortunately we 
have not yet achieved this target.  The electric 
architecture is not yet fully integrated into the platform; 
electric architectures do not yet provide full 
discrimination for major interruptions in power supply 
and large full-power earth faults, meaning that at Action 
Stations generators do not run in parallel providing poor 
resilience to prime mover or generator failures - exactly 
the time you need it!  Quality of power supplies remains 
poor and does not support some current weapon systems 
(such as SCOT) and the much lauded overall efficiency 
of the full electric drive option has not been fully 
achieved due to lack of investment in drive topologies, 
questionable prime mover selection and subsequent high 
support costs driving Through Life Costs (TLC) up.  
 
2.4   HIGH-ENERGY USERS - THE RAIL GUNS 
 
The new generation of weapons has been surprisingly 
slow to develop.  Concepts such as the electric rail gun 
and high-energy lasers have been demonstrated but 
technical difficulties have stymied investment and the 
'cordite caucus' have been quick to discredit these 



weapons.  The removal of the explosive propellant from 
the ship, coupled with a much greater magazine 
capability, means the supply chain is reduced and made 
safer.  Pulse powers of circa 250 MJ may be needed for 
these weapons and will only likely be provided by an 
integrated electric architecture running compulsators.  
Heat management and naval architecture issues will be 
problematic, and the size of the presently envisaged gun 
mechanisms means that the Rail Gun will only be suitable 
for larger combatants 3,500 tonnes and above, but these 
issues do not challenge the laws of physics and these 
long-range guns must surely have a clear future - timing 
is the only variable. 
 
Notwithstanding the nascence of the Rail Gun and high 
energy lasers, there is likely to be an increased hotel load, 
possibly as high as 5 MW, in future warships as 
hazardous high energy fluid systems (hydraulics) are 
replaced by electric actuators and high energy radars 
appear with greater regularity.  This increasing ship 
service load will further drive IFEP as the architecture of 
choice. 
 
2.5 THE CHALLENGE 
 
Mixing high speed, high-energy weapons, increased 
survivability and increased efficiency into a 3,500 tonne 
surface combatant with good endurance is the challenge.  
But this has to be seen through the stark eyes of the 
financial environment.  The present paucity of 
procurement funds means that high levels of initial ship 
cost must be reduced together with a clear demonstration 
of lower through-life cost to make an electric architecture 
attractive and able to pass the many investment appraisal 
hurdles through to cutting steel.    Speed must be 
available when needed, but the normal operating pattern 
and efficiencies of the vessel cannot be jeopardised, 
indeed efficiency must be increased throughout the power 
band to realise the true savings of running prime movers 
at their peak Specific Fuel Consumption (SFC) at all 
times.  Survivability and resilience of IFEPs must be 
increased together with a realisation that full parallel 
running will give true redundancy at Action Stations.  
High-energy weapons must be able to be plugged-in with 
ease and the quality of the power supply improved.   
 
3. PROPULSIVE POWER 
 
Within the speed range covered by a proposed 3,500 
tonne global combatant, the propulsor technology has a 
significant impact on the power necessary to reach the 
required speed.  In addition to which the ship at about 
100m lwl, will, at 30 knots, be operating close to the main 
resistance hump, whereas at 40 knots it will be 
comfortably beyond that point.  Figure 2 provides 
illustrative power-speed curves for the two ship types. 
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Figure 2 Typical ship resistance curve shape for 100m 
lwl global combatant. 
 
As mentioned above the actual power required to reach 
the maximum ship speed depends significantly on the 
propulsor type selected.  Table 1 shows installed 
propulsive power for typical mechanically driven 
propulsion system configurations for a range of 
maximum speeds from 30 through to 45 knots as well as 
the propulsive power necessary to achieve a transit speed 
of either 15 or 20 knots.  These are not absolute figures as 
different ship designs will vary, but the power figures 
gives a good indication of the differences resulting from 
different propulsor choices.   
Power (MW) required for various speeds:

Speed kts 15 20 30 35 40 45

Propeller 5.5 12 41 63 {93}

Waterjet 8 14 38 50 59 70

AWJ 6 14 43 58 71 84

Propeller +WJ 5.8 12.5 43 56 67

Propeller + AWJ 5.8 13.5 49 66 72 91

AWJ + WJ 6.2 14.5 42 54 65 72
 

Table 1 Installed propulsive power for different 
propulsor options including mechanical drive losses 
 
