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⋅

Abstract—The debate over the best electric grid 
topology for an all electric ship has provoked 
discussion on a wide range of topics, spanning 
interconnection issues, transmission losses, and power 
preferences of electronic components, radar ranges, 
and propulsion motors. Surprisingly, these issues are 
peripheral to the real issue. The primary driver in this 
debate is the power source, presently the gas turbine. 
The physics of the gas turbine demand the use of 
multiple turbines operating at different speeds. This 
demand assumes that system efficiency is the 
preeminent objective after functionality. The penalty 
for not using this approach is severe for fuel usage. A 
primal commitment to such a distribution of gas 
turbines serves as the basis for quantitatively 
comparing two ac systems and one dc distribution 
system. The power source combined with the navy’s 
focus on overall efficiency narrows the field of focus, 
and makes the rather complicated trade study 
tractable. 

 

 
Index Terms—efficiency, eddy current, transformer, 
gas turbine 
 

1. INTRODUCTION 
 
The Institute for Marine Engineering Electric Warship 
conference in December, 2006 witnessed several papers 
investigating how to switch power from propulsion to 
weapons [1, 2]. Many objections to ac systems are voiced, 
most of which have no foundation. Among the top two 
arguments offered in support of dc are the following: 

1. dc has no frequency synchronization is required 
for combined sources 

2. there are no conductor skin depth limitations 
with dc and therefore it has transmission 
advantages 
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In response to this the reader should note that tying 
multiple generators together each with different speeds 
into a dc bus is not trivial. Permanent magnet generators 
are favored. Tying these together after rectification would 
require very precise speed control to keep dc power from 
flowing among the generators. By contrast, maintaining 
synchronization among ac generators is rather simple if 
the frequency output can be closely matched.  
 
Ac systems have in fact a 33% transmission advantage 
over equivalent dc return ground systems with the same 
conductor volume. The additional inductive load 
introduced by cables with conductors in close proximity is 
negligible, especially in lieu of the short run lengths 
involved. Both dc and ac systems must have a high 
impedance ground for safety. Dc systems long been 
known to have a considerable safety penalty over ac due 
to skin effect as evidenced by the OSHA limitation of 50 
V dc. Electrical frequency synchronization is no problem 
for properly designed generators operating at the same 
frequency; it is virtually impossible in a tightly coupled 
system such as a ship to not run in synchronization. The 
skin depth, inductive voltage drop, and capacitive currents 
are incredibly small for 60 Hz, and can be made so for 
400 Hz if cable partitioning is practiced. The additional 
acoustical noise introduced by H bridge and dc inverters 
is considerable compared to the 120 Hz from a 
transformer due to harmonics.  
 
This paper addresses the fundamental aspects of this 
debate, culminating in a trade study chart. The intent of 
this exercise is a tool to assist in unemotionally evaluating 
this problem. The solution is source dependent and likely 
to change if the Navy converts to another power source 
such as nuclear.  The underlying theme running 
throughout the comparison is that system efficiency is 
preeminent.  
 

2. THE GAS TURBINE 
 
A gas turbine’s power output is related to the volume of 
air flow. Larger power turbines are thus larger in 
diameter. A fundamental constraint indigenous to all gas 
turbines is that the tip speed of the blades remain below 
Mach 1, the speed of sound. This leads to the fact that 
large power turbines have a low rotation speed while 
small power turbines, being smaller in radius, have a high 
rotation speed. The power – speed relationship is shown 
in Fig.1. 
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Fig. 1  Gas Turbine speed versus power relationship 

demanded by the physical demand that tip speed remain 
below Mach 1. 

 
The second driving fundamental is that the specific fuel 
consumption increases nonlinearly with partial power 
turbine operation. Fig. 2 shows the specific fuel 
consumption dependence with power for 6 commercial 
turbines. Note that the smaller turbines have improved 
specific fuel consumption at low power, but that the larger 
turbine efficiency is superior to the best performance of 
the smaller faster turbines.  The fuel penalty for not 
having gas turbines spread over the speed range shown in 
Fig. 1 is immense. 
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Fig. 2  Specific fuel consumption for six commercial gas 

turbines. 
 
When it becomes necessary to bring on additional units 
due to a power demand increase, a lower specific fuel 
consumption results if the larger less efficient units are 
operated at higher power settings where their efficiency is 
improved. These findings become the foundational driver 
for the optimal power grid choice.  

 
3. PUTTING THE AC VERSUS DC DEBATE 

IN PERSPECTIVE 
 
Turbine scheduling with a spread of differently sized 
turbines constitutes a 250-600 m3 mission dependent 
saving in fuel over a smart scheduled system with equal 
sized turbines (80 MW destroyer 2 week mission). This 
practice should be considered mandatory if efficiency is a 
priority. The ac versus dc debate is primarily about saving 
10% of this volume, i.e., about 60 additional cubic meters 
of fuel. Secondarily, it is about extending component life 
and reducing maintenance costs.  
 

