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OBJECTIVE

Investigate the cost and system penalties associated with shipboard frequency changers
and explore technological methods of reducing the need for such equipment.

RESULTS

1. Frequency changers aboard Navy ships have high acquisition, operating, and sys-
tem cosfs.

2. Properly applied, switching mode power supplies like those now being used in ship-
board electronics for other purposes can be used to eliminate the requirement for frequency
changers.

3. The need for shipboard frequency changers could be reduced cost effectively in a
time period approximating the average life cycle of an electronic system.

4. Whether or not frequency changers are eliminated, the problems of reducing har-
monic currents and powering pulse loads will remain. |

RECOMMENDATIONS
1. Inform the Navy technical and management community of the desirability and
opportunity of reducing the need for frequency changers.
2. Modify specifications and standards to require equipments and systems to use
power in the form generated by the platform primary electrical power sources.

3. Provide technical support to acquisition managers and contractors who are
unfamiliar with the switching mode power technology.

4. Expand R&D activities associated with harmonic current suppression and pulse
loads.
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PREFACE

The objective of this technical document is to provide the technical background and
bibliography for NELC TD 488, Reduction of Shipboard 400-Hz Power Requirements -
Executive Overview, by J Foutz and E Kamm, | October 1976. It has been written as a free-
standing document to avoid cross references to TD 488. It therefore includes both the infor-
mation from TD 488 and additional material needed to more completely document the work.

This is the second phase of the work. The first phase is reported in NELC TN 2828,*
Conversion of 400-Hz Shipboard Electronic Equipment to 60-Hz Electrical Power Sources,
by J Foutz and E Kamm, 7 November 1974, which completed the NAVSEC OMN portion
of the project.

*NELC technical notes are working documents and do not represent an official policy statement of NOSC.
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INTRODUCTION

Except on a few small high-performance ships such as hydrofoils and surface-effect
ships, the shipboard prime electrical power for Navy ships is supplied by turbine generators
with three-phase, 60-Hz, 450-V ac output. Most shipboard machinery and electronic systems
use 60-Hz power, but there are some that require 400-Hz power. For these loads a 60- to
400-Hz frequency changer, usually a motor-generator (MG) set, is used (fig 1). MG sets typi-
cally have logistic problems, poor reliability and maintainability. and undesirable load coupling
that is attributable o source impedance effects.

To alleviate these major problems, the Navy is conducting a variety of programs that
include

Redesigning the MG sets as well as improving them with modification kits
Replacing the MG sets with solid-state frequency changers
Combining frequency changers with other components such as passive and active

filters, to give better system performance.

This program investigates the cost and system penalties associated with shipboard fre-
quency changers. The high cost of frequency changers is emphasized to stimulate effective
action toward reducing their use in future Navy ships.

This program investigates the possibility of eliminating the need for frequency changers

through the use r technologies and shows that those technologies are available. Particu-
larly significan ailability of switching regulator technology, a momentous technologi-
cal advance 'n place in recent years in the field of power conversion.
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APPROACH

First an overall review was performed of shipboard electrical power system compo-
nents, including frequency changers, both motor-generator (MG) sets and solid state fre-
quency changers (SSFCs). Then the specific power system of four diverse ships was looked at.
The historical reasons for using 400-Hz power were reevaluated in the light of current
technology. Two trends in power electronics were shown to negate the classical size and
weight advantages of 400-Hz power over 60-Hz power.
The costs of frequency changers were examined from data obtained for installation.
reliability, maintainability, space, weight, fuel, and impedance coupling. Also, specific cost
examples from Navy letters and reports were looked at. The annual maintenance and fuel
costs were projected for four diverse ship types.
A comprehensive review of the new switching regulator technology was made,
because its advent has made it more feasible to reduce the use of shipboard 400-Hz. Various ]
power supply technologies were compared. The advantages of switching regulators were '
detailed. The Navy’s use of switching regulators, the availability of switching regulator tech-
nology, and potential problems involving switching regulators were then studied.
Shipboard components other than power conversion circuitry were examined to
determine their impact on designing for frequency independence.
Also reviewed were two problems found in both 400-Hz and 60-Hz shipboard power
systems — harmonic currents and pulse loads. For harmonic currents, several potential solu-
tions were examined.