Two propulsor technologies are well known: the screw 
propeller and the conventional mixed-flow waterjet (WJ), 
but now we can also add the new underwater discharge 
waterjet (AWJ).  Propulsive efficiency at transit speed 
and at maximum speed is quite different for each 
propulsor types and hence, to the pure propulsor types, 
three hybrid systems are added which attempt, with 
mixed results, to keep high maximum speed propulsive 
efficiency with good transit-speed propulsive efficiency 
as illustrated in table 1. 
 
For conventional combatants then it can be seen that the 
ratio of propulsive power to ship displacement taken as a 
guide to the limits of current all-electric propulsion i.e. 
5.5kW/t needs to be substantially improved in order for 
the technology to be applicable to a smaller but same 
speed or faster ship.  This is illustrated in figure 3.  
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Figure 3 Power Densities for conventional combatants 
illustrating the power density achieved by today’s all-
electric propulsion combatants 
 
The power density target then for a conventional 
propeller-driven 3,500 tonne ship at 30 knots is about 10 
kW/t.  At 5.5 kW/t an all-electric ship would achieve 
about 22 knots on 14MW.  For the waterjet-propelled 40 
knots vessel power density is nearer to 15 kW/t, 
substantially above today’s technology capabilities and 
posing a significant challenge to new technical 
developments.  This is illustrated in figure 4. 
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Figure 4 Power Densities for Fast Combatants 
 
Different propulsor technologies also have different shaft 
speeds and this will have a significant impact on torque 
and hence motor size and weight.  For example a 
conventional 30 knot twin shaft propeller driven ship will 
have a shaft speed in the region of 217 rpm (depending 
on the required underwater noise characteristics) whereas 
a twin shaft, waterjet solution would have an speed of 
around 260 rpm and a quad-shaft arrangement of around 
425 rpm: for the same power motor torque reduces 
significantly with increasing speed.    
 
4. THE ART OF THE POSSIBLE TODAY  
 
Vessels fitted with IFEP have a power station of prime-
mover generators that provide a central source of 
electrical energy for all the vessels energy requirements 
including main propulsion.  Prime-movers are run at 
fixed speed to generate a fixed AC voltage, normally 60 
Hz.  “Electric propulsion brings together efficiency, 
flexibility, survivability and…..reductions in cost of 

ownership.”[1]. With the adoption of modern power 
electronics, astern operation and ship manoeuvring is 
possible without recourse to controllable pitch propellers 
or complicated reversing gearboxes.  Future advantages 
of IFEP will be realised when providing a power source 
for high energy directed weapons or other electrical 
systems such as electromagnetic catapults. Reduced 
vulnerability and increased operational flexibility are 
other advantages, particularly if the propulsion system 
includes energy storage thus enabling single-generator 
operation. Some of the disadvantages to be overcome are; 
the relative inefficiency in the ship’s higher speed range 
compared to traditional mechanical propulsion systems 
which means a higher installed power and a higher 
burden on the ship auxiliary systems to deal with the 
associated losses, plus the relatively high installation 
costs of cables and bulkhead penetrations of the power 
cables.  Reference [2] argues that the shipbuilder has 
limited flexibility in locating IFEP equipment around the 
ship, countering arguments to the contrary claim made by 
some advocates of IFEP systems. 
 
For propulsion today, there are three mainstream types of 
motor that might be considered - synchronous, Advanced 
Induction and commutated DC. DC motors are not 
considered a serious option for any all-electric combatant 
as it is limited in power and the maintenance of brush-
gear makes it not viable.  Commercial marine 
synchronous motors are too bulky, although they do find 
applications in the more spatially relaxed conditions of 
auxiliary vessels and amphibious ships.  The Advanced 
Induction Motor (AIM), as fitted to the Type 45 
Destroyer, has set the maximum torque density that is 
possible today in any combatant.    
 
