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SECTION I

INTRODUCTION

1 .1 BACKGROUND

Prediction of weights , volumes , and efficiencies for components in
power supplies for high-power (multi-megawatt) applications is an
important firs t step in determining feasibility for use aboard aircraft

with strict size and wei ght constraints . Such a power suppl y system
is illustrated in Fi gure 1.

In 1975 and 1976 , the U.S. Air Force Aero Propulsion Laboratory

(AFAPL) sponsored several contractual programs under the name of the

“High-Power Study” which resulted in computer programs predicting size ,

weight, and performance for every component of a power supply system

like the one shown in Fi gure 1. Programs were developed for turbi nes
(References 1 , 2), electrical generators (including both conventional ,
i ron-core , round rotor (Reference 2), and superconducting (References 2, 3)
and power conditioning components (Reference 4). Some of these programs

were detailed design programs , while others used curve fits to detailed
point desi gns wi thin the scope 0f the study and were therefore not useful

for power or voltage requirements outside the valid parameter space of
the study.

I T U R B I N E  FUEL

~ 
SUPPLY

[
1
] GAS GENERATOR

LOAD

~~~~~ E W
~~~~~~~~

EATOR ITRANSFORMER 
H~~

N
~?*~~

NER I
AUXILIARY EXCITER AUXILIARY

POWER POWER POWER

Fi gure 1. Generalized High.Power Airborne System
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Since these studi es were completed , the AFAPL has begun ~ o ‘Je~e1o~-
ment programs in advanced technology , second generation airborne e1ec r~ cal

generators which are much different from the machines considered in the

High-Power Study . One program is for the development of a prototype 5 MW

permanent tiagnet generator (PMG) which would use high -energy-density

samari um cobalt magnets for the field (Reference 5). The other program

is a 20 MW superconducting generator using superconducting wi re for the

field coils and a conductive environmental shield (References 6, 7, 8).

Al gorithms developed in this report are spec i f i ca l ly  related to these two
c l a s s e s  of electrical generators .

1 .2 PURPOSE OF REPORT

This report presents simp l i f ied weight and volume algorithms for the
two classes of advanced electrical generators discussed above and indicates

how system weight is affected by the type of generator selected. The
al gorithms are simpl ified in the sense that they are not detai led des ign
programs which consider every electrical , therma l , and mechanica l aspect

of electromechanical machine design . They are simpl i fied , “approximate

design ,” programs which use fundamenta l sizing relationships of electro-

mechanical machine design coupled with current technology limits of the
design parameters pertinent to advanced permanent magnet and super-

conducting generators . Estimates of weights and volumes predicted by the

simplified algorithms are shown to be wi thin 10% of current design
estimates of generator weights and volumes. Of great importance is the

fact that the al gorithms can be used for any values of power , voltage ,

rotational speed , etc., which makes the al gorithms very flexible.

In addition , this report describes the important considerations of

system efficiency , component efficiency , and the propagation of efficiencies

in a power supply system .

Finall y, generator and powe r supply component algorithms are
exercised to illustrate how the results are used in power suppl y system

design . This study compares weig hts and volumes of the two types of

generators at output power levels of approximately 10 and 20 megawatts .

In addition , overall system weight is calculated for seven different point

designs.

2
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1.3 FUTURE WEI GHT AND VOLUME COMPUTER PROGRAMS

The ultimate goal is to have algori thms which give accurate weight
and volume estimates for every component of the system shown in Fi gure 1
for a sel f-consistent total system size and weight. Indeed , as dis-
cussed in Section V, this is mandatory for a valid comparison of alter-
native power sources . Sel f-consistency means that all interface parameters

between components must be taken into account. For exampl e , the generator

output voltage and frequency influence the size of the power conditioning

subsystem . Although this can be done manually, as in Section V , an
interactive , computer -aided power system design program has been developed
under contract for this purpose (Reference 9). This program allows the
interactive execution of all the computer programs developed under the
Hi gh-Power Study to arrive at a total system weight and volume . Also,
the program can be modified to accept new programs for advanced components ,
such as the permanent magnet generator , or to accept improved , rev i sed ,
or new algorithms for other components .

3
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SECTIO N II

POWER SUPPLY EFFICIE N CY CONS i DERATIONS

Because of the influence on requ ire -~ pr i me move r a nd e 1ec~ ’- i ca l

~~wer , i t i s i mportan t to anal yt ically determine the effects of com-

ponent  ef f~ .iencies on the power supply system . Figure 2 illustrates

a power supply system which supplies prima ry loads and 
~L2’ 

and

auxiliary electrical power FAux It sho uld be noted that the generator

exc iter power (Figure 1) is assumed to be zero , wh ich is valid for

permanent magnet and very nearly correct for superconducting generat~ r~ .

The two pr i mary loads are , in gene ral , rated at different power and

vol tage levels. If the number two transformer were used to suppL7’ power

to the number two primary load , the system woul d appear as in Figure 3.

Com ponent efficiencies are indicated above the block representing each

com ponent.

Efficiency is defined as

= 

~out ”~ in ’ (1)

w r~ere is the power out of a compo nent and 
~in 

i s the power i n to a
com ponent. Heat generated wi thin each component is given by

~
loss = 

~in~~out 
= 

~~~~ 
p
our (watts) (2)

From the definition of efficiency and the specification of the required

output powers , P
~ 

and 
~L2’ 

the auxiliary electrical power requirement ,

and the aux iliary mechanical power requirement , 
~MECH , the power

AUX
requirement at any intermediate Ya~e wi~~ in the system can be determined

if’ all the component efficiencies are known . For example , P1 , the input

to the number one power conditioner can be found by dividing 
~Ll by ‘: 1 , i.e.,

= 

~Ll ”~l (3)

— — - - -.— - -  
- . .~ ~~~~~~~~~~ -..- -—~~ ,.-~~~~~~—
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Powers at intermediate stages upstream can be calculated in a similar
manner. Since the required output power of the generator , 

~G’ 
i s of

primary interest in this report , expressions for are given for the
systems shown in Figures 2 and 3. For the system wi th transfo rmer Ti
supplying both primary loads (Fi gure 2).

11., P11 + ri, P,~PG = ‘ + —
~~~~~~~~ , (wa tts) (4)

~Tl ~l 112 11T2

and for the system where transformer Ti supplies one primary load and
transformer T2 supplie s the other primary load (Figure 3).

~Ll ~L2
= + . (wa tts) (5)

11T1 11l 11T2 112

The mechanic al shaft power which must be supplied by the turbi ne , for the
system of Fi gure 2, is given by

~TURB = 

~GB1~~G
11T1 

+ 

~G 
11T2 

+ 
PMECH AUX 

, (wa tts ) (6)

and for the system of Figure 3 by

~TURB 11GB1 ~G
11Tl ~l 

+ 
11GB1 

~L2 

~2 
+ 

PMECH AUX 
. (watts) (7)

Generator efficiency , 11G’ i s calcul ated as part of the generator
al gorithms . 

~TURB is used in estimating the amount of prime mover fuel
rerViired , since fuel consumption is directl y proportional to shaft power.
Fuel weight is a major part of the overall system weight.

- ~~~~~~~ ~~~ 
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SECTI ON III

PERMANENT MA GNET HIGH-POWER GENERATORS

3.1 BACKGROUND

This anal ysis provides weight and volume estimates for iron-core
alternators with permanent magnet field poles. The term “iron-core ” is
used to distinguish this class of machines , which relies upon a relative l j
small air gap and a high permeability i ron path for the circulation of
magnetic flux from rotor to stator , from machines which utilize rel ativel y
large air gaps (air-core machines). The field structure in the latter
case must provide tremendous magnetomotive forces (mmf) to establish the
required magnetic flux densities in the stator . Large air gap machines
generally have superconducting field windings and are described in

Section IV .

3.2 WEIGHT AND VOLUME EQUATIONS

The primary components of the alternator are indicated in Figure 4.
They include the yoke (or back -iron), the teeth , the copper conductors
and insulation in the stator , and the rotor. The total “electromagnetic
wei ght” is the sum of the weights of these components . iotal alternator
weight is estimated by multi plying the electromagnetic weight by 1.20 to

account for endbe lls, bearings , shafts , and structural material .

Magnetic flux lines

Permanent Stator conductors

0Q Insulation

ROTOR

~igure 4. Conventional (Iron-Core ) Alternator Radial Cross Section

S 8

L ~~~~~~~~~~~~~~ ~~..: . .~~.. . .. .. . .. .. .. 
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Three fundamental relationships are used In sizing alternators . The

rotor diameter is determined by the stress-limi ted tip speed , V~ , as
follows ,

720 V
0 = 

~ RPM (inches ) (8)

Machine length can then be found from the generated phase voltage expres-

sion (Appendix A),

V h = 7. 4018 x lO~~ x RPM x Kw x N x D x L x B, (volts rms) (9)

where K.~ 
is the winding factor , N is the number of series-connected turns

per phase , N = (p/PPATH)n 5C5/2, wi th p 
= number of poles , PPATH = num ber

of parallel paths per phase , n5 = number of slots per pole per phase ,

C5 
= number of conductors per slot, L is the stack length in inches , and

B is the peak value of the fundamental sine wave component of flux density

in the air gap in lines per square inch . The phase voltage calculated
from Equation 9 is the open circuit phase voltage . Machine reactance

will reduce the terminal phase voltage under load; however , s ince mac hi ne
reactances are not calculated in the algorithms , this voltage regulation

effect has not been incl uded. The effect of machine reactance for

sinusoidal , steady-state operation is to reduce the phase voltage at the
terminals to a value given by

________________________ 1/2
-b + “~ b2 - 4X~ pZ/ (9PF)~Vph (LOAD) = 

2 ‘ (volts rms ) (10)

where b = [(2X5 P 1l p F 2 )/(3PF)] - V
~h~ 

X~ i s the sync h ronous

reactance in ohms , PF is the power factor of the load , P is the output

power in watts , an d Vph is given in Equation 9. For any power output

greater than zero, the terminal phase voltage under load ,

will be less than the open circuit voltage Vph . Thus , mach i nes des i gned

to use the algorithms presented in this report will supply the rated

power; however , the rated voltage is somewhat high and the rated current

is somewhat low , due to t he fact that vol tage regulat ion has been neglec ted.

i

~

__

~ 

