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and expansion of R&D activities associated with the remaining problems.
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OBJ ECT IVE
Investigate the cost and system penalties associated with shipboard frequency changers

and explore technolo gical methods of reducing the need for such equipment.

RESU LTS
I.  Frequency changers aboard Navy ships have high acquisit ion. operating,  and sy’~-

tern costs.
.. . Properly applied , switching mode power supplies like those now bein g 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 effec t i v e ly  in a
ti me pe r iod a ppro x imat i ng t he average life cycle of an electronic system.

4. Whether or not frequency changers are eliminated , the p roblems of redu cing har-
monic currents and powering pulse loads will remain.

RECOMMENDAT I ONS
I .  Inform the Na vy technical and management commun i ty  of the desirabi l i t y  and

oppor tuni ty  of reducing the need for frequency changers.

2. Mod ify specifications and standards to require equipments  and sy ste ms to use
power in the for m ge n erated by the platf orm pri ma ry elect r ical pOWer sources.

3. Provide technical support to acquisition managers and contractors who arc
unfamiliar with the switching mode power technol ogy.

4 . Ex pa nd R&D act iv i t ies  associated wi th  harmonic  cur r en t  suppression a n d Pulse
loa ds.
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PREFACE
The objective of this technical document is to provide the technical background and

bibliography for NELC ID 488 , Reduction of Shipboard 400-Hz Power Requirements —

Executive Overview , by J Foutz and E Kamm , 1 October 1976. It has been wri t ten as a free-
standing document to avoid cross references to ID 488. It therefore includes both the info r-
mation from ID 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 IN 2828 .*
Conversion of 400-Hz Shipboard Electronic Equipment to 60-Hz Electrical Pow~r Sources ,
by J Foutz and E Kamm , 7 November 1974 , which completed the NAVSEC OMN portion
of the project.

•NELC technical notes are wor king documents and do not represent an official policy statement of NOS( .
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iNTRODUCT ION
Except on a few small high-performance ships such as hydrofoils and st irf acc -c lkc t

ships , the shipboard prime electrical power for Navy ships is supplied by tu rb ine  gen era to rs
with three-phase , 60-Hz , 450-V ac ou tpu t .  Most shipboard machinery and electronic systems
use 60-Hz power , but there are some that  require 400-liz power. For these loads a ô0- to
400-Hz frequency changer , usually a motor-generator (MG ) set , is used ( t i g  I ) . MG sets typi-
cally have logistic problems , poor reliability and m a i n t a i n a b i l i t y ,  and und esirable  load coupl in g
that is att ributable i.o sou rce impeda n ce eff ect s.

To alleviate these major problems , the Navy is conducting a vari t ~ty of programs t h a t
incl ude

Redesigning the MG sets as well as improvin g them with modification ki ts
Replacing the MG sets with solid-state frequency changers
Combining frequency changers with other components such as passive and act i ’e
filters , to give better system performance.

This program investigates the cost and system penalties associated with shipboard I re-
q u en cy changers . The high cost of frequency cha ngers is em phasi zed to s t imula te  e ffect ive
action toward reducing their use in future  Navy ships.

This program investigates the possibility of el iminat in g the need b r  f requenc y changers
through the use i’ r tech nologies and shows tha t  those technologies are avai lable .  Part icu-
larly signifi ca ,i i labi l ity of switching regulator technology , a n iomen tou s technologi-
cal advance v L: ri place in recent years in the field of power conversion.
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A PP RO AC H

First an ove rall review was l)ertotmed of shipboard e lec t r ica l  power sy stem compo-
nents , includin g frequenc y changers , both motor-generator (MG sets and solid s t a t e  Ire-
quency changers (SSFCs . Then the specific power system ( i t  t our  diverse ships was looked a t .

The historical reasons for using 400-Hz power were reevaluated  in the  light of current
technology.  I w o  trends in power electronics  were shown to negate the  cla ssic a l  si/ c and
weight ad~ antages of 400-liz power over 60-Hz power.

The costs of frequency changers were examined from data obta ined for i n s t a l l a t i o n .
rel iabi l i ty ,  ma in ta inab i l i t y ,  space , weight , fuel , and impedance coupling.  Also , specific ..ost
examples from Navy letters and reports were looked a t .  The a n t i l i a l  m a i n t e n a n c e  and fue l
costs were projected f0r four diverse ship types.

A comprehensive review of the new switching regulator  technology was made .
because i ts  adven t  has inade it more feasible to reduce the  use of shipboard 400-Hz . Various
power supply technologies were compared. The advantages of swi tch ing  regulators  were
detailed . The Na vy ’s use of switching regulators , the  ava i lab i l i ty  of s w i t c h i n g  regula tor  tech-
nology. and potent ia l  problems involving switching regulators  were then s tudie d .

Shipboard components other  than power conversion c i r cu i t r y  were examined  to
determine th c i r  impact on designing for frequency independence.

Also reviewed were two Problems found in both  400-Hz and 60-Hi. shipboard power
systems - harmonic currents  and pulse loads. For harmonic  cur ren t s ,  several p o t e n t i a l  solu-
tions were examined .

DESCRIPTION OF SHIPBOARD ELECTRIC AL POWER SYSTEMS

INTRODUCTION
The shipboard electr ical  power system is first described in general terms.  F requency

changers are then  described in greater dep th .  A more detai led descr ip t ion  is then given of
tour  ships in d i f ferent  classes: USS DOWN FS. USS B E R K E L E Y . [SS HALSEY . and USS
CONSTELL A TION

GENERAL DESCRIPTION
Primary electrical power on all Navy ships , w i th  few ex cep t ion s ,* is generated as

three-phase 450-V 60-Hz power. Typica l ly ,  power is generated by redundan t  ship service
turbi ne driven generators augmented by emergency generators. Each generator is located in
a sepa rate watert ight  compar tment .  The elect rical power is dis t r ibuted t hroug h ship service
switch gear groups and emergency switchboards  on ungrounded three-wire 450-V feeders.
These feeders supply single large auxi l i a r ies .  d is t r ibut ion panels , t ransformers.  au toma t i c  bus
transfer  eq u ip m ent , and 60- to 400-Hz fre quency changers. A casual ty power system is pro-
vud ed that  consists of portable cables , water t igh t  riser and bulkhead  te rminals  to carr y t he
circuit  throu gh compar tment s  wi thout  i m p a i r i n g  the wa te r t i gh t  i n t eg r i t y  of t h e  vessel , porta-
ble ca sua lt  switches , and c a sua l ty  t e r m i n a l s  on d i s t r i b u t i o n  panels.

Various pro tec t ion  devices su. Ii as circuit  breakers and overvol tage  re lay s  . i i e  pro s dcii .

One ex ception is the PHM (Patrol l lvdro t oi l  ~Iissile 1 clas s of ships .
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The combined 60-Hz generat ion and dis tr ibut ion system form’ a r e d u n d a n t  e lect r ical
system eapa ’ k  of ’ providing electrical power even af ter  sustaining considerable damage such
as compartment  flooding ; the shorting of a feeder to the hu l l ;  and loss of cabl ing ,  generators .
switch panels , and trans t ’ormers. Since ship steering, firefighting , combat capabi l i t y ,  and
other vital funct ions  depend on electrical power , the ava i lab i l i ty  of electrica l  power to these
func t ions  is v i t a l  to the  ship. Ship service 60-Hz power provides these v i ta l  e lec t r ica l  needs.

The character is t ic s  of shipboard ac power are controlled by an interface standard for
shipboard syste ms: MIL-STD -l399 , Section 103 — Electric Power , Alter nat in g Current . 1
The characteristics of the power are controlled at the load dis t r ibut ion pan els. The power
described so far is det ’ined in the interface standard as three-phase 60-Hz 440-V ac Type I
power and is designated in the inter face standard as the preferred power . if power w 1 i  any
other characterist ics is required , addi t ional  equipment  must  be added to the  ship service
power system. The least equ ipment  impact occurs if single-phase ra ther  than three-phase
power is used no equ ipment  is added , but  care must  be taken to mainta i n  line ba lance , and
the harmonic current an ip l i t u d e  distribution may be changed .

The use of ’ 115-V ac power instead of 440-V ac has somewhat greater i m p a c t .  Three
single-phase transformers are then added to the system. Addi t iona l  d is tr ibut ion 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 d i s t r ibu t ion  point .

The major impact  to the power system occurs if a change in t’requeney 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 operat in g from dc power. which is obtained by rect if icat ion of ship ’s three-
phase 60-Hz power. The 400-lIz system has its  own dis t r ibut ion  system consisting of feeders .
control panels . trans l’ormers , etc and is provided as ship service power.

Since the 400-Hz power system requires the 60-liz system for operation , 400-Hz ship
service power is a lways a less reliable source 01 power than  60-Hz ship service power.  As
e xp lained 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 f requency changers ,  usual ly  motor-generator I MG )

sets , but  solid-state inverters are start ing to he used . The characterist ics of shipboard 400-Hi
power are specified by M I L-STD-I 399 . Section 103 . for Types I .  Ii . and Il l  power, in which
lypes I and II have the same character is t ics  as those for 60 Hz and Type Ill is more closely
regulated ,  wi th  steady-state average voltage and frequency both wi th in  0.5 percent.

MOTOR GENERATOR SET S
There are two m i l i ta ry  specifications covering 60-Hz to 400-Hi ac motor -genera tor

power supplies for  Navy  surface sh ip s .  M I  L - M -l 9  I 60( — specifie s general -purpo se M( .s s~ h ose

I Departmen t ot the \:iv ~1il i ia r ~ St , indar d MI L — STD . l  ~~~ Sec t ion 1( 13 . In t e r f ace  S tanda rd  t~~i Ship board
Svsteii is . I lect ric Power , Al ternat ing (‘urrent . I December I 07 ()

Departmen t of the N .iv~ Ntilii.i ry Specil catio n M I L - M~ 191 i~fl( (SHIPS ) . Moi r-G en era ini . (‘0 lleo, t o

400 Hertz \( Ship board Service . 30 Septeiiih e i t 970
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voltage is regulated to ±0.5 percent. MIL-M- 19633B 3 specil ’ies general-purpose and special-
purpose MGs whose voltage and frequency are regulated to ±0,5 percent and which require
so lta ge  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 specil ’ica-
io ns is required to supply output  power .~ith ki lowatt (kW ) ratings of ’ 5 . 10 , 15 . 30 , 60 , 100 .
00, or 300 , as specified : per MIL-M-l9 160C , generators can also have 0 .5- . I .5- , or 3-kW

ratings.  The kW ra t ing  of an MG set is impor tan t  because it affects the out  put  impedance ot
lie %I ( p set .  [he lower the kW rating the higher the output  impedance , theret ’ore the greater

the possibility of i nteraction between loads on the same MG set.
MG sets are often used as filters in addit ion to their main function of changing fre-

(luency. The mechanical inertia of the MG set acts as an integrator or low pass t’ilter , 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 , th ereby
acting as a harmonic current filter. It is this filtering function of MG sets that results in the
dedicati on of MG sets to specifi c equipments.

Because the MG set is a single point of failure t’or a system , redundant  MG sets are
required to assure the availabili t y of 400-Hz power.

Th e f il ter ing funct ion and redunda n cy req uire m ents have re sul ted in a prol i ferat ion
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 s tand by (or
ext ra parallel ) to loaded MG sets varies from 1:1 to about 1:4 depending on the type and
q uant i ty  of loaded MG sets used on a ship.

SOLID-STATE FREQUENC Y CHANGERS
Solid-state frequency changers perform the f requency changing func t ion  w i t h  no

moving parts and are therefore potent ia l ly  more reliable and main ta inab le  than  motor-
generator sets. Since mechanical inertia is e l imina ted , the solid-state changers can respond
faster to cha nges. However , the inherent  f i l teri n g funct ion of MG sets ( d u e  to mechanical
inertia ) is not necessarily a characteristic of solid-state frequency changers. Frequency regu-
latio n , which is d i f f i cu l t  in MG sets, is simple in solid-state t’reque ncy changers. For these
reason s, sol id-state frequency changers are be ginn ing to replace shipboard MG sets and can he
expected eve ntual ly to totally replace them.

SPRUANCE CLASS FREQUENCY CHANGER. The SPRUAN(’ E (DD 963) Class
destroyer uses three I 50-kW solid-state frequency changers manufac tu red  by Teledyne-Inet
to provide 400-Hz ship service power. This model f requency changer has also bee n tested o n
I’SS TRUXTUN 4 ’5 and is planned for the yet-to-be-launched patrol frigates.  This is the first
major use of solid-state t’r equ ency changers  to replace MG sets aboard US N a v y  ships.

~l)epart mei it ot the Nav~ Mil i t . i r y  Specit ’ica iion M I L -M~l9633B t Ships ) . Mot or .Ge n erat or . 60 (‘yc le \ i, t o

400 ( s c l e  A( ( V o l t ag e  a n d Frequency Regula t e d )  Shipboard Service , through Amen d ment ~2 . I 7 J a n u a r y
197 2

4NAVS E(’ letter ti 73 2 J K lnil %2() 1) 1 (,N.3S FT.4619 Ser ia l  205 i i )  NAVSE(’ (si ~ 5( 5iiI ~ieci  I 55
I R t ’ X T I  N ( [ ) I L N  35i  ( um p a i i h i l i i~ ( l i eck s an d Ev a lua t ion  I i1) 41 ) 1) 11 ,  Solt d ’Sta t e Frequ enc ~
( Ii,oi~e rs (SSF( ), ri ( ) c t hei P) ’4

~\~~\ S t (  le t ter  i , ’
~32 .1K gI i~ 2) I I 4~ ) 5 Se rial 3 2 1  NAV SI ( (sI~~~. Siih)e~ t I 55 IRt  \ l t  \

~( (,\  3 5 (400117  Ss~~i. ’ i i i  I n t e r l a c e  t c s r  ~ \ I , i r ~ l i lu l ? i~
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AEGIS MARK 84 FREQUENCY CHANGER. The AEGIS area det ’ense system
requires a 400-Hz power source with outstandi ng transient response. To meet this require-
ment , the 300-kW Mark 84 l’requency changer is being developed by ALS Electronics t’or
installation aboard the NORTON SOUND. The technology used in the MK 84 is new to the
frequency changer field but  is well established in ot her electronic d iscip li ne s. The new
approach gives superior performance over conventional design approaches . 6

NAVY STANDARD SOLID-STATE FREQUENCY CHANGERS. The Na vy is devel-
oping a standard family of solid-state frequency changers from 10 to 250 kW that is expected
eve ntually to replace MG sets and other solid-state frequency changers on Navy sh ps. The
progra m~has bee n planned to avoid the many problems in reliability, maintenance , logistics .
and training that have occurred with previous frequency changers. A three -phase program
tha t w ill result in prototype units is nearing the end of the second phase , *

SHIP ELEC TRiCAL POWER SYSTEM DESCRIPTIONS
The electrical power systems of four diverse classes of ships were studied .7~~

9 A
detailed analys is of the power syste m w as made for a ship selected from each class.

*personal Communication from HP Wong, NAVSEC 61 58D , to E Kamm on 5 February 1976 at NAVSEC .
Hyattsv ille , MD

6Nava l Electronics Laboratory Center letter Code 4300 to CDR FE Beck , Naval Ship Engineer ing Center ,
Subject: AEGIS MK 84 Frequency Change r Technical Risk Assessment , 15 November 1975

7Navy Fleet Material Support Office , Maintenance Material Management (3M) Reports: (a) Report MSO
4790-S2704-F-06, Material I-hstory Report , 400-Hz Systems , November 1975; (b) Tracking Report no 2.
MSO 47905.3014 , FMSO Detection Action Response Technique (DART), 400.Hz MG Sets , A ugust 1975;
(c) Report MSO 4790.S27 1 1.0 1 , Logistics High Failure Equi ps , 14 December 1975

8O~1MIO Naval Weapons Station , Ordnance Con f igu rat io n Report , N ovember 1 975
9NAVSEC Shi p Equipment Confi guration Accounting System (SECAS) Reports , NAVS HIPS 0967-455-

6040: (a) Report 502 1 , Item Designation Sequence for DLG 0023 , 4 January 1974; - for I)DG IS .
14 May 1974; - fo r DE 1070 , 6 December 1974; - for CVA 0064 . 16 June 1974. (b I  Report 505.1 ,
Field Change Status Report for NA 0064 . 16 June 1974: . for DDG 15 . 14 March 1975 ; - t o r  DC 1070.
6 Dece mber 1974

‘°Nava l Ship Systems Command , NAVSHIPS SIB .CVA 64-3 , NS 0205-53I .7503 . t’SS ( ON ST E L I A [I ON
CVA 64 , Ship Information Book , v 3, Power and Lighting Systems . F ebruary 196S

I I  Nava l Ship Systems Command , NAVSH IPS 0205-636-4300 , USS HALSEY DLG 23 Ship Informat ion
Book , v 3, Power and Li ghting, July 197 3

~Nava l Ship Systems Command , NAVS 1-IIPS SIB .DDG-24-3 NS 0905.01 1 -2031 . IJSS \ \ .~DDE LI DD( 24 .
Ship Intormat ion Book , v 3. Power and Lighting Syste ms , Febr u ar y  1 96~I 3Bure au of Shi ps , NAVSH IPS SIB- DDG- I5 -3 NS 0205-7024300 , USS BERKELEY DDG I S . Shi p Info r-
matio n Book. v 3, Power and Li ghting Systems , July 1963

14 N ava l Ship Systems Command , NAVSH IPS 0905-I 35-5030 , USS I)OWN E S DE 1070. Ship Inlormat ion
Book . v 3. Power arid Light ing Systems . March 1971

I 5N .rvy Fleet Material  Support Office . Maintenance Support Ol ’tIce Department  (93 11) .  Equ ip ment  Id e r i t i l i -
ca t ion  ( ode I EI(’ ) Mas t er Inde~ . Sec1iotis I and II . Jul y I 974

I 6N.iv a l Ship Engineering (‘crOci Nortolk Division , NAVSEA 09n7~6P-03440I0. Index E lec t ron ic  Equip .
incu s lii st aUat ion (‘ontrol Drawings . v I , A pril 1975
B IJPLRS NA V PI RS Report  I D . 7944’, Ship board El ectronic I qui pm en t . 1975

I 5 Moore . i i  I d i t o r  (.  J , ine ’s l igh t ing  Shi ps . Jane ’s Ycarb ooks , L ondon , 1975/76
I NA V SFA Journ a l .  Fleet Ma inte t ia i i ce  an d Logist ic  Support News . May 1975
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CLASS: KNOX (FF 1052) FRiGATE
SHIP: USS DOWNES (FF 1070)

There ~re 46 frigates of this class , which is the largest group of fr igates built  to the

same design since World War II. Originally classified as ocean escorts (DE ),  they we re reclassi-

fied a~ t’riga ’es (FF) 1 July 1975.
The ship selected fro m th e Knox class is JJSS DOWNES t F F  1070), The DOWNES

was built by Todd Shipyards (Seattle) and commissioned on 28 August 197 1. Figure 2 is a

simplified one-line drawing of its electrical power systems. The ship ’s pri mar Y power is

60 Hz ac - provide d by three ship service 750-kW turbine generators. The 400-Hz system is

powered from the 60-HZ system and consists of two l00-kW motor-generator s (MG 5 ) and

associated switchbo ards, con t rol pa nels , and distribution cables. The connected load of the

400-Hz system is about 8 percent of the ship ’s total connected load .

CLASS : ADAMS tDDG 2) DESTROYE R
SHIP: USS BERK ELEY (DDG 15)

There are 23 destroyers ot this class , buil t  to an improved Forest Sherman design .

These destroye rs are consider ~d excellent multipurpose ships.

The ship selected from the Adams class is USS BERK ELEY (DDG 15) .  The

BERKEL EY was bu ilt  by the New York Shipbuilding Corporation and commissioned

IS December 1962. Figure 3 is a simplified one-line drawing of its electrical power system.

T’~e ship ’s primary power is 60 Hz ac — provided by four 500-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

b r  ship service power and three each 60 kW and 30 kW MG sets for special-pur pose 400-I-I t

req uirements. The connect ed load of the 400-Hz systet~t is about 4 percent of the ship ’s tota l

conn ected load .

CLASS : LEA FI Y (CG 16~ CRUISER
SHIP: USS HALSEY ( CG 23 )

There are nine ships ot’ thi s class , re ferred to as “do uble ended” missile cruisers. They

are espec ial l y desig ned to scree n f ast ca rri er task t or ces a nd were origina ll y classed as guided

missile frigates (DLG). They were reclassified as guided missile crt iisers (CG ) on I J ti ly 1975

The ship selected from the Leahy class is USS HALSEY (CG 23 ) .  The HALS E Y was

bu i l t  by the San Francisco N aval Shipyard and commissioned 30 Ju ly  1963. Figure 4 is a

simplified one-line drawin g ot its electrical power system. Pri mary power is 60 Hz supplied

by four 1500-kW turbin e generators with two emergency backup 300-kW gas tu rb ine  gener-

ators. The 400-Hz system is powered from the 60-Hz system and consists of thr ee 200-kW

MG sets for shi p service power and eleven 60-kW MG sets for special-purpose 400-lit require-

ments  such as powerin g the AN/ SPG-55B radar cw i l luminator .  The connected load ot the

400-Hz system is about 1 3 perc ent of the ship ’s total  connected load.

CLASS: KITTY HAWK (CV 63) AIRCRAF T ( ‘ARR I ER
SHIP: USS CONSTELLATION ((‘V 64)

The fo ur sh i ps i n th i s c l ass w ere b u i l t to an improved Forr estal  des ign and are b e i n g

modi fied to operate as multipurpose aircra ft carriers. The John F Kennedy ( V  ( s 7 (  is

1I

— F::~ ~ ‘ - -j



>

N1
0 B

—

k
1
1

~~~~~~~

~~(c, ”l ~ (o)
U)
C’) — (

~
) — (f) 

+ 
> _ _ _  _ _ _

LU

>- - - - --  . 

C,) _ _

__I >
~~

2 Hrrn _  _ _ _

I-
C.) ~ — I - U I  ~~~~~~~~

12 H

iL -_
- =-

~~~~~~~~~~~~~~~~
-

~~~~~~~~~~~~~: 

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _ _



-

,‘. (I)
I> > O

1~ I

L~-’’
>-
I I _ _ _ _ _

LU § 
~~~~ I 2 ~> 2~~ I i~5< I ~~~~~LU ~ ~ E ~ S

~~~~~~ 

:— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

UJ ~~~~~~~~~~~~
~~~~~

-J

>- .- - - -  - -  -..- - -- -

Cl)

~~~ L&.AJ LA_AJ

F 
_ _ _ _
_c

~~~~ 

r~~~
_  i t  _

I—  
_ _ _ _ _

CI.) 
•‘

LU ~
I__I ~~ 

_________________________________________

LU 
j 

~~ I E ~I
I- 0

13

— ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ -~ 
_ _ _ _ _  _ _ _ _



>

Cd,
> n

I
§ ‘- -4

—
~~~~~~C~) L...

C\J —

~~~~~~ LA_A.)

>—~~~LU
Cl) ’  

_ _ _ _

_ _ 

I
1 N  >

~~ ~~~Cfl~~
>~ 

~D 
I

~~~~~~~~~~
_I 

~~~~~~~~> 
~ LA... &) L&.A. ..’

C.) 
_2

I- > 
_ _ _

LU v,~~~— I - OI

1 1 1 1 1 1
(~ ) (ta ) (~ ) (i’) (~

‘) (
~

~~~ ~~~
~Lj ~LJ ~LJ ~L1iH~H

4



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 5 is a simplified one-line drawing of’ the electrical power system. Primary power is
supplied by eight 60-Hz l500-kW ship service t ur bogenerato rs and , for emergency , three
l000-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
fro m the 60-Hz system and consisting of two lOO-k W MG sets for ship service power and , for

special needs , six 60-kW , three 1 00-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-Hi 600-kW tur hogene r ators have since been rep laced h~ two 300-k~ MG sets . a r i d  a t h i r d
300.kW MG set is to he 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.  I)uring these years the
available components and technolo gy allowed him to achieve a snialler and lighter electronic
system by specifying 400-Hz input power , because 400-Hz tr anst ’ormers , motors , ge nerators .
svnchros . and filters are all lighter and smaller than their 60-Hz counterparts. A 400-Hi
50-kW trans l ’ornie r , t’or exampl e , is 345 pounds ( 155 kg) lighter than a 60-Hz 50-kW transformer .

The prob lem w ith that  approach is that  the basic shipboa rd power sour ce is gener ally
a 60-Hz generator. Equipment designed t’or 400-Hz power input  therefore requires a fre qtienc y
changer between it and t h e  60-Hz ship service generator. A 60-kW MG set can weigh from
3600 to 5900 pounds ( l .6  to 2.7 Mg) depending on its regulation and line-balancing features.
For redundancy ,  a standby MG set often is installed . Thus designing eqt i ipment  to use 400-liz
elect roni cs so as to “save ” 345 pounds ( 1 5 6  kg) ac tual ly  can add 3600 to I I  800 pounds
( 1.6 to 5.4 Mg) to the ship ’s electrical power system.

The realization of this severe weight penalty led to BUSHIPS Instruct ion 9600.15 of
21 Jant iary 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 specificat ions MIL-
STD-76l t’ollowed by MIL-STD- l399 , Section 103.

• Unfortunatel y,  two facto rs have worked against the success of the 60-Hz preference
policy . First , as exp lained above , the weigh t cost of using 400-Hz power seems like a savings
instead of a pena lty when the tradeoffs are made exclusi vely at the electronic sy stem level.
The overall penalty of using 400-Hz power does not appear unt i l  the tradeoffs include the
i m pact on t he total sh ip. Seco nd , the MGs used for frequenc y changers can serv e as filters
that smooth out line and load transients and harmonic currents. Althou gh filters are sonic-
ti mes necessa ry for operation of electronic systems aboard ship, the penalties i n volved in
using MG sets for fi l ters do not appea r un t i l th e desig n tradeo f fs a re take n above the  ~lec-
tronic equipment  level.

Figu re 6 summarizes the historical reasons for  using 400-Hz power.
The fo ll owi n g sections disc u ss t ransfo rm er and fi l ter  weight and system-level versus

equipment- level  tradeoffs in more detail .

17
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TRANSFO RMER AND FILTER WE I GHT
Theoreticall y , t he weight of a conventional transformer varies inversel y as the 3 4

power of frequency, provided flux density,  current densi ty,  and other design parameters are
held consta n t .2° ( These parameters are seldom held constant , however , since the y  affect
transfo rmer losses , te mperature rise , and regulation. )

Figure 7 compares the weight and volume of the various 60- and 400-Hz t rans fo rmers
used aboard Navy ships. The 400-Hz transformers have about  33 percent of the weight  and
40 percent of the volume of 60-Hz transformers 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 60-1-I t sy s-
tems. Theoretica lly, 60-Hz capacitors are 6.67 times heavier and 60-Hz inductors 4.14 times
heavie r than their 400-Hz counterparts. (Capacitor weight varies inversely with f requency:
ind uctor weight varies inversely as the 3/4 power of frequency.)

W here size and weight were im portant , the e lectronic system designer usually specified
400 Hz over 60 Hz if both were available , merely on the basis of the lighter-weight magn et ics
and filter. For exam ple , a 50-kW 60-Hz transformer weighs 510 pounds (230 k g ) .  whereas a
50-kW 400-Hz trans former weighs only 165 pounds (74 kg) , a savi n gs of 345 pounds  ( 1 5 6  kg) .
The electronics designer took these equipment-level savings as an advantage , fa i l ing to con-

• sider the impact at the ship level ,

~ k o r e y .  Pt) . A n a t ~ t i c a l  Op t i m i z a t i o n  I M . i g r i e i i e s  l i i i  S t , i t i ~ P wer ( i l 5 c i  s l on . Supp leme nt  i i  l i i  I
Transacti o n s on Aer osp ac e , June I %5 . v i i i  AS- . no . . 
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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 dif f ’erence
in weight between 60- and 400-Hz transformers as a function of ’ load kW . A moderate elec-
tro nics weigh t 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 we ight saved in the electronics by using 400-Hz power. The tradeot ’f 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 wi th  60-Hz prime
power is questionable even for conventional technolo gy using 60-Hz magnetics. Recent
advances in powe r electronic technology that eliminate the need for line-frequenc y n iagnetics ,
either 60-Hz or 400-Hz . further support the specifying of 60 Hz for electronics on 60-Hz ships.

I
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TECHNOWGICAL IMPA CT ON 400-Hz POWER FOR ELECTRONICS
Two trends in power electronics technology are impacting the historical Preference of

400-Hz power for shipboard ele :tronics.
First is the increasin g use of switch ing mode power conversion techniques  in elec-

tronic systems. The l’requency of the switching is usually not related to the power line Ire -
qu encv .  The site arid weight of ’ the magnet ics a nd filters are funct ions of the swi tch in g
frequency, not the line frequency . There fore , selecting 400-Hz power over 60-11/ pow~ r 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 replacin g MG sets. These solid-state frequency changers do not inherent l y  have the
integrating characteristics provided by the mechanical inertia in MG sets. The new f r e q u e n c y
cha ngers prot ect the load from li n e t ransien ts and also act as harmoni c filters. However , they
provide little integ ratio n of load cha nges. An y ch ange in load is mostly passed direct ly  to the
power source of the solid-state frequency changer s (the 60-Hz power system) . Frequency
cha ngers will h e less effective for “hidden ” filters than they are now .

SWITCHING MODE POWER CONVERSION
Figure 9 is a typical block diagram of the new switchin g mode method of power co n-

version. The cmi filter provides the high freqitency filtering needed to pass cmi specifications.
such as MIL-STD-46 1 CEO3 (powerline conducted emission between 20 kHi. and 50 MHz) .
The line t’reque n cy has li t t le  im pact on th e size of this f i l ter .  The three-phase ac power is then
dir ectly rectified to dc power with no intervenin g power line transformer. The dc voltage is
155 V dc t’or a 115 V line-to-line ac input and 590 V dc for a 440 V line-to-line ac i n p u t .  ~1h e
peak-to-peak ripple is about  13 percent and has a frequency of 360 Hz b r  60-liz i n p u t  powL ’r
and 2400 Hz for 400-Hz input  power. This dc voltage is then lightly fil tered . The f i l t e r  is
dete rmined by the characteristics of the switch ing regulator 2 I ra ther  than the power l ine

21 Middle hr ook . RD . input Filter Consideration in Desig n and Application of Switching Regulat or s . pap ei
presented at IEEE Indus t ry  A p plications Society Annual  Meeting. Chicago , I I  October l97 (~

3 PHASE F I L T E R E  
~ FILTERED REGULATED

POWER AC DC DC

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~