DESCRIPTION OF SHIPBOARD ELECTRICAL POWER SYSTEMS

INTRODUCTION 3
The shipboard electrical power system is first described in general terms. Frequency

changers are then described in greater depth. A more detailed description is then given of

four ships in different classes: USS DOWNES, USS BERKELEY, USS HALSEY . and USS

CONSTELLATION.

GENERAL DESCRIPTION
Primary electrical power on all Navy ships, with few exceptions,* is generated as
three-phase 450-V 60-Hz power. Typically, power is generated by redundant ship service 4
turbine driven generators augmented by emergency generators. Each generator is located in 3
a separate watertight compartment. The electrical power is distributed through ship service
switch gear groups and emergency switchboards on ungrounded three-wire 450-V teeders.
These feeders supply single large auxiliaries, distribution panels, transformers, automatic bus
transfer equipment, and 60- to 400-Hz frequency changers. A casualty power system is pro-
vided that consists of portable cables, watertight riser and bulkhead terminals to carry the
circuit through compartments without impairing the watertight integrity of the vessel, porta-
ble casualty switches, and casualty terminals on distribution panels.
Various protection devices such as circuit breakers and overvoltage relays are provided.

*One exception is the PHM (Patrol Hydrofoil Missile) class of ships.




The combined 60-Hz generation and distribution system forms a redundant electrical
system capable of providing electrical power even after sustaining considerable damage such
as compartment flooding; the shorting of a feeder to the hull; and loss of cabling, generators, ,
switch panels, and transtormers. Since ship steering, firefighting, combat capability, and
other vital functions depend on electrical power, the availability of electrical power to these
functions is vital to the ship. Ship service 60-Hz power provides these vital electrical needs.

The characteristics of shipboard ac power are controlled by an interface standard for
shipboard systems: MIL-STD-1399, Section 103 — Electric Power, Alternating Current.!
The characteristics of the power are controlled at the load distribution panels. The power
described so far is defined in the interface standard as three-phase 60-Hz 440-V ac Type I
power and is designated in the interface standard as the preferred power. It power with any
other characteristics is required, additional equipment must be added to the ship service
power system. The least equipment impact occurs if single-phase rather than three-phase
power is used — no equipment is added, but care must be taken to maintain line balance, and
the harmonic current amplitude distribution may be changed.

The use of 115-V ac power instead of 440-V ac has somewhat greater impact. Three
single-phase transformers are then added to the system. Additional distribution and protec-
tion circuitry is also required.

Type I power is regulated to £5 percent. If Type II power, regulated to £1 percent, is
required, line voltage regulators must be added to the system near the distribution point.

The major impact to the power system occurs if a change in frequency from 60 Hz to
400 Hz is required. Some electrical loads, mostly electronics, require 400-Hz power. This
power is provided by 60-Hz motors driving 400-Hz generators (MG sets) or by solid-state
400-Hz inverters operating from dc power, which is obtained by rectification of ship’s three-
phase 60-Hz power. The 400-Hz system has its own distribution system consisting of feeders,
control panels, transformers, etc and is provided as ship service power.

Since the 400-Hz power system requires the 60-Hz system for operation, 400-Hz ship
service power is always a less reliable source of power than 60-Hz ship service power. As
explained in the following section, other characteristics tend to make 400-Hz power even less
reliable.

FREQUENCY CHANGERS — 60 Hz TO 400 Hz

Ac power at 400 Hz is provided by frequency changers, usually motorgenerator (MG)
sets. but solid-state inverters are starting to be used. The characteristics of shipboard 400-Hz
power are specified by MIL-STD-1399, Section 103, for Types I. I, and IIl power. in which
Types [ and II have the same characteristics as those for 60 Hz and Type IIl is more closely
regulated, with steady-state average voltage and frequency both within 0.5 percent.

MOTOR GENERATOR SETS

There are two military specifications covering 60-Hz to 400-Hz ac motor-generator
5 - - + i i . e
power supplies for Navy surface ships. MIL-M-19160C~ specifies general-purpose MGs whose

[Depurtmcnl of the Navy Military Standard MIL-STD-1399, Section 103, Interface Standard for Shiphoard
’Systcms. Electric Power, Alternating Current, I December 1970

“Department of the Navy Military Specification MIL-M-19160C (SHIPS), Motor-Generator, 60 Hertz to
400 Hertz AC . Shipboard Service, 30 September 1970




voltage is regulated to £0.5 percent. MIL-M-19633B3 specifies general-purpose and special-
purpose MGs whose voltage and frequency are regulated to +0.5 percent and which require
voltage balance regulators. For both specifications, the motor is required to operate from

three-phase 440-V £10 percent, 60-Hz +5 percent power. The generator for both specifica-

tions is required to supply output power with kilowatt (kW) ratings of 5, 10, 15, 30, 60, 100,

200, or 300, as specified; per MIL-M-19160C, generators can also have 0.5-, 1.5-, or 3-kW
ratings. The kW rating of an MG set is important because it affects the output impedance of
he MG set. The lower the kW rating the higher the output impedance, therefore the greater
the possibility of interaction between loads on the same MG set.