-
~~~~~~~~ 
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For a given power output , power factor , number of phases , and phase
vol tage rating, the current per phase in the stator is g i v e n  by

‘ph = P/PFn~ V h ) (amps rms ) (11)

A generator desi gn is obtained by iterating three different ,

independent design variables . These are : n5 (also equal to the number
of sing le coils in a pole phase group as indicated in Figure 5); C5 (which

is always an even number for a double l ayer winding); and PPATH .

The number of slots per pole per phase , n5, is varied from 2 to 6
wi th  n5 greater than or equal to 3 for permanent magnet machines to
reduce pulsation losses . C~ is varied from 2 to 20 in increments of
two . PPATH is varied from 1 to n5p, where n5p is the number of coils per

phase; however , only those values which divide evenl y into n5p are
considered. For examp le , if n5p = 8, only the values 1 , 2, 4, and 8 are

used for PPATH . A double l ayer stator winding design is used for all
iron-core alternators , as illustra ted in Figure 5. C5/2 conductors lie

in an upper bar and C5 / 2 i n  a lower bar within a slot.

= Phase A coil side Note : n5 = 2 (two slots , or coi ls , per
= Phase B coil side pole per phase)
= Phase C coil side

~~~~~~~~~~~~~ D u ll  DD l l~~~ o o h l ~~O iiUO o oui rJ F2 00  llI2~ 0 0 I l ~~~

N S N S N

I I
00 1800 3600

elec trica l degrees

Figure 5. Stator Coi l Arrangement for a Double Layer Winding
Wi th Full Pi tch Coils

_ _ _ _ __ _ _ _ _ _ _ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Requi red  i n p u t  para meters are listed in Table 1. Parameters listed

in the fi rst group are independent input variables which are specified to
obtain a machine of the desired rating. The second group of input para-

meters are set by the present technology of high speed , high-power-

density rotating machinery . For example, the stator bar current density
is l i m i t e d  by the cooling capability of the stator. Given these inputs ,

the three independent design variables are varied to find a minimum

weight machine . Several intermediate parameters of interest are :

(a) total number of active conductors in the stator

Z = n~ n~ p Cs = 2 x PPATH x n~ x N (12)

(b) total number of slots

SLOTS n~ n~ p (13)

C c ) current per conductor

= IPh/PPATH (amps rms) (14)

(d) speci fi c electric loading (ampere conductors per inch of stator
peri phery)

zI n C p

L — - PPATH X PFxV h 
X 720 Vt

(e) slot width (Figure 3)

s = rID (cL—i)/(cLn5n~p), ( i nches ) ( 16 )

where ~ is the ratio of the magnetic flux density in the tooth to that
in the air gap. From Fi gure 6(a) ,  i t  can be seen that the tooth width
is given by s / (~ — 1) when the assumption is made that the slot and tooth
have straight sides .

11
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TABLE 1

REQUIRED INPUT PARAMETERS FOR IRON-CORE ALTERNATOR DESIGNS

PAREMETER SYM BOL UNITS NOMINAL VALUE

Rotor Speed RPM rev ./min 18 ,000

Power Rating P watts *

Voltage Rating (phase) V ph volts (rms ) 588

Number of Phases n~ - 3

Number of Poles p - 14

Power Factor PF - *

Rotor Tip Speed Vt ft/sec 600

Stator Bar Current Density ~~ amp/in 2 20,000

Peak Gap Flux Density B l ines/ in 2 50, 000

Insulation Rating VPMIL volts/mu 80

Flux Density in the Yoke Byoke l i n e s / i n 2 120 ,000

Stator Bar Packing Factor F - 0.80

Tooth Flux Density/B c~ 
- 2. 5

*Depends upon the load.

(f) slot depth (see Fi gure 6(a))

d = s-2~~ F
c

X 
~cu 

+ 0.01 (C5 
- 2) + 5~, (inches) (17)

where 
~cu 

is the current density in the copper of the stator , ~ is

the ground wall insulation , ~ = /2~ (V ph /VPMIL) x 1000, and F is the

stator conductor packin g factor. If the cross-sectional area of a

conductor were Ab, then the copper area is given by FAb and the space

reserved for cooling passages is given by (l_F)A b .

12
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H~ t = s/(ct—l)

Figure 6(a).  Slot Detail with Iron Teeth

‘4

H 

Fe+  
L__

_ _ _ _ _  

:

e w/ (2 tan x)

Figure 6 (b). Stator Coil Geometry

Figure 6. Stator Winding Details for Iron-Core Alte :nators
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(g) yoke depth (th ickness of back-iron)

dyoke = ( D i p )  (B/ Byoke )
~ 

( inches) (18)

where Byoke is the allowable flux density in the back-iron .

(h) end turn length per slot (see Figure 4)

1/2
L’ = 2i~ = 

D x [1 - cos 
~~~~~ 3 , (inches ) (19)

T~~~ sin~ 
p

where the end turn extension angle , x~ is defined in Figure 6 (b ) .

( i )  stack length (straight length of the stator coi ls)

L = V ph /E7.4Ol8 x ~~~ x RPM x x (n 5 C5 / p) x (p/ PPATH ) x D x B x

C -0.06546
(inches) (20)

where the factor (C 5/2~~
°~°

6456 account: for slot leakage as the number

of conductors per slot (or alternatively, the slot depth) is increased.
This decreases the effective flux , B, and increases the required machine
length.

( j )  f requency

f = (~ /~ ) ( RPM ) . (H z ) (21)

Once the input parameters of Tabl e 1 have been defined , the three
independent design vari ables n ,  C~. and PPATH are varied to yield
alternator desi gns which consist of components whose weights (in pounds )
are calculated by the following formulas :

(1) yoke (back—iron weight)

= c~. 
[1•tdyoke ~ + 2d + dyokefl L , (22)

14
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(2) teeth

= 

~T ~ ~-~-] L, (23)

(3) stator insulation

WINS = PINS x SLOTS x (Sd - C I / J cu )(L + 2L’), (24)

(4) stator copper

= 

~cu 
x SLOTS x (CsIc/Jcu )(L + L’), (25)

(5) rotor

= 

~R 
(~iD

2/4) (1 - ~2) ~~~, (26)

where the mass densities , 
~y’~T’ 

etc, are in lbs/cu. in. Appendix B ,

and simply multiply the calculated component volumes . Overall machine

weight is gi ven L~y (W y+WT+W INS +W cu +WR) x 1.20 and the “specifi c weight ”

in pounds per kilowatt can be found by dividing the overall machine

wei ght by the power rating in kilowatts .

An a l gorithm for the volume of the generator can be derived once
the machine dimensions have been determined. The envelope volume in

cubic inches can be found by multip lying the overall machine length

by the frame cross-sectional area , or

VOL = CL + 2e) (0 + 2d + 2dyoke + 0.5)2/4, (27)

where e is the distance which the end turns extend beyond the straight

portion of the coi l (Figure 6(b)). A value of 0.5 inch is assumed to

account for twice the air gap length pl us twice the bore seal thickness.

A bore seal is required on the stator inside diameter of machines which

use fluid-cooled stators in order to exclude coolant from the air gap.

Appendix B Includes a listing and sampl e output of a computer
pro gram wr itten to calcula te the we ig ht an d vo l ume of a PMG . Parame tr ic
results obtained from the program are described in Paragraph 3.4.

15 
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in so~iie cases , part icular l y for short run times , it may be desirable

to design a generator without act ive cooling. Generators which operate
in this adiabatic mode , where waste heat is absorbed by the heat capacities

of the materials , are called “therma l lag ” machines .