~~~~~~~~~~~~~~~ 
‘

~~~~~~~~1~~~~

REGULATING
EMI F ILTER R E C T I F I E R  F I L T E R  CONVERTER

DC TO DC

1 cu r e  ~~ Sss i t ch in g  mode re g u la t o i  block diagram.
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t r e qu encv . so that  power h ine f r e q u e m l L \  l i _ is  i i i  in ip . i ~ t on t lie s i/ c  of th i s  f i l t e r .  I lie I 3 per-
cent ripple is a t tenuated  by the  d~ r i a n i t .  r egu l a t u  ‘i J r . i r . i e t e r m s t i c s  of th e re gulat ing dc—to — d c
conver ter .  The dc-to-d c eor1~ .’r t e r  us.’’. e i ther  solid- state t l i ~ r i s l i i r s  or power transistors as t h e
s~~ it ~ l i i i i g  e l ement .  The swi t c i i i  r i g t req ue i t c ~ is t c t e r t i i i n e d  h~ t lie s ta te  of t i m e  art and by time
r e q u i r e m e n t s  ut  t h e  sv s t e i t i .  Pre sent k - the  s~ i t e h i m i g  t req u e i r .  i s  be tw een  S and 50 k I l t  fo r

u s  i i s tor s 2 ~ -~~~
-
~ .mn d be twe en  2 I  and I 0(1 k i l t  b r  t r , i i i i - .t ir ~~ I lie dc-to.d c e r r i t s e r t e r  con-

t a i i l s  the  t i r s i  t r a i i s t o r t t t e r  i t i  b i t e  s~ st e in . s~ l i i e l i  pt ’s ide- . i i . u i ~ k ’i  t i e r  i so la t i on  be tween  t h e
p05% ci source and the  I~ Lid and t ra i r s t o r u i s  t I r e  ‘.o lt ag c to req u ired level s . The t ransfo rmer  si /c

:s de termined i i~ the  ss~ i t  cli ing I req t i e i i c~ S to I Ut ) k II / I a id is i iid ep enden t  ol the h u e  f re—
q uenc\ ~0 or 4~ () I I / I .

The c h a r a c t e r i s t i c s  .rt  t h i s  ss~ i t c h ing mode r e g u l a t o r  negate  t he  l : i s si ca l  ‘.iie and we i ght
ads .111 t _ igcs  of 400—l it puss ci oser ~0— I Ii poss : ~~~~~.. ‘ none i i i  the  t t i t e r s  or ni agneti c s arc
re la ted  to powe rhn e  fr equenc y

The p ar t i cu l a r  s w m t c l i i t i g  mode regula tor  shioss n in fig () is not used di rect ly  because
there  are new re q t i i r e r ne n t s  to l imi t  h a rmon ic  cu r ren t s  d r a w t i  by shipboard electronics. The
power supply shown uses 6- 1 ulse bridge r e c t i f i ca t ion .  as b ia s  c n iu s t  pre v iot i s shipboard elec-
tronic power supplies.  But  6—pulse r ec t i f i ca t ion  opera t ing  i n t o  art induct ive  inpu t  f i l t e r  gener-
ates a 20 Percent 5th harmonic current  and a 14 P ercent 7 t h  h a r m o n i c  cu r ren t .  New shipboard
specification l imi t s  require ind iv id ual harmonic cu r r en t s  to be less t h a n  3 percent of the funda-
menta l  current.  One popula r  method of meeting th i s  r equ i rement  is to use I 2-pulse or 24-
pulse rectit ’ication to e l iminate  the hard—to -fi l ter  lower order harmonics .  Figure 10 compares
harmonic currents from 3-pulse , 6-pulse , 12-pulse . and 24-pulse rec t i f ica t ion , in an induct ive
input  filter. Also shown is the new MI L-E- l  6400 specification l i m i t .  Line frequency power
transformer windings can be interconnected to give the necessary phase shi f t s  necessary I~~r
12-or  24-pulse rect i f icat ion.  This method of reducing harmonics , however . re in t roduces  the
powerline frequency transformer in to  electronic power supplies.

Other methods for r educing harmonic currents are discussed orietl y lat er in th is  docu-
ment under Harmonic Suppression and in more detail in apn ei id ix  D. The best method of
meeting the new harmonic current  l im its  is st i l l  an open technical issue. Sortie of the  harmonic
current suppression techniques may again in t roduce  a size or weight advantage to 400-Hz
power over 60-Hz power t h a t  would have to be considered in t radeoff  studies.

~~1) r i ’ .~~ill . IC , Hi gh Cur r e n t . 1- ast Turn-o n Pulse Generation t srr rg Thvi  t~ t ’i s . p aper pr esented at l i l t
Power Electronics Specialists (‘ ‘r i lcrer ice , I I  June I 974

3lt un t . SR . An Evolutionary Examina t ion  of Thyris tor  I ) e sr ce (‘har acterist ics . pap er presented ai Power ci ii

2 . 1 7 October 1975
4A ’.w ell . (‘J . A New Mon olithic Switching Re gul ator . paper pr es ented at Powercon 3. 25 June  I 97(~
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FREQUENCY CHANGER F I LT E RIN G CHARACTERISTICS
Aboard (rU -lit ships . 400-Ui puss er has often been specified to take ads antage of the

fi l t er ing character is t ics  of n iotor-getierator sets. ru e in t roduct ion of ’ solid-state f requency
change r techn ology r equires r cconsiderat ioii of their use . Frequency changers provid e two
\ pcs of f i l te r in g:  harmonic and t ransie  m i t .

Harmonic F i l t e r i n g  h~ f r e q u e n c y  changers is essentially the same t’or both MG sets and
solid-state se ts. l’ hie i iiotoi charac te r i s t i c s  of the MG sets determine the harmonic current
d rawn .  a hn iost independent l y  of the prime generator and load. The input transformer-
rectifie r of a solid -state set determines  the harm onic current drawn , almost independe n t l y of
the dc-to-a c i n se r t e r  sect ion arid load , Althou gh a freq uency changer is ef ’fective as a bar-
m~,nic filter , a passive or act ive f i l t e r  specifical ly designed for reducing harmonic  currents
would probably he sm i i i e r .  ~~~i t c ~ . more reliable , and more effective than a frequency changer .

Transient f ’i! :eri et g by MG sets is very dit ’ferent from transient filtering by solid-state
i nverters.  Ener gy fo r the \1( set is stored as inertia of its rotating members , which is inher-
en t ly  present in the des ign .  Add i t i ona l  energy storage can be provided w i t h  a flywheel.
Energy for the solid-state set is stored in discr e ’e inductors and capacitors. A normal design
objective is to minimize these induct ive  and capaciti ve cotilponents and hence to minimize
energy storage. Additional energy storage obtained by larger inductors  and capacitors or , in
the case of ’ un in te r rup t ib l e  power supplies, by batteries is thus not inherent in tile design for
the solid-state s~t. Selecting 400-Hz power to exploit  the energy storage and filtering in fre-
quency changers - valid for MG sets — may be totally invalid for solid-state sets.

The best way to fil ter the effects of pulse loads reflecting into the power system and
to keep major power system transients from affecting the load is still an open technical issue.
The use of frequency changers for this  purpose has probably never been an op t imum solution
and , when solid -state frequency changers replace MG sets , may not even he a work ab I~ one.

SUMMARY
A switching mode power conversion technology is available that  is now being used in

many  N asy  systems and tha t  complete ly  negates any site or weight advantage 400-Hz input
power has ~n electronics. The only open technological questions are how best to a t t enua te
har monic c irr ents and how best to filter pulse load currents and power system transients.
The final so ut ions  to these questions may or may not indicate size and weighf benefi ts  in the
electronics if’ they are powered by 400 Hz rather than 60 Hz,

TOTAL COST S OF FREQUENCY CHANGERS
The technical opportunity exists f’or eliminating the  need for 400-Hz power on (rU-I hi

ships with no increase in size or weight of’ the electronics.
Given the technological oppor tun i ty ,  what  is the  cost impact  both in mone t a ry  cost

and in s~ stein costs leg site , weight , re l iab i l i ty ,  and logistics )? These costs are now discussed.
The four ship stud ies delineated und er  Ship Electrical Power Svstet n  Descr ip t ions

were tis.’d as a da ta  base for ( l e t e r i n in tn g  the t o t a l  costs associated wi th  the I S 4 i  \IG -set  fre-
qu ency ch angers  su p p l Y i n g  400-liz power on 383 Navy  surface ships.  Total costs con srs l  u I
mo netary ones , refer red to below s imply  as “cos ts .” and nonmonet ar  ones , referred to it s
syste m penal t i e s . The discu ssion would not he eonipl ete w i t h o u t  a projection of f u t u r e
trends. .~ summi ~ry of these t rade 1f t a c to r s  is g iven in f igure I I
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FREQUENCY CHANGER TRADEOFF FA CTORS

COST S
Costs are incurred fo r  acquis i t ion  an d replacement  of MG sets amid for  the i r  main te-

miance and operat ion . In s t a l l a t ion  or replacement oh ’ MG sets ot t en  requires opening of the
sh ip ’s h u h . N a v y  personnel tr aining to mainta in  arid operate M( , sets has heet i u n u su a l l y
expensive because there are 195 d i f f e r e n t  MG-set designs in t h e  fleet .  Lusts re la t ing  to acqui-
sition , maintenance , and operation (particularly fuel costs) are disetissed hater in m ore deta i l .

In addition to acquisition costs for frequency changers on surface ships . aniiual dollar
costs are S4 .4 million f o r  f u e l  and 52.7 million f’or maintenance ,

SYSTEM PENALTIES
Other costs are incurred in an effort to improve 400-lit Systetirs . The need for fre-

quency changers has resulted in the  in s ta l l a t ion  of an average of f o u r  60— to 400-Hz MG set s
on each of 383 surf ’ace ships. Four MG sets weigh an average of l~

) 200 potinds (8.7 MgI and
occupy an average space of 240 cubic feet (6.8 in3), MG sets hase a high failure rate. They
rank 73 in the top 300 Navy problem equipments .  Load interaction problems are more Prey-
alent with 400-Hz I)oWC~ systems than w i t h  60-liz power systems. But the cur ren t  trend is
to use more and more 400-Hz electronic s despite these resu l tan t  high costs and system
penalties.

FUTURE TRENDS
The 400-Hz connected loads in the t’irst three si iips studied were 8. 4 . and 13 percent

of the ships’ respective total connected loads. Future costs amid penalties will be attect ed h~
the trend to specify 400-Hz power for electro nic equipment , a trend which will increas e these
perce n tages. Th is is commented on later.

ACQUISITION CO STS
Costs are incurred wh en frequency changers are ins ta h l ed  e i the r  in i t i a l ly  or on r ep la .  c-

ment ,  The costs are h igh because of the  many MG sets used per ship. Up to 1 7 are requi red
on a CG class ship . which  carrie s a Terrier missile system. Other ships have is m an s  as 33 \1(
sets. Installation of newer solid—state frequen cy changers should decrea se the number of M(
sets required by an as yet undetermine d amount. Figure 12 lists t h e acqui sition costs for
MG sets.

Unit  procurement is only part of the one-time acquisition costs. Itist ah l~ition orreplacement ot’ MG sets o f ten  requires opening oh ’ the  ship~s h u l l .  For this  reason , t u e  N as ~
standard solid—state f requency c h a n g e r s  are b eing designed to go through  30- h~ 3P-in eh
hatches and 2o— by 45—inch doors.

Other  acq u i s i t io t i  costs arc associ ated w i t h  engineer ing  suppor t ,  rep a i r  p a r t s .  ansi cr e~s
t ra in ing .  F liese costs ~ir t i ~ siI ar Iy those fo r  crew train n1~~ . are m a g n i f i e d  by I lie I ‘IS des igns
and the 195 associated technic a l  manua l s  from 30 d i f f er en t  m a n u f a c t u r e r s  of t h e  j ’r .’ ser r n
60- to 400—Hz MG sets in the  f l e e t ,  Most of the newer M(~s ire being i i i an ufa e tu red  h~ ouR
t h ree companies. The Nav y ’s standard so l id—sta t e  f requenc y  clia i ig ers lr. i ~ e been opt inu i , ed
b r  m i n i m u m  l i f e — c y c l e  cost s . For e x a t n r p h e . a single desig n eon l i gura l  lou is  u sed fo r  all  s i / u ’s

This s t a n d a r d i z a t i o n  svi II g reat ly  reduce t ra i n i i i g  cost ’ ..
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MAINTENANCE CO STS
Main tenance costs are a large part of tu e overall 400-Hz system costs, Excessive niain-

tenance costs have occurred because of the high MG f’aihure rate and the complex logistics of

supporting the many diff’ereii t MG set designs. To get and keep the MG sets going iias require h
highly specialized teams from NAVSEA . NAVSEC . sh ipyard and support  fac i l i t ies ,  and the
f’leet.

A paper from NAVSE (’ 61 56D (liscusses it S f o l l o w s  t u e pro b lems w i t h  the  present sys-
tern .— For several years . there has been an expen i sive 400-Hi MG set f i x  pro gram. 1 he
problems were caused primarily by too many  different  MG set designs. The logistics of t ry in g
to support so m any dif ferent designs become horrendous. Also , providing t ra in ing  to fre-
quent ly  changing personnel f’or each part icular  design of MG set and providin g satisfactory
documenta t ion  become so complex that  high ly specialized a t t en t ion  from m~u u i y teams of
people, from NAVSEA . NAVSEC . sh ipyard and support f’aci litie s . and from the fleet were
required to get and keep the MG sets goimig. ”

One of the maintenance problems occurs from excessive brush wear due to lightly
loading some ship service 400-Hz MG sets, On some ships , oversized MG sets are installed in
anticipation of possible future 400-liz load additions (eg. l OO-kW M(; set loaded with only

20 kW . To correct this problem , some of these oversized MG sets h ave been modi f ’ied kiter-
na hi y.  either by removing some brushes or by other “ fixes. ” *

A Na y 3M report ent i t led Logistic High Fa i lure  E q u i p m e n t  ( re f  7c ra t lks  pr ohlei i i
equ ipme n t svith regard to ii lai i lte n ance factors - ac t ions , ships report ing d a t a ,  t o t a l  fa i lu r e s .
niaii—hours , parts . det ’errals. and hours down.  Figure 1 3 lists such main ten amice  da ta  for M(
sets from the report for a recent 1 2—month period . There were 2 1 5  ac t ions  in w h i c h  repairs
could not he p erforii ied by using exis t ing ships ’ spare p ar ts  or ass i s tance : outs ide  p ar t s  ss crc
required for 3(r ac t ions  and outside assistance f o r  I 79 act io t i s .  A to ta l  of 923000 hours
down was computed f’or the 376 tota l  fa i lures .  For deferrals , the  hours  down are f lie num b er
of hours to the  closing act ioil or end of tile t ime f r ame  1 I I  7 5 ) .  arid fo r  each n o t i d e f e r r a l .
4 hours were added .

A discussion w i t h  the N AVS EC l)r (~t ect  e i l giu i eer  f o r  400—li ,, motor  genera tors  dis-
closed tha t  there are about  30 open I not vet  repaired ) casual t ies  per m o n t h  out  of the  t o t a l
of 1 54 -~ MG sets on the 383 ships , *

Both MG speci f ica t ions  call f o r  a m a x i m u m  geonietric m e a n — t i m e — t o — r e p a I r  M I I R ( ;)
of 2 hours and equ ip mi ie n t  repair  t ime ( E R  F ) not to exceed 6 h ours. The s t andard  solid - s t i l e

changer spec i f i c at i on  requires  var iable  correc t ive  m a i n t e n a n c e  t imes as f o l l o w s .

Drawer replacement  (restore power) 1 0—25 miii

Parts and PC’ hoards replacement  f r o m  drawer 2—5 hours

Module or PC hoard [RI 68 iii in

\ l a r n t e n an c e  costs are t h e r e f o r e  expected to he much less for t lie s tandard  sohi d -st ; i  t e t re-

~l~~ ’~~Y chang er s.

~~1leiuricksorr . FR . The Fut u re u t 400.11, P uwer ~ \ s l L r r r s  I’r ’~sei ut h r u r rI , u c’ h’ u h !c r i I ’ .  .inid 8 l u r i r u ~. p ip e r
prese nted at the Ass LI: i r  i i i  i t S c k i a i s r s  :i rr d I - r r g ince r s  I i t l r  \ u i i i u t , i I  S~ r u up o su r i u r l . l)s’cL ’mbet I
P ers onal  c iuniniiuuuic ~i r i i ’ r i  I r oun i  - ‘5 N r c k I c ~ . N .-\VS i ( ~ l S~~( . t o  I— Kamni i . S I - eh r n i a rv  I i  ‘r~ i t  \-\\ SI t -
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h o w  much will  it cost to main ta in  th ese shipboard MG sets over t u e next  1 0 or 21)
years ? To project fu tu re  annua l  maintenance costs , a stat ist ical  analysis was per formed for
fou r diverse ship types.  It  used pre-Ju ly 1975 class designations so as to tie in w i th  the  cost
data references.

The DL 1 040 class was included to provide more representat ive s ta t i s t ica l  d a t a .  (Since
it does not h ave high-power radars or iiiissiles like the other classes , its inclusion results in a
[letter cross section of sh ips tha t tise MG sets . )  The (‘V class was excluded because it has only
a few ships and low u i i i f o r n i i t y  of armanlent  and radars

The components  of annua l  main tenance  cost — scheduled and corrective main tenance
parts and labor , as well as overhaul costs were totaled f’or each of t h e  3 years . FY 73 , FY
74 . arid FY 75, A NAVSE C study provided the  labor rate:  S20 per hour for FY 75 . deflated
10 percent per year f’or FY 74 and FY 73, 26 This rate includes ship ,  tender , and some ship-
yard support costs. The three totals were t ime plotted , and a least-squares line was fitted to
each set of points (t’ig 14). Any inlp rovement in maintenance would tend to depress the slope
of ’ the lines. The 10 percent y earhy inflat ion rate would tend to elevate the slope. The data
show the net effect of FY 1973 th irough 1975 maintenance  imnproven lerut s and inflation to he
an in creasing cost.

Similar graphs based on one higher labor rate and one lower one were plotted to show
the sensitivity of the total cost to a change in hourly labor rate.  These graphs are shown in
appe ndix A.

Appendix A describes t u e  statistical s tudy in more detail , giving the methodology.
assumptions, and sources f’or each cost category.

20 \ i s. ; II  St r ip  I’ . i i ~~r r i c c r t r i ~ (‘et uter  l e t t e r  ul  551 1KM 9~ I 0-4 ser 237S no ~ .r v ~r l Sea S~ ~r r r r s  ( i r r m a n d ,
Suih 1e . r - 4t)0.ll~ ~1od it i t ’d ( C T i t i , r ~ i’ rsser S~’ .leutus  on th e  l)LG h h . 2t~ and ( ( , \  ‘I ( l , r , ’,es . l i f e  (~~ck ’
(~~~~t Sr i i , l s  u t , I .l t n l ~- t~t 75
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FUEL COST S
Fuel costs are among the main operating cost com ponents of 400-h -Iz e lec t r ic  power

syste m s , partly beca use of ’ the  low eff ’iciency of shipboard MG set fr eq ue n cy changers 66
to 88 percent at full load , 6 1 to 85 pe rcent at halt’ load. By comparison , t h e Navy ’s solid-
state f requency chan ger is specified to have a miii ni mnum eff ic ie n cy of 80 percent at rated loads
and 70 percent at half loads.

What is the cost of the extra fuel consumed due to the low eff ic iencie s  of shipboard
MG sets? Annual  costs f ’or the add itional f uel a t t r ibutable  to the inhierent  power losses of
60- to 400-Hz MG sets were coniputed t’or the t our selected ship types.  The ships ’ steam tur-
hines req uire 0.9 pounds (0.405 kg) of marine diese l fuel (DFM ) per ki lowatt-hot ir. The
average cost of’ t h e fuel (1976) is S26 per barrel delivered . On the basis of these figures. the
cost of DFM was calculated to be 50.0785 per kilowatt-hour.

Per t inent  pa ra m eters such as individual  MG set ef f’iciencies and annual  ki lowat t - h ours
consumed by each MG set were also calculated . Consideration was given to the effects of
various operating modes —. anchor , shore , cruising, and bat t le  conditions — on load factors
and proportionate annual hiours.

The assumptions , data sources, and calculations are detailed in appendix B.
A com pa r ison based on the four ship types analyzed (fi g 15) shows that  tot al annual

fue l  costs 1 SI  943 596) are lti  percent of tu e total annual maintenance costs (SI 200 689).
Projecting these costs to all surface ships with MG sets yields an annual fuel cost of S4 438 404
amid an annlual maintenance cost of’ S2 737 5 7 1 .  Since fuel costs appear to he increasing
rapidly, future costs will be correspondingly higher .

FY75 MAINTENANCE AND FUEL COSTS

M A I N T E N A N C E  FUEL DUE TO
SHIP CLASS SHIPS 

s~~~s 
FY75 USING NAVSEC INEFFICIENCY

LABOR RATE OF MG SETS

DE 1O4O 10 20 $ 29 944 $ 12 938
DE 1052 46 92 195 053 294 046
DDG 29 214 343 053 404 841
DLG 28 351 632 639 1 231 771

TOTALS FOR
4 CLASSES 113 677 $1 200 689 $1 943 596

TOTALS FOR
ALL SURFACE
SHIPS 383 1546 $2 737 571 $4 438 404

Figure IS

34

L_. ‘~ - ~~~~~~~
-
~~

---
~~~~ ‘~~