Propulsion motors require suitable power electronic based 
converters, whose size is a product of the ‘maximum 
current’ and ‘maximum voltage’ capacity (often termed 
their Volt-Amp (VA) capacity).  Although this relates to 
the motor power rating it is not the same parameter.  A 
reduced motor power factor will require a greater VA 
supply and hence lead to a larger (and more inefficient) 
converter for the same actual power.  Power converter 
power density is determined by the following; Power 
electronics topology, type of power electronic switches, 
size of current limiting or balancing magnetic devices, 
cooling design (which is a function of device losses), 
packaging design and finally the sizes of protective or 
snubbing devices.   All converters pollute their supply 
side with harmonics and all converters produce non-
sinusoidal output waveforms in which harmonics are 
present, and cause motor heating.  To assess a power 
converter power density it is only right to include the 
additional equipment required to condition the power 
supply, such as converter transformers, harmonic filters 
and dynamic braking resistors.  The UK Type 45 
Destroyer programme has probably set the present 
maximum for today’s marine propulsion converter 
technology of between 0.7 to 0.8 kVA/kg. 
 



The efficiency of the propulsion system is clearly the 
product of the individual components transmitting the 
power from the prime mover to the propulsor.  For a 
conventional IFEP system the peak efficiency from 
prime-mover shaft to motor output flange is 90% at about 
vessel top speed, as indicated in figure 6,.  However, the 
system efficiency drops off to less than 80% at half vessel 
speed and below 10knots is less than 50% efficient.  It is 
expected that next generation technologies such as High 
Temperature Superconducting motors, power converters 
based on new devices and DC distribution, will improve 
system efficiency throughout the speed range.  In 
particular high speed operation could be improved by a 
percentage point or more, which is crucial for bunkerage 
as fuel burn at high speed is so high.  The expected 
improvement of efficiency at mid to low speeds could be 
see better than 70% at 10 knots, figure 5. 
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IFEP does burden the ship’s auxiliary systems with 
having to cope with efficiency losses from its equipment.  
For a propeller driven, twin shaft, IFEP vessel that 
requires 40 MW of propulsion power to propel it at 30 
knots the losses are approaching 5 MW, figure 6.  This 
heat energy is generally dissipated in the fresh and sea 
water systems of the ship, which requires only pumping 
energy and no additional cooling treatment.  However, 
about 8% (~400 kW) strays into the compartment air and 
this does requires Air Treatment Coolers (ATC) to be 
fitted in relevant compartments.  The ATC system 
transports heat through the ship’s chilled water plant, 
which is an expensive and precious cooling system.  
Future IFEP technologies should improve equipment 
efficiencies and it can be expected that the loss burden 
will reduce to less than 4 MW overall and about 300 kW 
into compartment air.  This will be a welcome relief in 
reducing cooling equipment envelopes.    
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It is the combination of power density and efficiency 
issues that leads one to the conclusion that the UK Type 
45 Destroyer and the proposed USA DD(X) installations 
are probably at the leading edge of what is possible with 
an all-electric combatant, without significantly 
compromising the ship’s mission systems or other areas 
of the ship. 
 
Therefore, the main issue with all potential electric 
propulsion systems for a global combatant of 3,500 tonne 
displacement is the space available to fit an IFEP system 
including direct drive motors.  Today it is therefore not 
considered possible to fit electric propulsion into 
combatants below about 6,000 tonnes displacement 
whilst still achieving a 28-knot maximum speed. 
 
5, POSSIBLE SOLUTIONS FOR NEW 
GLOBAL COMBATANT 
 
In order to capture the installation and performance issues 
involved with implementing the technology identified in 
the following parts of this paper, a comparison of 
potential mechanical, hybrid-electric and all-electric 
power and propulsion systems has been undertaken and is 
summarised here. 
 
5.1 CONVENTIONAL COMBATANT 
 
The conventional combatant at 3,500 tonnes displacement 
requires 40 MW of propulsion power to deliver 30 knots 
with twin conventional propellers at 217 rpm.  It has a 
ship service load of 1 MW and a peak electric mission 
system load of 5 MW.   
 
The all-mechanical drive ship, figure 7, adopts a single 
powerful gas turbine rated at 40MW driving through a 
combining/splitting gearbox to deliver the maximum 
speed.  Two sequentially turbocharged diesels each rated 
at 6MW deliver 22 knots on two engines and 15 knots on 
a single diesel through a twin speed input.  Great 
flexibility in operation is achieved through this 
arrangement.  Ship service and mission system load is 
provided by four 2.1 MW high-speed diesel generator 
sets. 