Thermal lag designs differ from activel y cooled designs due to

a reduction in the allowable stator conductor current density and an

increase in F , the stator bar packing factor. For an operating time
of 

~ 
ton seconds and an average temperature rise of ~T (°F), the c u r ren t

density can be obtained from the following equation:

rc ~tT p
,~ 

h cu 
, (amp/in 2) (28)cu t

~
ton

where Ch 315 joules/lb/°F is the heat capacity of copper, 
~cu 

is
0 .32 1bs / in ~ , and p is the electrical resist ivity of copper, which can
be calculated from

p 6.77 x ~~~~~~~~ ~~~~~~~~~~ , (ohm-inches) (29) H

where T is in degrees centigrade. The average temperature rise is
assumed to be about 1/4 of the allowable hot spot (or local ) temperature
excursion , which may be almost 400 °F; therefore ~T is assumed to be
100°F. The allowable operating stator conductor current density is

onl y about 8 ,500 amp / in2 for a 120 second run time . Another design
considerati on for therma l lag generators involves F. For act ively cooled
designs , about 20% of the conductor bar cross section is required for
cooling passages , while 0% is required for thermal lag designs . Therefore ,
F 0.8 for an actively cooled generator , while F = 1.0 for a thermal
mach ine .

16 
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3.3 GENERA TOR EFFI C IENCY CAL CU LATION

An estimate of generator efficiency is obtained by calculating the

losses due to ohmic heating in the stator conductors and eddy current

and hysteresis losses in the i ron stator yoke and teeth . This approxi-

mation should be accurate to within 10%, since the rotor losses ,

including i nduced surface current losses, bearing and windage losses ,

are much less than the stator losses due to the large operating current

densities in the stator bars , high operating frequency and relatively

high magnetic fl ux densities in the iron.

Ohmic heating in the stator windings can be calculated from

~ohmic 
= 

~cu ~ 
Vcu (watts) (30)

where 
~cu is the copper current density in amp/in 2, p is the electrical

resistivit y of copper defined in Equation 29 and Vcu = Wcu /Pcu is the

volume of stator copper in cubic inches.

Iron losses consist of hysteresis losses and eddy current losses

gi ven by

= 7.1 x l0~~ f 8
1.6 (watts/lb) (31 )

and

= 4.3 x l0~~ f
2 B2 (watts/lb) (32 )

where f is the operating frequency and B is the peak magnetic flux

density . Actual loss in the yoke or teeth can be calculated by multip lying

the loss per pound by the weight of the yoke or teeth in pounds .

Generator efficiency is given by

- 

1’Out
~G P  + p  ‘ ~ 

)
ou t loss

where is the generator output power in watts and P~0~5 is the

sum of the ohmic losses and the iron losses .

17 
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;~~ . COMPUTER PROGRAM PARAMETRIC RESULTS

To determine the accuracy of the computer program which utilizes

the equations developed in Paragraph 3.2, the resul ts obtained from the

en p u t e r program are compared in Table 2 with an actua l high power PMG

design perfo rmed by Ai Research Manufacturing Company of California. The

ca1~:ulated specifi c weight of 0.104 lb /KW agrees with the design value ,

and the calculated volume is very close to the design value. Of course ,

al l of the independent .~ riabl e values and design parameters were chosen

to be th e same for both the ccmputer program and the AiResearch design .

This design can be considered as a “base-line case ” w ith the parametric

resu l t .~ described below obtained by varying the independent variables P

(power), V ph (phase voltage), or RPM (rotational speed) one at a time

wh ile keeping the other variables equal to their base value . In addition ,

parameters which depend upon the state-of-the-art , including 
~cu (stator

conductor current density ) and V t (rotor tip speed), are var ied, in  turn ,

from their base ~a1ues wh ile keeping the other variables at their base

val ue.

t~efore describing the parametric results obtained from the computer
prujram it is necessary to show that a fair comparison of generator

wei ghts and volumes for different values of the independent variables
ca n be id .IC only if the different designs have the same value of specific

elec t ric loading, in ampere-conductors per inch of stator periphery ,

given by

— 

n5
.C

5
.p 

r~
_(RPM) ] 34- 720~PPATH.PF L V h~~tJ

Si~ ee the number of poles , p, and the load power factor , PF , are not
vari ed in this stud y, the desi gn parameters n5 , C5 , and PPATH must vary

to yield designs with comparable specific loadings for different values

of the independent variables in brackets . For example , if P were in-

cred c~d from 10 to 20 MW , the loading would double; however , if n5 C5/
PPATH were correspondingly halved , the loading would remain the same

and a fair comparison of generator specifi c weight and vo l ume for desi gns
at the two power l ±vels could then be made.

18

_ _ _ _ _ _ _  
-- 

.



r 1~~g ~~~~~~~~~

AFAPL-TR-78-2O73

TABLE 2

BASE-LINE COMPARISON , 5 MW AIRESEARCH PERMANENT MAGNET GENERATOR

Design Parameters AlResearch Design PMG Program

Voltage (Volts , rms , line -l Ine) 1018.5 1018.5

Power (MW) S 5

RPM 1 8000.0 18000.0

No. of phases 3 3

No. of poles 14 14

Rotor tip speed (ft/sec) 625.60 625.50

Power factor 0.82 0.82

Armature current density 36,270 36,270
(amp/in’)

Peak gap density (lines/in 2) 48,900 47,400

Insulation rating (volts/nil) 100 100

Yoke fl ux density (lines/in 2) 100,000 100,000

Winding pi tch 5/6 5/6

Ratio of tooth flux density to 2.2 2.2
air gap flux density

No. of conductors per slot 2 2

No. slots/pole/phase 4 4

No. of slots in the stator 168 168

No. of parallel paths 14 14

Specific electri c loading 3177 3120
(ampere-conductors/i nch )

19
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TABL E 2 ( CONTIN UED)

lbs AiResearch Design PMG Program

Tot a l mach i ne 520 522

Total machine (lb/kw) 0.104 0.104

Stator copper 26.2 24.8

Back i ron (yoke~ 64.6 65.5

Rotor 309.4 308.7

Dimensions (inches) AiResearch Design PMG Program

Stator coil end extension 1 .01 1 .06

Stack length 31.22 31.19

Stack 00 9.515 9. 08

Ro tor 00 7.96 7.96

Volume (cubic feet) 2.18 2.03

Aspect ratio ( L I D )  3.92 3.92

Lo sses (Kilowatts) AiRe search Design PMG Program

i r o n  losses
Bac k-iron (yoke) 27.8 27.9
Teeth 18.2 13.7

Ohmic losses 135.8 126.8

Efficiency ( 
~
) , based

on stator losses
only 96.5 96.7

20  
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Specifi c electric loading is an indication of how hard a machine

is being worked (or loaded). Higher specifi c loadings impl y more power
Output per pound of machine weight as shown in Figure 7. The loading
cannot be increased indefinitel y because of cooling considerations . For
advance d h i gh- power permanent magnet generators , the specifi c electric
loading is less than 3500. Note also in Figure 7 that for each value
of loading , i.e. , 1560 , 2340 , or 3120 , the specifi c wei ght depends upon
the particular combinati on of the two design parameters n5 , and C5 . The
dependence is not strong , therefore n5 and C

~ 
can be varied (to obtain

the same value of loading) as the independent variabl es are changed and
a fair comparison of generator weights and volumes can still be made.

In Figure 8(a), the specifi c weight and volume for hi gh-power per-
manent magnet generator designs are shown as a function of rated output
power. Note that the specific weight decreases even out to 20 MW;
howev er , the decrease is much less for power levels above 5 MW. It is
doubtful that generators above 10 MW can be constructed as single units
because of manufacturing and assembly problems and extremely large aspect
ratios . An approximate value for the aspect ratio (stack length

divided by rotor 00) can be obtained from the following equation .

L/D 70 (35)
v~ K.~ B ~L 

PE

Note from Figure 8(b) that the aspect ratio is approximately 4:1 at
5 MW and increases linearl y wi th power , P, with the other parameters

fixed at the base-line values . One way to reduce the aspect rati o is

to increase the rotor tip speed; however , Ai Research has chosen 625.5 feet
per second as a fairly conservative number which has been experimentally
demonstrated. The approach taken by AiResearch is to design 5 MW

machines as modules which are connected together in order to achieve

higher power ratings . The same approach will be taken in this report
wi th a 20% weig ht penalty and a 50% volume penalty imposed for inter-
connection as descri bed in Section V. Note also in Fi gure 8(a) the

very small volume of the PMG. A 5 MW machine occupies only 2 cubic

feet of space .