‘ -
~ ~~~~~~~~~~~~~~ 

-
~~~~~ 

4.!’;’



-- -- --- - - -~~~~~-- -  

These operating fuel  costs are augmented by the indirect cost of the ships ’ added
cooli ng syste m loads im posed by h eat losses in the  MG frequency changers . This necessar y
added cooling systemn capacity requires its share of equ ip memi t . maintenance ,  and e lec t r ica l
Power (with its associated fuel cost) .

I MPROVEMENT PROJ ECU COSTS
The Navy has heemi t ry ing  to solve 400-h-h z power-system problems for  m a n y  y ear s

To strengthen and coordinate some of these e f f o r t s .  NAVSE (’ bega n a program in June  1973
called “l mpr ovemetl t of 400-hi , Power System aiid Weapon Systems I n t e r l a c e .” Var ious
aspects of this and other specific progra n ii s are described below . The resL i lt s of ex tens ive
studies and shipboard tests ind icate  small hope o1 making  Ni t sd improvements t h a t  will
lower their costs, Although riot yet de m onstra ted . t h e  design goal is to lower  l ife- cy cle costs
by rep lacing MG sets with l solid-state f requc n cv  eh iat igers .

The ai m of the NAVSEC program was to i i lvc st igak ’ . m d e n t i f ~ , and take  cor r e c t ive
actio n on elect rica l in terface proble m s found in the l - l e e t . 27 lest te an is  f rom \‘A \ S E (
( Philadelphia), NSWSES (Port Hueneme . CA) arid NSRD (’ ) . -~nu i ap oi i s  ha’,c tested t h e  400-Hz
systems on five ships: USS LEAI-IY (l) LG 16),  USS ( O L I . NIB [S (G  1 2 1 .  SS BOW l - N
(DE 1079). USS DECATUR (DDG 3 1 ) .  and USS CFII ( ’AG () CG I l l  ihe \ SRI ) (  tea m also
performed a sixth te st on USS GRIDLEY (DLG 2 1 ) .  Pre -Ju lv 1975 class des igna t ions  are
used to correspond to testing dates ,

Test results indicate tha t  sonic 400-Hz power s\ s te m s w i t h  m u l t i p l e  loads oper ate
satisfactorily and are wi th in  the requirements of MIL-STD-l399 , Section 103. However.
there are many loads which i require dedicated MG sets. These loads u sual ly  ( h u t  not  a l w a y s )
operate satisfactorily even though t h e  power system so ui i e t i ml ie s  operate s  outs ide  s p e c i f i c a t i o n
req u iremem lt s. Large nonl inear  amid pu lsating electronic equ ip m et l t  sets  are t h e  maj o r  load s
responsible fo r  power-system degradat i on.  They cause power-system modula t ion  to exceed
Ml L-STD— 1 399 specif icat ions and -or  create excess ive  waveform ( u s u a l l y  ha rmomi i e )  d i s to r t ion .

Various aspects of t u e  prograill to correct these proble mlls are nex t  described.
Design improvement  s tudies  were P erformed to improve MG respoti se to puls at ing

loads. This e ffort was foun d  to be unpr on-u isir lg. *
Since better line filters would el iminate some oh ’ the  needs fo r  MG sets ,  ac t ions  h a s L

been taken to obtain be t te r  passive and ac t ive  f i l te rs .  N SRDC has developed an energy st or -
age un i t  ( ESU) passive f i l te r ,  aml d a brass —hoard model of it has heeti tested oil several ~h i 1i s.
NAVSEC has contracted to develop an ac t i c e  f’i l ter ,  F lu e cu r ren t  f i l ter  design is d e f i c i e n t  a t
h igher  f’reque n cies and must  he made smaller and h i g h t e r . *

Extensive shipboard stud i es  shiowed tha t  be t t e r  test eq u i p n u e n t  and t u e t h u o d s  55 crc
needed to define power—s ste in  proh letn s ,  (onseq u e n t l v .  N SRDC de sehoped a po r t ab l e  solid-
s ta te  d y n a m i c  load s imula to r  having r to mih i n ea r i  ty  ~‘nd pu sing cha rac t e r i s t i c s  ot t i m a i o r  — lOt —h I t
loads. 27 .~~ NOS( develop ed a b e t t e r  test t i i e t luod o log v  w h u i c h  d e t e r m i n e s  Or e s u s c e p t i b i l i t y

— Spr s’ a~ k . \l . 400-biz I’ \sel  Sv~t c r r u s  and Weapon S’~~ T c i r r s  I I c c r r i c . i (  i r r t e r l ’,rc e I r n p r o v c n r e T l u .  \ \ \ S t \
Journal , v 23 . r i o  I I , p 34—35 , N s ’ crnh ~ r IS
Tehe con between I . Kanurn .  ~s( )S( 74 34 amid ~s1 Sp ..ack - \ \\- SIt I ~ uI) on hO Ju t e I )
I ckc n h e fw e en  I- Kan m n i . N ( )S( 74 14 ar id J G oru dman . NSRI)C 2 751 .  o ut I I I  J u u r c  I
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of electronic equipmi i emi t  to power line anomalies such as modulat ion , harmonics , and varia-
tions of ’ voltage and frequency 28 .29

Studies arid tests were perfor m ed to evaluate the potential bene fits of central iz ing
400-Hz power sy stems (ei ther part ial ly or complete ly ) .  The advent  of the solid-state fre-
quency ch an ger (SSF(’ gave impetus  to t h ese centralization studies since it appeared tha t
SSFCs provide t’aster voltage regulat ion amid lower source iri ipedance t han  M(; sets. I h e  resul ts
(detailed in appendix ( 1  indicate  t h at the life cycle costs are higher f ’or centralized systems
than f ’or exist ing MG systems fo r  the DLG 16 , DLG 26 and CGN 9 classes. Short term t e s t s

aboard USS TRUXTUN indicated that SSFCs may require fewer dedicated MG sets , but
prob hems st i l l  ren iain (appendix C’).

A working group of representatives from both Navy and industry ss t s  f o r ’ n e d  fo r  t he
pu rposes o t’ establishing elect ronic and weapon system design criteria , modi fy ing  s p e c i f i c a t i o n
requireme n ts , and serving as a technical group for the interchange of 400-Hz power-system u i
imifor t i ia t iOm l and prob lems.3°

As indicated previously , the SSFC alleviates  some of the problems associated w i t h  MG
sets. Solid-state frequem lcy changers are beginning to replace shipboard MG sets amid can be
expected to tota l ly  replace t h em in t ime. However , th e m echanical inertia of MG sets results
in better  isolation for pulsating loads tham i is provided by SSFCs.*

T h e  deve lopmnent  of a t’a rn i lv  of SSFCs by the Navy is still another  exau iip le of au
eff ’ort to resolve 400-Hz system pro~ lemll s. A progra m that  will result in prototype uni t s  is
near ing t h e  et id of the second of three phlase s. The program has been planned to reduce li fe-
c~ d c  costs by avoiding the  many  proble m s of rel iabi l i ty .  miia l t l tenance , logistics, and t ra in ing
t h a t  are associated w i t h  MG sets. However , th i e specif i e at iom ls iml dicat e only a slight advantage
in sveigh t . s o l t m m e . amid power loss over comparably rated MG sets.

WEIGHT AND SIZ E PENALTIES
A pri m ary purpose of g o i r ~~ to 40( 1 l I z  m u t he  p . ist  s~ ,I s to save weig h t amid space in tile

ehect rom u ic s  equi oment .  But hec ause f r eque m ic ~ d i~ i r u i a c r s  were  t h e n  required . t h e  overall  result
was to increase to ta l  ship weig h t  and s i t e  -

As showml in Table I . weig h ts fo r  N 1(. .-~ spc ci t ied  by \ 1 l E - M -  l9633B can sar ~ front
1200 pounds (540 kg )  to 17 500 poun ds ( ~~0 ) ( )  k g .  and volumes can vary from I 9 .5 cubic
feet (0.6 m 3

~ to 209 .4 cLih ic f e e t  ( S . 9 ~~~~~ . .‘. spccifk ’d h~ N il  1. -N I- 19 1 60C are somewh at
l ighter  and smll ah le r , The standard sol id-state  f r e i l l i e n c \  ch i at igers are not tTiuchl of in improve-
ment  wi th  regard to space amid weight SIIIPS-F-56P,\  spec i t i es  weights  varying from 1100
to 1 1  000 pounds (500 to 5000 kg )  for  various sites w i t h  vo l umt ue s  from 21 cubic feet (0 .6 mu 3 )
to 250 c t m h ic  f ’eet ) 7 , o) m 3). ShllPS -F- 5o37 .-\ is the N - \ V S I - ,\ contrac t  sp e c t t i e ~i t to m l  for
1 0—25 0 kW s o l i d - s t a t e  f requency  cha n gers

5N i v a l  I l e r r i t r i c s  Laho ra to r ~ ( e n t e r  Te e l rmr i ca l  N u t ~ 2~)4u . Sus cept ~t ’ r ! i t ~ ot Electronic E qu i pn ie r u t  to
s~~~i Su,ur ce t c s i s  on -\\ SR( -3 I . by I Kammn amid T N  I ) anie l som u . 16 Ju ly l - ) 75  (NEL (’  a u n i t  NO S(

Techn i cal  \ r c ~ a r c  work ing  l c t i r r r c t l t S  and do ni ot  r epr e sent  au official  pol icy s ta tement  of NflS(
— t ( ,e reia f r i s t i t r i u c  i t  t c c l m n o l es R ep or t  I R - l  7 2 5 - 2 . l’ ssct  Susce p t i b i l i t y  Tes r  P l a n n i n g l ii’ ,\\ SPt . -~ 5H

Radar . h s 1- . K . t r r i n n i  ( N i  )S( ’ ) . .I J  h l eckn iau i . I I - l ) i un a Id ~~ ii . , u i r d  I -N Schtc er  . 3( 1 October 0175
s i t  Shi p  Ss ~r cmnn ~ ( o mu r i r a r i d  f e r r e r  ~I lll ’S 4 2 ,1. Set i i i  2 11)2.  to Nav a l Ordnance  Sv suc r i i s  a r id  ~ .iv al I lee-

r r i t e  Ss ster n s ( i  n r u u n a r i d  - Siu h ~ 
- 400-Fl , S\1S l’lu W Ci Soot cc Load I n t e n t  ace Meetmn g .  12  m i n e 1974

T e t e L o n  between F K . inu i n u . N ( (St 7434 , an d II  W in g. NAVSE C 61 58D . on 16 March  1977
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TABLE I .  MAXIMUM WEIGHTS ANt ) VOl UM E S
FOR SHIPBOAR1) MG SETS.

Weight , pou uud s (5  Volume , cubic t eet (6 1

MIL-M -19 160 (’ Ml L -M -l9b 33 (2~ MIL-M- 1916 0( MI L -M- 19 633 8(2)

•c n n c n  a (~e r i cn  a! Special General General Special
Rating. k~\’ Purpius ~ ~ Pu rpose Purpo se (3

~ Purpo se 1 I )  Purpose Pun p sc

5 1 200 I 2a t 1400 lo .2 l~
) .5 2 1 , 5

1 0 1 500 2100 2300 2 1.0 30.3 3 2 7
I S  1500 230 n 2~ 0O 22 , 1) 3 14  33. 5
30 2500 3300 3800 29 , 7 4 5 , 5 55 .2

3600 5300 5900 42 ,4 73.4 5 5 9

100 5000 7400 - - 55.1 92.0

h00~~ 8400 9 9 5

200 9000 12400 110.4 172 4
200~~ 144 00 155 .2
300 10000 15500 - 117 .8 193 . 7

300~~~ 17 500 209 4

I l )  v u t t .ugc  n c g u l . t r e d  ( 4 )  water  cooled
( 2 )  v o l tage amid t r equ en cy reg ulated (5)  divide by 2 2  u~ convert to kg
( 3 )  with  s i l la g e h a l au rce reg u lators (6) divide h~ 35.3 to convert  to in 3

The s~ L i g h t  pena l t y  is a lways  much more than  th le weight sav ings  when  40( 1 I Ii is  used
aboard a ship .  -N coniparisoil of the penalty versus savim lgs is shown fo r  various 400-liz power
req h ire ments in figure 16.

Tile curves were obtained by first p lo t t ing  m u in im l i tm n i  and m u a x i m u m u  data  poi n ts of h u o t l i
weight savi ngs and penal ty ,  at a power requirement  of ’ 200 kW . Because higher  power require-
n ients were assum iied to require proportionately more weight , the  curves were ext ra  pohated  as
straight lines , The m i n im n .inl weight  savi t ig s  h u e  was ob t a iml ed fron ii ( l i e  we igh t s  of two I OU—
k V -~ t ransformers .  The max im in t in i  weight  savi n gs l ine  represemi ts  tu ixe s  of smaller  t r a n s f o r n u e i s .
f i l t e r s . and other  e lectronic  compo n et i t s .  Plot ted po in t s  fo r  bo th  sve ight p emla l t y  cu r s  Cs show
the combined weig h ts of two I 00—k W M( sets, The m i n i m u m  curve re l l c c t s  t h u e  w e i g h t s  of
the  l igh lter NIG sets I M ; spec i f ica t ion  Nil  L— M — I 9 I 60C) : the na x imi i rmmi i  , t u e  h ieavier  \I ( sd t s

MG specification Ml L -N i - l  9633B) .
Spec i f i c  MG weight  da ta  I or t h ree ships is p lo t ted  to v a l i d a t e  s e ight  cost curves  I SS

I ) O W N F S  4 F F  1070) requires  200 k~V of 400-Hz power : its  MG sets weight  14 5( 10 lb 1 ( 1 , 7 M c ) .
t S S  B E R K E I I . Y  I DI)G I S )  supp l i e s  470 k W of power w i t h  30700 lb ( 1 3 1 )  NIg of Nit
And t)SS HA l .S I -Y ( ( 23 can supp ly  12 600 kW of 400—Hz power wit  In i t s  ( i t t  600 lb
( 3 0 Mg l i t ?  Nit s L t s . These II us erse c x a n n p l e s  are wel l  w i t h i n  t h e  ratige of the  genera l  w c u u ! i u t
penal ty  cu r ses .

The as sumpt io n  t h a t  us ing  400—U , e lec t ronics  sas L’S Sit i~ihoar d u c i g l t  t is i m u v a h i d  - In
t a c t  - when 400- h It power 5 used Ii  ir e l e c t r u n t i m e s  I t sI t  ps ha s ing  6 0—li z  p r i m a r y  Iu ( i s~L’r. f r o n t
fou r  to len u ni t ’s .is m u u L h  ss . ’m g h t  i s  added t o  tI ne sh ip is  i s  s, is~’~l in e l e c t r o n i c s  e q u i p t i l e n i l
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RELiAB ILI TY PENALTIES
Since the 400-Hz power system requires 60-Hz input for operation , 400-1-li ship

service power is always a less re liable source than 60-Hz sh ip service posver. The d i f f e r e t i c e
in reliabilit y depends on frequency changer failure rate. MG sets have a history of poor
reliability. They ram iked 73 in the top 300 problem eqt mipmem l t s  of t ine  N a v y  d u r i n g  a recent

I 2-m on th period .
Navy problem equ ipments are ram lked im i a 3M report em i t i thed Logistic Hi gh l - a i lu re

Equipment .  Figure 13 is an excerpt from this report and ram lks MG sets wit h  regard to
maintenance factors . The overall ranking is ar r ived a t by ~ vi n g eq u al wei ght to e~c hu f ac to r .

The poor re liability of MG sets has contributed to the use of a large number of them cu t  her

mi parallel or as standby sets. This redundancy insures continuo u s ava labi l i ty  of 400-Hz
power , b u t at a high price.

Solid-state frequency changers perform t h e  frequency chi ang imig f u n ctio n wi t h  no

moving parts and are therefo re potentially more reliable amid ma im itaimiable tham l MG sets.
Replacing MGs with SSF~ s siio~m ld improve the rel iabil i ty of frequency changers.

LOAD INTERAC TIONS
Many shipboard MG sets are dedicated to simig le electronic loads to preel tide i n t e m f e m-

ence that  occurs between loads fed by a commou l MG Such interfe rence cati he eatised b~
one load’s creati mlg power line distortiens wh ich degrade t h e  p erformamice of o ther  suscepti -

ble loads ( fi g 17). Harmonic or pulse currents drawn by loads cause voltage drops across t h e

source impedance . generating corresp-niding harmonic or mod u lal in g vo lt a~ cs m u the  emit  ire

po wer systeni.
The Navy has conducted many shi pboard tests to invest igate , i den t i f y , and take

corrective action on these 400-Hz electrical in te r ference  prob lems. Specif ic exa m p les are

discussed later . Test teams from NAVSEC , Ph iladel phia . NSWSES. Port Hue n emii .’. ( a l i t .

an~ NSRDC , Animiapo l is have extensively tested 400-liz power -system ar id  ss e a p o t u - s y s t L ’ntt

interfaces on Navy sh ips and have t’ound tha t  large n on l im iea r  am i d p u i l s : u f u u i g  e l e c t r u u t t i c  L t ) t u i ( -

ment sets are the major loads respo misible for interference pr oh h enl s .
The soimrce impedance of shipboard 400-Hz generators is greater  t h a n  t I i . u t  of 60-Il ,

generators primarily because the former have lower k i lowat t  r a t m t i g s . ( Sh ip board 4 ( 10-I l ,

power requirements are only about one —ten th  those of 60—I - li h i ower . )  In a d d i t m o m i  4 0 ( 1-h  It

system impedance is somewhat hig her because of’ the h i g h e r  r eac tance  of t i n e  p owL ’ r d m s t  r ih i i -

tion lines. The resr ilt is hig her harmonic  amn d modu la tm o m l  so l t a ge s  on 400-I li s\ stem I on

equal distort ion cUr re mlts.
Impedance and coupling problems are greater  l’or 400-liz systems  t h a m i  f o r  o0-I 1,

syste m s. Dedicated MG sets are commonly used to red tmce imnped an ce c o u p l t u i g .  1 lie ti n e-
chat iica l inert ia  of ’ an MG set acts as art in tegrator  or low—p a s s f i l t e r .  T l t i s  serves bo th  to

protect  the power source from load trami sients  and to protect the load f r om pos vc n’ - s i iu i r c e

t rans ien ts .  An MG set wil l  also isolate load harmo m iic cur rents  f rom tI ne source. th i e r e h~
a c t i n g  as a harmonic cur rer u t  f i lter .  MG sets are often dedica ted to specif ic  e ( l u i p m n i e u n t s  t o

ser ve t h i s  f i l t e r ing  ft u u i c t i o n .

31)
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FUTURE TREND S
Will future  costs of 400-Hz systems increase or decrease
Unfor tuna te ly ,  the proportion of 400-Hz d c  ~tr omiics on Navy  sl u mp s is l m n cre asm m n g.  I f

this tre nd contimi u es , the costs to t h e  Navy will ri se considerably ra t i n er  t h a m n  decrease , c\ c i i

if MG sets are replaced by SSFCs. The electronic m a n u f a c t u r e r s ’ r a t i ona l e  fo r  us ing  40(1 l i i
has long been the size ar i d weig h t  advam itage .

The impact of this increasing trend toward 400-Hz ele c t rom i ies  is a c o m n t m n u m n g  Na s
requirement f’or more amid more sh ipboard f’requency changers a mn d a c o m i t i m i u m n g  rise mit  assi-

ciated maintena nce and operation costs, New ships will riced propor t ionate ly  inure sp ace
rese rved for frequency cham ’mg ers and will  h ave to he desi gmle d to car ry thins  a dd m t no mi a l  wemg l n l .

Load interaction problems will become more severe as more 400-Hz loads are added.
Future costs will increase if no corrective actiom i is takemi.  If ’ oth er f ac t o r s  were

con sta n t . stamidard SSFCs amid more centralized 400-Hz systems would tend to reduce co sts

But since tine other cost factors due to the incm easing trem id ( f ’ig I 8) will  probably he greater .
the net result will be a cost imucrease.
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TECHNOLOGY FOR FR E QU E NCY- I NI ) E PEN I ) LNT ELECTRONICS
The progress 0? tec h nology has been sh u ow m i  to n egate  ti n e h u m s l o r u c a l  s i te  and ss ei g h t

advantag e of usinig 400—liz power  n u n p r e fe re muce  to 60—l iz j~~ 
n we r in e l e c t r o t n i c  e q u m p m n n e n i t  -

Technology is ava i l ab le  to d e su g t u  L’h e e t r u n m n i c  L’ q u i p n n e m i f  t h at  is i m n d e p e n d e t n t  i il t Ine  f req u e m i c ~
of the power source , If ’ ehec t m r u m u i c  e ; t i m p t l u e n t  does n ot  o p e r a f e  f m o m n  t h e  s a t t i c  I r c i l u u L ’t i c \  as
tIne  source poss c’r . t r e que inc ~ c h ia i i ge r s  t u n t u s t  be used b e t w e e n  t h e  L ’ lL ’c t r u i t t i c  eqtui~iuulL ’i1t a tnd
tI n e prune power source. l in e cost of t h ese I tL ’ q t u L i k  v c h i a u u g e r s  h a s  been s h u o w m u  to be h i g h
from all cost aspects . imic h ud m mug i n i t i a l  pro eh ir eme ii  t costs , o i i—b oard rep a i r  p ar t s . e m n g i m i e e r i t u g
sers ices and support . i m i s t a h h a t i o u n . c rew t r a i m n m m u g, r e h i ah i l i t . m n i a m n t a i m i a h t h i t  . spa ce and
wei ght t , per form aml ee . am i d fuel cos t

line fo lhowi m ng sect iot us discuss in g r e a t e r  dep t h  t ine t e c ln m i o l ogv t h a t  cam u he used to
in t ake  e leciron ics  i m i d e p e n d e m i t  of t ine  power source f r e q u e n c y  w u t h n  n io i t i c rease  i t t  s i / L ’ OF

weig h t
T l t e  a r g u m e n t s  presented so f . i r  i nd ica te  t h a t  a ret  t u r m u  to oO—h it n i agne t  ucs  wou ld

provide a be t t e r  to ta l  ( s h i p — e l e c t r o n i c  I s v s t e t u u  t h u a m u  otie usimng 400—liz e lec t ron ics  ss m t h i  f r c ’—
q u emnc ~ ehi am iger s .  evem i t h o u g h  st i c i t  a re t tm r m n  would  resul t  in i tucrea s ed sm /c and ss e i g h t of t I n e
e lectronics .  h owever.  at i  a l t e r m i a t e  op t i om i  . alr ead~ hem tug used for  o ther  r ea s 1( 5 . would lie to
apply  swi t ch i ing  regulator  tec lum u o l ogy - l I n  is would al ss e le ct  i c  i t t  cs to opera t e  f r om ol ) -)  I,
possL ’ r I amu d 40 0—Fl , poss c r 1  b~ mean s of power cot t5  er siom i c i r c u it ry  t h a t  is s n u u a l h L ’r an d l ig h t —
L’~ t h a m n  c o t u s e n t i o n a l  400—lI z power c o u n s e r s u o n  c i r c u u i t t ~~. I I r i s  t e e h u n o l o e ~ us 1hi sc uis s e d  urn
d e t a i l .  I h u e  f r e q u e n c y  dep emidence  of e h e c t r o t u i e c l i a t u m c a h  c u u i n p o n n e n t s  u s also t h I s ~ ui s se d.

S W I F ( I I I \ (  ; RI  G i l  -\TOR T1 - ( ’hI NOIO (; Y
A t e c h i t n o h o g t e a h  r e v o h u i t i o n n  ha s  t a k e n  p lace in recenu t  y ears iii t ine t i L  h I  if ac -t o - iL

and dc—t o —dc  p ower c o mnver s i t nm n . l In e t e c luno l ogy  r espomn si h l i ’ f ’or I I t i s  r e v o l u t i o n  is te r muied
s w i t c l m i i n g  reg u l a t o r  t e c h i n u u i l o g ~ - A d s a n u i e s  it i  c ( i i u n p ( i t u e n n t s  a m nd a t n a l v s i s  tec h n iques  IL i s C bs’ c.’ ui
combi t i ed  w i t h  n e w  and old c i rcu it  1. . i t l c e p t s  Sss i t ~ t a n g  r i g u m l a t o r  t e c l u t u o h u i g ~ h i s  ~ ieldi ’i.h
i t i cre ased e f f i c i e n c y  t less power loss amid u hec rc , i s i ’it s i / c  ss L’ Ig I(  n .  ati d L i i s l  of ii iss er-

OI1 \c ’r s to l i  e q t u i p t u u e t u l s

POWI R St I’19 Y I t \ (  l IONS

-\ power sup p l ~ is c~s c t u ( i a h h v  a h t u t f ~ r c i r c u t t  t h a t  n n n a t c l t c s  .i  load t i n  I t s  p055 L ’t

~ ‘urce I lie p055 er source t \  r eal \ is a s h u t p  set’s ice t u r b i n e  g e n ni ’r a tor  f I n a l  pro s des -p h i . i s c ’

i l l - l i t  4-c~~.\ a. p inss e r as d e l i t t e d  h~ \ I I L ~SU D ~h 3 o ) ) . Si’c t io m i  103. A ~o n n i t i i o i t  e ’s a i r u l u I L ’ oh
a mi c l c~ t r i u n i i c  load is at u e i h t t i p m l n e t t t s S — V dc logic c i r cu i t s  . - \ im n i os t  a l l  power in elc - c t t o n u n c s  is

i’v e t n t u a l l y  used as dc p i sse r  A s~ s te tn i  de sign i com i s ide ra t i om i  us to m n u imu im n t / i ’ t h e  t m u i p a c t  i t

t i ne  power  su pp l y  f u n c t i o n  t i n  s”, s t e t t n  I i g u r c ’s of n n e r t t  such as st / c .  sve ig l n t . r e I t a b t h i t ~ - ‘ i i I I l C c

po\s c’r c i n u u h u n c ’  re q tu remi ’tn t s . a t u d  ~ost Ide a l l y ,  for  a load c o t i u p a t r b h e  s s i t l t  t I ne  so on ci’. t l t e
lu055 c’ r s t ipp I~ f u t r c t m i n n n  s s i u n h d  he served m nnere I ~ l iv  i m n t e r e o i n n e c t i n i g  wires . I s i i : u l l V .  t i n e  poss -

s I I p j t l \  f t u n u c t i o n  5 more conupl es . r e q u i r i n g  ~o i l s i ’r s I o u i  and r e g u u l u t t o n  of va r ious  el~’ct r i c , uI

~h i ,i r .i t c r u s t  u s

h - i g i i r c  l~ l i s t s  t h u e  1 055c r  s u p p l y  t n h c ’ n I , f t c s  coti u m i i o m n l ~ used in t I n e  \ . ts~~

Power supp is r c g l i i a f o r  c i r c u i t s  anu d power corrvi ’rs toni c t r c t u t t s  ~~~ be e i t h e r  d i s s u p i -

f u s e  or l o s s l c ’ss I f ’ig 20 t D i ss ipa t ive  regula tors . by dc ’si~~ i - dr ,iss t u u i ( r e  ~~ h t55 cr f r i n n u  t In e  soui r c i ’
t l m a t n  t h e~ d e h i s e r  t i  t Ine  load. l I n e  u n i d e l ive re d  p ow el  u s conver ted  I i i  t i c i t  . ini1 t i ’ t u u o s e i h  b
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cooling system. Fa mn i h ia r examples  are the zene r diode sh un t vo l tage regu l a tor  a nd t h e
t ransistor series voltage regu lat or.

In hossless regulators , t In e power delivered to the load equals that dra wy from the
source. Neit h er t h e  regulation nor the conversion function , by itsel f , abso rbs power. Power
“losses” (conve rsion -i to Ineat , wh ich is wasted ) are caused by less t h an ideal components.
Examples of lossless regulators are t’e rroresonant transformers amid switching regulators.

Switching regulators umsing semicondu ctor  switches have been used since tIne I 950s.
They were commomi ly applied in m any aerospace applica tions in the I 960s amid becamn e well
established in comm ercia l application in the early I 970s. Of the va r io us types of swi tc in ing
regulators , t h ose that  a re proving t he most u se fu l operate fr om dc in p u t power , obtai n ing dc
by di rect ( nio transformer ) rectification of the ac lines if t h e  power source is ac. Power
conv ersion is t ll emi accomplished by off-on modulation of a semiconductor switch operatim ig
at a f ’requency higher th~~ normal powerline frequencies. Modulation is usually in the
10- 100 kHz range. This technology can provide power conversion equipment th at is inde-
pendent of powerhi mie frequency.

Various power supply confi guratio ns are first briefly discussed in relation to fre-
quemicy indep endent power conversion. Then one particular configuration — swi tch ing
mode regulators - is discussed iii detail.

TRANSFORMER RECTIFIER SETS
The power supply config u mratiom i most used to power electronic loads is a transfo rm-

er rectifier (TR ) set followed by a low pass filter. If regulation is required. a dissipative
transistor series regulator f’ollows the low pass filter. The coml fig u mr a t i on is shown in figure
2 1 .  This configuration h a s  several advantages , the most important  omies being its low cost
due to t he si m p l icity of the design. the volume of supplies made , and ti ne size of the compet-
itive market.  There are well over 200 sources from which they may be easily procured. The
simplicity of the desi gn hel ps i n achieving reliabili ty.  Also, the hi gh-vol ume usage makes the
use of voltage regulator it i tegrated circui ts  practical and yields addit iomia l  re l iab i l i ty  gains.
With ver y smal l impact  in size, cost . weight , etc . the 60-Hz conif iguration can be desi gmled to
operate from 50- , 60- . or 400-Hz sources and either 11 5- or 230-V inp u its .  The impact  of ’
t h n ese options on a 60-Hz design is so sm all th at these features are prov ided as sta nda rd by
som e man u m facturers.

souH
cu] [

~~~~~~
f 

_  _

LOAD

T RA N S F O R M ER  RECT IF ’ I EH FI L T E H  REGULATOR

l - u g n u r c  2 1 .  TR set and regulato r power supply con fi gura t i on.

46 

~. .i  
— . ‘. -~ -- .- -

~~~~,-,- - - —--— rn- -~~ A4



~

Anot h er advan tage  of t h is conl ’i gui ra t io m n is t h e  relativel y low ami l ount  of e l ectro m n a g—
mnet ic interference ( cmi )  generated. TIne major sources of hu i gh-f ’requenicy cmi  are t ine  recov-
ery ciuaracteristic s of the recti fi er diodes amid t ine slma rp current rise and f ’ah l timi les caused by
an inductive input  filter. Low—fre qu mem icy cmi ( h u e  f requency amid tIne f i rs t  several harmon-
ics ) is ca used by tine miom ili near characte rist ics of t h e  tram i sform ii er aml d ti - ic rectifiers. At io t h i er
adva n tage is t ine ease w ith  wh ich good dc amid ac isolation between m n p u m t  gronmid and o u t p u t
or signal grou mnd is achieved.

The disadvantage of ’ tine con f ig u rat ion lies in the size an d weig h - it of tine 50 60-lIz
tramisform er and the inef h ici emicy of tine dissipative regulator , if ’ one is needed. Tra mnsf ’or m n n er
wei gint varies inversely as the 3 4  power of freq u men cy . 2° A 50/60-Hz transformer is almost
4.75 times the wei ght of a 400-Hz tramisfo rmer. Dissipative regu ih ators per l ’orn n regu l at iom i by
a voltage-to- h eat conversion. As t h e  source voltage toleramice imicrea ses . tine s i /C and wei g hnt
of tIne heat conversion components and the extra power t akem l from ti ne  source (amid dum m p e d
into the cooling systeni) soon beco m e excessive. Another  disadvantage is that  there is no
convenient method of t y i m l g in a redundam i t source of power if o u tp u t  power is required
dum ring a ioss of the primary power souirce . This is a critical requiren ieml t in sonic presem i t
military systems and can be expected to become a mn lor e commomi req umirement  in the  future.

The presence of t h e  h itle frequency transformer makes the size and weight of tIn ts
co nfiguration dependent on t u e  power source frequenc y for whnic hn it is desigm i ed.

TRANSFORMER TAP SWITCHING
Switching the input  source to various taps on a t ra n sl orm in er  is a ni e t inod t h at can he

used for regulation. For fixed loads and stable soumrces. ti - i c proper taps cami he selected
during ins ta l la t ion of ’ the equ i ip m em lt .  For more variable condi t ions , a var iab l e  ta t )  ( v a r i a b l e
autotransformer )  can be used amid adjusted either m a n u a l l y  or by a closed Io~ p servo sys tem.
Also proper taps can he switclned in as req u i red  in a closed loop f’eedhae k cot i f i gurat iot i . 3
The advantages of transformer tap Switci l it ig im l ch u de tine preserv atiom i of m n e a r -un i t v  power
factor . hu gh efticie mu cy. amid re la t ive l y sm all i m u crease im u t r a n sf ’ormer si ze .  The major  disa dvan - . -

t age~ are u suma ll y associated w i t h n  com ple x i ty  aml d r egulatiom i respomise t ime.

FERRORESONANT REGULATORS
Art a l ternate  method of power conversiot u in use is t ine f ’e r rore somi a nt  t r a n s f o r m e r .  of

w h ich there is a trademarked var ia t ion called tine Pa rafor mn n er . 3 2 Its p rim ui e adv ami tages are
great si mplici ty .  potent ia l ly  Inigh r e l i ab i l i ty ,  amid hni g l n eff iciency due to its  ab i l i t y  to p ro v ide
regu lation wit l noumt a dissipative regumlator.  I t  also h a s  inh ie re i n t  sh o r t—ci rcu i t  p ro tec t io n .  I t s
disadvantages are t i n a t  it  wil l  operate only at one power source f ’requ m emicy amid us about  50
percent larger than  a convent iona l  e om n i hined  I R set  amid dissip ati ve regulator.  .- \gant n , t iuere
is no convenient met h od for u s imn g a redundant  i m npu  t source. [lie pres en lee of a t i n e  f r eq ue tn -
cy t r am nsformer  nt ~u ke s tine S i / i’ and wi’i g I n t  of t I n is c omif ’igur atio n d epem m det i  t ot t t l t e  p i  iv i t

sou rce I’requeney for wh ic h it  is desigmied.

3k avv  ( \L L ( ( Com ntra c t  N0o~l~ 3,75 M - t00 7  wi th  P inko . S,un r ,u A i i : u  ( A . Pa r k o l ) i i s s n c ~ 101 t n - 1  M m i i i
lure Power Supp ly

3 Wan l ass , SD en al , Tine P a r a? or me r  A Ness P.i ssiv e P t w i T  ( iri s t i  si i: I )es 0 - I u t g u t m t ’ t ’i Sc n i  l i s t .

October I%~
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L iNE FREQUE NCY SCR REGULATORS
Regulation in this method is achieved by rectification of an ac input by means of a

silicon-controlled rectifier (SCR) bridge in which the firing angle of the SCR is delayed so
t lnat the average output voltage is equal to or less thami the average input voltage . An exam-
ple is the ligh t dimmer switch widely sold for home use. If it is used without  a transfo rmer.
isolat ion hetwee mu imlput and output grounds is lost. Also . the late firing ang le for low-
voltage supplies gives a very low power factor. If an SCR regulator is used with a tr amis f ’orm-
er , the only advantage over TR sets with -i dissipative regulators is better e fficiency. The

disadvanta ges are higher cmi and a poor power factor , with no savings in size or weight
except as permitt ed by the increased efficiency. Again , there is no convenient method for
using a redunda nt input source. The presence of a line-frequency transformer and line-
frequency filters makes this configuration dependent on the power source frequency for
which it is designed.

SWITCHING MODE REGULATORS
Power conversion in th is method is obtained by direct recti fication of an ac source

to dc and then use of a regulating dc-to-d c converter operating at higher than line frequem u cy
to provide the oumtp u it .  Where t h e  input is already dc , rectification and filtering are not
necessary. The advantages are small size due to the use of high-frequency transformers amid
fi lters , high efficiency even with a wide-tolerance input voltage — and a simple metlnod of
tying in redunda nt power sources. The disadvantages are high cmi , great complexity, amid in

some cases high cost. Even when the prime power source is dc , a dc-to-d c converter is re-
qu ir ed. These con ve r ters al read y have the listed disadvantages of high emi , great complexi-

ty.  and high cost. Therefore . switching regulators have few additional disadvantages.
Switching regulators can use any kind of on-off switching element such as transis-

to rs. silicon-con rohl ed rect ifiers (SCRs) with some type of forced commutat ion turn-off
circuit , and gate turn-o ff devices ( similar to SCRs except that they can be turned off as well
as on by a gate ) .

The transistor switching regulator is being increasing ly used to provide dc ou tp u t

voltages from a single-p hase . 60-Hz source. Virtually every major power supply compam iy
now has switchin g regulators as part of its standard power supply li ne. The advamita ges of ’

sm al l si ze and h igh effi cie n cy are proving to off set thei r som eti m es high cost and cmi in
many commercial and mi l i ta ry  ‘upp hications.

Cost projections show a crossover point between switching regulators am-id dissipat ive
regulators as output power increases. Switching regulators are often more cost-e ffective in

powers over 500 W to I kW . and the crossover point is becoming lower wit h time. Switch-
ing regulators in the 50- to 500-watt range are now onl y abo u t 30 pe rcen t m ore cost ly tha n
dissi pative counterparts from the same manufa cturer.

SWITCHING MODE POWER CONVERS ION AND REGULAT ION

GENERAL DESCRIPTION
Tine scope of this discussion is limited to a class of high-efficiency switching mode

power conversion circuits that operate from a dc input source or from a rectified ac sotirce.
A definin g characteristic of t h e  class is tha t  the frequency of the ac input source has a
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mneg h igible influence on size amid weig h - i t .  A gemier a l block diagr amn of t l nis  c i rc u mi t  class is

sh own in figu mr e ’~
’2.

Tine inpu ~ - ennu i t’i lter is umsu al l y  desi gned to at tem ni mate  t h u . _’ i n i g h n — f r e q u e n c y  nuoi s e  caused
by power semiconductor switchi i n g j ul t ine inverter / comiv c i ter  and by e o m m u t a t t o n  i n th e
recti fying diodes. Its size ~ir n .J weigh t a re indepe n dent of ’ the powerhi n e fre quen cy .

Tine rectif ’ier block comlverts ac po wer to dc power. ..~ six-diode t h i r ee -p hnase bridge
rectifier (6-pulse rectiticat ’~om n ) prod uces a dc voltage whose average us about  I .34 m m c ’ s t ime
h i m - i c-to-him - i c ac rms im nput vo ltage . The ripple fre quet ncy is six tm n i es tI m e l m t u e  fr e qu e tuc ~ - and
th e peak-to-peak ripp le voltage is about 14 percem it of the average de voltage.

The nonl inear  r ect i t i cat iom l process generates In armot n ie  current s  v f t o s e  amp lit udes
fall off as I / n  of fine I’un d am em ita l  amp l itumde. winere ii is t ine mn um ui ber  of t ine  hna r n nomi i c .  O mu l y
certain liarmomi ics . determ uu ined by thne nu m ber of rec t i fy ing  pulses i t t  a cycle  of the  fumni l a-
mental . are p resemut. For tine six-pulse thn r ee -p lnas e b ridge rectifier t ine harmonies preset - it are
the 5th , 7th t . 11t h - i . 13th . 17th - i , 19th - i , . . . .  if t iue se hi armnom u ics  mutst be a t t e m i u a t e d .  a b ar—
monic f i l ter  is required. The siz e and wei ght of the  rectif ’ier portio n of th ie block are it de-
pe n dent of power h im i e frequemicy .  If a hn armno n ic f i h t e r  is re qu ired.  i ts  size ami d weighut  depend
on the power h imie freque ncy .

At the output  of ’ ti -ic rectifie r , t ine  power is de. If  t ine swi tc h ing regulat or  operates
from a dc powe r sou rce , powe r is broug ht  i n t o  t i m e  c i r c u i t  jus t  ahead of the i t u pu t  f i l ter  amid
the previou is blocks are tiot used. Th is d c  po imnt  in t u e  c i rcui t . sometimes called a dc l i n k ,  is
au advamitag e if un imi te r r i tp t ib l e  power is a sy s t e m ni  re quiremet i t .

TI-ic inp u t filter is desig mi ed to a t t e n u i a t e  t h e  noise at amid above tine t um i damen ta l
inve rter / converter  switcinimig frequemicy. I ts  size and wemg lnt are determined om i ly  by tine
i nverter / com nv erter design amid are independem it  of p ow cr l i tue fre qucmicy .  1

The reg t m la timig iniverter -converter  b iock is tine heart  of ti - ic circuit  configurat ion.  If
the required o u t p u t  is ac. t i-ic circuit  is a dc—to—ac inver ter .  If the  required o u t p u t  is dc . t i n e
circuit is a dc-to-dc com uverter. Sit -ice most power in el ectromiies loads is dc power . t ine re-
mai m ing discussion will conc entrate on regulat i n g dc-to-d c comu verters. Ve ry l i t t l e  ac power
is required iii t h e  electrom u ics . butt  tui e tec h nology for both inverte rs anid conuverters  is si m ii i la r .
Also similar is the  switchin g mode techm lology used for motor conf ro l . I ne a t  regulators a t u d
ot lncr functions. The power swi tc h es Iti t ile inver te r / c onver te r  cam - i be h n l r o h a r  t ransis tors .
solid-state thyristors (also called silicon controlled rectifiers or SCRs) or gate t u r n - o f l  t iuv r i s-
tors (si mi lar  to solid-state thyristors except th u a t  t ine gate cam i be used to turn tine device o f f
as well as on) .  Also uised on occasiomi are less coil - itt -ion dev ces such as tuntle l  diodes . \10S
transistors , aiid Ovionic switches.

Tine size amid weight  of imivert ers depemnd on tine required o u t p u t  f requency.  n ot  t i m e
power h ine frequency.  Tine size amid weig h - i t  of converters , on tine o ther  h~im i d .  depend oni the
swit cl n i!ng fre qum em n cy of ’ tine cotlvc r tc r.  not t h e  power h imie  f re quet i ey .  T In e co t u v er t e r  s s v t l c h n m n n g
f requency is determimied by tIne s t a i c  of the technology at ti -ic t ime of desigmi. P r e s en t l y .
tra m nsist or converters operate iii the ra n ge of 15— 100 kHz aiid t i nyr is tor  conver ters  operate inn
the 5—15  kHz range. Isolation - i  betweem i ac inpui t  power amid t ine  dc o u t p u t  f i l t e r  is accom-
plishe d wi th  t ra mn sf ’ormers tha t  are designed for tine sw ite i i inig t re qn i em u ey .  l in e si /c and
weight  of t h e  magnetics  ar i d f l l te rs  depend ott th i s  swi tch - i ing  f r e q ue tn e ’ . .  t h u  t i n e  pi s’s ~r l n n e
f r e q u e r n c o .

The o u t p u t  cmi f i l t e r  is desi gn ed  to ~mtt e t1 t ia  tc the hu gh fre q u iet i c i e s cent en .ui  cd b~ t i r e
swi tc h imig  e lements  in the c i rc t i i t .  and i f s  s t / C  amid  weig ht  arc indepe tndc nn l  ol pos’s e i l r n h ’
f requency.

Tine c i rcui t  l ayo u mt and packaging. con lb inn cd wi t l n  t ine i m u p u m t  , m t nd ou t  l i l t  ~m ui  f m l t c r ~ .
keep tine ci rc tmi t  froni radiat imig or conduct in g m ight f requency  c u l t  t i n  o t l n e r  i r .  i i t ~
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Tine only com nnpom ie m nt imi the s~ s t c m t t  w hose s t / c ’ amid ‘s’s c ig l i I depend om n u i’s ’s  c m m i t e
freq u ie m icy is ti ne hia rm in onic f i l ter .  If hnarmi oi m ic cur re m nt  suppness i oi u to h i lo t ec u  t ime  1 n u i ’ s ’ s  ~‘t

soumrce is u not required. swi tch u ing  regulator s u e  amid wei ght  depe n d omiI ~ on i n n ’  ~~~ P ‘ ‘s ’s ~~t

amid tec h nology . ra t i t e r  t i t an  on whet h er tine uni t  is designed f~ r 60- or 400-i 1/ use.

Al) VANTAG ES
Sw i tch imng mode comivertens hna v e su m h s tan t i a l  advan tages  over t h eir d m s s u p a t t ’ s  c

terp arts desc ribed umider Power Supply Techmi ology. Sluice tine diss ipat ive regu lator  ms wide R
umsed amid umnderstood . it will  he uised as t ine basel ine to w i nic i n  t u e  s w i t c h n i m i g  innode ci i i i ’ s  cu l : r
is related.

•-\ swi tch ing  reg nm iator  is  I 6 to 1 2  as large and 1 (n to 1/ 3 as hneavv as i t s  60-li.’
d i ss ipa t ive  cou unt e rp ar t .  It u s also smaller and h ig hute r  thn a mi  i ts  400—Hz dissipat i ’s  e c o l u t u t e r p a i t .
I ts  r e h at i v e I~ m igh t e f f i c i e n c y  65—9 5 percent  - m ea mns t i n a t  f ( n r  a given - i load power , l i t t l e
add it io m nal  power is draw mn front t i m e p latform power somur e to he dumped as hiea t  u n t o  t i n e
p ha t f ~ rmi n cooi imig s t emnu . Unl ike  a di ssipa t u ’ s~’ regula tor , i ts  e f f i e m e n c y  re m a imu s  high o’s en
wide var i at ionis  iii i npu i t  voht a ge .  Because of these sigmii im camit  advantage s , s w i t c h i n g  reg iul a-
toN are h e imng im l crea si mng l v used. evemi in shipboard e q u i p t n n e m i t s  wi th - i  400-Hi imipt i t  Power.
Tinese :ud vanntages  arc c’s en -i t itore s t c ’n i i f  mean t  w i nen i  f ine  comparisons are made at  t i n e  s v s t c t n i
l eve l .

EFFICIE N CY OVI R \~ IDE INPU T VOL I . -\ ;i : V A R I A T I O N S
Efficiency.  r~. is defim ied as t i n e  o u t p u t  power d iv ided  by t ine  i t i pu t  p in ’ s ’ s-e r  ar - id  nS

expressed as a n iummher  less t i n u mi  I .0 or as .u percent tage wh em n m i i u i t u p l i e d  by 1 00. I’ m we i loss
ill the  c i rcu i t  is tine ou mt p ui t  power subtracted f rom t ine  i u npuf  pow er i h nere  are tio i n l n e r e t u t
loss mi i ec i iam iisms in the  cla ss (i f sw i t c i t i t i g  tn n u ) de  con ver te r s  beit ig discu ssed.  ( ivc t i  ideal
4 hn ssle s s 4 e om u p omi em i t s . s w i t c h i t i n g  mode conver ters  ‘s’s n i m i l d  he 100 pereen it e f f u c t e t i t  . l i n k  us
mint  t r i te  of d i s s ipa t ive  regu lators , w h er e  a p n n ’ s v c r  l i n s s  m e c h n a t u i s m  is used to ob ta in  rd’g lml a  t i onn .

Ca lcu l at ion  of e f f i c i e n c y  is a well  dc ’s eloped t l i s c t p lu i ne  in t ine  desi gun of ~ i’s’s cr coil ’s  ~‘ t —

siOil c i r c u i t r y  , whn e re  t h e  loss of ea chn eon i np om n c mnt  in t in e  c hcs i gn  is c a i e n l a t i . ’d a r t c l  om I nc a s -

tired. Ti-ic m ajor losses m i  c lo t ’s  ent ers  are due to t ine  t i i i i t e  vo l tage  c~n m np s across c o n d u u c t i m i g
semicot u ducto rs . 1 2 R losses i ii c o mid imct o rs  ( i t c l t m d i t n g  w i n d i i n g s  in magne t i c  e omn p o ne mi  t s

les ~er e sms losses iti m i i a gm ne tmc  m a te r ia l s ,  eddy cumrre rn t losses . s w i t c i n i n i g  l osses , l osses tnt  co t i —
trol . dr ive , amid h ousekeeping c i r c u i t s , amid losses iti c mii i suppr ess io tn  c i r c u i t s . ( I - t i - i  i c m i c t g \
w i l l  p r i r p _ i g _ m t e  front t ine c i rcu i t  t in l c s s  it  ms co t iver ted  to m eat or nc - c o ’ s  cred inn a d m s e f u h  f o r n u .

Tin c s impl i f i ed  emp ir ica l  e q u a t i o n  77 = o u t p u t  ‘ s o l t m g c’ t o u t p m u t  vo l t a ge  + loss ‘s n n l t a c c
c a n r  he used to  e s t t t n i a t e  t ine eft ’i ctet n c v n n f  cot ivert er s w i th  o u t p u t  volt aces i i i  less t h a n  2-’ V
dc. W i t h n  2 ‘s i n h t s  as a good e s t m n n a t e  f ’or t ine  loss v o l tage .  t i t u s  e ( i t m a t i c n m l  gm ’s _ s am ef t t c i e t i c y  i t

1 percent  for a 5 V r egu la to r  ari d ‘~~-~ pere eti  t fo r  a I S  \ ‘ r e g m u l ; i t i n r .  I f  t i n e  loss v o l t  .m g c 5
more O man -~ vo l ts . 47 7 = ( 2  p ercer u t  fo r  ‘n ~ o u t p t u t  atid X 3 per ce’rn f l i n t  I S  \ i n u l p m i t  c’i ’l ’m c m c i i —
c~ ‘s’. . m s  p rob a b ly  t io t  i i i  in po r t an l  de sign t . u c t o r  m r  \ ‘ s , I s  p r e e t n n p t e d  by more ni I u nr t  an t  ci ii -
-, i n h c r a t n i n y .  at  the  c i n s t  of ’ c’ t f i c i c ’ n n c ~ A k i s s  ‘s I t ~ug c  of ott e vo l t  ( 77  = ~3 pc’r ce tn t  f o r  5 \
o u t p u t  and nfl perce mnt  I i r r  I S  \ output  would t r r d t c a t e  , m ‘ s c n r  f o r t u i n a t c  m h c s l ~~H or t I r e  sa cr i-
t i c c ’ f o r hu g h e f f i c m e n n c v  i n )  so mnie des ici n l , m c t i r s t u c h u  us e tnum c o t u t r o l .  I t e n t - i’ a t i , u i l ~~~l t  he-
tw e etn ci ti ~ i e t n c v a ind  s i / c ’ u r  wei gi nt  in ~n n r n \ c t  t e n s . i n ’ s  . r  a l i m i t e d  r a t n g c - . c l t ’i c i c n c ~ c a i t  he
mtncre .usc - m h . m t t ine  ‘ac ri f i ~ c n i h  si/ c ‘ ~ ‘ sve m g i t t  -

“s r i  i m p or t a t i t  - t n i r e  ( i f  s w n t c h i i t n g  m n n oi he c o m t ’ s e r t c’r s wi n ic h i  is i t  t u  m -  of d m s s i p . i t i ’ s e

reg ula t or s  is t h a t  t i n e  ef t i~ i cn nc ~ is i t n d e p e t n d e n n l  m t  t I n e  t m n l c ’t u t iee  i l  t i n e  t t n p n (  po\ ’s er. \

S t
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dissipat ive regulator with a 5 V output designed to operate through the 18 percent transient
of Typ .~ I ship service power would be 46 percent efficient at the hi gh line steady-state
input.  A comparable switching mod e circuit would be 71 percent e fficie nnt , and its effi-
ci en cy re mains in igh over wide variations in input voltage.

The imicreased efficiency means that less power is drawn from the power source , l ess
heat is dumped in - ito tine cooling system , and the size and weight of heat exchangers are
reduced. Thu ms tin e size of both tine power conversion equipment and tine system it is u sed in
is red uced. H igh efficiency can also increase reliability since the generation of less heat
results in a smaller temperature rise for a fixed heat transfer p ath .

HIGH FREQUENCY OPERATION
The size and weight of power conversion equipment depend on frequency. Convemi-

t ional transfo rmer and inductor weight varies inversely as the three-fourths power of fre-
quency if fiumx density, current density, and other design parameters are kept constant.
Capacitor impedance and consequent weight for a given impedance vary inversely with
frequency. Semiconductor switching losses , magnetic hysteresi s losses, eddy current losses .
skin e ffect conduction losses , and the like also depend on frequency. When freque micy is
available as a desi gn para meter , tradeoffs between cost , size or weight , and e fficiency are
possible. These tradeoffs have progressed to the point that computer programs are available
that either will optimize efficiency, given a weight constraint , or will optimize wei ght . give n
an efficiency constraint .33 When power conversion is tied to the powerline frequency , th is
tradeoff is not available. The frequency at which an optimum efficiency or wei ght design
occurs varies with the state of the art of power conversion tech ino logy and is presently in the
range of 5—50 kHz and moving hi gher as technology progresses. These frequencies are well
above the available shipboard powerhine frequencies of 60 Hz and 400 Hz. The result is t h at
even when 400-Hz power is available , higher-frequency converter technology is used to
make the power conversion equipment smaller and lighter . These converters will accept dc .
60-Hz , and 400-Hz input power.

Besides size and weigh t , cost is also a factor that favors going to hig h-icr frequencies.
Semiconductor tec inno logy, both in power semiconductors and complex integrated circuit
controls , makes high frequency operation possible. The cost of this technology lnas continu-
al ly decreased and is expected to continue decreasing. At the same time , tine cost of mag-
net i c  core material s and copper comiductor is increasing. TI-ic amount of copper and magnet-
ic core material decreases with frequency. Less packaging is required and less heat sink
material  is also require d dume to the hi gh e fliciency of switching mode converters . The result
of t inese reduced mate n iah costs is tha t  I nig h power switching nnode converters are less expen-
sive tha n their dissipative c oum nter p art s  r u e  power level wh ere the crossover occurs is be-
coming less and less.

A regulator cost I’ormuha O.:i ! can he used to compare tIne cost of switching reguha-
tors a nd dissi pative reguml at or s is ,is fo l lows

I - cost cost \ I watt loss( ost = I bas ic co ’st + -
~~~~

