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PREFACE

This report is submitted in compliance with the requ i rements of the U.S.

A ir Force Special Weapons Center Contract Number F29601—71i—C—0055 “Lightweig ht

Alte rnato r” by the A i Research Ma nu fac tur in g Company of Cal i fo rn i a , a division

of The Garrett Corporation , Torrance, Ca lifor ni a.

The report discusses the test and computer simulation activities conducted

on a modified—design , small—rating aircraft alternator. These activities were

intended to provide additiona l verifications of the alte rna tor analyt i ca l

approach util i zed in designing two specialized large—rating lig h twe i ght alter-

nators. The latte r designs have been previousl y detailed in Air Force technica l

repo rts AFWL—TR—75—66, “Subsystem Design Ana l ysis Report for Lig htwe i ght

Alterna tor (AC Load Case) ,“ and AFWL—TR—75—66 , Addendum 1 , “Subsystem Desi gn

Ana l ysis Report for Ligh twe i ght Alterna tor (DC Load Case)’4.

Detailed technica l direction was provided by the .~ ir Force Special Weapons

Center , Kirt land Air Force Base , Albuquerque , New Mexico . Major Frank Zime r—

mann and Mr. James O’Loug h l in provided continuing direction , guidance , and

support . The program manage r at AiResearch was Mr. T.E. Brown. Princ i pal

investigators and contributors on technica l activities at AiResearch we re :

Dr. C.I-t . Lee . Mr. D. Berke r , M r. G. Tatro , and Mr. P. .4alie .
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SECT ION 1

OBJECTIVES AND APP~~ACH

This addendum repo rt documents the final activities on Contract

F29601—714-C—0055 consisting of alternator test and computer model ing activities

accomplished in accordance with: (i) the Air Force Statement of Work (Purchase

Request FY3592-75—10l147, Amendment No. 2 to Statement of Work for Purchase

Request FY3592—74—10084), and (2) the technica l approach and prog ram specified

in AiResearch proposal 75—11176 , dated Janua ry 28, 1975.

The prima ry object ive of this work was to demonstrate and verif y the

alternator ana l ytical methods and techniques utilized to attain the full—scale ,

large—rating, li ghtwe i ght alternator designs p reviously conducted and described

in the preceding reports on Contract F296Ol—7~4—C— OO55.
1 ’2

A seconda ry object ive of this work was to demonstrat e the ac resonant

loading concept. Meeting these two object i ves invo l ved correlation of results

from an experimental (test) activity and a companion compute r mode ling and

anal ytica l activity. Achieving thorough quantitative definition of the alte r-

nator that was tested and mode l ed, and rea l izing complete and accurate

dynamic model ing methods tha t simulated actual tests , were of oaramount

importance in meeting the prima ry work objective .

The techn i ca l approach used to accomplish the above object i ves consisted

of the follow i ng major tasks :

(a) Anal yze an existing small rating test alternator; determine needed

modifications to s imulate the prev iously des i gned full—scale

alternator ha rdwa re conf i guration and operating cha racteristics ,

and , as the final step, quantitatively define the modified

al te rnator.

(b) Modif y the small rating alternator per the final step in (a) above

and construct a special loading and contro l circuit.

Reference I: AFWL—TR—75—66, Subsystem Design Anal ysis Reoort for Liahtwe i~ ht
Alternato r (ac Load Case)

Reference 2: AFWL—TR—75—66 , Addendum 1 , Subsysteri Desiq .r’ A nalys i s Report for
Lightwei ght Alternator (dc Load Case)
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(c) Test the modified alternator in combination with the special

l oading circuit under specified transient load conditions to

experimentally determine the alternator cha racteristics .

(d) Construct a s imulation mode l of the mod ified alternator and the

specialized load circuit using the Air Force SCEPTRE trans ient

ana l ysis compute r program . Quantitative bas is for the alternator

mode l was the design description obta i ned as the fina l step in

(a) above.

(e) Using the model deve l oped in (d) above , ana l yt icall y determ i ne

the alternator performance under the specif ied transient load

conditions and compare these results with the actua l alternator

tes t results obtained from (c) above.