21
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0.250

Base-Line Case:
18 ,000 RPM
5MW
588 volts /phase
3 phases
14 poles
14 p a r a l l e l  pa ths
Power Factor = 0 .82 C = 4

0.200 - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

C = 2 ~L 
= 1560

_ _ _ _ _ _ _  } 

~L 
2340

C

C

s:: 
~ Q = 3120

~-~~T~~~iiiiiiii iiiiiiiii~~~~~~ C, = 2 ~\ 
L

0.100 — 

1 2 3 5 6 7 8

Fi gure 7. Base-Line Design Case for Di fferent Specifi cElectric Loading s
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0.11 - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Vol ~~~~~

I I I I I
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P (Out put Power in Megawa t ts )

Figure 8(a). Specifi c Weight and Vol ume Versus Output Power
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Ratio
(L/0)
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P (Outp ut Power in Megawat ts)

Figure 8(b). Aspect Ratio (L I D)  Versus Output Power

Figure 8. PMG Output Power Variation
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In Figure 9, the specifi c weig ht and volume are shown as a function

of the generator line-to-neutral voltage rating. Note the weak dependence

below about 1 KV and the significant upswing above this rating. Designs

above about 1.2 KV were impractical because there was no room for copper

left in the slot due to the thickness of insulation required. In

Figure 10 , the speci fic weight and volume are shown to decrease wi th
larger rotational speeds . The effect on specifi c weight and efficiency

is indicated in Fi gure 11 for two different rotor tip speeds . Increased

tip speed results in lig hter and more efficient generators . If the

operating current density in the stator conductors is varied , the

specific wei ght , vo l ume , and efficiency are affected as shown in Figure 12.

In general , higher current densities result in smaller and li ghter

generators ; however , the efficiency is reduced. The efficiency decreases

because the conduction (1 2R) losses i ncrease .

24
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Figure 9. P?IG Voltage Variation
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•Efficiency
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Rotor tip speed (f t/sec )

Fi gure 11. PMG Rotor Tip Speed Variation
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SECTION IV

SUPERCONDUCTING HIGH-POWER GENERATORS

4.1 BACKGROUND

The equations developed are restricted to that class of super-

conducting, synchronous AC generators which appear to be li ghtest at

power levels around 20 MW , i.e., image -shielded machines which use a
conductive environmental shield to attenuate the rotatin g magnetic field

in the aircraft environment and an actively cooled stator operating at

high current densities . This kind of superconducting generator is being

developed under contract to General Electric Company as a second
generation machine which utilizes advanced concepts and technology to

operate wi thin requirements such as rapid start-up (one second excitation
and spin— up) and rectified output (References 7, 8).

4.2 WEIGHT AND VOLUME EQUATIONS

A radial cross section of the superconducting generator is shown in

Fi gure 13. The distance from the superconducting coil’ s outside radius

to the stator conductors can be considered as the ‘air gap, ” since no

iron is present. The pertinent tip speed is the peripheral speed at the

winding outer radius . This radius is given by

7 2 O x V
Rr = 2i~ RPM (inches) (36)

where V~ is the tip speed (ft/sec) and RPM is the operating rotational

speed .

A longitudinal cross section of the machine is shown in Figure 14 ,

where all of the relevant dimensions are indicated. The stator ins ide

diameter , 0, which is used below , can be calculated from

0 = 2 [R + A t + A5 + g] (inches) (37)

28
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Fi gure 13. Superconducting Generator Radial Cross Section

29

-- ~TT11I~~~~ - -



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

,

~

— — — ----— .----

~~~~

- 

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

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

AFAPL -TR— 79.2073

‘I, ~~~~~~

a) ‘I)
~~~ -~~

c’J a)

4.~) a)
L =1

V (0

1 4 1

11

_ _ __

~~~~~~~~~:

30



_ _ _ _ _ _  -- .- -. —--.-- -- -- —----- --- —

AFAPL-TR-7 9-2073

In this case , 0 cannot be assumed to be the same as 0r ’ i.e., 2R r~
because of the large “air gap. ” It should be noted that there are

no high permeability materials within the flux paths of this kind of
machine ; however, the superconducting field windings can easily supply
the large mmf required by this low permeability path by virtue of the

extremely large current densities in the superconduc ~ing field winding
.2modules (96 ,774 amp / ln ) .

The electromagnetic length of the stator can be obtaine l by using
the voltage generation equation as in the previ ous section.

Lm = P/[7.50 x l0 6 
~ PF x K~ 

x RPM x o2 x Bkg x 
~L

3 (inches) (38)

The term Bkg is the average flux density (crest value) in Kilogauss in
the stator winding calculated by taking an average of the two crest

values at the stator winding ID and OD. This must be done since there
are no iron teeth between stator bars in a superconducting generator ,

hence the permeability of the magnetic circuit is low and the magnetic

flux density decreases rapidl y across the winding. A subroutine is in-
cluded as a part of the weight and volume algori thm which calcul ates flux
densities based on the Biot-Savart law . Only four-pole, rectangular
cross-sectional field coils can be handled at the present time . Specifi c
electri c loading 

~L’ 
is the same term used in Section III; however , it is

more convenient in the present context to express 
~L 

as

= AaF’J cu (amp conductors per inch) (39) I .

where is the winding thicknes s, F’ is the armature (or stator) packing
factor and is the copper current density . F’J cu is the armature
overall annul us current density . In the computer program in Appendix B ,
F’ is represented by the variable FARM and is a calculated quantity .
The required length of the active conductor straight secti on is less than
Lm because of emf generated in the end turns for this kind of machine .
L , the actual straight section length , is given by the following equation ,
where Lm is assumed to be 25% longer than the actual length .

L = Lm/ l .25 (inches) (40 )

31
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The stator coil Ij eometry is identical to that in Figure 6 ( b)  and the
same geometrical relationships apply. However , a single layer stator

w indi ng i s assume d as shown i n F i gu re l5(a). A detail of a single bar

(which occup ies a sing le slot on the stator) is shown in Figure 15(b).
The ratio of cross-sectio nal area of copper to the bar cross sectional

area is the bar packing factor Fbar~ 
A hollow , water-cooled conductor

is indicated and the cross-sectiona l area of copper is jusL C5 I
~
/J
~~~

whe re C
5 is the number of conductors per bar and ~~~~~ is the cross-

sectional area of a sing le conductor carrying a current of ‘c amps w i th
a current density in the copper of 

~cu 
amps/in 2 .

Racetrack -shaped coil modules are assumed for the superconducting

field windings as indica ted in Figure 16. Module dimensions depend
upon 0r ’ p. and L. The independent dimen sions of the module are its
heigh t , a, and bend radius , b. As shown in Figure 17 , once a and b are
spec i f i ed , the module width can be calculated from

t = IJR - a cos ir/p) x sin ~i/p] — b (inches) (41)

For the image -shielded machine , the sk in depth in the environmental

sh ield material at the operating frequency must be calculated. The

frequency is given by Equation 21 , and the sk in depth by

6 0.0254 X (inches) (42)

where ~ = 2lTf, ~ = 4:r x 10~~ and ~ is the conductivity of the shield
0 7material , which is about 3.77 x 10 mhos/m for aluminum. The

environmental shield tiickness , 
~es ’ 

is assumed to be three times the
skin depth for adequate attenuation of the electromagnetic field wi thin

the aircraft environment.

32
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Fi gure 15(a). Single Layer Stator Winding (Developed View)
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Fi gure 15(b). Stator Slot Detail

Figure 15. Stator Winding Details for an Air-Core Al ternator
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H L . r .
~J 

(Dr
_ v’7a ) sin ~

L + 2 b + 2t
Straight length volume = 2 Lat

Figure 16(a). Rotor Field Coil Module Geometry

b+t

End turn volune = it f(b+t)2 - b2] a
= it [2bt + t2J a

Figure 16(b) . End Turn Volume of a S ingle Module

Fijure 16. Rotor Field Winding Details for the Superconducting Generator
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Fi gure 17. Rotor Field Structure Arrangeme nt W ithin the Coil
Support Structure
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The required input parameters are listed in Table 3. Intermediate
parameters required to calculate component volumes are listed below with
all dimensions in inches , unless otherwise indicated.

V ph = V DC /2. 3 (vol ts rms ) (43)

1 ph = P/ (PF  n~ V ph ) (amps) (44)

Rb = (R r 
- a cos ir/p)/2 (45)

r5 = R b + A b (46)

R5 = R
r + A t + A

~ 
+ g + A~ + ~ (47 )

h = R
~ 

— (s + r5) (48)

L
~ 

= L + 2 (b + t) (49)

L ’ = L + 2e (50)

SW(slot width ) = [itO - ~~~~~~ 6ph — (n
s
_ l)n

~
p6bar]/SLOTS (51 )

= C I ph /(SW~
26j) + 0.01 (C5-l ) + (52)

Ld = Lc/S (53)

L d = Lc/S (54)

Z = itOQ~/Ip~ 
(55)

Acu = 1ph~”~cu 
(amp,’th2) (56)

There are thirteen components for which volumes are calculated.