— - —
~~~~~~~~~ + ~~

- - IW a t t  outpu i t ‘s’s~i t t  ioss/ ~ wat t  ou tput

33Yu , Y, Back ni ann , M , Lee, FCY ~ind Tr iner , JE , Formulation of a Metho dology for Power Circuit Desi gtn
Opt imization , paper presented at I E E E Power Electronics Specialists Conference , Cleveland , Ohio ,
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Switc i-i ing regulators are more complex to desi gn and , due to enn i . more comp lex to package
th n a mi dissipative regulators.  ‘I ’hni s is reflected inn tine basi c cost f~:ctor. Tin e cost i t n crea se  as t Ine
output  power increases is due to two f’actors , Tine l’irs t is relate d to tine t inroug inp u t power.
Size anid weight of ’ t ra mn sf örniers am - id t i lters increase as outp u t power increases. ‘f ine  secomid
is related to increase d power losses inn tine regu m lator as o t mtp t t t  power increas es.  ‘[hue added
losses require larger m eat sti nks , more power semico n du mcfors . and imu crea sed packag ing
vo lt mm une.

An example of ’ tIne t’ormn uia app lied to dissipative amid switching regulators is s h i n i w t n
in fi gu re 23 . wh ich umses values from Table 2.

T h e  crossover in cost occurs between 500 and 600 wat t s .  w i nichn is about  correct f o r
I 976 tec in mn ology.

Frequie micy of operatioti of thne switc h ing regu lator  a ff ~ cts e f t i c ie m ncy amid t ine  cost of
tine transformers , f i l ters , and switc ining mode power tramisistors. Tine l ocatiom i of t ine  cross-
ove r point is a fu m nctiomi of ’ ti ne basic cost and tine slope of tin e ct mrve of cost vs w a t t s  of out-
put.  The latter is strongly a f fec ted  by the size of tine tran sformers ari d filters , tine e f f i c i e n c y
of tine regu m lators . a mid tIne relative cost of switc inim i g mode power transistors  and comivemi t iormal
power tra n sistors. Th e t rend is l’or the crossover poim it to occ ur at lower o u t p u t  power as
tec h imnohogy improves.

Another  a t t r ibu te  of im ig hi - freq ume n cy operation is decreased atm dio miois e . Tine chamige
from 60-Hz power to 400-Hz power places tine au dio m io i s e generated from power con ve r s i u iml
equ ipment  in an annoying portion of flue audio spectrum u . Tine frequemucy of swi tc i n im i g  mode
co nverters is often selected in the 20-kHz region , even i t’ tI n e electr ical  o p t i m u m  is lower. itt
order to place audio m- ioise heyomid the upper l i m i t  of i n u mm mm n Inearin ig.

500

t n t  D1SS IPATtV E REGULATOR 
~~t2t SW tTCH 1NG REGULATOR

400 -

—I 300 — (2t

z
I-

~~~ 200 -

noo —

I I I I — I
too 200 300 400 500 600 700 800 900 1000

OUTPUT POWER iN WATTS

Figure 23. To ta l  c i i s t  versu s  out put power.

I i o n i c  2.1,
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TABLE 2. COST COMPARISONS OF SWITCHING AND DISSIPATIVE REGULATORS.

Type Regulator Dissipative Switching

Basic Cost $10.00 $50.00

Cost/Watt of Output $0.20 $0.20

Efflciency, % 46 71

Watt Loss/Watt of Output , % 54 29

Cost/Watt of Loss
Heat Sink $0.10 $0.10
Packaging $0.20 $0.20
Transistor $0.20 $0.50
Total $0.50 $0.50

10W Output Total Cost $10.00 $50.00

1000 W
Cost/W att of Output $198 S198
Cost/Watt of Loss $270 S203
Total Cost $478 $45 1

SYSTEM LEVEL ADVANTAGES
The advantages of switching mode regulators over their dissipative counterparts are

such that they are being used as one-to-one replacement for dissipative regulators. TI-ic
comparative advantages of switching mode regulators over dissipative regulators for 60-Hz
single-ph ase input power are summarized in figure 24. Substantial as these advantages are .
there are still ~‘eater advamitage s when certain characteristics of switching mode regulators
are exploited in system design. These characteristic s are :

a. Hig h efficiency, which means less power to be drawn from the platform power
source and less heat to be dumped into tine platfo rm cooling system.

b. Ability to operate efficiently over wide variations of input power. wh ich elimi-
nates the need for tig ht regulation of input power.

c. Abili ty to operate from platform power sources of any frequency (dc , 60 I-h z . or
400 Hz ) . whic h -i eliminates the need for frequmency changers such as motor -generator sets

These advantages are shown in Figure 25. A common shi pboard practice has been to specif y
400-Hz input power for electronic equipment to minimize the weight of its magnetic comni-
ponents. This requires the use of a frequency changer such as an MG set to convert from -i- i
60- to 400-Hz power. Dissipative regulators are then commonly used to provide regulated
power for the electronics. Tine umpper block dia~ ’ani re flects this con figuration. For 1.35
kW of power delivered to a 5-V dc digita l load , 5 kW of power is required from the source.
3.35 kW is dumped into tine ship ’s cooling system , and the weight of t h is “power supp ly ”
(the components between the load and the power source ) is 1429 pounds (650 k g) . The
failure rate of this type of power supply is typically 414 per million hours . These figures are
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based omn da ta shn owm n for stam dard mi l i ta ry  specif ’icat i o m i po wer supp lie s i romn n a -. c t t d o r s
cata log. 34

Using mil i tary specificatiomi switc i nimig reguml a for  power supp lies f r o m  tIne s a i m ne ve in-
don ’s catalog. th i e mieed f’or a f ’req uem -icy changer is e l iminated am nd tIne resul t s  are shown  imi t ime
lower block diagra m. For the same I .35-kW load , power re qu iired f rom tine sutirce is onl y
2. 1 kW , power d unnped imn t o tine eoo h im ng system is on ni y 0.75 kW. t i me weig ht  n i t  t im e  l°’~~ ’~
su pp ly is only 106 po ummids (48 kg), ami d tine failuire rate is o mn i ~ 33.5 per mi l h iomi  h ours . (‘ omi t -
pa red wit h time nne wer switching regu lators . t ine standard power system is 1,1, 5 t imes  Inc a ’  icr.
draws 2.4 times more power from tine source , du n m nps 4 .9 times more power u n t o  t Ine coo hi mig
s~ste m. amid ln a s 12.5 tinnes greater fai lui re rate. Th is stumdy s in ows t ine  s v s t em n  leverage
ach ieved thi ro u mg in tIne use of switc lu im ig regulator power suipp h ie s . What  h ap p emi s i t t  a spec i h i c

— eq uipment  examp le?
Figure 26 shows tIne impact  of redesi gmiing the AN/ SPG-5 I radar to e x p l o i t  t i n e

advan nt ages of ’ switc h ing mod e reg umlator tecl um no logy. Radar Set AN -SPG-5 I Is a puke  I)upp-
icr trac king radar used f ’or gumn i amid missile fi re controi .  It is part oh ’ the  TARTAR ti ni ssi ie
syste m widel y umsed orn US amid NATO ships. Tlte co m t t rac tor  has proposed redesi grt i i n g t ime
p um l se t ramnsmit ter  amid t ine CWI tr amismit ter  to exp loit  ti ne advantages of ’ swi tc imimm g regulat or
tec h nology .

Presemit ly time six-cabinet pu lse t r ansmi t t e r  operates from 60-Hz power. amid i t s  p o w e r
con di t ionimig equ ipment  is Inoused in two of t h ose cabi r mets.  Redesigmued to use swi t c in imug
regulator tec h nology , ti ne power comidi t io m nin i g equ ipment  ca in be packaged in t ine spare space
wit h i n omne t ra m isnni t tc r  cabinet .  eh iminat imig two of tine six cabinets h e re tofore  mieeded.
Tramismit ter  weig i nt  ca in t h nu i s  be reduced by 58 percent.  flo or space by 30 p ercem i t .  a tnd  pew-
er com i su imptioti h~’ 1 2 percem - it.  At tIne same t i me .  its re l iabi l i ty  will  imncrease by 40 perce nt .

Tine present (‘WI tr am sm nni t t e r  requires 400-l iz i np umt  power. Thnro i mgin t ine  use of
switching regulator technology,  t ine  weig h t  ca rt be reduiced by 350 po umnds ( I  5o) k g I . Btm t
milore si gmiific a n t l v .  s i t i ce  it will  thneti  accept 60—Hi power . t h ree MG sets amid t ine i r  comitr o i-
hers . weig iu i i ng a tot a l of some i i  000 pot t t ids ( 5  Mg ) .  can be el iminated fromu l ine sh m ip ’s
power system.

This example shows that  t ine  leverage gaimied imi system I’i gumres of mer i t  t i n roumg l n t i n e
use of swi tc h ing reguiators  is proving true itt redesi gmis of ac tua l  e q u i i p m e m n t .

( A telecom -i t’rom NSEA 6542F on 20 September 1976 reported tine cumrre n t  s t a t u s  ( i f
t ine AN - SPG — 5 1 i)ote i ’i t ia h c lnan u gcs: Redesign of f lue  (‘W I has beemi approved . Rede s igtu oh ’
only tIne Power suipply port iom n of tine p u mice t r at i smi t  ter Is heim ig cot - is idened ,  whichi  wi l l  mn ot
re su mh t imi as mumc h improvemem it  as could he obtained. )

LOAI) ADVANTAGES
1- l ect romi ics tec h nology tend s toward the  I n cr easi tng use of digi tah  i roccssi m g  an - id

conntro l t ec in ni iq ues.  And m i  digit a l  proce ssing. tine use of tn iemory e l emi i em its is i m ncre as i mng .  .-\ s
ati  c s a m t n p le. syste m equipment  i tntercot i n ect ion s are be itng desi gnned as seri al data  t ra t i s t n i s—
sm otn l i m es . w i n i c l i  p rovide lower cabling we ight amid c o m p l e x i t y  and permit  greater t u t i c t t o n a i
red un d imtn cy  Tine required p ar alkl—t o—ser j a l con versio n - i for  seri a l data t r ami sm t ss io n n req iii  res
menior ~ element is . huit  d ig i t a l  systems wi thn  mn n emor v are ver y se i n s i t i s  e to t r a t u s i e n n t  P°”~~
losscs I or t h ese sy s t e m s , recovery software am i d in ardw are mum s t be used to correct errors
a nd to preserve am - i d recom istruct mem n nory.

I I c ~ t i n ic s  Ca ta lo g 37 1 R. AC IX ’ Ft e c t r t i k s  lin e . ~ cc n i i s i d e  ( A  O2 ~ 1)4
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Switch i n g regu m lato rs. beca use of ’ t ineir eniergy storage e l em n nennts  and ab i l i t y  to operate 
-

ove r a wide range of im i p u mt voltage , provide transient t ’ree output power in sp ite of i n pu t

tra nsients t h at wouild propagate th roug h dissipative reguilat ors. T h e  inig iner ou tpu t  r ipp le o f
switching re gumlator s is well  tolerated by both bipolar  am nd MOS digital c m rcu i t s . -

Figure 27 summarizes tine system m u  pact of ’ switc h i ng regulators oti dig it a l  type
loads.
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PRODUC I’ LINE TREND
Tinat switching regulat ors are advantageous inn systenis is reflected by the i r  appear -

amice i n more a~d more co m np amn y product h u e s  ( f i g 2 8 ) .
In am- i earl y m ’m ii i i tar y application . switcinimng regti lators were used iii t ine  power sumpp i ies

for tine Army FADAC comp umter , whnic h n huad germnamni u n u power tramisis tors  in a pu k e-wid l i m
modulated regum lator operatimig at 1.2 kHz.

in 1 965 the Navy spomisored tine deve lopmemit of t ine MIL-P- 8 1 27 k) power supplies , a
family of 20-kHz switchimng regulators amid dissipative regulators desigmned for operation f ’romin
aircraft 400-Hz power. Th ese power suipp l ies are still  beimig prod need and sold.

In 1 966— 1967 . low-cost power t ransistors capable of switc lnimig at 20 kHz becanie
available , and swi t ciu ing regu lato rs were in t rod u ced into the commiiercia l power suipp l y mi nar-
ket u sa  sta ndard iteni . In 1972—1973 a survey of tine major power supply vemidors that
included all t h ose with aminual sales over $2 million - i indicated that  all but  three e i t i ner  m a d  a
standa rd switc lu imi g regulator product lit - ic or pham ir med to have one by t h e  em - id of ’ 1973. A
1974 niarket sum rvey 35 found 1 000 to 1400 comn upanies in somne p inase of ma nufac tu n im n g
power supplies . 200 to 300 of ’ t h uem n selling to noncaptive markets. Today ( 1976)  mno s t
power su pp l y m anuf actumre rs probabl y ha ve switc hn im i g regulator power su m pp h m es available it - i
their produmct lines.

REPRESENTATIVE MODELS
In 1972, omie representa tive model was purc h ased f ’rom every power st mpp iy  vendor

wIn o m a d  as a stam idard item a switc h ing regulator that  eit h er was frequency indepet n dem i t  or
coum l d be easily modified to be frequenc y imu depende n t.  They are shuowm i in f ’igure 29. ‘fine
purc h ase orders totaled he ss t i na ni  SI  2 000. In 1976. tI r e  m-i iodehs of ’ all ava i lab le  s w i t c i m i m i g
reguil at ors wit in circumit com u f igurations tinat could be made frequme n ey it i depemidemit m a d  in n -
creased more th a ti  tenfold.  Swi tching regulators are available imi today ’s market  hecau m se
their  advantages created a deniamnd and because t h ney  cati he manul ’act umred at prices com - i ip e t m -
t ive witiu dissipative regum lator prices.

Most of the switc h im ig regum la tors used in Na vy  equmipnnemi t  are cit her mi l i t a r i zed
standard designs or eusfom desi gns. Ch aracter is t ics  of severa i swi tc h im ig  regulators  he i t m g
umsed in the Navy  will  be discussed . Of imiterest  is t l nei r  wide range of ’ e lect r ica l  o u m t p u t  capa-
bilities — from a few wa t t s  to 300 ki lowat t s  iii a sing he u m n i t .  ari d f’rom a i’ew vol ts  to several
ki lovolts.

STANDARD ELE( ’TRON IC \1O l) t t LE PROGRAM
Tine N a v y  Statndard Elec t ronic  Module ( SEM ) R&l) program is aimed at deve lop ing  a

standard family  of power supp lies t i n a t  c a nu he unsed w i t l n  SEM and ou ter  modumles  in aircraft
a nd shipboard applications.  Bec aumse of tIn e sn /c  amid weig i nt re str i ct i ot is  ot i a i rc ra i ’t .  t i ne  air-
craf ’t r equ irem ni emnt s have p r edominnated m i  t i ne  c o m i f i g t m r a t i o t i  sehec t ion .  As pr e semn i h y con-
ceived I s t a r t ing  FY 77~, t i n e basic ~~~ supp ly ( Ing  30) is a swi tchnim i g  regu l ah or  d c —h o — dc
c om n ve r t e r  thna t  accepts cit  hne r  .l -phase 4 0U—l 1/ 1 1 5  2t ) O—V ac power or 27~~-V dc t~~~~et~ as
def ’i ned by Ml L-STD-704I3 . (270 V de is ob ta ined  whne n  I I  5/200-V ac poss er is r e e t m f n e d .
Output vol tages  are pimi—progr am it m nab le 5 , 5 2-\ - ’ dc. I 2 - I  5-V u hc. or 2 5/ 2~ -\ de iii v a r n o u s
power ranges f ’rom 50 to 3 t 0  W. Since +5 \‘ n s required inn most sms l e n i i s . sn v t ; i I l  a t m \ i I I a r ~

35 Fr ost and S i i l l i s .nin l i n e , 106 Ful in inn  Sn \~ w York ~ Y I ( X ) 3 5 . Tin c Pos~~’ i Siip ; I~ M u L c t  - i ) c c c t n h c i  ~~~~
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comive rters I S  Vv . I S  W , 25 W ) are av a i la b le  to I u r n m i s h i  ±5 .  ! 15 . am i d ± 25 V dc f ’r omn a 5-V
source provided by a basic comnverter .

The basic dc—to—dc comiverter  is mnot com n pu t ib l e  wi t i n  shipboard power sources ci t ~i C i

in hnarnno mn mc currents drawn - i or iii voltage h e~ el . ‘I ’i iere i ’one , a s inip h oard c o muverter  is added
that  accepts 3-phnase 60-Ui sinipboard power antd converts it to tine 270 V de accepted by th nc
basic co nverter .  Tine shipboard conver ter  aiso co m ntam i t s  t Ine  i na rmiuomn m c t i l t e r s  t iccessary to

a t t t ’n nu a ie  rectif i cation lmar mon i e s  to ac :cpt ab ie  levels.  ‘l ine shn mp board  cOm l v cr n  er cons i st s  ( I f a
t r an sfort i ier — r e cf i f i er  set amid t ine iuarm omiie cur ren t  l i t e r  or s o l id—sta te  e q u n v a l e m u t .  O mnl v  one
si n i ~ ho ar d conve rter  is required l~er c ahm m i e t  or su hsystem t i .

N o i i e  ut  ti - ic pres ei nt  approaches to reducim i g inar n nom ii c  cu r re m nts  arc comisidered f u t ~
s,i t  sf acto r \  - Ke ep imig t ine in a r ;n i omn ic f i l ters as s .’p~ r ate  tmm mi t s  a l low s improvem n e m n i s  it t  t i l ler
tec hi m iology to he imicorporated in to  a s \ s t e m  wi t l n  mm im pac t  out thic basic power sL i p ph ie s  or
t i ne  F - st of t ine  s \ s t e n l n .  Harmnuomii c cur remut  redu ct ionn  is amn in ipor tam i t  tech nical co rm siderat i ot i
u n  s i i ip hu ar d  e i ectromi i c  equ ipmnuen t  (lesigm i ar id w i i i  he discussed f i i r t ine r .

OT HE R N A V Y  A PPL I CATIONS

\l lL-P- 8 I 279 SWI T(’HING REGULATOR POWER SVP PL lI - S~~
I ’in i s  famil y  of power supphies was developed by ti - ic Nav y for  a v i o n i n c  ap p t u. om i s .

Simice the origitial dev el op mn erm t in 1965. t h t c  f ami l y  iuas heemn used f o r  Air Fn , rc e . \a~
Armiuy.  and commercial apphicatiomis. The fanii iv c o n t a inn s  bo th i  dns smp a t i ve  arnd s w i t c h n i m m g
regulator miieniher s Ti-ic switc h ing regu la t ors . as shown i m u  f igure 3 1 . ratige in - i u t p i i t  power
from 7 5  to 60 w a t t s .  A 400—Hz t r ans fo rmer  at  t h e  im i p u mt r es t r ic t s  the  op era t ro i t  to 400-h i
sources . a i t lnoug h larger 60-Hz commercial  ve r s i ons  are ava i i ahhe .

A F ( ; I S  SWIT(’H ING REGULATOR POWER SUPPLI E S~
7

A family  of s tandard swi t cb n in g  regulator  power suppl ies  was dev eho p e d  for t i n e
AEG !S .-\N SPY-i radar sigmu a i  processor ( f ig  32 ) .  I n p u t  power is 3-p hase i i  5-\’ 4t ) 0—lli .
Type I power per ‘dl L—STD- l 3)9 , Sec 103. I Iu ’~ ev er.  t ine basic c i rcu i t  (less cmi f i i tc r  ami ih
c i rcumit  b r eake r )  wil l  operate f ’roni dc. 50—Hz. 60— i 1,. and sing l e—phase po\v c’r O u t p u t  po wer
of a sing le un i t  ramiges from i 00 to 300 w a t t s . Up to f o u r  i tnn i t s  cai n be nscd itt  p~. r a l h e l  tor
I 200 W o u t p u t .  Speci a l c in aractc n is t  ics imiciude r e d u n d a n c y  f ’ea t i mncs  t i n a t  p n n t v t d e  ii t i n t  icr- ’
nipted bi n s power iti t ine  cv e i t t  of ’ a power supp ly f’a n h i i r c .