4. POWER ELECTRONICS 
 
The deleterious effect of full bridge rectifiers on the 
output of an ac generator deserves attention by the Naval 
community. The harmonics witnessed at the stator of the 
generator not only introduce hysteresis and eddy current 
losses, but voltage spikes which impact the life of the 
generator. In house simulation and experimentation show 
that a full three phase rectification bridge introduces 
28.56 % total harmonic distortion back into the generator.  
 
Cavallini [3] attempts to quantify the effects of a distorted 
waveform through two other indices which are weakly 
linked. The first is Kp, the ratio of the peak voltage of the 
distorted waveform to the sinusoidal rated voltage. The 
second involves a ratio of the product of the inverter 
switching frequency and the inverse rise time to the 
sinusoidal system frequency. Increasing the frequency 
from a nominal 50-60 Hz to 10 kHz reduces insulation 
life by three orders of magnitude. Pillay quantifies the 
magnitude of the problem as it concerns induction motors 
fed by any unbalanced supply [4]. Any unbalance that 
increases the temperature by 14.3̊C reduces the life by 
55.3%. 
A number of techniques have been suggested for lowering 
the total harmonic distortion. The simplest is to increase 
the number of phases in the generator. This option 
increases both the generator cost and the diode part count 
slightly. Matrix converters [5][1

 

] and resonance 
converters [6] provide alternatives.  

5. CABLE LOSS ARGUMENT 
 
Assume an rms operating line voltage V and a resistance 
R per conductor for the three phase ac system shown in 
Fig. 3(a).  
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Fig. 3  Configuration for comparing dissipative loss for ac 

and dc systems delivering the same load power.  
 
If power P is delivered by this transmission line into a 
unity power factor load, the current per line will be  

3
PI

V
=      (1) 

The dissipative line loss for all three lines ignoring skin 
effect and proximity effect will be  
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Take one of the three conductors, cut it in half, and 
combine it with the remaining two conductors to form the 
equivalent copper system of Fig. 3(b). The resistance of 
one of these conductors will be 2/3 of that in the ac 
system. Assume the same operating voltage V but now in 
dc. If the dc system delivers the same power P, its 
dissipative line loss for the two line feed will be  
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  (3) 

 
Ignoring skin effect and proximity effect, the ac system 
has a 33% advantage over dc. The dc system must have 
33% more copper for the transmission losses to equal the 
ac system. The reason is that the three phase ac system 
has two lines for the return when the current is peaking in 
any one phase. The reader may object that the power 
factor of the cable is unacceptable, but as will be shown 
shortly, this objection is specious because of the length of 
the conductor and the inductive nature of the load.  
 

6. TRANSMISSION LOSSES 
 
A land based power system has a 5% power distribution 
loss from the generator to the customer. Defining the 
transmission loss for a ship involves some speculation 
since the length and choice of cable are ill defined. To be 

conservative, assume the transmission loss for the 
complete system is 1%. This is likely to be high. If the 
ship is fed using 650,000 mil cable, the dc, 60 Hz ac, and 
420 Hz ac eddy current and proximity losses per meter are 
shown in Fig. 4. A boundary element code is used to 
compute these numbers [7]. These ratios will be used to 
compute relative transmission losses between three 
systems.  

 
Fig. 4  Cable losses for dc, 60 Hz, and 420 Hz systems. 

 
7. SYSTEM COMPARISON DESCRIPTION 

 
We wish to compare the dc system in Fig. 5, the 60 Hz ac 
system Fig. 6, and the 420 Hz ac system in Fig. 7 at full 
load. Of the 80 MW load, 8 MW is hotel power including 
some weapons and the radar range, typically 750 kW to 1 
MW. Of the 8 MW load, 1 MW will be allocated as a 
high voltage dc load (e.g. the radar range). The electronic 
loads are primarily dc, but generally all at low voltage. 
Computers generally require 5 and ±12V. The 72 MW 
propulsion system requires low frequency (10-40 Hz) ac. 
The greatest losses occur within the gas turbines, but all 
three systems employ the same gas turbine mix, with 
speeds varying from 3600 RPM to 12,600 RPM. As such 
the loss for the gas turbines will be assumed identical for 
all three systems. 
 