Wei ghts of the individual components are then determined by multiplying
the component volumes by the corresponding mass densities shown in
Table 8 in Appendix B.
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TABLE 3

INPUT PARAMETERS REQUIRED FOR CALCULATING THE WEIGHT
AND VOLUME OF A SUPERCONDUCTING GENERATOR

PARAMETER SYMBOL UNITS NOMINAL VALUE

Power rating P Watts 20 x 106

Field wi nding tip speed Vt ft/sec 471

RPM RPM revolutions/mm 6,000

Stator copper current density 
~cu amp/in2 33,000

Field winding current density Jf amp/cm2 15 ,000

DC load voltage volts 40,000

Power factor PF -- 0.86

Winding distri bution factor K
~ 

-- 1 .00

Stator bar packing factor 1bar -- 0.45

Num ber of poles p -- 4

Number of phases n~ -- 3

Coil bend radius b inches 1 .50

Coil module height a inches 2.85

Stator co i l end turn angle x degrees 45

Gap between rotor and stator g inches 0.65

Distance from stator OD to s inches 6.0
env ironmental shield ID

Damper shield thickness inches 0.75

Phase break insula ti on tS ph i nches 0.50

Stator bar insulation inches 0.02

Stator conductor insulation si inches 0.005

Bore tube thickness inches 0.25

Tor que tube thi ckness At Inches 0.60

End bell thickness Ac inches 0.50

37

______________________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~
--•-‘ =.

~~~~~~~
—-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .

AFAPL-TR-79-2073

Component volum es , in cubic inches , are given by the following equations :

(1) Environmen tal shield — cylindrical portion

V 1 = iiL~ x (2A R5 + A~~~
5

) (57)

(2) Environmental shield — two conical secti ons

V2 = 2iis Aes x (2R5 + Aes 
— s) (58)

(3) End Bells

V3 = 2~ A x [(R 5 
- ~)2 - r~] (59)

(4) Superconducting Winding Modules

V4 = p x [2Lat + ira (2b t  + t2)] (60)

(5) Drive end-stub shaft pl us bearings
2= lrrsLde (61)

(6) Anti -drive end — helium transfer system pl us bearin gs

V 6 = irr~L~~ (62)

(7) Torque tube pl us torque tube extension

V7 = it (L~ + s) (2R At + A~~~ ) (63)

(8) Bore tube

V8 = irL (2R b Ab + A~) (64)

(9) Field winding support structure

V9 = 7rL
~ 

(R~ - r~ ) - V4 (65)

(10) Electromagnet ic shield on the rotor (damper shield)

let Res = Rr 
+ A t an d Reso = R + A~

V10 = irL (R~50 
- R~5) + ITA (R2 - r~) (66)
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(11) Copper in the stator

V 11 = ZA cu (L + W/sinx) (67)

(12) Insulation in the stator

l e t  R 1 = Reso + g, and R0 = R~ + Aa~

V12 = irL’ (R~ 
- R~ ) - V 11 (68)

(13 ) Bore se al

2V 13 = iiL (2d Bs x R1 + dBS), (69)

where dBS is the bore seal thickness and is calculated in the program .

A computer program was written to calculate the volumes and the
corres pond ing we i ghts . The total weight of the machine is just the sum
of the individual component weights . No correction factor is required
to account for end bell s, bearings , structure , etc., as i n the PMG
design , since everything is included in the component weig hts . An enve-
lope volume which incl udes the cyli ndrical por ti on of the env i ronmental
image shield and the two end pieces which are frustums of cones is
calculated from

VOLUME = in ’ (R5 + A s)
2 

+ 2irS[2R~ + S2 - 2SR~ + R5 (R5-S)3. (cu/in) (70)

Appendix B includes a listin g of the computer program and a sample output.
Parametric results obtained from the program are described in Paragraph 4.4.

4.3 GENERATOR EFFICIENCY CALCULATION

An estimate of the effici ency for the superconducting generator
can be obtained by calculating the ohmic (I 2R) losses i n the normal ly
conducting copper stator bars , the eddy current losses in the stator
bars , and the losses due to surface currents Induced on the environmental
Image shield. Even though windage , bearing, and rotor (electromagnetic
shield) losses are not considered , they are small compared to the above
losses , and a reasona b ly accura te es ti ma te of effic iency shoul d be obta i ned.
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Ohmic losses are determined by

1’ohm ic = 
~~~~~~~~~~ V 11 (watts ) (71 )

where 
~cu 

is the current density in the stator in amperes/rn2, p~ is the

resistivity of the conductors , assumed to be copper , given by

1.72 x 10 8 [234 .5 +  T] (ohm-meters ) (72)

where T is the average stator bar conductor temperature in degrees

centigrade and V 11 is the volume of copper in the stator given by
Equation 67, expressed in m3.

Since the full magnetic field is allowed to penetrate the copper

stator bars rather than being shunted through i ron teeth around the bars

as in conventional , i ron-core machines , the eddy current losses are
si gnificant. For square , hollow conductors as shown in Figure 15b , the

eddy current loss in watts is given by (Reference 12)

~eddy 
= 

~~~~~~~ [:~ 
- 

x 
~~ 9m + B

~m
] x 2 x 

~~ 
x L

~ 
(73)

where w is the electrical radian frequency , h0 is the conductor height

in meters , t~ is the width of the hollow center of the conductor in
meters , B0m is the average of the peak value of the azimuthal components
of magnetic flux density calculated at the inner and outer radii of the
s ta tor , and B rm is the average of the radial component. B0m and B rrn
are in Tesla V and ~~ 

an d L
~ 

must be In meters .

Losses due to induced surface currents on the environmental shield

are calculated from

irR L’ B2

~shie 1d 
= x Jfi (wa tts)

11
0
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where R5 is the radius of the environmental shield (in meters), L’ = L+2e

(in meters) and Btan is the crest value of the azimuthal component of the

magnetic fl ux density at radius R5 in Tesla. The skin depth , d , must be

expressed in meters . Shield losses predicted from this equation are

almost 50% lower than the losses predicted by the GE design as shown

in Table 4.

Generator efficiency Is calculated from

p
out

1G P  Pout + loss

where is the electrical power output and gloss is equal to the sum

of the stator losses and the losses in the environmenta l shield.

4.4 COMPUTER PROGRAM PARAMETRIC RESULTS

To determine the accuracy of the computer program which implements
the weight and volume equations given in Paragraph 4.2, predicted machine

parame ters from the program are compared in Ta ble 4 with an ac tual
superconducting generator design produced by General Electric Company

(Reference 8). As shown in Table 4, the predicted weight and volume

agree well wi th the GE design numbers for identical input parameters .

This design point is considered the “base- line design ” and parametric

resul ts are obtained by varying certain input parameters from their base
values , indicated in Table 4.

Parametric results are obtained for the independent variables P

(output power rating), DC recti fied Output vol tage , and RPM . In addition ,

the technologica l parameters 
~cu (stator conductor current density ) and

Jf (field winding current density) are varied from the base -line design .

As described in the beginning of Paragraph 3.4, all designs must be

compared on an equal specifi c electric loading basis. This has been done

in the following curves which illustrate how the weight , vol ume , and
ef fic iency of thi s class of superconduc ti ng genera tors chan ge w it h ra ti ng
and other machine input parameters .
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TABLE 4

BASELINE COMPARISON , 20 MW GE
SUPERCONDUCTIN G GENERATOR

Design Parameter GE Desj gp SCGEN Computer Program

Voltage (vol ts rms , line-line) 30,100 30,100

Rectified DC Output Voltage (Ky ) 40 40

Power (MW) 20 20

RPM 6,000 6,000

No. of phases 3 3

No. of poles 4 4

Field winding tip speed 471 471
(ft/sec)

Power factor 0.86 0.86

Armature current density 29 ,400 29 ,400
(amp. in 2)

EM shield thickness (in.) 0.75 0.75

Torque tube thickness ( in.) 0.50 0.50

Armature annulus pac king factor 0.386 0.386 (calculated)

Field winding module overall 15 ,000 15 ,000
current density (amp/cm 2)

Specific electric loading 11 ,400 13 ,692 (calculated)
(ampere-con ductor / inch)

Slots/pole/phase 28 28

Conductors/slot 6 6

No. of parallel paths 1 1

No. of slots 336 336
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TABLE 4 (CONTINUED)

Weights (Ibs) GE Design SCGEN Program

Total machine 1 740 1 706

Total machine (lb/KW ) 0.087 0.085

Rotor 870 846

Armature copper 286 274

Environmental shield 280 285

Stator bore seal 32 39

EM shield 112 85

Fiel d winding modules 246 258

Dimensions (in.) GE Design SCGEN Program

Field winding outer radius 9.0 9.0

Armature thickness 1 .0 1.42

Straight length of coils 6.0 5.0

Thickness of environment al shield 0.50 0.69

Radius of environmental shield 19.7 19 .1

Volume (cubic feet) 35 35

Losses (KW) GE Design SCGEN Program

Ohmic losses 770 756
Armature eddy current 390 347

Environmental shield 380 193

Efficiency (%) , based on 93 93.9
sta tor losses only

Magnetic fields (kilogauss) GE Desi~~ SCGEN Program

Radial flux density at:

armature inner radius 14.0 17.3
armature outer radi us 9.9 11 .6
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In Figure 18 . the specific weight , volume , and efficiency are shown

as a function of rated output power. The efficiency of this class of

generators is comparable to the PMG only at power levels above 50 MW.

Also, the volume is approximatel y three times as great as the volume of a

PMG of similar power rating.

The dependence cf specific weig ht , vo l ume , and efficiency upon the

generator output voltage is indicated in Fi gure 19. Phase voltage (rms )

is approximatel y one half the DC rectified output voltage . Note that

eve n for an output voltage of 100 1KV DC the specifi c wei ght increases by

only 50~ above the base -line design at 40KV , and the volume by only 27~ .
This is in direct contrast to the PMG where voltages of even a few 1KV
were unattainable. This hi gh voltage capability of the superconducting

generator is due to the “air-core ” nature of the stator winding and

consequentl y the extra space for insulation in the absence of i ron teeth .
It is concluded , therefore , that the PMG is a “low voltage ” generator

while the superconducting generator is a “high voltage ” genera tor.

Efficiency is only a weak function of output voltage as shown in Fi gure 19.

The effect of rotational speed variation is shown in Fi gure 20. Note

that there is a minimum in the specifi c weight and volume curves at
about 8000 RPM and a peak in the efficiency curve at about the same speed .

The current density in the field winding coils is determined by the

characteristics and packing factor of the superconducting wi re or cable

used in winding the coils. This parameter is, therefore , set by current

technology and/or manufacturing limits . For the base—line design , the

current density is 15 ,000 amps/cm 2 (i.e., 96,774 amp/in 2). In Figure 21 ,

the generator specifi c wei ght, volume and efficiency are shown as a

function of field winding current density . Specific weight and volume

decrease slowly as the field winding current density is increased. Note

that the eff iciency also decreases. This offsets the advantage of
reduced weight and volume to some degree . The decrease in efficienc y

is due to increased eddy current losses in the stator winding and
environmenta l shield.
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Base-l ine design parameters:
6000 RPM

17,378 volts/phase
0.20 3 phase

4 poles
200 Hz

13,690
= 471 ft/sec

0.15 - Power factor = 0.86

~cu 29,400 amp/sq. in.

96

- 

. 
Eff ic iency 

.

4) 0.10

VolumeVolume 
~~~~~~ (ft 3) ~~Efficiency