MG sets are often used as filters in addition to their main function of changing fre-
quency. The mechanical inertia of the MG set acts as an integrator or low pass filter, both
to protect the power source from load transients and to protect the load from power-source
transients. An MG set will also isolate load harmonic currents from the source, thereby
acting as a harmonic current filter. It is this filtering function of MG sets that results in the
dedication of MG sets to specific equipments.

Because the MG set is a single point of failure for a system, redundant MG sets are
required to assure the availability of 400-Hz power.

The filtering function and redundancy requirements have resulted in a proliferation
of MG sets aboard ships. As many as 17 MG sets are required on the CG class ship having
a Terrier missile system. Other ships have as many as 33 MG sets. The ratio of standby (or
extra parallel) to loaded MG sets varies from 1:1 to about 1:4 depending on the type and
quantity of loaded MG sets used on a ship.

SOLID-STATE FREQUENCY CHANGERS

Solid-state frequency changers perform the frequency changing function with no
moving parts and are therefore potentially more reliable and maintainable than motor-
generator sets. Since mechanical inertia is eliminated, the solid-state changers can respond
faster to changes. However, the inherent filtering function of MG sets (due to mechanical
inertia) is not necessarily a characteristic of solid-state frequency changers. Frequency regu-
lation, which is difficult in MG sets, is simple in solid-state frequency changers. For these

reasons, solid-state frequency changers are beginning to replace shipboard MG sets and can be

expected eventually to totally replace them.

SPRUANCE CLASS FREQUENCY CHANGER. The SPRUANCE (DD 963) Class
destroyer uses three 150-kW solid-state frequency changers manutactured by Teledyne-Inet
to provide 400-Hz ship service power. This model frequency changer has also been tested on
USS TRUXTUN%S and is planned for the yet-to-be-launched patrol frigates. This is the first
major use of solid-state frequency changers to replace MG sets aboard US Navy ships.

3l)epurtmenl of the Navy Military Specification MIL-M-19633B (Ships), Motor-Generator, 60 Cycle AC to
400 Cycle AC (Voltage and Frequency Regulated) Shipboard Service, through Amendment-2, 17 January
1972

4NAVSE(‘ letter 6732:JK:1ml 9620/DLGN-35 FT-4619 Serial 205 to NAVSEC 6155C, Subject: USS

_Changers (SSFC), 9 October 1974
INAVSEC letter 6732 JK gl 9320, FT-4300, Serial 42 to NAVSEC 6155, Subject: USS TRUXTUN
(CGN 35)400-H7 System Interface Test, 23 March 1976




AEGIS MARK 84 FREQUENCY CHANGER. The AEGCIS area defense system
requires a 400-Hz power source with outstanding transient response. To meet this require-
ment, the 300-kW Mark 84 frequency changer is being developed by ALS Electronics for
installation aboard the NORTON SOUND. The technology used in the MK 84 is new to the
frequency changer field but is well established in other electronic disciplines. The new
approach gives superior performance over conventional design upproaches.(’

NAVY STANDARD SOLID-STATE FREQUENCY CHANGERS. The Navy is devel-
oping a standard family of solid-state frequency changers from 10 to 250 kW that is expected
eventually to replace MG sets and other solid-state frequency changers on Navy ships. The
program has been planned to avoid the many problems in reliability, maintenance, logistics,
and training that have occurred with previous frequency changers. A three-phase program
that will result in prototype units is nearing the end of the second phase.*

SHIP ELECTRICAL POWER SYSTEM DESCRIPTIONS

The electrical power systems of four diverse classes of ships were studied.”-19 A
detailed analysis of the power system was made for a ship selected from each class.