7.1. The dc system  
 
The dc system uses 3 turbines at 3600, 5,000, and 12,000 
RPM, rated 50 MW, 20 MW, and 10 MW respectively. 
The most efficient generator will be a permanent magnet 
generator. Typically it has about 1% better efficiency over 
a wound rotor with exciter due to the elimination of the 
rotor I2R losses. If permanent magnet generators are 
employed, governor based speed control must be 
employed to ensure the three units have similar voltages. 
The output from these three generators will be rectified 
and tied to a common bus.  72 MW goes to propulsion 
and 8 MW to hotel power. Dc to dc converter efficiency is 
slightly less than converter efficiency, but for the 
purposes of this comparison, a loss of 5% will be used for 
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converters and dc to dc conversion. Only one load will be 
assumed sufficiently close to the dc voltage distribution to 
circumvent this conversion, the 1 MW radar range. 

 
Fig. 5  dc grid. 

 
We have measured the loss in synchronous generators 
here at the Center for Electromechanics’s lab. At 12,000 
RPM, the efficiency has dropped to 94.5%. It is 97.5% 
and 96.6% at 3600 and 5,000 RPM respectively. The loss 
increases due to eddy currents in the windings and eddy 
currents and hysteresis in the steel. 
 

 
Fig. 6  60 Hz ac grid. 

 
7.2. The 60 Hz ac system 
 
The 60 Hz ac system in Fig. 6 uses the same three gas 
turbines as the dc system. The 3600 turbine will be 
connected to a 2 pole permanent magnet generator. The 
5,000 RPM and 12,000 RPM turbines require a different 
technology to get 60 Hz out. Two options surface. One is 
to excite the rotor with a traveling wave for the field so 
the difference frequency remains at 60 Hz. The second is 
to use a resonant ac-ac inverter to convert the 20 and 10 
MW output to 60 Hz. This modification reduces the 

efficiency an additional 1.5% below that of the dc case. 
An ac to ac resonant inverter is used for the 72 MW 
propulsion power conversion; it has a 2% greater 
efficiency than the dc converter due to the fact that all 
switching occurs at zero current crossings [8]. The 8 MW 
of house power must be passed through a transformer for 
use by the ship. 60 Hz transformers have an efficiency in 
excess of 99%, but a 1 % loss will be used for the 
conversion. An additional 1.5 % loss is required for the 
rectification necessary for the 1 MW dc hotel load. 

 
Fig. 7  420 Hz ac system. 

 
7.3. The 420 Hz ac system 
 
A higher frequency ac system has the advantage that the 
higher speed turbines can be directly coupled to a 
permanent magnet machine and still maintain 
synchronous operation. A lower pole count is required as 
the turbine speed increases. The speeds are slightly 
altered from the previous two cases to achieve 420 Hz. 
Smaller laminations are required on these generators to 
keep the loss small. The 3600 RPM generator will incur 
an additional 0.75% loss due to the higher frequency. The 
5,040 and 12,600 RPM generators will have a loss of 
3.4% and 5.5%, identical to the dc case. The 420 Hz 
transformer incurs an additional 1% loss over the 60 Hz 
case. Rectification adds an additional 2.5 % loss for the 1 
MW load for the higher frequency switching losses. A 
resonant ac to ac inverter is used for the propulsion 
power, having a 3% loss identical to the 60 Hz case.  
 

8. TRANSFORMER VERSUS POWER 
ELECTRONICS 

 
The 60 Hz system posited uses a transformer. Although 
an ac to ac resonance inverter is another possibility, it is 
worth considering this option for hotel power because of 
the very high efficiency (>99%) and essentially zero 
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maintenance. 60 Hz transformers are heavier and larger 
than their power electronic counterparts. The difference is 
often greatly exaggerated. Table I shows a survey of 
several commercial grade inverter systems. The scr 
inverter highlighted in bold was scaled from the 
commercial system in the previous line. The 8 MW GE 
transformer was taken directly from the GE engineering 

representative for a commercial unit. The transformer 
weighs 68% more and has 65% more volume. A 4-5 level 
converter would be required to get close to the 99.3% 
efficiency of the transformer, and this would 
approximately triple converter the size. 
 

Table I 
Survey of various commercial grade inverters. 