 
Figure 7 Conventionally Propelled Mechanical System 
 
Whilst steps can be taken to reduce noise and vibration in 
this configuration, it remains difficult to isolate a variable 
speed engine. Double rafting and noise encapsulating can 
add up to 50% in weight and cost for these engines.  
Extended low speed running of the propulsion diesels will 



remain an issue, but can be mitigated to some extent by 
careful selection of the engine. 
 
The system has seven prime-movers, six of which are 
reciprocating engines incurring a maintenance load 
associated with more than 72 installed cylinders. 
 
A hybrid-electric propulsion system, figure 8, sized 
appropriately should enable a reduction in the prime-
mover count, more efficient use of prime-movers, and 
low speed running on the electric drive system whilst still 
maintaining high ship speed [3].  The carefully designed 
hybrid-electric propulsion system has also been shown to 
be compatible with high energy weapons [4].  Again a 
single powerful gas turbine has been adopted driving twin 
propellers through a splitting gearbox.  For lower ship 
speeds, twin electric motors drive at shaft speed through 
the gearbox enabling the gearbox to be isolated at low 
speed.  This configuration, rather than one with the 
motors ‘downshaft’ of the gearbox should enable a larger 
diameter motor to be installed.   

 
Figure 8 Conventionally Propelled Hybrid System 
 
It is preferable to adopt twin motors providing 18 knots 
i.e. two at 2.75MW (at 130 rpm) each and these would be 
provided by power from three 7 MW GTAs (a small 1.5 
MW GTA being fitted for harbour loads).  Fitting such a 
large, rather than powerful, motor is likely to be difficult.  
Figure 9 shows the likely motor diameter associated with 
a permanent magnet motor directly driving the shaft. 
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Figure 9 Estimated Hybrid Propulsion Motor Diameter at 
any given ship speed design point for conventionally 
propelled Ship 
 
Physical constraints on the motor size will be evident in a 
combatant of only 3,500 tonnes and may lead to ship 
speeds, when in electric drive, of less than 15 knots.  
 
It should be noted that achieving 18 knots on the electric 
motor system might be possible if a geared motor system 
is considered.  Whilst the power station and power 
converters are unaffected the motor diameter and mass 
reduces significantly: half the diameter and some 15 – 

20% of the weight.  Such a system, however, reintroduces 
the main reduction gearbox into slow-speed and cruise 
operations, incurring gearbox system noise, vibration and 
transmission losses. 
 
With a mission system load of 5 MW this system has a 
power station of three 7 MW GTAs but only five prime-
movers, all of them gas turbines ensuring that on-board 
maintenance effort and noise and vibration are minimised.  
 
The all-electric system proposed for this combatant is a 
variation on the Type 45 Destroyer IEP system, figure 10.  
The number of prime-movers in this system is the lowest 
of the systems considered thereby ensuring the lowest on-
board maintenance effort and includes one large GTA at 
30MW, two medium size GTAs at 10MW each and a 
small 1.5MW unit for harbour load.   
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Figure 10 Conventionally Propelled IFEP System 
 
This system has the highest initial cost, and as Figure 11 
indicates, is the heaviest and most space consuming.  It 
also incurs the greatest annual fuel consumption. 
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Figure 11 Conventionally Propelled Combatant 
Comparisons between propulsion solutions 
 
Endurance of each of the systems is captured in Figure 12 
as nautical miles per tonne of fuel over the ship’s speed 
range. It indicates that the all-electric system offers the 
poorest range capability. 
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Figure 12 Conventionally Propelled Combatant 
Comparisons of the three propulsion options 



 
5.2 FAST COMBATANT 
 
For the faster, 40 knots, combatant the following three 
propulsion systems have been considered: 
 
All mechanical twin gas turbine/diesel CODOG system 
driving four waterjets delivers the 72MW required for the 
40-knot top speed.  As with the conventional combatant 
the power station includes four 2.1Mwe diesel generator 
sets. The system includes eight prime-movers and in 
excess of 80 cylinders and is illustrated in figure 13. 