*Personal Communication from HP Wong, NAVSEC 6158D, to E Kamm on 5 February 1976 at NAVSEC,
Hyattsvnlle MD
ONaval Electronics Laboratory Center letter Code 4300 to CDR FE Beck, Naval Ship Engineering Center,
Subject: AEGIS MK 84 Frequency Changer Technical Risk Assessment, 15 November 1975

7Navy Fleet Material Support Office, Maintenance Material Management (3M) Reports: (a) Report MSO
4790-S2704-F-06, Material History Report, 400-Hz Systems, November 1975; (b) Tracking Report no 2,
MSO 47905.3014, FMSO Detection Action Response Technique (DART), 400-Hz MG Sets, August 1975
(L) Report MSO 4790.S2711-01, Logistics High Failure Equips, 14 December 1975
8OMMIO Naval Weapons Station, Ordnance Configuration Report, November 1975

INAVSEC Ship Equipment Configuration Accounting System (SECAS) Reports, NAVSHIPS 0967-485-
6040: (a) Report 502.1, Item Designation Sequence for DLG 0023, 4 January 1974; - for DDG 15,
14 May 1974; — for DE 1070, 6 December 1974; — for CVA 0064, 16 June 1974. (b) Report 505.1,
Field Change Status Report for NA 0064, 16 June 1974; — for DDG 15, 14 March 1975; — for DC 1070,
6 December 1974

10Naval Ship Systems Command, NAVSHIPS SIB-CVA 64-3, NS 0205-531-7503, USS CONSTELLATION
CVA 64, Ship Information Book, v 3, Power and Lighting Systems, February 1968

H Naval Ship Systems Command, NAVSHIPS 0205-636-4300, USS HALSEY DLG 23 Ship Information
Book v 3, Power and Lighting, July 1973

l I2Naval Ship Systems Command, NAVSHIPS SIB-DDG-24-3 NS 0905-011-2031, USS WADDELL DDG 24,

Ship Information Book, v 3, Power and Lighting Systems, February 1968

I3Bureau of Ships, NAVSHIPS SIB-DDG-15-3 NS 0205-702-4300, USS BERKELEY DDG 15, Ship Infor-
mation Book, v 3, Power and Lighting Systems, July 1963

4 Naval Ship Systems Command, NAVSHIPS 0905-135-5030, USS DOWNES DE 1070, Ship Information
_Book, v 3, Power and Lighting Systems, March 1971

IDNavy Fleet Material Support Office, Maintenance Support Office Department (9311), Equipment Identifi-
cation Code (EIC) Master Index, Sections I and I, July 1974

1oNaval Ship Engineering Center Norfolk Division, NAVSEA 0967-6P034-4010, Index Electronic Equip-
ment Installation Control Drawings, v I, April 1975

l Bl PERS/NAVPERS Report 10, 794-C, Shipboard Electronic Equipment, 1975
SMoore, JE (Editor), Jane's F ighting Ships, Jane’s Yearbooks, London, 1975/76

lQ.“JAVSF/\ Journal, Fleet Maintenance and Logistic Support News, May 1975




CLASS: KNOX (FF 1052) FRIGATE

SHIP: USS DOWNES (FF 1070)

There are 46 frigates of this class, which is the largest group of frigates built to the
same design since World War Il. Originally classified as ocean escorts (DE), they were reclassi-
fied as frigates (FF) 1 July 1975.

The ship selected from the Knox class is USS DOWNES (FF 1070). The DOWNES
was built by Todd Shipyards (Seattle) and commissioned on 28 August 1971. Figure 2 isa
simplified one-line drawing of its electrical power systems. The ship’s primary power is
60 Hz ac — provided by three ship service 750-kW turbine generators. The 400-Hz system is
powered from the 60-Hz system and consists of two 100-kW motorgenerators (MGs) and
associated switchboards, control panels, and distribution cables. The connected load of the
400-Hz system is about 8 percent of the ship’s total connected load.

CLASS: ADAMS (DDG 2) DESTROYER
SHIP: USS BERKELEY (DDG 15)

There are 23 destroyers of this class, built to an improved Forest Sherman design.
These destroyers are considercd excellent multipurpose ships.