\N iU)Q-5 \ N l )  \ N . - BQQ-6 SWITCHING R EG ULATOR POWER St P P l I I ’ S - ’~
A f’ami ly  of ’ .switc ining r e gul a t  ur p i )wc r  su mpp i ics  was developed ‘or t ine  AN - i3QQ- 5

and - \N BQQ-6 sonar equ ipments  ( f ig  33) .  I t i p u t  power m s s l t t p  senn ec  3—p l m a se 1 I S  \ 60-I Ii

pos~ cr. I h wcs e r. t ine  b asic c i r c u i t  rv c onncept  is f r equency  m m i dcp e nde n t , and slig ht t m n i d t  I c i -
t i ons a l l o~ op e r a t i on i  f rom s t a mnd a rd  a i rcraf ’t ai nd s i t ip h o ard ac power sol tree s ot’ t r oi nn dc

Jh t ) e p a r t m e n t  of the N ;iv v M i t i t a r ~ Specification M I t  -l’s I 7m (WP ), Power Sup p is - M i n i a t u i c  ( , u ’n~’i~u I
Spe i t i c a l i o n  f o r .  I .‘\u i ~’usn l%5 . Supp lem e n t  1 ‘n . \1~u~ ~~~~ MI L-P .S I 7 ’) t t h ruuuuu1 u 6 I

I6~~, and 17 t h r o in g ln I t  ~ I Ma~ h Q nS
-a I)wg -1 0- 7 I -S 1444 0) General Spec i f i ca t i o n  fur I -~~~ Vol tage  Power Supp lie s . I 6 ~1, iic tt I

35 IB M ButIe ~i i f - On I - ‘n1 duiI ~r 1’~~~’t S I ip p l \  - M arch I ’l7ñ
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voltages obtai n ed by recti f icatio m n of ’ those powe r sources. Sinig le- unit  power su m pp hn es have
miium l t iple ou itput  voltage s wit h simug l e outpu it powers up to 350 watts.  TIne power sum p p h ies a t e

packaged in a comnfigu m ration compatible with tI n e Navy Stamidard E lectro mnic Modum l e ( SEM I
pro~~am modules. Time basic circ umit is used on -i several Navy,  A ir Force , Arm y ,  amid NASA
eq tzi pnien t S.

LINE-INDEPENDENT SWITCHING REGULATOR POWER SUPPLIES
Th is famnily of swi tchim u g regu lator power sunpp h ies is based omu stam i dard I 0-k i-h z SCR

powe r comiversion modu ml et , ( f ’ig 34). A basic module operates from dc power obtained from
rectified 115-V 60-Hz or 400-Hz ac power. TI-ic module inputs can be p laced in se ries to
operate from a 440-V ac soumrce. Tine basic power level is 7 kW . but uni ts  can be paralle led
to provide any desired output  power. Ountput voltages cam - i he as hn i gln as 50 kV. The m un od i m l e
lnas been used in Navy and Arm y equipments and is the basis of the Navy AN/SPG-5 I rede-
sigmi ,*,**

MARK 84 FREQUENCY CH ANGER 38

Thu s equipment is used to comivert 60-i-h z sinipbo ard power to 400-liz imip u mt  for t ine
AEGIS syster~i on-i USS NORTON SOUND (fig 35). The out tput  power is ac rathner t l n am i t ine
dc output of the previous examples. Tine conversiomi approac h , h oweve r , is f irst to rec t i f y
im iput power to dc power and then to perf ’or rn power conversiomi at freq umencies imidependert t
of tI n e inpu mt l i m e frequtency. The outpu t  power is 400 Hz , b u t the output could be designed

— to provide any frequmemicy including dc. Tine outpumt power of t h is um i it  is 300 kW.

*NELC Trip Report . Line Imndepcnident Power Supp ly (LIPS ) meet in g. by J Fou nt. 10 l - e h r u a n ’  l ’ 1 ’S
**Tele comn between J Font , ., NOSC 7434. and M Foster , NSEA 6S 4 2I . on 20 September I’ 170
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AVAI LABILITY OF TECHNOLOGY
Sw itching reg u lators are n on li n ear , discrete time , multihoop, mult i- input  feedback

circ uits having compo n emnts with wide parameter variations. T u e  components work at high
stress levels. Early desi gn n s were m ade m ostly by trial a nd error a nd by m od i ficatio n of
p revioums designs. Systeniatic anal ysis and desi gn tec hn iq u es e i ther d id n ot ex ist or we re
unknown to  the desi gmners. That si tuat iomi is rapidl y changing and a strong techmio logic al
capabil i ty is develop imig sec fig 36) .

Power electronics eouirses covering ti n e desigmi primiciples of swit ching regulators are
now tau i ghnt in many universit ies , um su al l y at the graduate level. Thuese universities inc ude
Duke University. Califo rm iia Ins t i tu te  of Teciunology , University of Missouri , Purdume , Univer-
sity o f Toledo , U mniv ersity of Toron t o, Canada , and tine Delft Inst i tute  of Techmiology , Tine
Netherlands. Other umniversi t ies are in t ine process of expanding in to  the power electronics
area.

The aerospace industry has been tine major user of switching regulator power sup-
plies u m nti l  recently,  ei the r desigmiimig t lnem themselves or having th uenn designed by custonn
power sumpp ly vemidors. Aerospace cutbacks st imulated the flow of experienced design engi-
mne er s into ti n e eng imneerimig s taffs  of commercial power supply vendors.

NASA h a s  a su ibstamitia l in- h ouse capabilit y in power electromiics. but in-house capa-
bi lity in DoD is I in u iit e d.

In order to better exchange technical informatio n in the field , t h e  IEEE Aerospace
and Electronics Group established the Power Electro nics Specialists Conference (PESC) il - i
1970. That group meets annual ly and publishes proceedings. Over 300 specialists a t tend
the conference each year. POWER (‘ON , a commercially spommsored conferemice , was estab-
lis hed in 1975 and meets twice a year. TI-ic organization sponsoring POWER CON also
publishes a bimonthly trade magazine in tine field titled Solid State Power Conversion.

The Interagency Advanced Power Group (IAPG ) was established in 1960 by var iou s
federal agencies to excham nge technical information. Power electronics ms w t l iin its field of
i nterest and pertimiem i t working grounps meet annua lly.  Members imu c lude representat mvc s from
the Army. Navy , Air Fo rce. National  Aeronautic s and Space Adminis t ra t ion . National Sci-
ence Foundation . Energy Research and Development Admim ii s trat ion . Department of De-
fense , Department of Transportation . and Department of Health. Education amid Welfare.

Most of the published info rmation on -i switc h iim u g regulator desigmi is in the fo rni of
articles in technical jou m rt i a l s or in vemndor l i terature.  Information in book form is l imi ted.
To make up for ti m e lack of info rnuation available in book f’orm , NASA h a s  spomisored tIne
dev elopment of a 600-page Power Electronics Design Guide tha t  will he available wi t in i t i  a
yea r.

Th roug h the  mechanism s discuissed here , power electronics technio logy is being mad e
generally available to tine engim ie eri n g communi t y .

More amid more switc h ing re gulators are going to be used in Navy electronic equi p-
ment because

They have inherenn t adv amitages in size , wei gl n t , and e ffici emicy.
They n a v e a large beneficia l  impact  oni system fi gures of meri t  when their charac t er -
istics are prope rly applied in system design.
They are becoming bet ter  un derstood a nd i n creas i ngl y available as system s
components.
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POTENTIAL PROBLEMS
Do switching regulators have any characteristics that  could cause system problems?

The answer is yes. However , for each chnaracteristic tinat is a potential problem there is a
design approach to avoid tIne problem. System desigmuem’s must understand switching regula-
tor characteristics if ti - icy are to fully realize t lueir advantage s while avoiding their  potential
probkm areas. Figure 37 lists some of the problem areas am-i d their  solutions.

FILTER EFFECTS
If full-load or short-circuit current has been established in the inductor in the how-

pass fi lter of a series switchimig regulator and the load is suddenly removed , t ine best tin e
regulator can do is to open the modulation switch in the switching regulator (fig 38). All
tIne energy stored in thn e inductor ( 1 2 L/2) ends up as energy stored in the capacitor (V 2
(‘/ 2), amid a voltage oversluoot occurs. The overshoot voltage is the vector sum of the nomi-
nal outp u mt voltage and a voltage equal to the change in current times the characteristic
impedance (Z 0 = ~/L7~ of the output filter. For a fixed Lt~ r~Lio (cha ract eristic imped-
ance), the percentage overshoot is greatert for low-voltage supplies suclu as 5-V logic sup-
plies. Economic tradeoffs often favor a large L and a small C. Tine overshoot resulting from
a sudden load removal or tiue clearing of a short circuit can destroy bipolar logic circuits.
Undersh noot . transient response , and ripple are also a ffected by the selection of tine LC val-
ues in the oum tput filter circuit.

The engineering solution to these problems is to carefully select the proper values of
LC. This has not always been done in the past. Unfortunately,  some of tIne popular applica-
tion notes that serve as models for design have improperly selected values of LC. External
overvoltage protection circuits are often used to protect against catastropluic overslnoots.
The preferre d solution is proper selection of LC values in the filter section . wit h added
circuitry to protect the device from catastrophic voltage overshoots that  cam n occur um u der
abnormal conditions.

CONSTANT POWER INPUT
For a given output  power. the input  power of a switching regulator is constant.  TIne

input characteristic of a switching regulator is t luere fore a power hyperbola , a mid t ime input
cumrrent decreases as the inp u m t voltage increases (fi g 39). This behavior is opposite t h at of a
resistive load , where input  currem it increases as input voltage increases. TI-ic incremental
inptmt  resistance ~~R , is a mu egative resistance:

dV/dI
= d ( P / l ) / dh
=

= -V/ !
= - R .

Because of this negative input  impedance ch aracteristic , a switching regulator (or  am uv Inig ln-
efficiency power conversion system) can be turnied in - ito a power oscillator hy adding to tine’
input passive LC components sumc hi as interconnecting cables or cmi filters . The engineering
solution for passive components has been completely defined in Navy-sponsore d work
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completed m i  1976 amud reported imu MIL-HDBK-24 ~~~ and am- i IEEE paper. 2° The n egative
i m p ut resistance can also a ffect other feedback systems such as ship service gemier ators , MG
se t s, and solid-state frequency changers. This is a more complex situation , amid a completely
de fined emngineer ing approac lu must still be l’ound.

Another potemutial problem with the constant power input ch aracteristic is tinat as
tine i npu t  voltage goes to zero , ti -ic inpu t eurr i~n t  increases toward inf in i ty .  Thuese hn i ghn cur-
rem ts at low input  voltages cam -i desf ioy switching regulator components. Tine eng i neering
solu tio n is to add protec t ive ci rcu it ry t h a t inh ibi ts dest ru ctive operat ion of th e switchi mug
regulator at low voltages. It is interesting to note thuat military specifications require survival
of electromuic equipment t iuroug h h igii - im up ut-vo ltage reg ions but not throug h low-input-
vo l tage region s.

A final potential problem occurs with -i tine constant power input characteristic wiiemi
it i5 combined with t l e  current limiting cinaracteristic of some power sources and some of
the new solid-state power controllers. The turn-on trajectory of the switching regulator
starts  it how voltage an d high cuirrent , witlu ti m e desir ed st able operat ing point bei ng the
desired i nput voltage. If tine trajecto ry wants to start in tine region of current l imitat ion , an
u ndesirable stab le ope rati n g poi n t is reached on t he curr en t l im i t cu rve , a nd the desired
operat i ng poi n t can n ot be reac hed. Th e engi neer in g solu ti on is to ha v e a prote cti ve circ u it
that i n inibits low-voltage operation. The turn-on characteristics of the switching regulator
must be closely coordinated wit h n the current limit characteristics of any current-limited
power source or solid-state power controller to be sure the turn-on trajectory is inside the
cuirrent limit region.

EM I

Switching regulators generate electromagnetic interference (cmi) due to high rates
of change of current and voltage in the switching circuitry . To prevent switching regulator
units from causing cmi , filtering all input and output leads is essential , and packaging in an
attenuating enclosure is usually necessary . Recent low-emi designs have used a variety of
cmi suppression techniques includin g:

Control of transistor rise and fall times by adding extermial compomie mnts rat h er thn a n
relying on imiherent ch i aracterist ics
Use of soft recovery (but  very fast )  diodes

Routing of all switched curremits and their  returns thuroug lu twisted pairs or in n mirror-
i m age condu cto rs on ci rcui t  ca rds

Capacitive iso lat i on -i of high dV/d t  points in t l e  circuit
Use of hu ssy ferrites in halummi and other line inductors

Use of hossy My l a r  dielectric s ( r a t h e r  than the convent ional  ceramic or mica dielec-
t r ies )  in hi gln-frequency f i l t e r  capacitors 4°

By means of these techniques . opem i - f r a me power supplies can he made t l na t  radiate less cmi
t h a n  enclosed de si cns  of ti - i c recent past.

39Depar nmen t of Defense Military Standardizat ion Handbook , MIL-HDBK -24 1 , 1976
40 BIoom. SD and Mas sey . RP (Bell Laboratories ), Emission Standards and Design Techniques for EMI

Contro l  1 Mul t i p le DC-DC Converter Systems , paper pre seni me d at I EEE Power Electronics Specialists
(‘on fere n ce . Cleveland , Ohio , 10 June 1976
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Care minust he taken thuat cmi control measures e f f ec t ive  at the regulator Ievei do not
ca use system n problenus. An exam n npie of suclu a problem can be demnon s trat e d by c o n n e c t i ng
a MIL-P-8 1 279/9 power suppl y in - ito a system as a negative regulator ( fig 40) . (Th ere i s m o
p roblem whneiu nt is used as a posmtive regulator. ) in systems having tin e si gnal ground and
chassis grou nd t ied together at some point . feedthroug h capacitors on the i n p u t  of t ime
switchi ng regula t or nm ia ~ .ict is a capacitive divi der that bypasses ti -ic regui ator and t’eeds
nnpimt noise to t ine  load ~im roug h i  t he  chassis . Snea k paths such as this  are of ten  di f ficu l t to
Locate and are pr~ h abl ~ thne cause of many system problems caused by power source “glitch-
es ” Tine so lu t ion n is to fond aind ehmiiuate time sneak pa t i n ra ther  t ha n req u ir c a p er fec t  power
source.

STABILITY

Switching regulators are rnon ii inear , discrete time , mu it i f eedb ack hoop, m u l t i - i n p u t
control systems operating in a Inig lu-noise env i ronmen t .  Several of tlue circuit  paranie tc rs
critical to stability h ave wide parameter variations. Stabi l izing switching regulator s has been
as muc h a black art as a science for most designers. One commercial power supply manufa c-
turer stated in 1972 tinat  one out of four new desi gns a t tempted had to be aban do ine d be-
cause it could not  he satisfact orily stabilized. Several s tabi l i ty  chnaractcristics long observed
by desig ners Inave been analyti cally described only in the past 3 years ( 1974 —1 976 ) .  Labor a-
t ory tech n iques to measure open-loop gain (p lnase in tine hi gh-no ise switchui n g environ ment
were first described in ti -ic open l i terature in 1975. Tine way of avoiding these comp ic \ i t i c s
has been e i the r  to use extremely conservative sta bi l i i ing tech n iques at a con siderable  cost in
performance or to use m argi n ally stab l e desi gns that  cause system problems.  Engineer ing
solutions to thnese problems are rapidl y bei ng obtained,  pr i mari ly from NASA-sponsored
pro~~ams in industry and various universit ies.  Muc ln of tine work is reported in Proceedings
of the Power Electronics Specialists Conference.

TIne resu lts of many efforts are being i iucorporated  by NASA i n t o  an i n t e r a c t i v e
computer  program for tine modeling and analysis of powe r proc essing sy ste m s (MAPPS ) . 41
NASA has also develope d a two-loop standard control  module (SCM ) tha t  will control all  24
switc hing reguhator circ uit configuratio n s . 42 Tbni s ah so hu t eh ~ stabl e coi ntrol  syste m wi l l  he
the  n n ost anal yze d a i d  best docume mute d c i rcui t  of i t s  type  whicm n a handbook on it is co rn —
p ie ted .  in  1977 .

s ‘iii~ ( i r mi r a c i  NAS .  3-19690 for NASA Lewis Rese arch (‘en te r . \ lode l imi ~
- ~~r ;~’ Si ~ I’mc SIAPP S) , 20 re ports for per iod April  1975 t h r o u g h N osember

- - I  - I I pcrrs .t  Ion t a Boost Re gula tor  Wit h Tw o—Loop (‘nO t  ro l . paper
- ~~~~ t ahis t s  (o ntc rcrce . Murray  l i i i !  NJ , I I J ut ie  ( 074
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SUMM A RY
In s l m i n m n n a r v ,  swi tch mi ng  regulatom tc cim n i ology makes mt p o s smhhe fo r  c lec t ronmc equip-

n n e m n t to he im m de pendemut  of ’ tI n e l’requ cmn cy of tIne i m l ) Lmt power source. TIne desig mn camn he
ident ica l  t’or any  power source dc . 60-lit , or 400—lit . Addi t ional  h emncf i t s  inc lude:

Small  sm / c
Li g hnt we m g i i t
Hig hn c t f k i e n c v  using l i t t l e  power from u t ine source amid requ m ir ing  l i t t l e  co oi i ing )

TIn e a h i h i t y  to m a i n t a i n  ef ’t ’iciency amid per t orm amice  over a wide range of i m n p u t
volt  ages
Low cost am nd Ini gh re l i ab i l i t y  in luigh -p ower - level com i f igura t ions  ( t i n e  cwsso~ er occur—
ring at about 500 W wi th  present teclim iology )

When t inese a dv am n t a ge s  arc properly u m derstood and realized . s u h s t a n t m a i  s\ s t e i n - i

hem ue l ’its accr ume. Switc ln i n g regulators  im av e special characterist ics ,  however , th at must  he
considered in t lue i r  design -i or appl ica t ion .  For example ,  f i l ters  must  he designed to n n m n u i m m z e
tIne e f t ’ects of oversh oot ,  undershoot.  poor t ra n s i e m ut  response. am- id o u t p u t  r ipp le :  sy s t e m

ins tab i l i t i es  caimsed by the co mustant  power inpu i t characterist ic must he avoided:  pr otect ive
circ i mitry must  be added internal l y  to tine regulator to prevem n t damage at low inup u n t  vol tages:
tine in te r t ’ace wi thn  current - l imited sources mumst be properly coordi muated :  and f i m i a l l y .  the
best design practices :iva ilab le mus t  he used for enii control and for the stabilization of
t’eedhack hoops. These precautions are easily met by exper ie muced s w i t c h i n g  re gu la to r  design-
ers an- id umsers.

Figure 41 summarizes these advamitages and precaut io m us.
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SYSTEM CONS IDERAT I ONS

FREQUENCY DEPENDENCE OF ELECTROMAGNETIC COMPONENTS
In addi t ion  to i t s  power conversiomi c i rc imi t ry , sh n i pboard electronic e q u i p n n e m i t  coin-

taim i s  other co r mnp on e mm ts t h at art’ o f t en  fre quemicy se m nsiti ve - - circuit  breakers.  r u m n m u i n i g  t i m ine

meters . fans , blowers , amid othu er  c omn np omne mi ts . Winat  impact do these f r e q u c m n c y - s c n s i l  m vc

comiip omn emits nave  omn des ign inng f’or Irequ me n cy indepemidem ice ’!

ClR ( ’U I T ~I R E A K F R S
Shipboard cm ~c tm it  breakers idemnti t’ied in the  Ml L-STD-242F selection s tandard were

studied throug in h i t e r a t u ~’~ soumrc es amid specification i s ari d by contact im g tine manufac ture rs .
.~l l c i rc i mit  breakers stu m di e d ( f i g 42 )  are f requency  sem sit ive ; even with  factory m ni od i f i ca t i o n n s ,

t ine y c a n mn ot  meet f i ml l p crfor nTl an ce re quiremem uts  at bot h 60 am -id 400 Hz. Theoret ica l ly .  ti - i c
pertornianice requiremi i em its  coum l d he met by deve lopinug m e w  electromiic version -is t i uat  would
he similar to tine new solid-state and huy brid power controllers.  An R&D progra m would he
mieeded to develop and q u a l i t y  s imc in e q u i p n m e m n t .  l i - i t ine present circumit  breaker spec m fica t iomi .
the fornn and fit  fo r  both -i 60- am -id 400-Hz ci rc tmi t  breakers f o r t u n n a t e l y  are idemi t ica l  t’or mdcii -

tical cu m rremit rati m n gs. Tluus eachn electronic equ ipment , except t’or tIne c ircui t  b reak e r s . c  am -i he

designed wi t h nou t  regard t’or tine power f requ ency.  and tI n e appropr ia te  60- or 400-1-h z c i rcu i t
breaker of current design cam - i be installed to match tIne power source of the siuip .

RUNN ING :FIME METERS

MIL-M -397 1 covers dc and ac rumim - i ing- t ime meters ( t’ig 43) . Tine dc ver sm o mn uses an
inertia wheel driven by an escapennent mec iua m iis rn similar to t h at m i  a wa tc h . Whi le  designed

t’or dc. it wi l l  operate t’ronn ac power between 20 and 200 Hz. At hig her frequencies  th e re  is

ins t mfficiemit  t ime to wind tIne meter  on a half cycle of power. The mere addit i on of a rectif i-
er to tine meter wou mld make it f requ memicy i n s e m m s i t i v e .  Tine ac versi omi s use sym ic i i r o m io t i s  mni o-
tors am-id are frequmency sensitive. The 60- and 400-Hz version -is have tine sam -i -i c f ’orrn amid f i t .

As with circui t  breakers , presemi t 60- or 400-Hz runn ing- t ime  mu ieters could be in-

stalled as required imi e lectr onic equ m ipmemi t t h a t  is ot lnerwise frequency i n i d e p e m i d e m - i t .  h ow-

ever , because it wou mh d he simple to develop a f’requenncy h depende mn t n m r m nimig - tn me  me te r . ml
i5 recomnmemided t h at this he done amid t h a t  tine present 60- and 400—Hz ver sion s he used om i i~
iii the i m nte r im.

FANS AND BLOWERS (Fig 44)

Fans and blowers , covered by over 20 mi l i t a ry  sp ccnl ica t i om us .  are all  f r e q t m cmi c~ sc t t sm -

tm ~ c. Frequency ind epe n d em nt  desigmis are possible . luowever. imi e i t he r  of two c i rcu i t  c o m n f m g t m -

ra t i ons . In - i one, power is rectified to dc . ami d a dc drive nu n oto r is used to power f lue  f , t m i  or

blower. lii t hie otiner , a f r equenc y- independen t  iniver ter  is used to power an n ac drive n i oto r .
E i the r  appro acln is more c x p c m i s i v e  t i nan i  a con i ve m nt io m nal  ac or dc motor d im ’  c.

Al te rm ia t ive  cooling mct ln o d s  can e l imina t e  tIne mnced f’or t’ans  amid h l o \VL ’rs w i t  hi m l i e
electronics.  Present spccif icat i omis  assume 60-liz pri m e s imip h oard  power and requ i re  d cc’
t r on ic  c q u i p m e n n t  to um se 60— Hz power for fami s amid b lowers even if 400 l I t  is used f o r  t I m e

e lectronics.  Al l  t h ese appr oach es are sa t i s fac tory . 1 lie reconn nnne ni de d ap p r o ;tc h i  is to let  l i m e
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manufac turer make the choice , provided the equipme mut is fre q imemucy im i depende ni t or cain he
procured to operate from tine shipboard prime power source.

LINE FREQUENCY HARMONICS

As mnoted before , tine onl y freque m icy-se n sitive compo n emnts iii a swi tching reg ulator
power-co mnversiomi system are passive inarmonic filters. If conventio mnal passive f l l ter im i g is

used as a method of su ppressing inarmonics , the him - i c frequency h a s  con side rab l e impact  om n
ti ne size amid wei g h t  of thue filter. However , even a 60-Hz trannsf ormer harmonic stmp pressio mn
techniqu e (discussed later ) is much more cost effective th an tine use of frequency change rs.

Whuat are the soumrces of line-frequency inarmonics ’? Tine main sources are r ectifie rs

and iron-cored transformers . Other current harmonics , sometimes termed “abm -io rmal .” can

arise from pinase unbalances in tine supply voltage s, asymmetrical  firing angles of controlled

t h n yr isto rs. and huarmonic voltages in tiue power h in e.
Harnionic cumrre nts in a sinipboard power system cam -i distort the voltage waveform

th nroumgh the source and distribution system impedamices am -i d can decrease tine system ’s power

factor. Tine distorted voltage waveform in turn cam -i cause increased power losses in magnetic
devices, reduce tine torq um e of high-efficiency induction motors , ca use tIne excitatio n - i  of
un desirabl e vib ratio n mod es, and caumse problems in electromiic equipmem t.

For t h ese reasons , basic specifications such as MIL-E- l 6400 have bee nn amemided to
limit harmon ic cuirrents to 3 percent or less of tine fundamenta l . 43

Figure 45 lists tine sources of slnipboard power system inarmo miics and t ine problem s
associated with t h em.

RECTIFICATION HARMONICS
Rectification is the pr imary sourc e of ’ h armonic curre mnts.  Tine maximum Inarm onic

con te n t is related to t I me r ipp le facto r , wluic ii is tine miumber of ripple cycles per fundam en ta l
period in t im e output dc waveform of tine rectifier. Ti-ic Inarmonic con tent is indep em ndem U of
the transformer or diode intercomnnections used.

Thie case in winic in r = 6 is of imiterest beca umse it represents tine fuml l-wave tinre e-p inase

bridge rectification com i figunration curremitl y in - i wide use in mil i tary electronic system -i-is amid.
sign i f icant l y. i n tine new power supply tec hnn no logy . This coni figur ati omi is used a i mn n o st ex cl um -
sively in modern switch n im ig regulator power el ect r omnics because of its  sui tabi l i t y  for three-
ph ase direct rectif icatiomi (wi th  no in t e rmed ia t e  tra misformer )  in - i the connv er siom m to dc power.

TIne 3 percent specif icat io m i l imi t  is muc in ti g h ter t i t an - i  ca in be met by t ine  r 6 case

for  ann indumcti ve inpumt  t’ilter ( fi g 46) . since the lower Inarmonics (5.  7. I i , 13) req tmmre large
filters for t ineir  a t t enu m at ion .  A potem i tial  so l umtio mn is to go to a h i g h e r  r ipple  factor .  win mcl m
wi ll resum lt in a lower harm onic com it ent .

The Ini g l ier tine ripple factor ( r ) .  t ine greater tIne ca n ce h l at iomn of cer t a i mi  hn ar m o mn mc s  ami d

there fore t u e  lower tine total h armonic distortion (THD ) . Theoreticall y, omil y mu ± I Inar-
monies are present , where m = 1. 2 Values of r = 3. 6 , 1 2. and 24 are of p rac inca l
significance. As shnowmi in figure 10. t h ere are no evemi harm omi ic s for r = 6. 1 2. amid 24.

However. in order to use r 1 2 or r 24 ripple factors. au in t emu ed ia te  t ra mns t ’or n n n er

is no longe r optional hunt must he umsed. l Ine lni gh cr ripple factors are created h~ m ore

43Depart men f of tine Navy Military Specif ication M 1L- E -I6 4 00G, Electronic , hm n me rio r  C o nmmu m mnc a t mo n amid
Nav igation E quipment . Naval Ship amid Shore : Gene ral Speci fi catio mn for . Am endme n t I .  Decenibci t ’ tT o

87

- 

I___I~_i~
t,i - ~

. -  
~~~~-=~



--. -~ --- -~~--~~~~~~~~~~~ . . -  .-~~~~~~~
-

.dh U,

2 
U ,.~~~~~~~~~ C5~~~~~ ~~

~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~ —

U, U, • — -
~~ ~~~ ~~iC’S 

~
, >~ ~~~~ 

— 
~~~~~~~~

‘ ‘  “ U C
• U, 

a, 
- C~ .~~~~ . — a, —

— 
_ U, ~ .C E ‘ 

• —
___ ,~~ — .—- ‘  i . U  0) C U , a ,

~~
‘ 

~~

. 