 
Figure 13 Fast Combatant Mechanical System 
 
The hybrid-electric drive, figure 14, replaces the main 
propulsion diesels with high-speed geared motors.  Power 
for mission systems, ship service and propulsion are all 
shared and is generated by three 7MWe GTAs and a 
small 1.5MWe GTA for harbour load.  This system is 
relatively compact and delivers a flexible and low 
maintenance power and propulsion system at a reasonable 
initial cost. 

 
Figure 14 Fast Combatant Hybrid System 
 
The all-electric waterjet propulsion system retains four 
waterjets, figure 15: adopting four jets instead of two 
increases the propulsor rpm which in turn significantly 
assists in reducing electric motor size.  The power station 
involves five prime-movers only: two large GTAs at 32 
MW each, two medium size units at 7 MW each and a 
small 1.5 MW unit for harbour load.  
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Figure 15 Fast Combatant IFEP System 
 
In a similar manner to the Conventional systems, the Fast 
IFEP system has the highest initial cost, and as Figure 16 
indicates, is also the heaviest and most space consuming 
as well as incurring the greatest annual fuel consumption.  
Figure 17 also illustrates that the all-electric solution has 
the added penalty of the shortest range capability across 
most of the vessel speed range. 
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Figure 16 Fast Combatant System Comparisons between 
propulsion system solutions 
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Figure 17 Fast Combatant Range Comparisons between 
propulsion solutions 
 
6. KEY ENABLING TECHNOLOGIES 
REQUIRED TO REALISE NEW GLOBAL 
COMBATANT 
 
Now we will review some of the technologies that could 
act as enablers to achieving IFEP or COGLOG systems in 
a 3,500 tonne global combatant. 
 
6.1 POWER ELECTRONICS 
 
Power electronic device research is currently focused on 
wide-bandgap semiconductors such as Silicon Carbide 
(SiC) devices, driven through the need for more power 
dense and reliable Hybrid Electric Vehicles (HEVs).  SiC 
has several advantages over traditional Silicon (Si) 
devices such as; higher breakdown voltages (up to 30 
times), low resistance and therefore substantially lower 
losses, higher thermal conductivity – moving heat quicker 
away from the device, higher junction temperature (4 
times higher), more consistent behavior with temperature, 
probably no requirement for snubbing circuits and it is a 
radiation-hard device.  Provided that the fabrication and 
material issues are solved there is expected to be a step 
change in power density of converters that use these 
devices.  New power electronic topologies abound at 
present including cascade and matrix converters, but 
developments in the aero-space and motor industry 
should help the naval marine propulsion sector which also 
requires power dense solutions.  It is expected that power 
density could improve by about 30-40%.  At present most 
propulsion converters use Pulse Modulated Waveforms to 
construct a pseudo sinusoidal magnetic flux in the motor 
air-gap; new techniques of converter switching and motor 



control are expected to improve the efficiency of all 
motor types considerably by feeding motor voltage 
waveforms that achieve sinusoidal output torque and 
hence lower the losses of the motor and reduce structural-
borne noise. 
 
6.2 HIGH SPEED GAS TURBINES ALTERNATORS 
 
For two-shaft GTAs below 12 MW, there is the 
opportunity to directly couple the GT to the alternator 
without the need for an intermediate gearbox.  The higher 
output speed proportionally reduces the size and weight 
of the alternator.  Permanent magnetic synchronous 
machines offer the immediate way forward, but require 
power electronic conditioning converters to take the 
variable speed input of the GT and convert to 60Hz or 
even DC.  There are several other advantage in using 
power electronics:- 

x� the converter limits the generator current output 
under short circuit conditions to a much lower 
level than a traditional synchronous turbo 
alternator 

x� only real power is transmitted through the power 
electronics, so there is no need to over-rate the 
generator to accommodate for reactive power  

x� protection is much simpler for the generator.   
This technology with smaller, shorter more efficient GTs 
will be a key enabler. 
 
6.3 PRIME-MOVER CONSIDERATIONS 
 
Potential Prime-Movers could include the Diesel 
Generator (DG) and Gas Turbine Alternator (GTA) – 
each having its own particular characteristics.   High-
speed generators and High Temperature Superconducting 
(HTS) generators may also be considered in order to 
reduce weight and size of the units. 
 