(%)
.40 .93

“ 0.05 - 
. 

. 

Specific Weight

.91
.35

0 1 I I I I I 
~ 9Q

0 10 20 30 40 50 60 70 80

P (Output power , Megawatts)

Fi gure 18. Superconducting Generator Output Power Var iation
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Figure 19 . Superconducting Generator Voltage Variation-
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Figure 20. Superconducting Generator RPM Variation
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Figure 21 . Superconducting Generator Field Winding Current
Density Variation
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In Figure 22, generator specifi c weight , volume , and efficiency are
plotted as a function of the current density in the stator conductors .
Again , all three parameters decrease for increasing current density ;
howeve r, the rate of decrease of both wei ght and volume is greater than
that observed when the field winding current density was varied.
Decreasing efficiency is caused by the larger conduction (1 2R) l osses in
the stator conductors .
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Figure 22. superconducting Generator Stator Conductor Current
Density Variation
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SECTION V

GENERATOR INFL UENCE ON POWER SYSTEM WEI GHT

A true comparison of different generator concepts , suc h as

permanent magnet and superconducting, can on ly be made by comparing

complete power suppl y systems . Even though one generator may weigh

less than another generator for the same power output , the overall system

which uses the lig hter generator as a component may be appreciably

heavier because of the influence that the generator has upon the system .
The mechanical part of the sys tem is influenced by the generator (rotor)
rotational speed and the generator efficiency . The cooling subsystem is

also affected by generator efficiency . Components in the electrical part

of the system ( power conditi oning subsys tem) are influenced by the
generator frequency and output vol tage .

Therefore , to compa re the PMG and the superconducting generator ,

system weights were calc ulated by using the algorithms described in
Appendix C (Reference 13) and the two generator algorithms in Appendix B.
The systems are shown in block diagram form in Figure 23 for the PMG and

Figure 24 for the superconducting generator. A total power generation

time (or run time ) of 120 seconds is assumed . The auxiliary mechanical

power is assumed to be zero for simplicity and a main transformer (Tl )

is not required for the system in Figure 24 because of the hig h voltage

capability of the superconducting generator. The assumed component

efficiencies are indicated below each component. Note that the efficiency

for the power conditioning component includes the efficiencies of both

a rectifier and an IC fi l ter. Power levels shown in parentheses are for
a 20 MW (approximately) generator and the other power levels correspond

to a 10 MW (approximately) generator. The load consists of a main power

of 6 MW or 15 MW at 30 1KV DC or 40 1KV DC, respectively, and a secondary

power of 1 MW or 2 MW at 130 KV DC or 150 1KV DC , respectivel y. Numbers

in circles near the gear box indicate point designs which use a gear box

or direct drive between the turbine and the alternator.
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A summary of the seven point designs is shown in Table 5 a long
wi th the two base -line designs . Generator power requirements are

determined by the load and the component efficiencies between the

generator and the load. The superconducting generator output power
ot 8.670 MW is slightly less than the PMG output power requirement

of 9.066 MW ( two 4.533 MW modules), since the inefficiency of a high
power transformer is absent in the case of the superconduct ing generator

system . The 10 MW designs include a directly driven and a gear box

driven PMG and a gear box driven superconducting generator. Note that

two PMG’ s must be used to meet the power requirement since it has been

assumed that single unit lightweight permanent magnet generators larger

than about 5 MW are not presently practical ; however , the combination of

any number of these size devices (with a 20% weight and 50% volume

penalty for connection) is feasible. The 20 MW point designs include

a direct and gear box driven PMG and superconducting generator. In this

case , four PMG ’s are used to supply the required electrical power.

Before comparing system point designs , it is useful to point out a

few i tems of interest in Tabl e 5. In general , the PMG is a high speed ,

hig h frequency , and low output voltage device ; the superconducting gen-

erator is just the opposite , i.e., low speed , low frequency , and hi gh
output voltage . These features should be carefully considered when

selecting a machine for an application where these parameters are critica l

The PMG is much smaller in volume and somewhat higher in efficiency than
the superconducting generator. The superconducting generator is much

lighter than the combined PMG ’s at the hi gher power level ; however , at LI

the l ower power level , the combine,i PMG ’s are lighter if the rotational

speed is high enough.

A summary of the system point designs is given in Table 6. No
volumes are given ; however , generator volumes are given in Table 5.

System weight relative to the lightest system for each of the two

power levels is shown in the right most column . Note that the gear box
driven PMG is the lightest system at the 10 MW power level and the directly

driven superconducting generator is the lightest system at the 20 MW

po~,er level .
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Plots of component wei ghts in Figures 25 and 26 enable one to more
easil y see how the weight distribution within the system changes as the
generator desi gn changes . Note that the fuel weig ht dominates at both
power levels. A 14,900 RPM turbine using JP4-LOX fuel with a specifi c
propellant consumption (SPC) of 7.0 lbs/ (horsepower—hr) is used for the
10 MW power level , and a 10 ,500 RPM turbine using JP4-LOX fuel with an
SPC of 7.0 lbs/(horsepower-hr) is used for the 20 MW power level .
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SECTION VI

CONCLUSIONS

Equations for calculating required generator and turbine powers were

derived assuming that the component efficiencies in the system were known .

Simplified weight and volum e al gorithms for hi gh power permanent magnet

and supercon ducting, synchronous , electrical generators were developed

and used to obtain parametr ic results. These algori thms are in the form
of computer codes whic n feature simple input forma t for the important

i n p u t  parameters . This allows one to make use of the al gorithms for other

parameter ranges of interest to obtain weight and volume estimates. In

add ition , generator efficiency, which is a very important system paramete r ,

is calculated. Further , it was found that fair comparisons of generator

designs (of the same class) at diffe rent power , RPM , or voltage ratings

can be made only if the specif ic electr ic loadings for the different

designs are identical .

General conclusions regarding the two kinds of electrical generators

• include : The PMG is a high speed , hi gh frequency , low voltage , low volume
:Iai: h i r ,e , while the conductively shielded superconducting generator is a

~~ speed , low frequency, hiqh voltage , large volume mach ine. The wei ghts

of the two generators are not very different at 10 MW; however , the super-

conduct ing generator is si gnificantl y lighter at the 20 MW power level .
The PMG has a higher efficiency than the image—shielded supercond ’icting

~jenerator at power levels below 50 MW. Volume estimates for image-shielded

s4perc onducting generators are more than three times greater than for the
PMG; however , it must be noted that the stator coolant is integrally built
into the frame of the superconducting generator , while the coolant for the
P~-~G requires external storage and heat exchanger space . This offsets the

vo ’ume advantage of the PMG to some degree , a l thoug h the exact volume of

‘he external coolant loop for the PMG has not been calculated. Also ,
image -shielded superconducting generators are inherentl y of large volume
but very low weight. Superconducting generators using iron shields will
have much smaller envelope volumes ; however , the iron will tend to make
these machines heavier than their image (conductively) shielded counter-
parts . Although these general conclusions are valid , a true comparison
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of the two classes of electrical generators can only be made by comparing
complete power supply systems as described below .