~~~~~~~~~ 
2 F~~-~~E

C “‘ ‘~~~0 
~~~~ a, ~~ o C .2. “) C

a) c E . ~~+.1 > ~~~~~~~~~~~ ~~~~~~~~~~~~
~~~~a, 

~~~~~~U9- 0- C
C. .C~~~~E ~~~~~~~~~~~~~ ~~~~~

0. ~C —  ~~E U ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ U,
a >.. X o~ - . 2 c  U a,Li. . >~ . 

~~ 
E -~~ “~ C) — a) +

~ 0 ~ —
~— _~~~~~C~~~ _ a,

C
E O 0 X . ~ ~~~~~

•~~~0.~ - W W

C)
o 0.

• • 

I

~~~ --~~~~~~~~ —~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~



F - ---

~~

..

~~~~~~~~~~~~

-

~~~~~~~

- - ,. -- -- ---

~~~~~~~~~~~~~~

-- - -  

~~~

- - - —-- -- -
~~~~
--- - ---- ---

~~~~~

In

kG 
_ _

0 _ _ _ _

LU
>- 

_ _CO 
_ _ _

O \\\\\~~ — z
LU
Cl) Z

_ _  
LU

_ _ _  
4 -

0 
_ _ _ _ _ _ _ _

Cl) 0

_ _ _ _ _ _ _ _ _ _  

~~~

0 _____________________

0 _ _ _ _ _ _ _ _ _ _ _

z

_ _ _ _ _ _ _ _ _ _ _ _ _ _  
N

\ \ \ k’~~~
1ViN3I~VONfl J JO 39V1N33d3d NI
3OflJJ1 dWV 1N3~~ifl3 3INOW~IVH

89

~ 

4



r

windings on the transformer or by multip le transt’ormers. which pro dunc -~ required p hase
shif t im n g . 44

If a tranisfo rmer is already present . the 31 percent total harmonic dnstort ion THD )
of an r = 6 system can he red unced to the I 5 percemit THD of an r = I 2 system at a reduced
kVA rat ing,  wit  in some pen - i l t y  im i size , weig ht , or cost due to mul t ip le  win i din gs.  h owever.
in n ti me direct rectification appr oach . using a tra m isformer for  t l m m s  purpose adds a con siderable
size . weigi nt .  ami d cost p e m n a i t y .

MAGNETIZING H ARMONICS
Magnuetization (tramist ’ornuer ) is anot iner source of hn armonic currents. Ti-ic f’o ll owin ig

d iscussion -i relies heavily on ref ’e rence 45 amid is supported by references 46 and 47. When an
iron core inductance coil magnetic circuit  is connected to a sinusoidal sing le-p iuase power
source, tine f lux is sinum soida l but  tIne cumrre n t  is not even rougluly so. For usual values of tiux
density im t i -ic iron core , tIne current  wavet ’orm is peaked. It contains a thui rd -harmommic  cur-
rent component . wh ich may he of tine order of 40 percent of tine fundamental , a nd a lesser
fi ft h har nion ic . of tine order of 10 percent. The magn u itude of ti -ic harmonic currents is a
fumiction of tine flux demnsit y. t ine magmietic material , and the air gap. These harmonic cumr-
ren ts are necessary to provide a sinusoidal f lux in tin e magnetic circuit and are cau msed by tine
non l imn ear B-H ( f lux  density versus magneti zing force) curves describin g the magnet ic  proper-
ties of iron. Tinree -phuase circuits can be constr umcted from indepemident simig he-ph uase cnrcuits .
such as three separate three-p h ase tramisformers or slueh l-type three-p inase tran sformers ( free
flux configurations) or from configurations that have common flux paths , such as three-
phase core constr tnctions (forced flux configurations). In addition . the coils cam-i be intercon-
nected in delta , wye , or ot iner configumratio ns arid , in tine case of wye and zig-zag connec-
tions , the neutral can be con nected or left open. These al l affect ti -ic amp litude or presemice
of harmonic cu irrents.  Various comifiguratiom is are discussed in table 3,48 Tinis table can he
used in designimig new equmipment and in locating areas in winich problem equmipmen t  may he

improved. A similar table coumid be con u str u mcted for motors.
On ships , th nree-phase loads use um ground ed primaries: as a result . ti ne magnn c t iz i m i g

ha rmonics put on the line contain mio third -luarmonic components. However , sim ig lc-phase
loads do produce l ine magmietizi ri g currents wi th  th e large-valued third -harnio nic co mpomuen f .

ABNORMAE. HARMONICS
The assumed conditio m is in am ami aly sis of rectification (chuaracteris t ic )  Inarmonics are

neve r exac t ly  fulf i l led in practice. Thus , not only are Inar mu onics  of ch uara ef er is t ic  ord ers
s l igh t ly  cinanged t’r om t h ei r t heo retical m agn i tu des and phases. but a lso amid this is more

i mportant  h armoni cs of unc h aracteristic orders are produced. In usage. a com v cr t e r  is
l ikely to produce harm onics of all orders amid sonic dc compomient on tIne rectifier wimidim u g
of the t ran sfo rmers. These abnormal  h iar m oni ics  arise from imbalances in supply voltages.
firing angles , and harmonic voltages m i  tIne power h ine ; t h ey are discussed in more detail  in
appendix I), -

m4 SchaeIer . 1. Rect if ier Circu its. Theory and Design . iohn Vv uley and Sons. Inc . 196 S
4’

~I.ang lois .Berthe Iof . R , Transformers and Gener ators for Power Systems , Their Behavior . Capabilities and

Rating, Philosop hical Library.  NY . 1960
46Schaefe r . Johann c s.  Rectifier C i r c m m m m s :  Theory and Desi gmn . W i ley 1965
47Grossner , Nathan R , Transformers for Elec t ron ic  ( ‘ i r cmmi ts . McGraw h -Ji ll . 19 67
48NELC Technical Note 282 8 , Conversion of 400-Herti Ship board l - l e cm r onn c Eq u mipmenn l  to 60 -H cmti

Electrical Power Sources. by J Foutz and L Kamm. 7 November 1974

. 9 0

--



r ~~~~

—

~~~~~

---- ----

~~~~~~~~~

- t~~~ --~~,--~~~- --- - ~~~~

TABLE 3. HARMONIC L IN E CURRENTS AS A FUNCTION OF
MAGNETIC CIRCUIT AND COIL INTERCONNECT ION.

PRIMARY SECON DAR Y LINE CURRENT FLUX MISCELLANEO US

3rd Waveformin
H armommic

/~\ 
No Flattened Sinusoid 3rd harmonic circ ulates inn del t a

A \ / Sinusoid windi n g, ca usimng peaked w mmn d i n g
N current .

A 
No Flattened Sinusoid

Sinusoid

\/ No Flattened Nonsinusoid Hi ghl y peaked I i u ne -t o-mneutra i  sec
Sinusoid ondary voltage waveform wh n mch is

substant ial ly  reduced if forced hlux
core comn f igu n atio n m is used .

No Flattened Sinusoid 3rd harmonic circulate s mn delta
A Sinusoid winding ,  causing peaked wim udmng

N ________________ _________ ____________ 

current .

\
~LN Yes Peaked Sinusoid 3rd harmommic flows in grounded

Sinum so id neutral .

Free fl ux comn fi guration unless noted (tl nree indepem iden u transformers or shell type 3-p inase m ra n sfor m nner j .

2. The 5th harmonic is always pr esent u n  the line current an-id g ives a f lat tened simnu so i d al wave sh ape in tine
absence of the 3rd Inarmonic , which peaks the simnusoidal waveform .

HARMONIC SUPPRESSION
TIne principal  metinod s of di m in ishnim i g  tine h narnuo r mic  o u mtp t mt  of conver te r s  in av e heemi

To increase the pulse number .

To i n sta l l f ilters.

Newer tec h nniq unes  winic h i shnow pr ;mctica l promise fo r  t ine f t mtumr e inave hee mn discussed mm t he
h i tera tunre .  Tlnese inc lu m de novel active f i l ters  (harmonic  in ijec t iomi  t echn u iq t m es ) .  mul t i l cgg cd
reactors (or transfo rmer s) . syste m ca n ce h i a t iom u t e c l nm m iq u es ,  com u t ro l l ed  r e c t i f i c a t i o m u . l n a r m i tomm -
ic frequnency transf ’orm ation , a mid r e d t mctiomi of abnormal  harmonics  (see a p p e m n d i x  I ) ) .  hIos ~ -
ever ,  many of tIne newer possibilities rely on tIne use of a tramisf orn ier .

Tlnere seemns to be a con u senis u ms tha t  if t ine pum lse n uum n ub er  is increased fr onin t i ne  t msu al 6.
it should not go above 12. Most r ’t ’crences state that  t ine reasomi b r  t h i s  is si m n i p l y e coimo m ic .
Ot iners , h owever , make tine t’oh h owi r mg nnore specific claims. Tine m u n h t i p h i c i t v  and ~is v n u m n i e t r ~
of ’ the  w indings  in maniy I 2—pulse  annd in most ah o v e— 1 2—pulse t r a m n s f o r m . ’m s lead o i m n s l a h m i i —
ty. an - id expensive. h o w — u t i l i t y  systenn s are req u nired t o  restore s table  op er a t i on .  M u m l t m p l e  and
asy mmetr ic  win din igs also produce ah i morn ia l  (or u mnc l n a r a c te r i s t i c  ) l narm n o m nic s  omi t he  ac l ine .
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Depending omi tine syste m , ti ne low ummi characteris t ic orders may luave about tine same magni-
tu des as tine characteristic harmonics. Magnitudes of unchuaracteristic h armonics were found
in field tests: 2nd , 5th , Sth n , 9th , am- id I 2t in harmonics were greater thami tine I 3thn for a 1 2-
pulse operatio n.

Passive f i l ters , even for 400 Hz , are prohuibitive ly bulky amu d heav y if considerable
low - fr e qu mem u cy iuarmoniic  sump p ressiom m is requm i red. Tine problem of impedance m ismmnatch ing
can-i cause wide disc rep amicies mn - i t’i iterimig para meters. Also , there niay be system di sadvan-
(ages in tIne use of passive filters. since a shunt-connecte d fil ter represents a low-impedance
point for ambi ennt  harmonics  in the power system.

Active fil ters using solid-state devices can considerably reduce size and weig int .
t Ino u~h not necessarily cost and complexity.  Care must be exercised to avoid positive feed-
bac k paths which would eau m se instabil i ty.

Time newer techu n iqumes inave mno t yet been pumt into practice . b ut ti -icy do show pronu-
ise The h armonic injectio n tec luniq t me is appeali ng: all existing inarm i no nl ic s can be reduced
by injecting a thir d inarmonic. Cam ic el l at ion can also be achieved th rough t ine  use of properl y
phased nnu ltih egged reactors. Control of the delay and turn-off ’ angles of rectif iers cam - i re-
dunce har monics su ffm ciemit l y so t lna t h i gh ( 0.9) power factors are achieved with - i  many  typical
loads. Shifting the harmonics tO Ini gher frequencies by on-off modulat ion - i  of comiduc t ion
dumrimig a single half-cycle of rec t i fication - i may be feasible wit h -i today ’s improved switc h es
ari d contro l techniques.

It would appear th at tine future m olds promise for effect ive harnionic suppressiomi .
provided suf ficie n t e f fo r t is expended.

PULS E LOADS
The way tine e lectr ical  power system responds to pulse loads can be anot h ìer tec h nm u o-

logi cal problem. Pulse loads are caused by a variety of conditions , ini cl uding startim ig of dc -
v ators , weighing anchor , and the pulsing of radars amid sonars. The electrical generator re-
sponse to a single step change in load is similar to the familiar response of a well-damped
second-or der control system. Thu s sing le response m ay or m ay not he a system proble m . I f
(lie step load is repeated at f’requnemicies related to tine ch aracteristic response of ’ t he geniera-
tor , umsual ly betwee n -i 0.8 and 25 Hz (see fig 47). a modum l ation of sumbstantia l  amp lit ude camn
occ ur (80 V peak-to-peak on Type I 440-V ac power) . A stanidard solut i on to problems of
t h is type has been to speci fy 400-Hz power amid umse a mofor-gemiera tor set as a fi l ter  between
tine sh ip ’s 60-Hz system amid tl~ie pulsing load. The inertia of the MG set is thtms ut i l ized to
provide th e fil te ri ng actio n . MG sets a re n e ither  des ign ed n or speci fied f’or this filtering
app l i c a t i on  hu t  they do work. The eff icacy of tine new sohid-sta ~e frequency ch amigem s as
pum l se filters has riot been sinown. In any evennt,  the solut ion is costly in sit e ,  wei gh-i t. re i iah il i-
ty. and dollars . and bet ter  solut ions  are needed.
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TECHNOLOGY SUMMARY
This study has shown that the practice of designing electronic equipment to use

400-Hz power input for the purpose of saving weigh t and size in the electronics is costly
when such equipment is specified for ships with 60-Hz prime electrical power. The added
weigh t and size of the fr~~uency changers that must be installed to provide the 400-H z input
negate the minor effect of any weight savings in the electronics. Furthermore , the added
complexi~v creates other problems. The same would be true if 60-Hz equipment power
were required on ships such as the PHM- l , which have 400-Hz prime electrical power. Tech-
nology exists that allows frequency independent electronic equipment to be designed that
will accept either 60-Hz , 400-Hz , or dc input power. The switching regulator power-
conversion circuitry in this new technology is lighter and smaller than conventional 400-Hz
power-conversion circuitry. It should be kept in mind , however , that to develop electronic
equipment and systems that are fully independent of the frequency of the input power
would require an R&D program concentrating on a variety of associated electromagnetic
devices — motors , fans , blowers , and circuit breakers.

Frequency independent electronic systems would have many potential advantages.
For instance , the frequency of a platform power source couk~ be optimized without regard
to the electronics. If 400 Hz or some other frequency is more suitable as prime power for
certain high-performance ships , a change of power frequency could be made without rede-
signing the electronics.

As desirable as frequency independent power would be in the long run , the immedi-
ate problem is the wastefulness of using 400-Hz power on 60-Hz ships , a system which
requires that a frequer~cy changer be installed ahead of the 400-Hz equipment.  This prob-
lem is less complex than the long-term one and re quiras litt le R&D. Switching regulators
now being used for the main power conversion in new electronic designs are inherently
frequency independent. Fans and blowers are now required to operate on 60-Hz power .
even thoug h the associated electronics may require 400-Hz power. Other required electro-
magnetic components either have both 60-Hz and 400-Hz versions that are form and fit
interchangeable (circuit breakers and running time meters) or use an alternate technical
approach to the function (servomechanisms) . Two problems still exist that  require R&D for
60-Hz , 400-Hz , and frequency independent systems. These are

How to best suppress or compensate for harmonic currents.
How to prevent pulse loads from interfering with other equip m ent.

Figure 48 lists the technological approaches available to eliminate frequency
cha ngers.
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CONCLUS IONS
Frequency changers and a dual distribution system are required on a ship if equip-

ment is instal led that uses an input power frequency different from that of the ship ’s prime
electrical source. The major problem is providing 400-Hz requirements on 60-Hz ships.
Most ships have 60-Hz prime power but  carry much 400-Hz equi pment .  The practice of
providing 60-Hz power on t im e few high-performance shi ps with 400-Hz prime power sources
is equally troublesome. Frequency changers , required in either case, have high acquisition
costs , operating costs , and system penalties. Switching regulator technology is inherently
insensitive to the frequency of the input  power and is being increasing ly used on ships
because it has advantages in size , weigh t , and efficiency.

Properl y appl ied , switching regulator technology reduces the need for frequency
changers on ships , with substantial cost savings and system benefits. The re quired changes
can be implemented mostly through education , policy statements , and specification chang-
es~ litt le R&D is directly needed. On the other hand , electronic equipment that is fully
independent of powerline frequency is now technologically feasible but would require cx-
tensive R&D programs to develop qualified frequency-independent electrom echanical parts.

There are two technical problems concerning the power interface that do require
R&D efforts to find better solutions than those now available. First , how best to redu ce or
compensate for harmonic currents in power lines caused by rectification and other electron-
ic equipment nonlinearities .. Second, how to suppress or compensate for pulse loads so th at
they don ’t degrade the power system.

The key thoug hts of these conclusions are tabulated in figure 49.
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RECOMMENDATIONS
This study concludes that the need for frequency changers can be reduced over a

period of years primarily by the processes of education , policy statements , and specifica-
tion changes. Some technical support to SYSCOMS and contractors will be necessary .

This report is part of the education process necessary to accomplish the change. If
the reader is convinced of the validity of the key ideas in this report , he is invited to help in
this education process by making the ideas known to others. If the reader is not convinced ,
he is invited to continue the discussion with the authors or sponsors. Any hidden problems
need to be surfaced and resolved to make the process work. Extensive briefings are also
recommended.

A NAVMAT policy statement to procure equipment compatible with the platfo rm
primary power source would give authority and direction to necessary specification and
standards changes and would ti ghten the control on waivers and deviations. Such a policy
statement , in NAVMAT INST format , is recommended.

There is nothing now in the specifications and standards that prevents the designing
of electronic equipment that is frequency compatible with the platfor m prime power
source. However , merely a lack of constraint is not su fficient to bring about compatibility.
Modification of the specifications , primarily MIL-STD- 1399 , Sec 103 , and MIL-E- l 6400 , is
recommended to strengthen them in this area.

While many Navy programs and equipment , such as AEGIS , TRIDENT , AN/UYK-
20, and AN/SPG-5 I , use the switching regulator technology described, they use it with
mixed degrees of success. Some acquisition manage rs and contractors are relatively unfamil-
iar with the technology . The technical expertise needed by program managers , acquisition
managers , and contractors is present in the Navy laboratory structure and in some Navy
field activities. It is recommended that this support be made available.

Finally, this study reviewed the technology available to suppress or compensate for
harmonic currents and pulse currents in the power distribution system. There are solutions ,
but this study found none of them fully satisfactory . Various low-level R&D activities are
engaged in the search for better solutions , but an expanded effort seems necessary if prob-
lems associated with harmonics and pulse currents are to he dealt with in time to support
time need.

These recommend ’ations are presented in briefe r form in figure 50.
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APPENDIX A
PROJECTED MOTOR-GENERATOR MAINTENANCE

COSTS FOR FOUR SHIP TYPES

BACKGROUND
Annual  maintenance costs for 60-to-400-Hz motor generator ( M G )  sets were es t imated

for the l’ollowi ng diverse ship types:

Old Ne w
Ship Old hull Ye w hull
types class num bers class n um bers

DDG 2 2—14 Same Same
DDG DDG 15 1 5—24 Same Same

DDG 31 3 1—36 Same Same

DL 1040 DL 1 040 1040-1051 FF 1 040 Same

DE 105 2 DL 1052 1052 — 1097 FF 1052 Same

DLG 6 6—15 DDG 37 37—4 6
DLG DLG 16 1 6—24 CG 16 Same

DLG 26 26—34 CG 26 Same

This report uses pre-Jul y 1975 class designations so they will  correspond wi th  the
cost data re t’ere nces. The new class nam es and hull  numbers are shown in the above table
for reference.

The DE 1 040 class was included to provide more representati ve statist ical  data .  ( Since
it does not have high-power radars or missiles like the other classes, its i nclusion re sul t s  in a
better cross section of ships that  use MG sets.) The CV class \~ as exclude d because it  has
only a few ships and low uniform ity of armament  and radars ,

The com po n en ts o f annu al mai n tenance cost - scheduled and corrective m a i n t e n a n c e
parts and labor , as we ll as overha ul costs - - - we re totaled for each of the three y ears . l- ’~ 73
throug h FY 75. The three totals were time plotted. and a least squares lin e was f i t t ed  to
eac h set of points.

-
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ASSUMPTIONS USED FOR COST STUDY

MG SET POPULATION
The following table lists the MG set population for the four ship types investigated Al :

MG sets , qty 
_____________ Ships in

Class 30 kW 60 kW 100 kW 200 kW class , q ty

DDG 2 3 2 13

D D G I 5  3 3 2 10

DDG3 I  3 2 6

DE 1040 2 10
DE 105 2 2 38—4 6

DLG 6 6 3 10

DLG 16 3 11 3 9

DLG 26 3 5 I 3 9

SCHEDULED (PREV EN 1IV E MAINTENANCE (PM )
The labor time required for scheduled maintenance was taken as 32 hours per MG

set pe r year , A Three labor rates were used to test sensiti vity of the annual maintenance
costs to the labor input .

Low Value (BCM ) .  ,.\ ta !’y was made of the maintenance rates listed in the material
history reports for the four  ship  classes f o r  FY 73_75 A3 The most popular rates and their
fractions of occurrence are as follows:

Rate Weight  Rate Weight

DS2 0.0 11 EMFN 0.030
I MCS 0.0083 ICC 0.022
EMC 0.062 IC! 0.096
F M I  0.1 67 lC2 0.09 1

I ’M 2  0.27 1 1C3 0.109

EM3 0 . 11 9 ICFN 0.014

I lcei r onie Systems Command (NAVELEX 5043). EDI CT .Electr onics Dictionary File. N a v a l  Sea
.‘ up p > r I  (‘enter Pa c i f ic .  San Diego CA

“ Na~ al Ship Engineering Center let ter  61 58E/ JKM 9610.4 ser 2378 to Naval Sea Syste m s Command.
Subject ; 400-Hz Mo d i t i e d  (‘en t ra l  Power Systems on the DL(; 16 . 26 and CGN 9 (‘lasses. . Lit~ (‘ v~ lc (‘

~~sl

Study of ’ . I July 197 5
A3Navy Fleet Mater ia l  Support Office , Maintenance Material Management (3 .M) Reports ; a. Report MS ()

4790-S2704-F-06 , Material History Report . 400.Hz Systems , November 1975; h. Tracking Report 2.
MSO 47905.3014 . FMSO Detection Action Response Technique (DART). 400.Hz MG Sets . August I ’ I7 ~ :
c. Report MSO 4790.S27 1 1.0 1 , Logistics I-u gh Failure Equi ps . 14 December 1975
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The above weights were used with the NAVPERS Billet Cost Model (BCM ) to determine an
aggregate wage rate ; the 1972 data were used for FY 73 and the 1975 data were used for FY 74
and FY 75 A4 The aggregate annual salaries used for maintenance labor rates in the calcula -
tions are as f’ollows:

FY 73: S 15 197.87
‘4— 75 ; 2 12 3 7 . 1 1

The work year was taken as 1 800 hours , taking into account vacations , ho li days . etc. AS When
an additional factor of 1.3 was added to account for ship support cost~ ’6 but n ot te n der or
shipyard support costs . the hourl y rates became

FY 73 : $10. 97
74—75 : 15.34

Middle Value (SEC). A NAVSEC value of S20 per man-hour was taken for FY 75 A2
This figure includes ships , tender , and possibly some shipyard support costs. It was deflated
10 percent per year for FY 73 and 74. The hour l y rates became

FY 73: $16.53
74: 18.18
75: 20.00

High Value (NOSC ). NOSC Code 744 provided a high value of S28.00 per man-hour
for FY 75 , which includes ship, tender , and shipyard support costs. * This rate represents t h e
estimated total cost of an E-6 maintenance person. When this rate was deflated h O  percent
pe r y ear for FY 73 an d 74, the hourly rates became

FY 73: S22.68
74: 25 .20
75 : 28 .00

The major difference between t h ese rates appears to be the amount of overhead al lot ted to
shipboard personnel. However , the t hree labor rates provide some indication of the sensi t iv i ty
of the total cost to a change in hourly labor rate.

OVERHAUL COSTS (OH)
Overhaul costs were computed as shown in a NAVSEC letter report .~~

4 This report
assumed that about 50 percent of the MG sets are overhauled every four year s and appor-
tioned 1 2.5 percent of the overhaul cost each year. The costs computed are given below.

‘~
4NAVPERS Report 15163 . Navy Military Manpower Billet Cost Data for Life Cycle Planning Purposes.

April 1972 and July 1975
AS Nava l Electronics Laboratory Center TN 1758 , Manpower Resource Allocation System . by RA Greenw el l

and LA Sadler , 3 November 1970
Ah Pre~~arch Inc. Measure of Bene fit Analysis of the SEAMOD Concept (preliminary draft )

*personal communication from John Townsend . NOSC Code 744 . to GL Rupti er . NOSC Code l 2 ~ .
I l  November 1975
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Power , kW Overhaul cost/8 years Overhaul cost/year

30 $ 7000 $ 875
8 000 1000

100 10000 1250
200 10000 125 0

CORRECTIVE MA !NTENANCE (CM)
Corrective maintenance labor and parts data are based on the DART tracking reports

for the four ship classes for the years FY 73_75 A3 The labor and parts costs were totaled
for each of the four types of ships for each of the three years. Labor costs were obtained by
using the three estimates given above , under Scheduled (Preventive ) Maintenance (PM ) .

METHODOLOGY
The components of annual mainten ance cost - scheduled and corrective maintenanc e

parts and labor , as well as overhaul costs — were totaled for each of the three years , FY 73
through FY 75.

A least squares line was fitted to each set of thre e points , an d t he forecasted costs
were caiculated by using the equation of this line. There are a few statistical problems with
these estimations , such as a lack of degrees of freedom (due to a lack of data), but the esti-
mates are better than freehand curve fittin g or aggregating the data for the three years and
assuming an inflation factor. The estimated trend lines are linear : a log-linear estimation was
tried, but it produced only slightly different results.

RESU LTS

TOTAL ANNUAL MAINTENANCE COSTS
The results of totaling the components of annual  maintenance cost are listed below ;

Labor
rate Ship type FY 73 [‘V 74 LV 75

BCM DDG S293 855 5334 (,05 S307 754
DE 1 040 25 1 23 2 8876 27073
DE 1052 142094 179 380 178 380
DLG 542948 639 264 573387

SEC DDG 341 721 359989 343053
DE 1040 28 77 1 3O9o~ 29 944
DE 105 2 16 1 198 19033 1 195053
DLG 626 809 686 343 632639

NOSC DDG 398626 424 968 403653
DE 1040 331 07 36317 34872
DE 1052 183 910 218364 223677
DLG 726 508 806858 734359

.. 
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Ordinary least squares estimation was used to determine the changing annual main-
tenance costs over time. The estimated equations are as follows , where t = the number of
years since FY 1970 (0 = FY 70, I = FY 7 1 , 2 = FY 72 , etc):

Model Estimated cost equation. Sk

DDG BCM 284.27 + 6.9495t
SEC 345.59 + 0.666t

NOSC 399.03 + 2 .51t
DE 1 040 BCM 23.12 + O. 975t

SEC 27.55 + 0,5865t
NOSC 31.24 + 0.882t

DE 1052 BC~1l 94,05 + 18.143t

SEC 114.48 i -1 6.927t

NOSC 129 .l 1 6 + l 9 . 8 8 3 t
DLG BCM 524.32 + 15 . 2 1 9t

SEC 636.94 + 2.9 1St
NOSC 740.21 + 3.926t

These lines are plotted in figures Al , A2 . and A3 for the BCM . NOSC. and SR labor
rates, respectively. These graphs thus show the estimated annual maintenance costs as a
function of time for the four ship types.

TOTAL MAINTENANCE COSTS FOR FY 76-90

The annual costs were calculated for FY 76—90. discounted by 10 percent per year.
The total present (discounted ) and undiscounted annual maintenance costs for the 1 5-year
time period are as follows :

Present (FY 76)
Labor discounted Und iscounted

Ship type model costs , Sk costs . 5k

DDG BCM $3168.45 $ 56 19,31
SEC 3082.42 53 13 ,77
NOSC 3730.9 1 6474.90

DE 1 040 BCM 298.07 536.96
SEC 298.37 527.60
NOSC 359.37 640.53

DE 105 2 BCM 2611 .83 4948.56

SEC 2670.18 5018.03

NOS(’ 3089 .72 5813 . 93
DLG BCM 6080.20 10835 54

SEC 5847.59 10122.49
NOSC 6848.81 I I  868.66

109 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



r ~~~~~~~~~

-‘----

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- —- - -

~~~~~~

PROJECTED ANNUAL MAINTENANCE
COSTS FOR MG SETS

70 72 74 76 78 80 82 84 86 88 90 92 94 96
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PROJECTED ANNUAL MAINTENANCE
COSTS FOR MG SETS
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The present (FY 76) discounted costs are the values which should he compared w i t h  t he
prese n t costs o f the al ternat i ves to using 400-Hz MG sets in a cost -benefit anal y sis .  No te  tha t
the life cycle has been arbitra rily set : the cost figures above are presented on ly as a coarse
indication of the magnitude of the life-cycle maintenance cost of MG sets ,

ANALYS I S OF RE SULTS
it is evident from these figure s that if one type were to be chosen for further  anal ysis.

the DIG class type should be the one , because of the high maintenance costs associat ed wi th
it. Since this class lacks commonality in armament  (and hence lacks comm onal i ty  in heav y
400-liz power consuming equipment ) .  the cost of modit ’y i ng each ship type would he dii -
ferent  and wou ld have t o he analyzed separatel y.

No conclusion can be drawn from this cost study wi th  regard to which ship type
should be modified or whethe r any at all should be 1nodifi ed. Each type would ha~ e dif f er-
ent alternatives to using 400-Hz MG sets and each would have to be investi gated sep ar at el y
in a cost-benefit analysis. This study did , howeve r , p rovide estimates of t h e  main tena nce
cost of’ 400-Hz MG sets as a t’unction of time , which wo uld be a very i mportant  part of ’ any
further cost-benef ’it anal ysis in this area.

REFERENCES
A l .  Naval Electronic Systems Command (N A V E L E X  5043 ). ED lCT -Ll cctr oni~.s I ) ic t ion-

ary Fi le. Naval Sea Support Center Pacif ic. Sal) Diego CA

A2 . Naval Ship En gineering Center letter 61 58E/ JKM 9610-4 ser 237 8 to N a v a l  Sea S~ s-

tems Command. Subject: 400-Hz Modified Central Power Systen is on the l)LG
16 , 26 and CGN 9 Classes. Life Cycle Cost Study of . 1 J u l y  1975.

A3 . Navy Fleet Material Support Office . Maintenance  Material  Management ( 3 M )
Reports:
a. Report MSO 4790-S2704-F-06 , Material  Histor y Report.  400-liz S~~s t c in s .

November 1975.
b. Tracking Report no 2. MSO 47905.30 14 . FMSO Det ection Action Response

Technique (DART ) .  400-Hz MG Sets. August 1975.

c. Report MSO 4790.S27l 1-0 1 , Logistics High Failure Equips . 14 Decemb er 1975 .

A4. NAVPERS Report 15163. Navy Mi l i t a ry  Man power Billet (‘ost Data t’or Li f e  Cycle
Planning Purposes , April 1972 and Jul y 1975.

A5 . NEL ( TN 1758 . Manpower Resource Allocation System. by RA Gre enwe ll and LA
Sadler . 3 November 1970.

Aft Presearch Inc. Measure of Ben efit  Analysis of the SEAM OD Concept . ( p re l imin ar y
draf t ) .
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APPENDIX B
MOTOR-GENERATOR INEFFICIENCY — FUEL

COSTS FOR FOUR SHIP TYPES

BACKGROUND
Annual fuel costs of the extra fuel consumed due to the inherent power losses of

60-Hz to 400-Hz MG sets were computed for the following four ship types :

Old New
Ship Old hull New hull
types class numbers class numbers

DDG 2 2-14 Same Same
DDG DDG 15 15—24 Same Same

DDG 31 3 1—36 Same Same
DE 1040 DE 1040 1040-1051 FF 1040 Same
DE 1052 DE 1052 1052—1097 FF 1052 Same

DLG 6 6— 15 DDG 37 37—4 6
DLG DLG 16 1 6-24 CG 16 Same

DLG 26 26-34 CG 26 Same

ASSUMPTIONS USED FOR COST STUDY

MG SET POPULATION
The MG set populations for the four ship types investigated are listed in the followin g

table .

MG set~~qty 
___________ Ships in

Class 30 kW 60 kW 100 kW 200 kW class . qty

DDG 2 3 2 13
D D G I S  3 3 2 10
DDG3I 

-_______ 
3 2 6

DE 1 040 
- 

2 
________ ________ 

10
DE 1052 2 38—4 6
DLG Ô 6 3 10

DL GI 6 3 11 3 9

D1G 26 3 5 1 3 9

1 14
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FUEL COST PER KILOWATT HOUR
The four ship types use steam turbine s for the ship service turbine generat ors ( SS I ( 

~)

that require 0.9 pounds (0.4 1 kg) of marine diesel fuel (DFM ) per kilowatt  hour. * The cost
of DFM currently averages $26 per barre l . ** The density of DFM is 7. 10 pound s ( 3 .22  kg )
per gallon and there are 42 gallons (0.154 I11~~~) per h arr e l. *** Therefore , the  cost of ’ DFM i~

~~9 l b  I gal 
~ 

I barrel $26 $0.07 85/kW h
k W h  7. 10 lb 42 gal I barrel

EFFICIENCY OF MG SETS FOR FOUR SHIP TYPES
Efficiency data for the di fferent types of MG sets on the ships studied were obtained

t’rom the NAVSEC Project Engineer for 400-Hz motor-generators. Data were obtained for
l~’2. 3/4 and full-load conditions. **** The half-load efficiency data were used for all calcu-
lat ions. although the actual loads for the ship modes of operation used in th e calculat ions
varied from 0.5 to less than 0.2. Since the efficiency decreases with decreasin g load, the
dissipative fuel cost estimates are low. The eft ’iciency at half -load varied from 6 1 to 85 per-
cent , as shown in table Bi .

CONNECTOR LOADS AND LOAD FACTORS FOR MG SETS
Load factors when multiplied by the connector load (rated kW i np L i t )  for each ship-

board equipment or group of equipments will gi ve the demand load of the equi pment ( s)  for
each condition of ’ operation (such as shore , anchor , cruising , or battle ) .  Reference BI dis-
cusses the selection of operating load factors for surface ships. Typical load fact ors  (LI : ) for
400 MG sets on aircraft carriers and destroyers are as follows:

Operating Condition LF
anchor 0.2

shore 0.2
cruising 0.5
funct ional  (ba t t l e )  0.7

~Telecon between J Brady. NAVSEC 6 156D . and F Kamm . NOSC 7434 . I I  March 1976. re fe rencing
data obtained from D Libb y. NAVS EC 6144B , by Mr Brady

l*’felecon between F Kamm. NOSC 7434 , and M Spivack . NSEC 6156D. 16 March 1977
•**Telecon between J Brad y. NAVSEC 6 156D . and I Kamm. NOSC 7434. 11 March 1976 . re t er e ncit ig

data obtained fro m F Dav is . NAVS FC 6 101F . by Mr Brady
****Telecon between A Nickley. NAVS E C 61 58C . and F Kamm , NOSC 7434 . 12 March 1976

RI N :Iv .il Shi p E ngineering (‘enter I)esign Data Sheet DDS 9610 .2 . Design Details of Generating P l a n ts .
I May 1970

115

L .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - , 
_ _ _ _ _ _



F. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-“-
~~~~

--- -- . - - - - - -  —
~
-- - - -

~~~~~~
-.-- —

-—- ~~~~— — -  -
~- .---~~~~~~~~~~ -—

TABLE H I .  EXTRA CONNECTED POWER REQUIREMENTS DUE TO
MG INEF F ICI E NCIES FOR FOUR SHIP TYPES.