The ship selected from the Adais class is USS BERKELEY (DDG 15). The
BERKELEY was built by the New York Shipbuilding Corporation and commissioned
15 pecember 1962. Figure 3 is a simplified one-line drawing of its electrical power system.
The ship’s primary power is 60 Hz ac — provided by four S00-kW turbine generators, two
power switchgear groups for control and distribution, and two 100-kW emergency generators.
The 400-Hz system is powered from the 60-Hz system and consists of two 100-kW MG sets
for ship service power and three each 60 kW and 30 kW MG sets for special-purpose 400-Hz
requirements. The connected load of the 400-Hz systent is about 4 percent of the ship’s total
connected load.

CLASS: LEAHY (CG 16) CRUISER

SHIP: USS HALSEY (CG 23)

There are nine ships of this class, referred to as “double ended” missile cruisers. They
are especially designed to screen fast carrier task forces and were originally classed as guided
missile frigates (DLG). They were reclassified as guided missile cruisers (CG) on | July 1975.

The ship selected from the Leahy class is USS HALSEY (CG 23). The HALSEY was
built by the San Francisco Naval Shipyard and commissioned 30 July 1963. Figure 4 is a
simplified one-line drawing of its electrical power system. Primary power is 60 Hz supplied
by four 1500-kW turbinc generators with two emergency backup 300-kW gas turbine gener-
ators. The 400-Hz system is powered from the 60-Hz system and consists of three 200-kW
MG sets for ship service power and eleven 60-kW MG sets for special-purpose 400-Hz require-
ments such as powering the AN/SPG-55B radar cw illuminator. The connected load of the
400-Hz system is about 13 percent of the ship’s total connected load.

CLASS: KITTY HAWK (CV 63) AIRCRAFT CARRIER
SHIP: USS CONSTELLATION (CV 64)

The four ships in this class were built to an improved Forrestal design and are being
modified to operate as multipurpose aircraft carriers. The John F Kennedy (CV 67) is

11




T andiy

\_

I | |
I I I
[ | |
| 94S2z | |
LNOD | |
I oW _ |
Savon | M 001 “ _
A 0ZL I =
| [ |
1
L
_ 8 ; |
| A1 001 [ "
I 94SL _ |
INd
savol
__ savol | | LNOD | S0 s PR gl
| A0SV oW | | m , 1
I |
v L]
| I | 4 MY 0SL
|
“ ' [ savor | ! =
| A-0ZL _ H
| | | 2
| I | 1 MY 0SL
|
_ | I | savon M
! [ I | Aosy F = 1
| | |
MY 0S/
| | |
}

AOZL 2H 00% — A0Sy ?H 00—+ A 0ZL 2H 09

(0£0T 44) SINMOQA SSN W3ILSAS TvOIHLO31d




¢ a3y

7

sSavon
AOCL

A0Sy

\-

ANOCL
ZH 00¥

ZH 00V A OSP + A0ZL zH 09+ A0Sy 2H 09—

(ST 9aa) AIT1INY3IF SSN WILSAS TVII¥LO313

|
! _
| J
_ |
_ —~+
| agms | M10€ _ 5] a
| Nivw | M1OE _ nmu%_
| M € | | 7
— OO _
_ savor |19 _ o
_ 371SSIW | M1 09 % m M 001
_ oo OO t P
ERIES 20 Q! +
“ Savon S.diHs | M100L _ | j.@ i
A0SY p avol |
_ IfoNINLHOIN[T M M 00S
| _
| savol | |
| “ Aozt [T ko
| ay¥vos -
| | I'] savol woums FO) 1
| [
| |
L

IS




‘t andiy

\

| il
“ MY 09 8\ i |
| MY 09 8\ 1 i
| ) C) = |
| 4SY MY 09 | _
L 1
| asms MR O.Om! -
i §
_ MY 09 8 | I
i L
| wios AW .
]
“ 0o 0.0 i “
1
| MY 09 80 & |
_ ﬁli.AHX!V i 1
_ 452 M09 ! [
| asms OO J“
| |
_ wr0s AN _ w
| I I
savon > | YR — H
A 021 |T MY 00Z A¢d T
B - oe— i
I 30I1AY3s | M1 00C | |
| | savos SdHS P 1 : .
| A0Sy | avol i 5
ONILHOI[ | 0
| _ | 9
I
I _ savol | ! d
| | AOCL 1 i
_ |
I I M
_ ! “ savol .
_ ! A-0SY
| | |
- A OZL ZH 009 +————— A0SV ZH 0O¥ 4—nAo0zL  zH 0o —4 A OSP ZH 09

(€2 9I) AISTVH SSN WILSAS TvII¥LO313

H3IW3
MY 00E

M 00SL




officially a separate one-ship class. All four ships in this class have highly sophisticated elec-
tronic equipment, including NTDS.