The generator al gorithms plus the component al gorithms in Appendix C
were used to obtain system point desi gns at 10 and 20 MW power levels.
From the system point designs , the two classes of electrical generators
can be compared. From Figure 27 , it can be seen that the PMG results
in the lightest system at the lower power level , while the superconduct ing
generator results in the lig htest system at the higher power level . The
two lightest sys tems are quite different , besides having different kinds
of generators . The PMG is gear box driven and operates at a high electrical
frequency, but the superconducting generator is directl y driven from the
turbine and operates at a l ower electrical frequency . These differences
account, in part , for the relatively small variance in system weight
between the point designs at a given power level . For example , even
though the superconducting generator is much lighter than the four PMG
modules at the 20 MW power level , the low electrical frequency of the
superconducting machine imposes a weight penalty in the power conditioning
subsys tem (transfo rmer and filter) , The weight differences between the
l i g h t e s t  and second lightest systems are 440 and more than 1500 pounds
for the 10 and 20 MW systems , respectively, ar’4 are significant from a
mission payload/performance perspective. Although the individual compo-
nent al gorithms are on~y 10% accurate , a comparison of systems using the
same algorithms should be va l id. In other words , even wi th the most
detailed point designs for every single component of the power supply
system (rather than the approximate algorithms of this report), the
relative weight s tandings shown in Fi gure 27 for the seven point desi gns
should not change dramatically; however , the absolute magnitudes of
the system weights woul d most likely shift upward .

The l ower efficiency of the superconducting generator is offset to
some degree by the absence of a hig h-power transformer and the attendant
gain in system efficiency . This is illustrated by the ~~ct that the fuel
supply for both PMG and superconducting systems weigh about the same .
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This , and the fact that the wei ght of the fuel is a large part of the

tota l system weight , are other reasons for the relatively small variance

between the weights of the system point desi gns at similar power levels.

Howe ver , again , the importance and significance of the wei ght differences

must be emphasized . Also , the hi gher operating frequency of the PMG tends

to make the power conditioning equipment lighter for this system ; this is

not apparent in Figures 26 and 27 because the PMG power conditi oning

subsystem includes a high-powe r transformer and the supercon’iucting power

conditioning subsystem does not.

There are certainly factors other than system weight which must be

considered in selecting a generator. For example , in point design number 6,

w h i c h  i s  the li ghtest system at the 20 MW power level , the superconducting

generator is directl y driven by the turbine at 10 ,500 RPM . Th4s will

require careful design of the superconducting field coil s , coil support

structure , and helium management system for operation at this high speed.

A 12 ,000 RPM superconducting rotor has already been built and tested by

Westinghouse Electri c Corporation (Reference 14).

It would obviously be desirable to improve the accuracy and/or
flexibility of the two generator computer programs . One area for improve-

ment would be to more accuratel y determine the weight and volume penalties

associated with interconnecting the 5 MW PMG modules . Another would be

to expand subroutine MFLD in the superconducting generator program to

include other field wi nding confi gurations. In addition , it would be

usefu l to consider the effect of reducing the “air gap ” in the  super-
conducting machine for hi gher rotational speeds as the rotor decreases in

dianeter. This could be done by reducing the thicknesses of the EM shield

and/or the torque tube . Calculation of the machine inductances for di f-

ferent des i gns in order to determine vol tage regulation and the effects of
• operating wi th rectified output or pulse forming subsystems is also needed .

F:’om the overall system viewpoint , estimates of component volumes
such as the turbine , fuel supply, cooling subsystems , and power con di t i on-
i ng components are requi red. One furt her ste p woul d be to cons ider
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packaging and interconnection constraints in assembling the power supply
system into the compact quarters of an aircra ft.

Computer programs such as those described in this report are used as
part of the AFAPI computer-aided power system design in-house research
effort. These programs are used to predict the weight and size of

components in high-power , airborne , power supply systems . These programs
yield approximate weights and volumes , since they are not detailed desi gn
programs ; the results should nevertheless be useful in feasibility and
tradeoff studies concerning these two kinds of generators . One of the
major advantages of this kind of “approxima te ” program is the fact that
it adapts easil y to ‘computerization ” and allows a large number of point
designs to be made wi th moderate computer time .
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APPENDIX A

GENERATED VOLTAGE IN ALTERNATING-CURRENT SYNCHRONOUS MACHINES

Figure 28 illustrates the rotor of an AC , sync h ronous genera tor
(alternator) wi th the projection of stator coil (aa ’) area shaded . All
dimensions are assumed to be in meters and the angle 0 is measured
as indicated . The area of the projection is TIDL/p square meters for a
p pole machine . It is assumed that the rotor produces a sine wave of
magnetic flux density , which Is shown in Figure 29 at a given time , t.
The average flux density linking coi l aa ’ at this time is given by

Bavg (t) = ~J
” B sine dO = costot, (we bers/m2) (76)

where U is the angular displacement and B is the peak value Of the sine
wage of magnetic flux density . The average flux linking coil aa ’ at
time t is just the area times the flux density , or

~avg
(t ) = q~ cos u t~ (webers) (77)

where
= 2DLB/p (webers) (78)

is the total “effective webers per pole ” and can be written as

~e = [1TDL/p) x [2B/rr), (webers) (79)

where the first term is the area projected onto the rotor , and the second

term is the average value of a positive half-cycle of a sine wave.

For a coi l with N turns connec ted i n series and li nk i ng the same
flux , the generated voltage is given by (Reference 10)

Eg = — N 
~~ 

4~avg
(t) (volts ) (80)

or
Eg = - N (d

~e
/dt) coswt + WN4

~e 
slnwt (vol ts) (81)
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Figure 28. Projection of the Area Enclosed by a Stator Coil (aa ’ )  onto
the Sur face of the Rotor

a

B (e)

Fi gure 29. Magnetic Flux Density Variation in the Stator Windin g
(Coil aa ’)
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If 
~e 

does not change with time (as is usually the case),

Eg = wN
~
:4e sinwt . (vol ts) (82)

The tins voltage per phase is just

Vph =

V ph = 4.44 f N~~ (volts rms) (83)

By including a winding factor, which accounts for the distr ibution of

the stator coils relative to the spacing of the field poles , the generated

phase voltage becomes

Vph = 4.44 f N [2DLB/p], (volts rms) (84)

where the expression for N is given below Equation 9 in the text . Con-

verting from MKS to Engl i s h  un i t s  then y ields Equati on 9 in the text .
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APPENDIX B

COMPUTER CODE LISTINGS AND SAMPLE OUTPUTS

The following computer code listings and sample outputs are given

for reference . Sample outputs were obtained directl y from the listings

indicated. Fortran IV programming language was used throughout and

comment cards were liberally employed which should make the programs

easier to understand.

Input parameters appear at the beginning of each program and can

be varied by chang ing the value of any input parameter at this point

in the program .

All of the component mass densiti es for the PMG and superconducting

generator are given in Tables 7 and 8 respectively.

Figure 30 is referenced in the superconducting generator program

SCGEN.

TABLE 7

DENSITIES OF PMG COMPONENT S

COMPONENT DENSITY (lbs/cu.in .)

Stator yoke 0.2815

Stator teeth 0.2815

Stator insulation 0.100

Rotor (overall) 0.238

Copper conductors 0.320
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TABLE 8

DENSITIES OF SUPERCONDUCTING GENERATOR COMPONENTS

COMPONENT DENSITY (lbs/cu.in.)

Environmental shield (components
1 and 2 in the computer program) 0.10

End bells 0.28

Field coils (epoxy-impregnated modules O.75X 0.32+ O.25X
wi th a 75% copper packing factor) 0.10 = 0.265

Anti -dri ve end structure 0.28

Drive end structure 0.20

Torque tube 0.28

Bore tube 0.28

Field winding support structure 0.10

Electromagnetic shield (rotor shield) 0.10

Copper conductors 0.32

Stator insulation 0.10

Bore seal 0.10
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Fi gure 30. Four-Pole Rotor Geometry

70

L _ _  _ _ _ _  _ _ _ _ _ _  
_ _



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

AFAPL -TR-79-2073

PERMA NENT MAGNET GENERATOR WEIGHT AND VOL UME COM PUT ER PRO GRAM
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I - 
10 3 J 1 , 1?
00 n3 1=1,1?