 
Type Power Weight Volume kVA/ kVA/ 

 MVA kg m^3 kg m^3 
IGCT based 3-level NPC 3.1 3680 8.48 0.842 365.566 
IGCT based 3-level NPC 3.6 3680 8.48 0.978 424.528 
IGCT based 3-level NPC 4 3680 8.48 1.087 471.698 
IGCT based 3-level NPC 4.5 3680 8.48 1.223 530.660 
IGCT based 3-level NPC 4.9 3680 8.48 1.332 577.830 
IGCT based 3-level NPC 5.3 3680 8.48 1.440 625.000 
IGCT based 3-level NPC 5.8 3680 8.48 1.576 683.962 

SCR-Cycloconverter 11.2 9032 24.6 1.240 455.285 
SCR-Synchroconverter 7 9447 25.27 0.741 277.008 

SCR - cycloconverter estimated 8 10797 28.88 0.741 277.008 
GE 60 HZ, 8 MW Transformer, 99.3% 

efficient 8 18182 47.585 0.440 168.120 
IGBT Isolated H-bridge per phase, 15 phases 21.8 17000 20 1.282 1090.000 

5-level IGBT diode clamped 50 55000 76 0.909 657.895 
UT CEM's ARCP for ALPS 4  13  307.692 

 
9. COMPARISON – RESULTS 

 
Table II summarizes the above discussion for loss for the 
three systems shown in Fig. 5 - Fig. 7. The last row of the 
table uses the boundary element data summarized in Fig. 
4. Note the additional dc transmission loss due to the 

result from (3).Table III quantifies the information for 
loss. The 60 Hz system shows the greatest efficiency, 
followed by the 420 Hz system, followed by the dc 
system.  
 

Table II 
Summary of losses for the separate systems. 

 
 dc 60 Hz ac 420 Hz ac 

Gas Turbine - - - 
Generators    

50 MW 3600 RPM 2.5% @ 50 MW 2.5% @ 50 MW 3.25% @ 50 MW 
20 MW 5000 RPM 3.4% @ 20 MW 4.9% @ 20 MW 3.4% @ 20 MW 

10 MW 12,000 RPM 5.5% @ 10 MW 7% @ 10 MW 5.5% @ 10 MW 
    

Converter 5% @ 79 MW 
2.5% @ 1 MW + 
1% @ 7 MW + 
3% @ 72 MW 

4.5% @ 1 MW + 
2% @ 7 MW + 
3% @ 72 MW 

Transmission 1.33% @ 80 
MW 

1%*1.139 @ 80 
MW 1%*(2.207) @ 80 MW 
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Table III 
Losses computed for an 80 MW Destroyer using a dc, a 60 Hz and a 420 Hz system. 

 

 dc fraction loss dc loss 
(W) 60 Hz fraction 60 Hz 

loss 420 Hz fraction 420 Hz 
loss 

Gas Turbine -  -  -  
Generators       

50 0.025 1.25 0.025 1.25 0.0325 1.625 
20 0.034 0.68 0.049 0.98 0.034 0.68 
10 0.055 0.55 0.07 0.70 0.055 0.55 

       

Converter 5% @ 79 MW 3.95 
2.5%@ 1 MW +  
1% @ 7 MW +  
3% @ 72 MW 

2.255 
4.5%@ 1 MW +  
2%@ 7 MW +  
3% @ 72 MW 

2.345 

Transmission 1.33% @ 80 MW 1.064 1%*1.139 @ 80 MW 0.9112 1%*(2.207) @ 80 MW 1.7656 
Total loss  7.49  6.10  6.97 

 
10. DISCUSSION 

There are obviously many complex issues which surface in 
evaluating the right ship distribution system. Reliability 
and ease of maintenance are certainly two additional 
considerations. Both would argue for the 60 Hz system as 
well. The multiple pumps and smaller motors throughout 
the ship become standard off the shelf components. The 
number of solid state devices requiring possible repair goes 
down. Fault interruption is straightforward. Only one 8 
MW transformer is required; it has a high efficiency and 
demands no maintenance. 
 
An argument presented in defense of the dc system is that 
so much of the load is already dc, or could be. This is a 
veiled truth. Florescent lighting will want ac, and it is the 
most efficient for lumens/watt. Computers will require 5 V 
and +/- 12 V. Unless the additional lights are switched to 
these voltages, yet another dc voltage is required. Every dc 
system requires dc to dc converters either at the site of use 
or another distribution system is required. The dc system 
will demand multiple dc to dc conversions, all of which 
incur more loss than an ac converter. All interrupt devices 
will be larger and more costly for a dc system.  
 
The fact that a 420 Hz system is becoming increasingly less 
efficient is fundamental to the reason that the airline 
industry uses 400 Hz and not 1 kHz. Motors, generators, 
and transformers all become smaller, but the loss becomes 
unacceptable.  

11. CONCLUSION 
The Navy can offset cost by maximizing efficiency, an 
emphasis that is receiving greater attention. To the extent 
that this directive is preeminent, the ac 60 HZ system 
should be favored. The 60 Hz system shares the following 
additional advantages: 

11.1. fault interruption ease 
11.2. lower maintenance for hotel loads 

11.3. component availability and low cost for small 
pumps and motors 

Inherent stability of the grid since a generator failure is first 
met with a systemic frequency reduction commensurate 
with reduction in load. 
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