The ship selected from the Kitty Hawk class is USS CONSTELLATION (CV 64). The
CONSTELLATION was built by the New York Shipyard and commissioned 8 October 1961.
Figure § is a simplified one-line drawing of the electrical power system. Primary power is
supplied by eight 60-Hz 1500-kW ship service turbogenerators and, for emergency, three
1000-kW diesel generators. The ship has a 400-Hz prime power system consisting of two
400-Hz 600-kW ship service turbogenerators.* It also has a secondary 400-Hz system powered
from the 60-Hz system and consisting of two 100-kW MG sets for ship service power and, for
special needs, six 60-kW, three 100-kW, and six 5-kW dedicated MG sets — 15 MG sets in all.
The combined installed capacity of these 400-Hz MGs is about 14 percent of the ship’s total
installed capacity excluding aircraft needs.

*These two 400-Hz 600-kW turbogenerators have since been replaced by two 300-kW MG sets, and a third
300-kW MG set is to be added.
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HISTORICAL REASONS FOR 400-Hz POWER

For many years the designer of shipboard electronic systems has had the choice of
specifying either 60- or 400-Hz input power for specific equipment. During these years the
available components and technology allowed him to achieve a smaller and lighter electronic
system by specifying 400-Hz input power, because 400-Hz transformers, motors, generators,
synchros, and filters are all lighter and smaller than their 60-Hz counterparts. A 400-Hz
50-kW transformer, for example, is 345 pounds (155 kg) lighter than a 60-Hz 50-kW transformer.

The problem with that approach is that the basic shipboard power source is generally
a 60-Hz generator. Equipment designed for 400-Hz power input therefore requires a frequency
changer between it and the 60-Hz ship service generator. A 60-kW MG set can weigh from
3600 to 5900 pounds (1.6 to 2.7 Mg) depending on its regulation and line-balancing features.
For redundancy, a standby MG set often is installed. Thus designing equipment to use 400-Hz
electronics so as to “‘save” 345 pounds (156 kg) actually can add 3600 to 11800 pounds
(1.6 to 5.4 Mg) to the ship’s electrical power system.

The realization of this severe weight penalty led to BUSHIPS Instruction 9600.15 of
21 January 1963, which set a policy prescribing the use of 60-Hz power in preference to
400-Hz power. The order of preference was incorporated in superseding specifications MIL-
STD-761 followed by MIL-STD-1399, Section 103.

Unfortunately, two factors have worked against the success of the 60-Hz preference
policy. First, as explained above, the weight cost of using 400-Hz power seems like a savings
instead of a penalty when the tradeoffs are made exclusively at the electronic system level.
The overall penalty of using 400-Hz power does not appear until the tradeoffs include the
impact on the total ship. Second, the MGs used for frequency changers can serve as filters
that smooth out line and load transients and harmonic currents. Although filters are some-
times necessary for operation of electronic systems aboard ship, the penalties involved in
using MG sets for filters do not appear until the design tradeoffs are taken above the elec-
tronic equipment level.

Figure 6 summarizes the historical reasons for using 400-Hz power.

The following sections discuss transformer and filter weight and system-level versus
equipment-level tradeoffs in more detail.
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TRANSFORMER AND FILTER WEIGHT

Theoretically, the weight of a conventional transformer varies inversely as the 3/4
power of frequency, provided flux density, current density, and other design parameters are
held constant.20 (These parameters are seldom held constant, however, since they affect
transformer losses, temperature rise, and regulation.)

Figure 7 compares the weight and volume of the various 60- and 400-Hz transformers
used aboard Navy ships. The 400-Hz transformers have about 33 percent of the weight and
40 percent of the volume of 60-Hz transtormers with the same kVA rating. Similar weight
and size advantages occur for motors, generators, and synchros.

Line filters for 400-Hz systems are also smaller and lighter than those for 60-Hz sys-
tems. Theoretically, 60-Hz capacitors are 6.67 times heavier and 60-Hz inductors 4.14 times
heavier than their 400-Hz counterparts. (Capacitor weight varies inversely with frequency:
inductor weight varies inversely as the 3/4 power of frequency.)