0 , <1  = A (  I, 0 ,-s I
A 1( [ , J , K ) = ) U , J , ’.) i- P2

=
3 )  g 0 = 1 , 1 2
DO ~ 1:1 , 12
-~ ( r , J, 1) = 3. (I , J, 5)

‘~ I (t , J , -( )  =-) (I,J,s) ~~~~
‘01
- 13 12 0=1,12
EU U 1 = 1,12
A tO , J , K )  =4  (I , J , -  I

1’ i t I  , J , K )  3 ( I , J , o )  i- P2

~1< I IO~~). GO
~ II C • 0 .0

~ b - ’ —  3<
Kr1
00 11 0 : 1 , 12
“ 50 11. 1 = 1 , 1 2
F r A ( i , J , K ) 4 4 2 # R H D * 2 — 2 . ~~A ( I , J , K ) * R 1 O * D C O j ( 3 ( I , J ,K ) _ Pr11)
5ll O ~~1Cn

hi3#bF *A(I,J ,K)*3SIN (9(I,J,K)~~FHI)/F
11 3P1Ir30HI+n3F3 (HO~ 4(I, 0, K)~~ D C 0S ( 3 ( I , J ,1 < ) — P - 1 I )  I/ F

-iF + 31<

DO 12 J:1,12
53 1? 1=1,12
f = A (I,J,K)3 04RM0442—2.4A (I,J ,nO4R-iO4JCSjs()(I,J ,K)—P rsI )
5 R - I O O I N O + ’ A F 4 A ( I , J ,K ) 4 U S I N ( B ( I ,J , K — P H I ) / F

12 J P.1 I 01 - ’ ) 4 I + 5 R 4 ( ’ H O A ( 1 , J , K ) 4 D C O S ( 3 ( I , J , sO P I I)  ) / F
K~~~
D’S U J 1 , 1?
)3 13 1= 1 ,12

A (I,J ,K) 443*.M,i 32 2.8u (I ,J ,1<)3IHO*DCO5 (j(I,J ,K)..PHII
1-I -IO f)~~-IJ~ -’1 F3A (I ,J ,K) lSIN (8(I,J ,K)—PHI )/F

1 3  ,IPn II~~~-JHI #iF* (Ri - IU~~u(I ,J ,K )3OCQ5 (r3 (I,J, bc )- p~)I) i / F
IF=— 1<
K r .

0)0 1’. J= 1,12
00 i~ 1=1,1 2
F ’r\ (i, i ,K)’52+RHO332—2 .3A(I ,J ,<)4Rn O4JCOS (3 (I, J,K )— P1II )
j II3 ”IE3 I-JF~~A (I, J ,K)4)S1’I (-3 (I,J,K )—PH I )/F

1-. ~PrIi LlHI+1F3 ( O—A (I ,J ,K )4DCOS(_ i (I,J ,K )--PHI) ) /F
< = 3
DO ii J=1, ,12
- El 1, 1 1 ,12

-
~

tl~~4Or- 3 ’In1 J #-F 4A(I ,J ,K )*JSIrl (n3 (I,J,K)_ PHI )/F
15 iP-I I 3P rI II-5F3 (’I-ID—A (I,J ,K )3DCOSfl (I,J,K)— PrII )) IF

‘05
uU 1— Jrl,12
,J 1-i 3 = 1 , 1 2
F A ( I,J, 6,)~~32 + P r 1 O 4 4 2 2. A ( I , J ,K ) 3 R~I O * O C O S ( ) ( I ,J ,4 J— PHI)
fl <-I O ’I lI-43*UF’A (I, J ,K) 3JSIN ID (I , J , K )  — P H I )  IF

l-~ -‘ 11’ 1, ’ H I # - 1 F 4 ( R H O — A ( I , J , K ) D C 0 5( 3 ( I , J , K ) — P H I ) )  / F

‘0 -,

- ‘, . ‘ ~
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DO 17 J=1, 12
DO 17 1:1,12

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~3RH0:1’IHOI.3F4A(I ,J,K) DSIN(B(I,J ,K1_ PHI)/F
P il ‘3~~-1I HI+f)F’(s-tHO—A(I, J,X )3DCOSt3(I,J,K )— PMI, i/F

<= 3
43 U 0=1,12
50 1-3 1=1,12
F s(1,J ,<i 342+RHJ 42 2.~~A (I,J ,K) Rrj04QCOS(I(I,J,< ) PHI)
5~~IO 1-<HJ+0 F A(I,J,K)3JSIN(6 (I,J,K )~~PHI)/F4 1  3D~-4I 3~~pII4~

t
~F* (RHO_A(I,J ,i0*DCOSt3 (I,J ,K )_PHI)) /1

~‘T IJ~~’)
0 4 0

--

—4 ( 4 •‘ r ,

- ‘ 5 I~ - -~ 
- -  - i  5

-. U:; ~, ,=- -

- - - 

I
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APPENDIX C

POWER SUPPLY COMPONENT WEI GHT ALGORITHM S

The following weight al gorithms were used to calculate component I
’

weights for the system point desi gns described in Table 6 .

W F UEL = 0.3724 (SPC) 
~T UR B ( M )  t~ t

0~ (ibs )

SPC = specific propellant consumption , l bs/(HP-HR)

~TUR B = turbine shaft power , niegawatts

= total power generation time , seconds (assumed to be 120 seconds

for the point designs)

TURBINE (R eference 2)

WTU R B IN E 0.3455 DT
2 362 

, (lbs )

where

DT = 3.896 x l05/RPM 1 (Turbine ti p diameter, inches)

RPM 1 = Turbi 1~e rotational speed

GEAR BOX (Reference 11), Doubl e reduction , three-branch gear box

WGB = (88.236/RPM1) (HP) (SUM), (ibs )

where :

HP = mechanical shaft power of the turbine in horsepower

SUM = .
~ (1 + mg ) + mg (2 + mg + mg/M0) + —

~
- M~ (1 + M0/m g)

M0 = RPM T/RPM G 
= overall gear ra ti o

RPM G = rotational speed of the generator rotor
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111g is the optimum internal gear ratio and Is found from the following

expression:

2m~ [m g 
(M 0 + 1) + M0] 

= 
~
- M~ (M~ + 1)

A linear approximation to the above expression is given by (R. L. Binsley ,

Rocketdyne , personal communication):

M = 0.185 M0 + .333

For each of the ioint designs in Table 6 involving a gear box , Table 9

l i s ts  the pertinent parameters for calculat ing the gear box weights .

The weights were calculated for both the exact and approximate values of

mg ; however , the exact values of tOg were used in calculating the gear
box weights in Table 6.

TABLE 9

GEAR BOX WEI GHT CALCULATIONS

POINT RPM RPM M mg m WGB (lbs ) WGB (1b5)
DESIGN T G o (approx) (ex~ct) (approx) (exact)

2 (PMG) 14 ,900 18,000 0.82778 0.48614 0.38880 204 182

3 (SCG) 14 ,900 6,000 2.48333 0.79272 0.76030 487 484

5 (PMG) 10 ,500 18,000 0.58333 0.44092 0.340675 602 507

7 (SCG) 10 ,500 6,000 1.7500 0.65675 0.592207 1183 1156

HIGH POWER TRANSFORMER (Tl ), (References 4, 13)

-0.0413

WT1 = 0.0505 (
~~on) 

~0.337 

~~ x [0.693 + 0 307
(
~~~MI) 

~O.79]

x [0.931 + 0.069(T~~) 

1.3] 
10.242 + 0.758 f~0.926] X P1 (Kw)

If 
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V0 = DC output vol tage required at the load (Ky)

f = alternator frequency (KHz)

p
1(M) = transformer output power (MW)

~1(Kw ) 
= transformer output power (KW)

LOW POWER TRANSFORMER (T2), (References 4, 13)

0.281 1 -0.985
= 0.1275 (on

,) 
X [0.612 + 0.388 (P2(M))

[0.608 + 0.392 (
~

) ] X (ibs )

p2(M) = output power of low power transformer (MW)

~2(Kw) 
= output power of low power transformer (KW)

THREE PHASE RECTIFIER (References 4, 13)

F /V \2.2~ ~~ \O .83
WRECT = °~°°73 L°~

945 + 0.055 (i -
~ -) ] ~~~~~~~ x ~~~~ (ibs )

~(Kw ) 
is the input power to the recti fier in kilowatts and is 1’l (kw )
for the high power branch of the circuit or 

~2(kw) 
for the low

power branch .

NOTE: V0 must be chosen correctly to reflect the correct weights for
the high and low power branches since V0 is different in the two
cases .

LC FILTER (References 4, 13)

-3_ 1.81 x 10
LC f (KW ) ‘ S

89
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where 
~(Kw ) 

is defined under THREE PHASE RECTIFIER. The following

assumptions were made concerning the LC fi l ter:

1% peak-to-peak ripple allowed in the load voltage ;

inductor energy storage density = 25 joules/lb;

capacitor energy storage density = 100 joules/lb;

conduction overlap angle = 30 degrees ;
diode rectifi cation ( i .e . , no firing angl e control).

PMG COOLING SUBSYSTEM (Reference 2)

~ 37~ 
(100 — r~~~)

W = 130 P~’ 
I ’J  

+ 
U x i~t (lbs)c G(M) ~G

~G(M) 
= generator output power in megawatts times the number of

generator units required to suppl y the required load power

= generator efficiency in percent

SUPERCONDU CTING GENERATOR COOLING SUBSYSTEMS

Stator Cooling ( Pressurized Water)

( l O O - r ~ )
W~ = 1’G(M) X 

~G 

G X X ~tt0~, (lbs)

= 1.0 lb/ (MW —SEC )

Cryogenic Cooling (Liquid Helium )

Wcryo = (1.09) (1.10) (L) (MI) (ibs )

1.09 = 0.80 + 0.29 accounts for the weight of the dewar system and
the stored liquid helium , respecti vely.

1.10 = factor to account for losses

I = rotor helium flow rate required in liters per hour. For the 10 MW
machines , I is assumed to be 20 liters/hr and for the 20 MW
machines , L is assumed to be 25 lIters/hr.

MT = mission time (duration) in hours , assumed to be 10 hours .

90
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