MG sets Extra
Ship class — — kW

__________________ — F ill - ‘<W required Qty Total Total
Old New kW ciency, conn per ship of ~xtra kW qty of

name nam e at ing Qty % (Po) (Pe) ships required MG sets

DE 1040 FF 1040 30 2 64 15 8.4*. 10 84 20

DE 1052 FF 1052 100 2 72 107 41.5 46 1909 92

DOG 2-24 DDG 2-24 100 2 74 43 15.1
60 3 73 80 29.6
30 3 61 37 23.7 

_______ ___________

SUBTOTAL 5 68.4 23 1573 184

DDG3 1-36 DDG3 1-36 200 2 65 170 91.6
60 3 73 80 29.6

SUBTOTAL 5 121.2 6 727 30

DLG 6-15 DDG 37-46 200 3 65 276 148.6
60 6 68 272 128.0 

__________

SUBTOTAL 9 276.6 10 2766 90

DIG 16-24 CG 16-24 200 3 85 276 48.7
60 11 68 459 216.0
30 3 70 46 19.7

SUBTOTAL 17 284.4 9 2560 153

DLG 26-34 CG 26-34 200 3 85 276 48.7
60 5 68 200 94.1

100 1 72 60 23.3
30 3 70 46 19.7 

______ __________

SUBTOTAL 12 185.8 9 1672 108
TOTAL 11 291 677

*Estimated

Data for the connected loads (kW conn )  and load factors were obtained from references 132.
B3. and B4. Reference B2 contains six enclosures consisting of power analyses and 400-liz
single-line diagrams for DE 1052, DDG 2 and DLG lb  classes.

B2 Nav~J Ship Eng ineering Center Transmittal  Letter SEC 61 56D/ JAB 9600 ser 3865 to Na val I~l cc i r ~ ni~s
Laboratory Center . Subject: Power Ana lysis . 26 December 1974

B3NAVSHI PS Drawing 81994/302 /4350329 by NAVSEC l t r  6l55 C ; EMO 9620 ser 539: 400.H,. Power
System Sing le Line Diagram DOG 31 . IS February 1973

~~NAVSH IPS Drawing 8 1994 /302/4350 134 by NAVSEC ltr  6155 C: EMO 9620 ser 6 19 . 400.I’li. Power
System Sing le .Line Diagram DLG ~ thru DLG 15 . 2 March 1973
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HOURS PER YEAR FOR VARIOUS OPERAT ING CONDITIONS OF Ti-I L SHIPS

Data for typical annual hours of operation for different  ship conditions were ob-
tained from NAVSEC 6 144B , the Surface Ships Section of the Propulsion Systems Ana l  s’s

Branch.  *

Con di t ion  Hours per year

Co ld iron ( powered by other than 1760
ow n power)
At anchor 3500
Underway (cruise: 90 to 99 per- 3500
cent: batt le:  I to 10 percent )

For purposes of this study, it was assumed that the shi ps operate for 3500 ho ur s per
year at the cruise mode and zero hours at ba tt le mode. It was also assumed that fuel cost
per kilowatt h our when the shi p is powered by external power is the same as fuel cost per
kilowatt hour when the ship is underway.

To account for daily and seasonal variations in the usage of shipboard power , a
figure of only 80 percent of the above hours was used in the calculations. A NAVSEC study
found 80 percent to be the average annual electrical load usage for the cruise mode. T The
same percentage was assumed for the other modes.

CALCULATED RESULT S

EXTRA CONNECTED POWER RE QUIRED DUE TO INEFFICIENCY OF
MG SETS
If P 1 is the MG set connected power requirement from ships service power. P0 is the

connected load to the MG set , and 77 is the e fficiency of the MG set (percentage ), then the
extra quanti ty of power . P~. required to be connected to the ship ’s 60-Hz power i s P 1 —

where

P 1 100 ’

Thus .

lOOP
P t =

I 77

and

100 P0P = -———— -PC

- (IOO-fl
77

slelecon s between 0 Libby, NAVSEC 6144B . and E Kamm. NOSC 7434 , 26 March 1976 and ’) April 19 76
‘
~lbid.
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If . for example , P0 = 200 kW and z~ = 75’ , t h en 
~e 66.7 kW.

Table BI lists the extra connected power requirement due to the inefficiency of MG
sets f’or t he fou r ship t ypes.

INEFFICIENCY - FUEL COSTS
Calculations were performed to determine the annual l’u el cos t s - f irst . for  each LW

of con nected loads to ship ’s 60-Hz power (prior to frequency Lonversion ). From data  under
the headi n gs. “Connector Loads and Load Factors for MG sets ” and “Hours Per Year for
Various Operating Conditions of ’ t h e Ships .” the following load factors were used:

Load facto rs

DE 1052 DE 1040 DDG DLG

Cruise mod e — 3500 hours 0.4 0.4 0.5 0.5
Cold iron - 1 760 hours 0.2 0.2 0.2 0.2
Anchor -- 3500 hours 0.2 0.2 0.2 0.2

Using an 80 percent average annual power usage factor with the cost of DFM fuel at
S0.0785 per kilowatt  hour (see para titled “Fuel Cost Per Kilowatt  Hour ”) and desi g n a t i n g
A as the annual fuel cost for each kW of connecte d load to 60-Hz power . then , for the I)E
1052 and DE 1040 classes .

A = (0.4 X 3500 + 0.2 X 5260) X 0.8 X $0 0785

= Sl54 .02

And for the DDG and DLG Classes ,

A = (0.5 X 3500 + 0.2 X 5260) X 0.8 X $0 0785

= S176.02.

To calculate the total  annual  fuel costs , let B = annual fuel costs due to the in ef t ’i-
ciency of the MG set s t’or each shi p type. Then the total ex t ra  kW required ( from table 1 3 1 )
m ul t ip l i ed by A resu lts in the followi n g br eak d own:

For DE 1052 (42  ships ) :  B = Si 54.02 X 1 909 = S 294 046

For DE 1 0 4 0 ( l 0 sh i p s ) :  B = SI S 4 . 0 2 X %4 = S 12938
For DOGs (29 ships ) :  B = S 176.02 X 2300 = S 404 84 1
For DLGs ( 2 %  ships ) :  B = SI 7ft02 X 6998 = 51 23 I 771

Thus for the four ship t v p ~’-~. consisting of ’ 1 13 ships . the annual  fuel costs a t t r i b u t a b l e  to
the ineff ic iency of the  M( i Sets are Si 943 596.

REFERENCES
B i - Naval Ship Engin eering Center Design Data Sheet DDS 96 1 0-2. Desi gn I ) e la i l s  of

Generating Plants . I May 1970.
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B2. Naval Ship Eng ineering Center Transmit ta l  Letter  SEC 61 56D/JAB 9600 scr 3%6 5 t o

Naval Electronics Laborato ry Center . Subject: Power Analysis. 26 December
1974.

B3. NAVSH IPS Drawin g 81994/302/43503 29 by NAVSE C I t r  6155( ’ : EMO 96 ’O ser
539: 400-Hz Power System Sing le Line Diagram DOG 3 I , I 5 Febru ary I 973.

B4. NAVSH IPS Drawin g 81994 302/43 50 134 by NAVSE (’ I t r  6155C : EMO 9620 ser
619 . 400-Hz Power System Sing le Line Diagram DIG 6 thr u DLG 15. 2 March
1973.
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APPENDIX C
400-Hz CENTRALIZED SYSTEMS - STUDIES AND TESTS

FEASIBILITY OF 400-Hz MODIF IED CENTRAL POWER SYSTEM
ON THE DLG 16 . DLG 26 . AND CG 9 CLASSES

( This study is reported in NAVSE C letter 61 55C/RG’f 96 1 0-4 . serial 997 , to N A \ ’-
SEA. 23 April 19 75 ,)

This study was tasked with three objectives:

I .  Determine relat ive rel iabi l i t y  of the various 400-Hz power systems on surface
ships.

Ca lcu lat io ns we re per t’ormed to measure the relat ive material  cond i t ion index .
which is a common sta t i s t ic  used to measure the operational readiness of a par t icular  p i e .  c

of equipment based on the number  of casualties suffered . the  severity of each c a s u a l ty ,  and
the ave rage downtime following each casual t y ,  ‘fable (‘I lists the annual  casualt y rate p~ r
motor-generator for each class and the material  condition index normalized by the MG
pop ulation of each class. The lower the norm alized mater ia l  condit ion ind ex ,  the greater
the operatio nal readiness of the 400-Hz motor-generators on tha t  ship class f ’or the  2-year
pe riod of record . For the 43 ship classe~ anal yzed. the samp le average normalized m ater ia l
conditio n index was 2.81. It was pointed out that  this index is not a true measure oi’ opera-
tional readiness ; all 400-Hz systems are desi gned wi th  redundant  motor-generators ~o tha t
even ships wit h \‘ery hi gh materia l condit ion indexes support complete combat operations.

2. Design two h ypothetical more centralized 400-Hz systems for the DLG lb . DL(;
26 . and CG 9 classes. Evaluate the b enefits thereby obtained.

One proposed syste m en’. isioned the use of I 50-kW Teledyne- m et solid -state
frequency changers as ship service power onl y and assumed that all 400-Hi loads are coim
patih ie. A second proposed sy stem was more realistic but  stil l  hypo the t i ca l .  It pr esumed
satisfactory ope ration of ship service loads , the Naval Tactica l Data Syst em .  sea rch radars .
and the interior  communicat ion  s st em — al l powered. from a cent r al bus , by th e  solid - si  - Ic

cha ngers. (The val id i ty  of this presum ption is st i l l  to be de te rmined . )  Thi s more r e ali st  i~
sy s t em ,  therefore , assumed fewer dedicated MG sets hu t  st i l l  proposed dedic ated MG SL ’ I ”

for  the Terrier and or Talus fire contr o l sv ste u is ,  i l i e  oiil ~ be nefi t  considered h~ t h i s  st .. ~l \
was the weig ht  savings benef i t  listed below ( d i f fe rence  in weig ht  between t b . ’ \1k - L I ! ) ’  ~

and the solid-state changers added ) :

F Wc i~ l i t

L (pounds 1 M g )  per sIt p
*(‘om plete Pa t  i i i

Ship cla ss cen t r a l i za t ion  cent  r a l i z a  I ion 
- —

D I G  16 43 5 0 0 ( 1 9 . 7 1  24 000 110 . 1

DIG 26 4 400 2 1 .5 ) 40 400 ( 1  ~ .3
(‘(~~ ‘9  

- -  

~~~~~~~ (24 .3)  
~~~ ~~~~~~ 

l ) 

~Comp le ie cent r u h i i a i  ion weig ht ~J s  ri gs are not rea l i s t  ~ at t his t ime hu t  were pre sen t ed t o t l l i i s i  t a t e
the wei gh t pen a l t hat  ex i ~I ing 400-li , ~V~ l C n i s  sti ffe r because user loads arc no t  all de sign e d to he
compat ib le .  

_________
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TABLE Cl . CASUALTY RATE OF 400-HZ MOTOR GENERATORS ON
SURFACE SHIPS, 1 JANUARY 1973 T03 1 DECEMBER 1974.

Total Casusity Material
motor-generators rate cond ition

Ship (MG population ) per year index
class per class per MG normalized

AOE I 6 0.333 15 . 92
MSO422 28 0.339 13.20
D D 7 I O  88 0.301 8.28
DDG3 I 20 0.300 7, 13
LCC 19 8 0.312 6.89
MSO 508 4 0.250 6. 19
DO 945 10 0.400 5.89
CVA4 1 13 0.154 5.03
DE 1037 4 0.250 4.72
DE 1033 8 0.062 3.94
AR 28 1 0.500 3.90
DE 1078 42 0.214 3.54
DD 93 1 16 0.125 3.40
AFS I 14 0.107 3,27
DLG 6 tOt 0.089 3.14
AOR I 12 0.292 2.X2
DDG 2 183 0.139 2.77
CVA 59 19 0.105 2.56
DE 1052 56 0.178 2.50
DDG 35 10 0.250 2.34
DE 1040 22 0.159 2.22
CVA 63 52 0.096 2 .15
AE 26 24 0.021 3.65
DER329 2 0.250 1.60
MSC 200 7 0.143 1 .47
AGDE 1 2 0.250 1 .40
DLG 26 110 0.073 1.38
DIG 16 155 0.052 1. 15
AO5 l  6 0.083 1.12
DD 825 4 0.12 5 1. 12
CG 10 57 0.114 0.94
121-I 2 36 0.111 0.92
DE 1021 12 0.042 0.82
LPD 4 60 0.075 0.6%
DLGN 25 12 0.042 0.67
DEG I 30 0.100 0.57

CVS I 2 1 0.048 0.34
CLG 4 14 0.036 0.24
PG S4 17 0.088 0.24
CGN 9 22 0.023 0.20
LSD 36 10 0.050 0.20
LST 1179 40 0.012 0.05
LKA 11 3 15 0.033 0.03

121

~~~~z~~~: ~~~~~~~~~ 
‘



- , . -, .,--— ~~--‘- - - —-- ---— -- .- -~~~~~~~~~-~~~~~~~~~~~~~~~~

3. Make recommendations on the f’uture  design of 400-Hz power systems.
The weight savings at tr ibutable to a modified central 400-Hz power system is

significant if it can be achieved during new construct ion or overhaul. Weight savings on
exi st in g sh ips im pact the ship ’s moment.  MG sets on steam propulsion ships such as the
DLG 16 , DLG 26 , and CGN 9 classes are traditionally located very low in the hul l .  Tl tu ~ the
weight savi ngs wou ld appear at or bel ow the cen ter of gra vity. The s ta h i l i t \ ’  e f f e c t  would
range from a neutral  moment impact (on the DLG 26 class) to an increase in requir ed ballast
to offset the weight decrease (on the CGN 9).

Since radar guidance systems (such as the Terrier system ) require more MG sets
than any other use r load , the conversion of guidance radar systems to 60-Hz input  would do
more for the centralization of the 400-Hz system than any other single effort. NAVSEC
recommends that proj~cts such as the Line Independent Power Supply (LIPS ), d esign ed by
Raytheon for the AN/SPG-4 I TARTAR radar system , be vigorously pursued. It demon-
st rates that sufficient technology exists to permit 60-Hz excitation of’ large radar loads along
wi th realization of space and we ight savings in both the radar and power systems.

The benefits of converting an existing 400-Hz system are much less than the cost
of such a conversion. Therefore , NAVSEC did not recommend the installation of a 400-Il,
modified central power system on the DLG 16 , DLG 26, or CGN 9 classes .

LIFE CYCLE COST STUDY OF 400-Hz MODIFIED CENTRAL POWER SYSTEM
ON THE DLG 16, DLG 26, AND CGN 9 CLASSES

(This study is reported in NAVSEC letter 61 58E/JKM 96 1 0-4 . ser ial 2378 , to N A~’-
SEA , 1 Jul y 1975.)

This study was requested to complement the information contained in the fe a sih iIi t ~
st udy discussed above. The life-cycle costs considered are those costs which \s- )u ld he in-
curred from FY 76 un t i l  the end of ships ’ lives for the proposed systems. One-time ( in i t i a l )
and yearly costs were used to calculate life-cycle cost (LCC) of 60- and 400-Hz power con-
ve rsio n syst em s for th ree con figurations on DLG 16. DLG 26 . and CGN 9 classes. Total
life-cycle costs of the sy stems are as follows:

Existing Centralized Modified systems
sy ste ms systems (combinat ion  ol ’

- 
(MG s) (SSFCs) MGs and SSFCs)

DL(; lb class S4 887 148 S 13 203 9 18 SQ 428 949
DL(; 26 class 5 100 238 II 252 3~5 % 496 819

CGN °) class 657681 2 1 7 3 64 1 I 651 223

TOTAL SlO 645 067 S26 629 944 $ 19 576 991

The above table indica tes .  both by classes and in total , that  LCC of the central ized sys i c tus
is app roximately three times hig her , and tha t  of the mod ifi ed systems approximate ly  t~s 0

times higher. than LC(’ of ’ t he exis t ing  systems.
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USS TRUXTUN (DLGN 35 ):  COMPAT IBILITY CHECKS AND E VALUATION
OF 60/400-Hz SOLID-STAT E FRE QUENCY CHANGERS (SSFC )

(These tests are reported in NAVSEC letter 6732:JK: lm l  9620/DLGN 35 FT-46l9 .
serial 205 , 10 NAVSEC 6155C , 9 Oct 1974.)

Prior to shipboard te sting. preliminar y land based evaluat ion test s were made of ’ two
Teledyne- m et SSFCs. In these tests , the SSFCs powered a dummy load and an SPS-48A in

parallel with a Univac 1 230 computer. l’he SSFCs showed some problems hu t  gave bet ter
perfor mance than MGs. Shipboard testing of the SSFCs was theret ’ore recommend ed.

USS TRUXTUN (CGN 35 ) 400-Hz SYSTEM INTERFAC E TEST

(These tests are reported in NAVSEC letter 6732 :JK:g l 9320, FT4300. serial 42 . to
NAVSEC 6 155 . 23 March 1976.)

The t wo un its eva lu ated in the prev ious pa ragrap h were installed aboa rd USS TRUX-
TUN. and inter face compat ibi l i ty  te sts were conducted in June  1975. These tests revealed
that  some groupi .lg of loads is possible with SSFCs. (The SPS-48A is compatible wi th  o ther
400-Hz loads.) However , the AN’SPG-5 5B rad ar still requires dedicated power. Thus
SSFCs appear to require fewer dedicat ed MG sets . There are , ho wever , stil l con side rable

problems with SSFC hardware mainta inab i l i ty  and rel iabi l i t y .  Furthermore , these we re

short term tests; the final phase of testing (endurance )  will take the form of ’ contin u ed

operation of the SSFCs aboard USS TRIJXTUN under all conditions. stressing bat t le
condit ions.
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APPENDIX D
POWERL I NE HARMONICS -_ POTENTIAL SUPPRESS I ON TECHNIQUES

INTRODU ~ T1ON
Several new harmonic suppression techniques proposed in the literature are reviewed

here. Depending on the system , uncharacteristic harmonics may arise on the powertine .
Therefore , papers which are reviewed discuss the origin and suppression techniques for  the se
ab normal harmonics. A paper describing a method of ’ reducing three-phase fi l ter  losses is

also summarized.

ABNORMAL HARMONICS
Voltage imbalance in a three-phase power line creates some 5th and 7th harmonic

currents even with 1 2-pulse operation; and unequal firing angles (a) of controlled recti l ier s
(fig Dl and D2) generate even harmonics , tri plen harm onics (multiples of the third) ,  and a
dc component in the power line . (‘ontrolled rectification with a conventional control syst em.
when combined with a high ac system impedance , can result in ha rmonic ins tabi l i ty  due to
magn if icat ion o f abn ormal har mon ics by t he converter . Harmonic voltages in the power l in e
(either balanced or unbalanced) change and unbalance the angles of overlap during commuta-
tion , and these angular differences in turn cause abnormal currents  to flow in the  power l ine .
Five references speaking to these abnormal harmonics are discussed below . l’he t’ou r th
paper describes a control system that reduces abnormal harmonics wi thout  the use of filters.

I .  Kimbark Dl states that  seve ral hi gh-voltage dc te rminals  experienced improper
operation and even instability fro m large-amplitude low-order uncharacte r is t ic  harmonic s .
Th e ins tabi li ty results fr om har mon ic osc il lat ion that  can occur i f the  loop gain of the  sy s tem
is high enough . Field tests were made with the filters disconnected b r  Ct- and 12-pul se
operation . The results showed that 2nd . 5th , 8th . 9th , and 12th harm onic s had a m p l i t u d e s
greater than the 13th for the I 2—pulse operation . The 6—pulse operat ion had l o w e r - a m p l i t u d e
abnormal harmo i~ics than the I 2-pulse operation.

2. An IEEE paper D2 provides an analysis of t inu sual  harmonics appe ar ing  on t h e
wavet ’orm as a result of ’ ope ration of high-voltage dc converters , ‘h ’ ltes e ha rmon ic s  .ire called
unusual (or abnormal ) because they are not expected f ’rom th e  ex i s t i ng  theory  re l a t ing  t o
bala nced operation. The paper analyzes uncharacter is t ic  harmonies from t w t  sources: l i r i t ig
angle and supply voltage imbalance. They are consider ~rI both ind iv idua l ly  and in e o nj u t i e t i on .
whe n the two ef ’fects become interdependen t .

The individual  varia b les in this problem progressively increase in n u m b e r  as

degrees of i mbalance are introduced.  Eac h re ctifier t i r ing.  f o r  example . cat i be ind i v id u a l l Y
specified: the permutat ions for relative imbalance are large for 6-pulse oper at i on  and even
larger for I 2-pulse operation. Therefore , t he technique adopted was to select r ep res ent . t t i v i
cases in d i cat i v e of ’ the wide range of harmonic behavior.

A computer program is described which enables harmonic s , both charac te r i s t ic
and uncharacterist ic , to he predete rm ined for any specified condi t ions  of imba l ance  l o t  6-
and I 2—pulse oper at ion. W i t h  un b alanced voltages in I 2—pulse operat ion . the  comp l e m e n t  ar~
harmonics ( 5 t h . 7th , etc I have n e i t h e r  magni tude  nor phase re la t ions  t h a t  m a t c h .  I lence th e se
harmonics are injected in to  the ac sy stem.  For both 6— and I 2—pul se  ope ra t ion  the  et f e e t  of ’
ac imba lance is to introduce third and other  tripk ’ u harmonics . For unequal  f i r ing angles

1) 1 Ki mb ark , 1W . I) ire ci (j u n e n i  Tr a n snu i ~si ’n . volu me I .  ~ .~ I S-32 . Wt le~ In t e r s e lene t ’, I
1
~

2 Reevc J and K r i s l i n a v v i , 1’(S. In usn. i l  ( ‘ u r r e n t  I l a r n i t i t e s  t r i s ing  f rom h i g h Vol t ag e  IX ’ I r a n s n u i s s l . m .
11.11’ 1 ra n sac i l on s  on Power \PN 1 i1 ” and Sy st ems , v PA S-5 7 , no 

~~
. P ~~~ -S ) 3 , \ l a t c l t  I
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3-PHASE
SUPPLY ______ TRANSF OR M E R  DC LOAD

CON TROL/ 

—

E L E M E N T

Figure DI. Ac to dc rectifier (full -wave three-phase bridge ).

T I M E

— a w —~~~~ .—_p, —~~

Figure 02. Control led rectification waveshap e .
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(wi th  or wit h out voltage imbalance), even harmonics are generated wi th  a dc componen t in
addit ion to the triplen harmonics. The dc problem could drive the transformer in to  saturat ion.

The authors conclude that  one of the uncertainties is t h e  level of harmonies that
can be per mi tted to propagate into a n ac system . I t is dif fi cult to predict locali zed resonant
effects , especially in a complex ac system undergoing continual  short-term and long-term
mod it ’icat ions.

3. Reference 1)3 analyzes yet another source of abnormal harmonics harmonic
voltages in the power line.

With certain types of automatic controls , the firing angles of ’ converter recti f i ers
may sustain some errors which in turn could generate abnormal harmonic currents in the ac
system . The analysis herein assumes that the direct current of the bridge has no ac component
and that the controlled rectifiers (valves) are ideal short circuits and open circuits in the i r  on
and off states respectively. h owever , the com muta t ing  reactance is assumed to be nonzero.

The source of er ro rs in f i ri ng angles con sidered he re resul ts f ’roni assumed
har monics in the ac bus voltage . These errors are defined as deviations f ’rom equal i ty  of the
firing angles . The deviations occur because the firing-angles computer also receives its power
from the ac bus. The analysis of this ac voltage feedback loop consists of three tasks ,

Evaluate the firing-ang le errors due to an assumed harmonic voltage on the  ac l ine .

Evaluate the abnormal harmonics resulting fro m these errors ,
(‘a lculate the system impedance to determine whether the possibil i ty of
sustaining this harmonic exists. This system impedance is the product of ’ the
transfe r function which couples the ac system bus with the contro l system ac
bus and the impedance of the main ac system.
The concl u sio ns reached are as follow s:

The individual controlled rectifier converters may generate abnormal harmonies
i n the conn ected ac system .

Abnormal harmonic generation is more l ike ly  at heavier converter loading.
li the ae system impedan ce assumes a larg e value (approach ing i n f i n i t y )  at some
frequency, the co nverter may excite and sustain a harmonic voltage of ’ that
f requency at the ac bus ,
Since the  control bus coupling circuit affects  the abnormal harmonic generat ion .
it ca n he used as a tool to correct undesirab le condit ions of abnormal harmonic
generation.
This analysis can he applied to mul t ip le  converters per te rmina l ,
These abnormal harmonics will be small (only due to random errors ) if it is
possible to aba ndon individual  control of the firing angles .

4 . A new type of pulse t iming  contro l system is descr ibed 1~4 tha t  remove s the direc i
depende nce of the control system on the ac line voltage and it s distort ion ,  It makes possible
the  operation of converters on re latively weak (hi gh-i mpedance) ac sy stems , w i t h o u t ha rmon ic
i t i s t a b i l i t v  a nd wi th  low generation of hart u onics  other t h a n  those th eoret i ea I l ~ p r e s enb I norm a!

~ ‘1Ph , adk e , \( ; and h I a t t  w , ill , Gene ta t i on  ot . \b no tn i a l  I l a r m o n i c s  iii I u g h \ ‘oltage M’ -I)( ’ Power S~ S t i n ts .

Il l I I r ansa ct io t i s  on Power A p p a r a t u s  and Sy s tems . v PAS-87 . no 2. ~1aic li I
~~~~~~~~~~~ J I ) . I lie Pliasc ’I ,o ck ed O sc i l la tor  A \CSs (‘ oti t ro l  Sy s te m f o r  (‘ on t ro l l e d  S t a t i c  (‘ ons’c r te r s .

II’ l I’ 1 r an sa i  i i  i t s  on Power A p p a r a t u s  and  S~ s tems , v l’ ,t S.~ 7 . no 3. p ~5Y .Su 5 . Ma rch I
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With  conventional control systems and wi t h  an ac system of ’ su f f i c i e n t l y  high
impedance at abnormal harmonics , t here is a possibilit y of’ harmonic ins tabi l i ty  due to
magnification of’ abnormal ac line voltage harmonics by the converter (discussed under i tem 3),

Small filters rated at a few wat ts  are normally connected between the  main
voltage transformer and the control system to at tenuate  these harmonics.

The phase-locked oscillator control system described here h as progressi~ e
adva n tages ove r co nventi o nal con t rol system s as the ae system becomes weaker ,  gi~ m g  be t t e r
performance by reduction of abnormal harmonics w i thout  th~ use of abnormal  harmonic
filte r s.

in the appendix to the ret ’erenced paper , the author discusses other e f fec ts  such
as the following:

An ac harmonic filter will usually be designed to have resonances at character-
istic ha rmonics of orders of ’S , 7 . I I , 13. etc. Howeve r , the pa rall el co m b in atio n of ac f i l te r
and ac system will have many intermediate antiresonances or “nat ural f’requ encies.~’ These
nat ural frequencies are excited l ie , ringing is caused ) by any ac system dist t irb~tnce or by any
current transient from the converter , and they may take many cycles to die away .  l’he
dominant ringing frequency is usually ju s t  below 5th harmonic . if ’ the lowest t uned f i l fe r  arm
is for 5th harmonic. Ringing can cause commutat ion fa i lure .  (‘onventiona l contr ols can
magnify the ringing caused by line t ransients , whe reas the phase-locked system remain s
passive. For th is reason , from the point ot ’ view o f commuta t ion  t’ai lure . conve ntional  control
syste ms are very much worse when the ac system is weak ( short-circuit  ratio of 4 or les s).

5. A general programmin g approach is pres ented 1’
~
5 t o compute the harmonics

resulting from any combination of supply-voftage harmonics , fundamenta l  voltage imbalance.
and firing angle pertur b ation. for both 6- and I 2-pulse operati on. T h e  results obtaii ied were
for open loop computation wherein it is assumed that the harmonic vol tage content  of the
supply wavefo rm can be specified and that  the resul tant  line current harmoni cs can then be
computed. The authors state that  the computational techni ques could easily be adapted to
closed loop analysis but would require excessive computation t ime , Closed loop ana l y s i s
would require iterativel y modifying the harmonic voltage levels by the interact ion of genera-
ted cu rrent harmonics with  the ae system im peda n ce.

Even wi th  the open loop analysis there were too many variables to present
generalized graphs of harmonics. As a compromise , harmonics computed for arbi trar i l y
selected combinations of variables are pre sented. Graphs are presented which show the
computed harmonic currents obt ained with 3rd . 2nd and 8th harmon ic voltage levels ( i n
power line ) ami d which include the eft ’ect of a perturbation of firing angle (a) of U.S p e r c e n t .

The paper conclude s tha t  practicable levels of voltage harmonic d is tor t ion do
not lead to large abnorm al harmonic currents . However , it suggests th a t in cert a in circum-
stances the may be significant. Some of its conclusions follow:

Even-order unbalanced harm onics , i n t h e su pply vo l tage , result in t he  gen era t ion
of ’ current harmonics of every order.
Odd unbalanced harmonic s produce a spectrum of all odd current  harmonics .

l~alanced . even harmonic  voltages result in a complete curr ent  harm onic
spect r t im .  excluding t r ip len harmonic s ,

Balanced odd harm onics result in all odd current harm onics . v’x c l t id i t i g  I t  ip len
harmonics.

D5 R eesv ~, J , 13ar ’n , J A ,  , tmi d K ri s l i i i . is ’,’a . P(’S, ,\ ( e t mera l Ap~ i . m L h m  to h a r monic (‘ u r i c nt  (,~n C r a i a r i  b~ h l \  I ) (
(~~n ve r t e r s , I l l  I’ I , i i i s ac i io n s  on Power A p p a r a t i i s . n d  S~ sti ’ n ms . P ts - Ss . no 7 , t id y I t i t O
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In all cases , a complete harmonic spectrum of currents results f’rom the
introduction ob ’ an a perturbation (see fig 1)2).

For balanced voltage harmonics , both considered modes of contro l * behave
ide ntically.  W ith i  unbalanced voltage harmonics , t he eq ual-pulse-spacing type
appears to give lesser magnitudes of abnormal harmonics wi thout  al ter ing the i r
order.
Of ’ the abnormal  current harmonics result ing f ’rom a certain voltage harmonic .
t h e freq u ency of ’ the largest is not necessarily tha t  of ’ the voltage harmonic.

Voltage harmonics arising because of balanced triplen-frequency ac system
resonance wil l  riot be reinforced by current generation at the same t’requencv.
excluding the  efl ’ects of tiring angle errors.
Even-harmonic resonance , part icularly at a frequency below the effective range
of ’ low-pass fi l tering,  cou ld be a more serious p rob lem , espec ially i f fu r the r
agg ravated by contro l errors.

Note: The discussion t’o l l owi n g the presen tat io n of t his l ast pape r was cr i t i cal o f th e ope n
loop a nalysis and indicated that  without  the feedback loop it is not possible to assess whether
or not ac system voltage harmonics will be further exaggerated by the converter operation.

REDUCING FILTER LOSSES
A simple and e ffective idea t’or reducing ac filter losses in three-phase systems is

described in re ference Do.
(‘onventional series resonant filters , as shown in figure D3 , are commonly connected

to the  ac terminals  of a converter to supply a shunt  path for harmonic currents. Filters tuned
to the kth . Ith and mth harmonic s might in practice correspond to the 5th , 7th and I I  lb
harmo n ics. Whe n au to matic tu nin g is not em p loyed, the Q of each filter branch must be low
enough to main ta in  moderate d etuning .  Accordingly. significant power loss is incurred iti the
resi stors included in each fi l ter  branch ( supplementing the resistance of the inductors).

Figure 1)4 sho~ s a three-phase interconnected f i l ter  using three resistors instead of the
conventional nine. The author  claims fundamental  power losses are thereb y signif icant l y
red uced , wh ile the harmonic  performance is essentially unchanged.

‘[he harmonic analysi s  pre sented is not rigorous but  has been supported by exper iment
and computer analysis . A computer  program is available to aid in opt imizat ion of the f i l te r
design f’or a spe c if ic  ap p l i c a t i o n .

‘[his idea , however.  may have only l imited appl icat ion for the Navy , si nce it appears
to require a neut ra l  bi t s ,  wh ich  is u sua l ly  not available on Navy ships.