Prime-mover/generator length will be a consideration for 
ships of the size considered here.  Damage tolerance 
compartment length for the 3,500 tonne vessel will be 
limited to around 10 m effectively limiting the available 
prime mover type/power.   

c/w High Speed PM (HS PM)
or High Temperature
Superconductor (HTS)

Length  Weight PT technology alternator
m t rpm  length m            weight t

36  MW GTA 14.8 110 3,600 13.8 95  (HTS)
20  MW GTA 13.3 100 3,600 12.8            80  (HTS)
12  MW GTA 10.5 50 5,600 7.8  37  (HS PM)

5  MW GTA 9.7 48 1,800 7.3 36  (HS PM)
1.8 MW GTA 8.6 30 22,500 Already High Speed PM Technology

12  MW DG 14.2 216 600 13.8 200 (HTS)
7  MW DG 11.0 78 900 10.5 70   (HTS)  
3  MW DG 7.5 32 1800 7.0 27   (HTS)

Note: for 100m Frigate with 3-compartment damage criteria the damage length is 15m 
leading to a compartment length of 7m average.  Minimising compartment length 
adjacent to main machinery might lead to a main machinery compartment length of 
10m.

 
Table 2: Prime-mover GTA and DG power-length-
weight with and without High-speed generator 
 
Minimising the number of prime movers will be desirable 
to minimising on-board maintenance but as described 

above the size of the power unit may be limited by 
compartment constraints and by the desirability to 
disperse power generation equipment around the ship to 
improve survivability.  Fuel consumption and hence 
bunkerage will be affected by this trade-off. 
 
6.4 FUEL CELLS 
 
Finally, looking to the long term, the marine fuel cell 
must be considered.  High temperature variants are 
demonstrating thermal efficiencies of 50-60%, but the 
hybrid fuel/gas turbine fuel cells may give rise to 65-75% 
thermal efficiencies.  There are several fuel cell 
programmes underway, however, most programmes are 
presently limited to the generation of power in the 
hundreds of kW.  Many ideas abound as to prime-mover 
configurations in vessels, included distributed fuel cells 
working in conjunction with main gas turbines.  It is 
likely that fuel cells could be a key enabling technology 
for new global combatants. 
 
6.5 PROPULSION MOTORS 
 
To get electric propulsion into a vessel below 6,000 
tonnes displacement, navies will have to adopt permanent 
magnet or other advanced motor technology. 
 
The US DD(X) programme is driving development of 
highly torque dense motors with both Permanent Magnet 
(PM) and High-Temperature Superconductor (HTS) types 
under development.  Neither motor type has reached full 
production status, although full-scale (36.5 MW) 
prototypes are being manufactured.  There are also 
examples of smaller PM motors; some commercial 
Podded propulsors utilise PM motors and some examples 
are used in submarines.  Both HTS and PM motor types 
are claimed to be significantly lighter than an equivalent 
sized AIM, but their width would still be a limiting factor 
for global combatants and it is uncertain whether viable 
designs could be installed in a 3,500 tonne vessel. 
 
6.6 EXPECTED IMPROVEMENTS 
 
Looking forward at the expected improvements in IFEP 
technology and their effects upon equipment dimensions 
and weights we can postulate the relative improvements 
and see if these improve the ship fit   For a conventionally 
propelled high-electrical load, twin shafted combatant 
requiring 40 MW of propulsion to attain 30 knots, 
COGLOG propulsion provides the most compact power 
and propulsion system (we have ignored mechanical 
direct drive propulsion as it does not readily support 
future high energy weapons), being about a third of the 
weight and 10% less in volume of an equivalent IFEP 
solution.  Table 3 shows the anticipated net benefits of 
new technologies for electrical equipment.  The new 
technologies include HTS propulsion motors and next 
generation power electronics such as SiC technology.  
The table shows that next generation IFEP technology 
could achieve or better the power densities of today’s 



hybrid technology.  There is also a net benefit of new 
electrical technology in the COGLOG system, but the 
improvement is less dramatic than IFEP. 