Where size and weight were important, the electronic system designer usually specified
400 Hz over 60 Hz if both were available, merely on the basis of the lighter-weight magnetics
and filter. For example, a 50-kW 60-Hz transformer weighs 510 pounds (230 kg), whereas a

50-kW 400-Hz transformer weighs only 165 pounds (74 kg), a savings of 345 pounds (156 kg).

The electronics designer took these equipment-level savings as an advantage, failing to con-
sider the impact at the ship level.

o] . - . .
"OO)rcy, PD, Analytical Optimization of Magnetics for Static Power Conversion, Supplement to 1EEL
Transactions on Aerospace, June 1965, vol AS-3, no 2, p 86-89
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SYSTEM VERSUS EQUIPMENT TRADEOFFS

The difference between making tradeoffs at the electronic system level versus at the
ship level can easily be illustrated (fig 8). The electronic-level tradeoff shows the difference
in weight between 60- and 400-Hz transformers as a function of load kW. A moderate elec-
tronics weight saving is achieved by specifying 400-Hz input power. The more realistic ship-
level tradeoff considers the weight of an MG set to provide 60- to 400-Hz conversion minus
the weight saved in the electronics by using 400-Hz power. The tradeoff at the ship level
shows a substantial weight penalty in the total system (ship plus electronics) where 400-Hz
input power is specified for electronic equipment.

The soundness of choosing 400-Hz power for electronics in ships with 60-Hz prime
power is questionable even for conventional technology using 60-Hz magnetics. Recent
advances in power electronic technology that eliminate the need for line-frequency magnetics,
either 60-Hz or 400-Hz, further support the specifying of 60 Hz for electronics on 60-Hz ships.
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TECHNOLOGICAL IMPACT ON 400-Hz POWER FOR ELECTRONICS

Two trends in power electronics technology are impacting the historical preference of
400-Hz power tor shipboard electronics. |

First is the increasing use of switching mode power conversion techniques in elec- |
tronic systems. The frequency of the switching is usually not related to the powerline fre-
quency. The size and weight of the magnetics and filters are functions of the switching
frequency, not the line frequency. Therefore, selecting 400-Hz power over 60-Hz power no
longer results in a size or weight savings in the electronics.

Second is the use of switching mode techniques in the solid-state frequency changers
that are replacing MG sets. These solidstate frequency changers do not inherently have the
integrating characteristics provided by the mechanical inertia in MG sets. The new frequency
changers protect the load from line transients and also act as harmonic filters. However, they
provide little integration of load changes. Any change in load is mostly passed directly to the
power source of the solid-state frequency changers (the 60-Hz power system). Frequency
changers will be less eftective for “hidden” filters than they are now.

SWITCHING MODE POWER CONVERSION

Figure 9 is a typical block diagram of the new switching mode method of power con-
version. The emi filter provides the high frequency filtering needed to pass emi specifications,
such as MIL-STD-461 CEO03 (powerline conducted emission between 20 kHz and 50 MHz).
The line frequency has little impact on the size of this filter. The three-phase ac power is then
directly rectified to dc power with no intervening powerline transformer. The dc¢ voltage is
155 Vdc fora 115 V line-to-line ac input and 590 V dc for a 440 V line-to-line ac input. The
peak-to-peak ripple is about 13 percent and has a frequency of 360 Hz for 60-Hz input power
and 2400 Hz for 400-Hz input power. This dc¢ voltage is then lightly filtered. The filter is
determined by the characteristics of the switching regulator21 rather than the powerline

2IMiddlebrook, RD, Input Filter Consideration in Design and Application of Switching Regulators, paper
presented at IEEE Industry Applications Society Annual Meeting, Chicago, 11 October 1976
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Figure 9. Switching mode regulator block diagram.




frequency, so that powerline frequency has no impact on the size of this filter. The 13 per-
cent ripple is attenuated by the dynamic regulaticn characteristics of the regulating de-to-de
converter. The de-to-dc converter uses either solid-state thyristors or power transistors as the
switching element. The switching trequency is determined by the state of the art and by the
requirements of the system. Presently. the switching frequency is between S and 50 kHz for
lll_\'l‘lxl(»r>33~33 and between 20 and 100 KHz tor transistors.~4 The dec-to<dc converter con-

tains the first transformer in the system. which provides transtormer isolation between the
power source and the load and transtorms the voltage to required levels. The transformer size
is determined by the switching frequency (5 to 100 kHz) and 1s independent of the line fre-
quency (60 or 400 Hz).
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