H.~R\IONIC REDUCTION IN CONVERTERS BY HARMONIC CURRENT I NJ E (’ T I ON
Scs er al paper s have been w r i t t e n  describing novel act ive bil ler  method s ob ’ reducing

line  et i rr emi t  l i a r m u i i i ~ s. in wh ich  t I r e  shape of the curren t  wav eform is modified by in l e c t ion
of h a r m o n i c  c u r r e n t s  in to t h e  convei ter.  Three such p aper s are reviewed here ,

•1 I LI J I  pul ~e .t~~i r e  i .i~ o I l T I , t s i i ’ i! s~i t I i  equ al delay ang i es t  is t I m e  type  ut cont ro l  i n c o r p o r a t i n g  t Im e  l ihi se
l r d  ‘ ‘d I s~ il t .u t or  p r i m i ~ ip k’ ~l : m iss e d i i i  t i n t  4 .

lU (, 1 l 51~ R . An I n t e r ~~,n n ecr ,’d A( ’ I I t ~’n I i  tI ~’I X ’ (‘ o n v c n r e r s , I F F I ’  r rauisac t i o ns  on Power A p p a t a t u s  t n !
‘. I ’ \~s 5 1 , no ~

, r ~~~ ~~4 t  MaR ’11 I

I,
I~~

.
‘ 

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~ 
j , .. ~~~~~~~~~~~~~~~~~~~~~~~~



C k 
C~ C ’

L k 
Lk Lm

R

Figure D3, Conventional single’phase series-resonant fitter bank.
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Figure D4 . Three-p hase interconnected l i l t e m .
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In  this  11.1:1 .  artic le 1
~

7 a method is described which  the  au tho r s  claim is not
l i ke ly  to be more expensive than elaborate fi l ter  equipment .

A third-harmonic current is injected into a duplex 6-phase reel it ’ier by means  of
a th i rd—harmonic  current source parallel ing an interphase trans f ’ornier (fig 1)5) . Al though a
d uplex 6—p hase rect i f’ier is taken  as an example , the  authors  claim the metho d is appl icable  to
othe r types of converters. The in terp hase  t r ans former  has a high impedance: there f ’ore the
heavy third—harmonic  current source will cause th i rd—harmonic  cu r ren t  to circulate  around
tw o secondary phase s of the rectif ’ier . a nd a corresponding balancing current wi l l  flow in the
primary of the  rect i f ier  transfo rmer.

This source must be capable of ’ delive ring a third-harmonic current  comparable
wi th  half o f the  d ir ect load cu rre n t , and the  phase of ’ this cu rrent m ust d i b ’I ’er by 90 degrees
f ’rom that  of the  magnetizing current of the interphase tran sl ’ormer ,

It is shown mathematical ly  that  all of the  exist ing harmonics can be reduced
Isonie to zero ) depending on the injection ratio , p . which is the  ratio of ’ the tr iple-f  req uencv
inje ct io n current to the steady load current.  A third harmonic i~ in troduced . hu t  the  use of
a delta pr imary can keep this harmonic out of ’ the line current .  Exper imenta l  resul ts
ob ta ined were consistent wit  hi theoretical predict ions ,

For a rec t i f i e r , the  source of ’ tr ip le-f ’requency current acts as a power s ink .  ‘I’he
au thors  m e n t io n  tha t  it is t h e r e b ’ore possible to use a passive network such as a s i t np l e
re sistor to cause the  required current  to flow , Even so , this pass ive source must  be capable
of absorbi ng up to one—eighth of the  dc load power. However , no fur ther  e laborat ion on the
use of a pas sive ne twork  was presented.

2. Another paper 1
~
8 describes a genera l theory f’or reducing harmonies in an ac l ine

by modif y ing the current on the  de win dit igs of t he  converter t ransformer through  the
in jec t ion  of harmonic  currents at a pa r t i cu la r  f requ ency.  It  is more general than  t he  previo u s
paper i t t  t h a t  not only the  3rd harmonic is able to be injecte d hut  o ther  3nth -ord er harn iot i i es

I , 3 , 5 . .  l a s  well ,
Basic c i rcui ts  are shown to be appl icable  to any type of converter  i n d e p e n d e n t l y

of types o f rect if ier  arrangements (delta or s t a r ) ,
(‘a lcul ated resu lts  for  th i rd  harmonic injection (k = 3)  are shown for v a r y i n g

magnitudes of ’ ti re injected harmonic ,  Practical applications are described in which the
exper ‘ ‘ m enta l  results agree ver closely with the calculat ions , whe re ti le o p t i m u m  rel a t ive
magn i tude  of inj ected ha rmonic  ( p I t s  about  0.5.

Calc ulated resul t s  are also given fo r  k = 5. 7 . and ~~~. but these va lues  are not  of
practical interest since they cause generation of current harmonics  of the  same and lower
orders. (Onl y harmonics of orders h igher tha n  k are reduced. )

Ge nerat ion of ’ current  harmonics  of ’ the  same order its tile in ject ing current
occu rs only  on the  de windings. ‘I liese papers show t h a t  no such harmon i cs  occur ott the ac
w mndings  because of ’ t ile mu tua l  act ion between the three pha ses. ‘l ’hus t he  ac wave fo rm
beco mes similar  to a sin usoidal wave ,

It m igh t  appear tha t  the in jecte d curret ’it would blow into  l i r e  dc load c i r c u i t .
Bu t t  s ince  t he  dc reac’I an cc is large , i ts  i nductance  behaves for ac l ike  a bight im ’np eda n c’e. at i d
there is no i n f l u e n c e  on t h e  dc’ c i rcu i t  b ’ro rim t ime i n j e c t e d  curret it .

D B ir d BM . ~l . i i sh i , I I  , \l~ I c lIe nt . PR . l l , m u i u r t t u m u e  R e d u c t i o n  i i i  \ l u i l u r j ’l l i ’\ ( l \ ~’~ is by I u i p k’ I req u enics
I r r e t i t  I u m t ’ c t i ll : . t ’ n I l l  , v I I  it , Ii I (.1, p I ~~~ I 7 .~4 , o c t ober

‘~~ ‘ \rurc u muiu  \ . ( , c r u i ’ u , i ! i , c t l  ~l~’ u l i sl II I l i l u u l i l ,  R e d u c t r in in . \ ‘  D L u m v e r t e r s  h~ I l , u I ; T l Ic  I T fl i ’ J i l n i ,
Pr oL I l l  I I~ nt , p .5” ?’ ( .4 , h i t ’.
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The authors  feel tha t  some of the problems remain ing  are the  t r ans i en t
per f ’ormance and the  economics of this  method relat ive to f i l ter ing.

3. This paper D9 app lies the principles and methods described in the au t h o r ’5
previo u s pape r D8 to tit vri stor converters , ‘I ’herefore . a firing del ay angle , a, is th eorized is

anoth er variable ( see figure 1)2). Also . since con rr nutat ion overlap is not considered t o be
i n stantaneous (a s it was in ref 1)8 1 overlap angle . p. i s ’also a var iab le .

Sonic of ’ the  calculated results are shown, f l a rmon ic  reduct ion is s i l (u w n to lie
dependent on p and 13, where J3 is the phase of the injected current , ~r . relat ive to the  c u r r e n t
wavef ’orm on the d c wi n di ngs.

E xperi m en tal resu lts we re obta in ed f ’or a th ree-phase bridge conv erter and for  a
doubl e-star converter , For ti r e bridge circuit with a 5°,p 5~ , k = 3 and 13 = 0, ac S i l t , 7 th .

I 1 th , 13th . and 17th harmonic currents  measured below 3 percent with op t imum inje ct ion
ratio of about  0.7. The double-star converter circuit proved to be more eff icient . All ac
har monic currents were reduced to less than  2 percei lt with inject ion ratio of 0.22 (w h e n
a 30°, ~ 

~~0 k = 3 and 13 0) . Smaller injection currents  are neede d wi th  a smaller
injectio n ratio . The source of ’ injected current was a single-phase stabilized power source of
330 VA consisting of a power amplif ier  and oscillator.

lit the discussion following tile paper it was pointed out by tire a u t h o r  t h a t
a l though the injected currents will af ’t’ect co mmu tat io n and t l i eret ’ore over lap  ang le . hi s
theoret ical  analy sis  assumed no such e f f e c t ,

No mention was made of abnormal  harmonics.  ‘l ’herel ’ore . e i the r  no a t t e m p t
was made to measure them or else they did miot appear oti t i re ’ ac l ine w i t h  any s i g n i f i c a n t
magni tude .

No a t tempt  was made by t i re  author  to assess t ire economics of th i s  approach.
However , in the wri t ten  account of ’ the  discussion following tire paper . Sachdev and i3 e mi net t ,
of Universit y of Saskatchewan , (‘anada.  suggested tha t  sy ste m app l ica t io t i  t’or a I 50 — LV ,
1 800 A bridge , for example. wo uld r e qu i r e  2520 A ri :s t h i rd  ha rmon ic  I I 260 A t ier w in d ing  I
for  i n iected current , if ’ p = 0.7. And for the  cap a ci tan ce s  needed in t i re  e x p e r i m e n t a l  mod el ,  a
series—parallel combination of capacitor un i t s  would have to be u sed fo  s a t i s f y  t h e  v o l t a ge  and
current ra t ings  s imul taneous l y  po ssibly 18 capac i to r s  i i i  sCm i C s  and ~0 capaci tors  in p ara l le l
for  each of the two capaci tances ) .

HARMONIC REDUCTION BY MULTILEGGEL) RE,.~CTORS OR TRANSFORMER S)

A method is exp lain ed D 10 which r is e s a t h i r d  w i n d i n g  in a t r a n s f o r m er . A l ’i l l e i ’
re moves the fundamental  component in a detected t rans lorm er  SL’condat ’v cu r r en t , \ t ’I . ’r
f ’i h t e r ing ,  the detected signal is a m p l i f i e d .  This ampl i f i ed  currem r t  . devoid of t i r e  f u n d a m e n t a l .
is  made to flow into tire ter t iar y wim i ding.  thereby cancel ing t ire I r a rmo t r i c  component s  i i i  I l ie
magnet ic  f lux.

This method wil l  theoretical  Iv e l iminate  all ha rmonics . abnormal  amid norm ;, !
.‘\ l though no exper imem i t a l  work was a t t empted , conside rable though t  \V , i s

appl i e d to the  ulesi ~n of a pract ical  sy stem. It  was eum i c iud e d  by t i :e  au thors  t h a t  t h e  sv clct l l
iria~ he e i ther  impossible or not economical to des igm i . ‘ l ’heref ’ore. ii is sui g g~ sleJ t h a t  sv s t c t r r s

t’~°,A n i e t a t r i . A . t l a rn i umi i c  R e duc t ion  in T l r v r i s i o r  ( ‘ on \ e i t c i s  by i l a o i ’u ic (‘ u n c u t  i n t e c t u lti , I I  I i i  . mrm ~
ac t i ons  u n  Power A p p a r a t u s  a n t  S~ s t ems . v PAS-9~ - no 2 . p 44 1 449 . \ l a i ch  A t ” r i l  I

~Sa . . k i . 11 and \ l , ic ’hu id , i . ‘I .  .\ \ t ’w Method to E t i n u n ’j te  \( h l a r m u o n u c s  (‘ u i r i e n t s  b’ ~s l , l t r m i c i I c  F lu x
tnu p cn s a i i m t n u  ( ‘ i n j i s j j ’ r a i i t t n s  on if , msu ~ I ) e sugu i . I t ’ l l  I r a n s a L t i O n s  TI Powe \ p j . I l . I c i s  and  ‘s\ s t C l t ’ .

v P \S. 1~~. f l It  5. p 2UU9~20 t O , September Oh t t m b c u  1 1) 7 1
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designers e i ther  undercon rpen sat e 5th and 7t h harmonk ’i~, co ;iib ini ng them w i t h  a con ’. et ’iI i i ) nal
bi l le r , or use 1 2-phase operation.

In tIre wr i teup of t h e  discussion f ’ollowing the  paper , Melvoid , of t i re  l o s  Amigel e s
F)epart m ent  of Water  amid Power , made the  following in t e r e s t i ng  eommet i f s ,  A me th od  such
its this one , which a t t empt s  to e l im ina t e  tire problem at i t s  source , has much  more meri t  I h an
mere economic  savings.  l u c r e  is an advat i tage gained by merely avo i d ing  the  p i t f a l l  o f  shut r t -
connected f ’i lter s . \\ ‘hen ac f i l ters  are connected to the  ac bus , ti re low impedance causes an
enormous concentratiom i or converging to this one spot of ambient  harmonic currents
ci rculating throughout  tire power system (drawn by other  load s and generators) .  He cited au
example of an increase in the  t i t ’th harmonic  f ’rom 2.9 to 15.4 ampere’s at ’ter  energ iz ing  one
ac fi l ter  bank ,

2. An IEEE pap er 1~ I I  describes a method which u ses mu lt ilegged reactors . A basic
phase t ransformer winding t’or t hree plrases wound on k cores is slrowt t to ignore all irar monic s
in the l imb fluxes except those f’or I , 2k + I , 4k + I . etc. A 5-legged reactor t i tu s  ignores
3rd , 5th amid 7th harmonics . These harmonic  el iminat ion properties are shown not to be’
greatly dependent upon magnetic imbalance in the cores. The reactor acts as a shor t -c i rcu i t
t rap for t r ip len ha rmonics  generated externally.

This t ech i r ique  was developed during a s tudy of phase t r ans fo rma t ion  pr im i c ip lc’s
relative to ti re design of Iow- li arm ’o”nic inductive reactors. Induct ive  reactors are u sed on
power systems f’or compensating for  system capacitance which m ight cause exce s s ive  vol tage
rises at l ight loads. I t is usual to design them with  a major air gap to l imi t  iron satur a t i o m i  and
minimize harmonics and noise. With such air gaps . ti re iron is used at uneconom ii ica iiy low
flux densities. Also many-legged cores have rece nt iv been introduced elsewhere for a similar
pu rpose but  u si n g di f fe r ent tec hn iq u es . e it lrer t ransductor f ’eedbac k ci rcui ts  or har m onic tra ps ,

Tire technique h ere shows how the windit igs may be employed in t u e  desigt r of
t hree-phase iron cored reactors to make them relat ively free f’rom low-ordered irar m ot i ic s . I t t
pa r t i cu la r , a winding  technique  called A 1 was considered a n a l y t i c a l l y  and tiret i  exper imem i -
ta l l y  fo r three phases omr five single cores.

L~ xper in ien ta l  resul ts  were conipared to t i re  usu al wye—c onn ected wi t i d i t i g  (here
designated Q) which has equal turns  per phase on each leg. Soni c of the  resu l t s  of in t e r e s t
a nd possible applicab i l i ty  to t ran sform ers follo w :

Internal ly  generated harmom ’iics are mostly e l iminated  as seeir frot ii the  w ave fo rm
when A 1 1  ‘.vindings are used ra t h er t h a n  Q w i n d i n g s ,

Witir  ex t e rna l l y  generated Irarmonics  supp l y ing  air A I i  wimiding.  t Ire Sf1 ; .  7 t l r .
1 1 t h . I 3t ir . etc wil l  ca use currents  of t u e  sante harmonic  order to flow . B u t t  hey
wil l be relatively sma ll .  restr icted by har i r ro mi ic m agmiet  l u n g  imn p e d ance s .

Wit h  respect to ex terna l ly  generated zero-sequence har in om iic s . ti re tr ew re a ctor
has no in te rna l  impedance: it therefo re ac t s  as a p er l ’ect short c i rcui t  or ha r mu o r r i c
tra p to th e m .
‘Fire mii ateria l  costs arc l ikei  to be sign i l ’icant lv  less t h a n  those for  art e q u i v a l e n t
plan I QI  gapped r eactor , (‘ons t ru c t ion  cost s ma be greater .
\ l I  ex p er i m e n l s  were made w i t h  separa te  core s, I lie ; t s \ ’ml i t r l e l ry  in t t ’oduced by a

single core of’ k legs is l ike ly  to be smal l .  ‘l ’he bu i l d im ’ig of ;t f ive-legge d reactor is
j u i s t i fied ,

1) 1 1 P ; ir t on ,  .11 ’ , ‘s I mian . Q.A . E l ; i m t t t l t f l i c - I ’ t e e , h r u un — ( ’ t u e d  ~.Pl u ase R c ; ic toi , I t ’ l l ’  P1;S ~ui r r in rct M1’~ t m t i ~~, S III

I’r ai icisc t , ( ‘ A ,  Jul y 20-2 5 . I t ’S ( a l s o  duscu i s s i tns and closures Ott abs t r , tj e d  r . pers Toni  t i r e  s u i t u u r n c i
mir ee t i n g )
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Many of the results obtained here are applicable to a tw o—winding  t r amisfo r tner
having an A 

~ 
winding for  primary or secondary .

in tire discussion l’o llowing the  pa7er one of the  par t i c ipan ts  conrmented that  a
si x-cored reactor , described in tire l i te ra ture  its a “ twin tripler ,” is analogous to a I 2-pulse
bridge rectifier as far its i ts  irar m onic comp en sat io ir f e a t u r e s  are coticerned : hence a nine—core
reactor , “ treble tr ipler . ” is equivalent  to an 1 8—pulse bridge rectif ier .  (He was objec t im ig  to
the au thor ’s state ment  in tire paper tha t  a niire—cored reactor was not j u s t i f i e d  amid only f ive
cores result in an improved confi gurat ion.)  The author ’s response to ti n s cr i t ic ism was t i ra t
whatever the miumher of cores chosen (5 . 7 . 9 , etc),  t h e  A 1 I wi m rding (or an a l te rna t ive , the
B 1 I winding)  will be su perior.

HARMONIC REDUCTION BY CONTROLLEI) RECTIFICATION

Tire ampli tude of specific Iiower line h ar m omiics  wi l l  vary w i th  t i re  t i r i ng  delay airg les
and overlap angles of contro lled rect if ier s  in converters . in severa l ret ’ere n ces , this  concept
W ;is used to reduce harn ioniics . Three follow .

- Reference 1) 12 analyzes three types of stat ic  power supply ( SP S) loads , but  only
tire ac-to-d c rectifier analy sis  will be reviewed m ere. Figure 1) 1 depicts a schematic power
circuit  for a typical  f ami i i a r  example  of this device , Primary a t t en t ion  is directed toward
fully con t rolled th t ’ee- p t las e  powered device s. .  For example , ti re rectifiers are si l icom i comr-
trolled rectifiers ( SCRs),  diodes wit l r  a contr olled saturable  reactor in series w i t h  eac lr diode ,
or other similar devices.

This analysis assumes first t h at the load impedance on tire ou tpu t  of tire rec t i f ’iers
is such that  constant  current results . ( Referemices are cited that  such au assunipt ion wi l l .  in
gen eral , be conservative and result in predictions of ’ f rom zero to 20 percent ln ig bre r  t ha i r
measured values .) Seco nd. tha t  no phase unbalance exists ,

Prior to caIcui ~ati ng harmonics. pertineii t SPS parameter s are ident i f i ed  as
f’oIlo~ s:

First , deter mine :~‘rode fir i m rg delay angle (a)  amid angle of over lap  (p1  fo r  t he
ou tpu t  load cot ic l itions being evaluated (see figuire 1)2 1.
Second. ide t i t i fy  the  type of t rans f ’or m er —r ec t i l ’ier be ing  ;mmr a l v , e d  ( imrc l  u td  i mrg no—
t r a n s f o r m e r  types ) .

Thn ird. determine the  fu imidamenta l  Power fac t or  am i d t o ta l  powe’r t’a ct or  t inder
ti re o u t p u t  load condit ions bein g eva lua ted .
Several tue t Irods a me discussed to deterni i i re a a tr d p. (‘ ) t t e  i r r ci rod consis t s  if

so l v i n g  ( ‘or a and p f ro m t i re  dc voltage and current  and c o n r m n i u t a t i n g  r e a c t a n c e  I X ’ ) .  \c
cons i sts  of the  combined commuta t in g  re a ct a mice  of t i re  tra tist ’ornr er ( m e . t I r e  l eakage
reac tanc e’s I f o r  t i re  pa r t i cu la r  conf igurat io n used , t ire equivalent  reactance of t i re  su pp ly
sy s tem re t cr r ee l  to t i re  secomidar y side of tire t ransformer , and a m r ~’ add i t ior ta l  re act a  nec in  the
anode ( o f  t he  S( - R leads .

I’roc’ edum re s amid ab le ’s ire g iven  to calc u la te  l I r e  I r a rm oi r ic ’s t om ’ d i f f e r e n t  s a l r i e s  ‘ I
r i p p l e  I , i ~ t or , r , w l i j e ’hr is a f u n c t i o n  ol ’ t i re  m ’ e’c’ t i f ’ie m ’ c u i n t i g u r a t i o m i .  l ire repor t  c c t t l t . i i t l s  t , ib le s
up t I  I lie 3 l ’ st h a r m o n i c ’.

1) 1 ‘ \ t l ’R  I I  I l a t i d h i t u k  I T t  the  ( ‘ ,i l c u l a t l ti I ( ‘ i i r t ’ c n i  and ~‘ oI t a g e i l a u i r u o n i e ’ s on I I i i c ’ ’ l Th , isc Sh ip board
I’ ‘s~~’u I ) i s t r i h u t i tu ‘, sk’ j t i s  D i e  m u  ( ‘ o t r i ro ll eel . S l a t i c  P iecer Su ipp lies . b y \IPR Ass ~~ , , T cs . lu i ~ l u

\ \\  ~s( 1 , \ i c u i s l  I 0 70 , c e i s e d  \ e ’ u n h e r  l o ’~( (

134

— .‘—‘~~---‘--~~~~~ ‘-- ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 
--n-— -—-

~
--

~~
-

~ ‘ ~~~~~~~~~~~~~~~~~~ .~~~ 
- ‘  ____



The repo r t al so discusse~ methods of deter min ~m ig the har irron i c  voltages t h a t
app ear in tine power system due to an SPS load , l ire aut irors show irow to  ca lcu la te  t i re
impedances of sonic system loads , tine generator impedance , and tire cable i i r rp e dances . l ire
harmonic currents flowing throug in threse impedances set up t i re  ha rm onic  c o l l a g e ’s .

Finall y, the last ch apte r d iscu sses t~cto rs Whi c’h inf lu ence in i t i a l  desigir of s ta t ic
power supp lies for  m in imum Irarmonic distor tioii , As a first appro~t cir t i m e  au i t i i o rs su i ggcs t

li n e f i l ters. H ow ever , t h r e ~ clai m that  past a t t e m pts in i m 1 l em ent i : ig  l ine i l i t e r s  to  reduce or
t rap the inarmonics have achieved a reduction of only 45 perce n t of t i re  b i t t  Ii i i a r i i r o mr i e s .
85 percent of t ir e eleventh h arm on ics , a nd correspondin gly greater reductions irr t i re  hig her
har moni cs. The’ second recommended approach is to minimize  dis t or t  ion by proper design
of tire ac-to-dc rectifier ,

The t’irst step in sucir design is to determine fine ef ~
’e e t i c  e’ number  of secondary

phrase s a nd hence the value of the  ripple f’actor , r. Increasing r reduces t i re  harmonics . ‘l Ine
I ’ authors of this paper state , h owever , that p ractical restr ict ions must also be considered w lren

selecting r. Ttney state t inat past experience indicates tire existence of ’ a n ins tab i l i ty  pr oblem
under light load com iditions in many 1 2-phrase and in most greater- tinan- 12-phase t rans l ’ormer s .
Due to t u e  mul t ip l ic i ty  and asymmetry of the windings , stable configurat ions  general ly hav e
very low ut i l i ty  factors and correspondingly high kVA ratings , t hereby represe n ti n g larger
and more costly systems. The authors also recommend system harmonic cancel la t ions  b~’ the
phase si ri t ’t ing of ’ t wo r = 6 transf ’ormer type rectifiers. (If ’ the primary of one is wve con-
nected a nd tire other is delta connected , Irarmonic distortions result as t hr ey  wouild in air
r = I 2 rectifier f’or approximately equal loads. ) Even if no deliberate system phase canceila-
tion is a t tempted , part ial cancellation will in fact occur if several loads are liara ll eled. as t Ire
result of ’ reactance ’s in cables and oilier loads between tire points of load e’onm i ec t io n .  There-
fore , if several loads require a static power supply source , a single SPS rated at the total  loa d
would represent tine worst case for harmonic distortion. lu rdivid u al  supplies slnould be
implemented instead ,

The second step in proper design of ’ the ac-to-d c rect ifier is to select transf ’ort rrer-
r e ct i t ’ier parameters for minimiz ing  harmonic di s t or t iom r .  Wit h  t i re  use of eq u i a l io n s  amid table ’s
in ti n s re fe rence  ( 1) 1  2), a selection is made of tr am i sf ’ornrc’r c’onf igui ra t io ns . I urmis r a t io , a mid
reacta nce. With t lre se complex procedures . tradeo b ’f’s. and i te ra t ion s .v  ahu es ob ’ p ami d a ar e ’
,t h1~i in ed which  r esult  in m i n i m u m  irarmonic  d is tor t ion.  h owever . the re  seem to be pra ct  cal
l i m i t s  (in n r a x i m u m  values  f’or p. (For example.  at  o = 0. p m ax  is smal ler  t l r a m i  4 I percet it  lo t
the t Y~~i cii l  fu l l—wave rec t i f i ca t ion ,  Tire tables sirow t h a t  the n i a x i m u i n r  t heo re t i ca l  r educ t io i r
ot t ire 5th  har m om i ic  current  cvould be from 20 to 14 percent at  a = 0’ .1 M u m c l r  g rea te r
red u c t i u t t r s  seenr to resui l t  t’ro ni the anal y s is  described in t i re  n ex t  paper .

2 . A niore recent st u dy D 13 by perso nnel t ’ronr ( et rer al  I l e et r i c  , it i~t Iy / e ’s meth ods
of ’ po es e’r factor  i t ir pr uvem ent  in the i r  c a l c u i L t i o m n s .  ‘I his is m ereiy , i t i u ) L  i i ~~i se ;i~ of a c h r i e v i t n g
h ra rn ion  uc reduct ion , since iii many  pocve ’I’ sys tc ’mrr s  t he  poor power f a c t o r  st e t r i s  I mo nt
ha rmonic  i n p u t  cuirre lit 5 .

l ’h isat r ~i lv s t s  t e c h n i q u e  varies t I r e  de l ;t ~ at r g l e  In  I aird t u i r t r — o f t ’ , i i i ~ L’ m H i m p  = U t  sec
f ig ure 1) 2 )  f u r  t i re  t y p i c a l  singl e—pira se ’ i i ip u t  curremi t s  ob ta imre d  wlie ’ti so l id- sta te  pose e dcv i , e s

a re ted , ( ;ra p li i ~’ res u l t s  are sl r u wm i imi wh ich  I r ig h i  (0.~~) pose ci t , m c t o t  are ’ ;ie ’ I i i e ’\ . ’eI lou ’  p i l t ’ I i e u i —

lar  s e t t i ngs  ot ’ Ct and ‘y.
~~~u t o n ly  is lire ’ t r t m u r e ’at ed squ are sea s e ( I  i g u t re  1)2 I cons idered ,  is in l i r e ’ pre e’e’dt t r g

s t t iCl ~’ , bu t  also ‘t im er  t yp ica l  wave fo rms  such as t h e  t l ’ t t t h ’ i t e ’~l s t t i l ,’ . s~ t u t u t :  ‘ I n c  .) t s c~ ’ ; i T i t .

1
~ 1’~K orn r m i i r r t WP a m r d W a l d e t i  II’ , P e e ~’u t a c i t I t  \ , T t \ ’ I i l t t ’ t i t i , ~ S’, s i & ’tii s , I I  H i’ ’ss . i I Iee ’ t . T I I cs

Sp e c i a l i s t s  ( ‘ o n t e r e imee , Ju n  8-I  I .  I
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tria ngular , and f inal ly  a truncated composite wave (whi c l r  approximates  tI r e t runcated
square , sine, and cos~ ca m n t wave). ‘Fine high (0.9) power factor is achievable in all of t inese
cases.

Equations are given to calculate the power factors l’or th’~ five current waves .
Therefore , wit h proper control circuitry it may not be necessa ry to use heavy and b u t l k y
t’ilter components.

3. A study D 14 on tine reduction of har mn nonics (and f ’ilter weig lnt) in a i rcraf ’t — t y p e
cycloconverter s assesse s theoretically a negative feedback met lrod to el iminate  lnarmonic ,s.
Thyristor delay ang’es are again the variables t ln a t determine the harmonic ampli tude s .

This 1970 study states that practical evaluation must await tire development of ’
suitable switches f’or firing circuits. Such switches may  be available now , a mid negat ive t’eed-
hack control may be a promising technique for inarmonic suppression in converters .

HARMONIC REDUCTION BY A FREQUENCY TRANSFORMATION
Several references have proposed methods of increasing tire frequency level of tine

harmonics and thereby reducing the filtering effort . Two of these references follow .

- A PhD thesis by FC Schwart zD l S  presents a voltage wave-shaping process in
wh ich an apei iodic sampling technique form s a train of pulses vary ing hr t ime and area. ‘Fire
pulse train is fed into a passive filter nei :v ork, The desired wave shape , withou t har moni cs.
is obtained provided that sampling occurs with at least twice tine frequency of is h ig irest
harmonic component and that the filter network eliminates all higher frequency h armom iic s
generated by sampling. The latter fact follows from Shannon ’s sam pling tineore m.

The author states that tine entire procedure is essentially lossless amid af ’fore ls
considerable savings in size , weigh t , and energy losses. Tine experimental  procedure was
directed toward removing tlìe ripple from the dc output  of a power surpp ly. However , t ire
concept should have application in the reduction of harmonics from t h e  pose ’erline.

2. A technique discussed for inverters~ 
1 6 may have app l ication for converters ,

(‘ondu ction of a silicon controlled rect if ier ( S(’R ) can be started and stopped by nreat n s of ’ a
control circuit. This abil i ty makes it possible to have several conduction interval s d u r i n g  a
single ina l f-cycle of the fundamental  frequency. If tine conducting intervals of tine S( ’Rs are
grad ually increase d ~md then decreased sinusoidally for an in ser ter , tire ’ load voltage varies
sinu soidally. Tire lowest harmonic present in the ou tpu t  of tine inverter is the repe t i t ion  r a te
o f the pulsing used. Tinus the size and weight of the f i l t e r  conrpo nent s are reduced at t ine cost
of increased complexity in tire control ci rcui ts .  Tinere is a reduction in ef ’ficieirc y since t i r e ’

losses due to commutat ion are proportional to the  nt imber  of commuta t ions  per secot iel ,
Similar analysis and experimental work for converters in power supplies might

result in a promising method for reducing power line harmoirics .

~~ 4 R u ~ a l Ai rc ra f t  l-, s t a b l i el rnr e nt  Te’c ht tic a~ Report 7O2~ ’) , , \ u i a l s sis a t u d Reduct iom i  t u l  I l i r t i t i u n i c s  m d  I ’ r l t e i
W e ight in Ai rc r a t t - Tvpc  ( ‘ v el uem inv e r t e r ~. by ( W  Wi lc ock , De e e i r ibc r  1970 , (A l )  73 I 4 ( t3 )

1)1 
~Scii war t t , F(’ . A (‘ lass of ’ N on linear  A u t m v e  Fi l ters  w u r i i  App l ic a t ion  io E lec t r ica l  I t t e u g ~ ( ‘ n i \ e’ r . i TT .

PhD The ’si s, Cornell t . mo ve’ r si  \ - I t hiac , m NV , I %5
6Be dFo rd , 131) atid I l o f ’t ,  R(,. P ri t r e i p les ol In s e r t e r  (‘ ir e - r u t s , p 312-313 . . I i i i i t i  Wile s  ~ So r t s , P i ( 4
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