Conventionally Propelled 30 knot Vessel

Total 
Volume 
Cubic 
Metres

Total 
footprint 
Square 
Metres

Total 
Weight  kg

IEP based on Today's Technology 739           232           561,500    
IEP based on Next Generation Technology 657           191           409,500    
Expected Improvements 11% 18% 27%
CODLOG based on Today's Technology 691           208           433,500    
CODLOG based on Next Generation Technology 629           196           394,500    
Expected Improvements 9% 6% 9%  
Table 3 Expected dimensional improvements using next 
generation technologies – conventional propulsion. 
 
Considering the wajerjet propelled, 40 knot, four shafted 
combatant which has a propulsion power requirement of 
72 MW, Table 4 shows the estimated power and 
propulsion systems dimensions and weights with the 
expected improvements due to new technologies.  
Although the improvements are expected to bring IFEP 
into the same power density bracket as COGLOG, the 
propulsion system is still voluminous for such a small 
vessel.  

Waterjet Propelled 40 knot Vessel

Total 
Volume 
Cubic 
Metres

Total 
footprint 
Square 
Metres

Total 
Weight  kg

IEP based on Today's Technology 977           305           641,500    
IEP based on Next Generation Technology 833 278 501,500    
Expected Improvements 15% 9% 22%
CODLOG based on Today's Technology 1,022        296           638,500    
CODLOG based on Next Generation Technology 929           281           496,500    
Expected Improvements 9% 5% 22%  
Table 4 Waterjet propelled combatant - Dimensional 
improvements expected using next generation 
technologies. 
 
The above tables are predicated on developments mainly 
in High Temperature Superconducting Motors and new 
power electronic devices and topologies. 
 
7. SUMMARY AND CONCLUSIONS 
 
1. In the context of a compact global combatant, 
the requirement for higher speed is precluded by the lack 
of investment in high speed propulsion topologies.  The 
paper challenges both Industry and Government to invest 
in these technologies to allow requirements sponsors to 
add high-speed to the requirements option set.  High 
speed is declared as inherently good as it provides 
valuable deployment, readiness, littoral manoeuvre and 
land attack options to joint and naval force commanders. 
 
2. For IFEP to be considered viable for a waterjet 
propelled fast global combatant it would need to achieve 
power density of nearly 15 kW/tonne.  It is unclear if 
present IFEP technologies could ever achieve such a 
challenge, even given significant R&D investment 
 
3. An increase in efficiency of propulsion and 
power generation equipment has many obvious benefits:- 

x� lowering the through-life cost (less fuel) 
x� Greater range and endurance 
x� Greater autonomy 
x� Less burden of ships cooling systems 
x� Reduced burden on the auxiliary fleet need to 

support the global combatant.   

Investment in technology that delivers greater efficiency 
is seen as a key to enabling IFEP to be considered for 
installation on the compact global combatant. 

 
4. For IFEP to be considered viable for a 
conventionally propelled global combatant it would need 
to achieve power density of 10 kW/tonne.  Present day 
technology, as epitomised by the Type 45 Destroyer, if 
fitted into such a compact vessel, would limit top speed, 
to an unacceptably low value at this displacement. 
 
5. Key enabling technologies for new fast 
combatants were identified in [5] as improvements in hull 
forms, powerful, power dense and fuel-efficient prime 
movers, efficient transmissions and propulsors which are 
efficient throughout their operating range. This paper, 
whilst casting doubt on the viability of all-electric plant 
for a high performance vessel at 3,500te displacement, at 
least for the near future, has shown that incremental 
improvements in key equipment power density could act 
as enablers for a hybrid system that will offer acceptable 
performance characteristics. 
 
6. Key enabling technologies identified in this 
paper for the new electric-intensive global combatant 
are:- 
 

x� Fuel cells - by virtue of their distributed nature, 
and high claimed efficiency 

x� Power density improvements on Gas Turbine 
Alternators - particularly optimised for a 
reduction in overall length 

x� Propulsion Motors – utilising High temperature 
superconducting technology or permanent 
magnets, but optimised for minimum width, 
weight and high efficiency 

x� Propulsion Converters – transformer-less 
designs, utilising new devices and topologies, 
optimised for power density and high efficiency. 

 
7. Investment in next generation IFEP equipment 
could bring IFEP power and propulsion systems into the 
same power density bracket as hybrid electric/mechanical 
systems such as COGLOG. 
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