The small — scale alternator used was an existing and available 6—kva ,

/400—Hz , 12 ,000—rpm (14-pole), 120/208—v , self—excited lam i nated sal ient pole

rotor aircraft type of machine. Basic modifications made to the machine

consisted of:

(a) Constructing a replacement sol id nonsal ient pole rotor for the

mach i ne , closel y simulating the rotor confi guration selectec for

the full-scale machine ry previous l y des i gned under Contract

F2960l-7’~-C- 0O55.

(b) Providing direct excitation of the machine by removing and replac-

ing its self -excitation provis ions .

(c) Add ing to the mach i ne instrumentat ion needed to monitor key test

inforinat ion.

The modified machine des i gn descript ion was estab l shed using the

AiResearch d i g ita l computer des i gn program ROUND , which also was used to

develop the previous full—scale alternator designs . The replacement rotor

des i gned and constructed was a sol id—core , nonsa l ient pole , distributed—winding

confi guration without rotor amortisseur provisions (i.e. , the same basic

confi guration selected for the full—scale designs). The des i gn cons tants

developed using ROUND were , as noted above , utilized in the later computer

model iri g and trans ient behavi or s imulat i on activities .

The modified alternator firs t was separa te l y tested for bas ic character-

istics arid performance us ing procedures simila r  to those defined in the IEEE

No. 11 5 Tes t Procedures for Synchronous Machines . Thi s test ing in d uced

2 
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determination of saturation characterist ics , design point verification , and

definition of key machine reactances and cons tants for comparison with those

developed for the des i gn by the ROUND ana l ytical program.

A specialized loading circuit and controls were des i gned , constructed ,

checkout tes ted , and then utilized in combination tes ts with the modified

alterna tor to obtain actua l transient performance of the machine. An ori g inal

objective for this loading circuit was to demonstrate the ac resonant loading

concept at precise resonance conditions . This specific objective was not

met; however , the machine was tested at two off—resonance condit ions .

Tao different trans ient anal ysis computer programs (i.e. , SCEPTRE and

an AiResearch program ) were util i zed to perform transient s imulations of the

alternator and spec ialized load. These two programs differ in solution

methods but both handle the same basic mathematica l model. In this model ,

the alternator is represented by a S ix—circuit equivalent , consisting of three

armature , one field , one direct campe r , and one quadrature dampe r circuit.

The latter two circuits in this case represent the damp ing action of the

solid rotor core (i.e., no discrete am ortisseur or damper w indings are included

in this rotor ).

Trea tment of the SCR switch i ng ne twork is different in the SCEPTRE and

AiResearch ana l ys is programs . In the SCEPTRE program , th e SCR ’s are

approximated by resistors in series w t h  the load capacitor. The resistor

value is appropr iatel y varied be tween two set extremes so that it has a

value near zero ohms when the capacitor is charging, and a high value

(e.g. , 10 ,000 ohms) when the capacitor is maintaining or di scharging. In

the AiResearch program the SCR is directl y treated as a switch that may be

set open or closed.

Model ing treatment of the effect of the magnetic saturation on the model’ s

inductive values is als o diffe rent in these two programs . Inherentl y, the

SCEPTRE program requires tha t the inductance matrix be symmetrical. This is

not a prerequisite in the AiResea rch program. The numerical method of

solution used in the AiRe search program is a modified or improved Euler ’s

technique. The SCEPTRE program can utilize any one of three explicit integrating

techn iques : Runga-Kutta , trapezoida l , or XPO technique . The latter has

been utilized in conducting this work.

3 
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Comparison of results using these two programs shows no essential

differences , that is , both programs y ield identica l solutions . The Euler

technique utilized in the AiResearch program results in a negligible sacrifice

in precision (i.e., compared with the SCEPTRE program XPO technique) , wh i ch is

more than offset by reduced computationa l and comp ilation time.

Ov er a l l , results of the alterna tor tests and computer s imulations correlate

very well. Load cases were established for both the test and s imulation tasks ,

involving initiation from steady—state operating conditions on the alternator

and loading circuit of various field , load , and fault conditions . For example ,

partial comparison of percent deviation of ana l ytica l with respect to

experimental results for stabilized alternator phase voltage and current

quantities after app l icat ion of transient load cases is as follows :

Load Phase Voltage , Phase Current ,
Case percent percent

(a) -2.8 -3.5
(b) -12 —1.2 5

(c) -7.2

(ci) 7 -12.5

(e) 0 /4

The above comparison data are taken from Fi gures 29, 30, 31 , 32 , and 3~
here in and load cases referred to are:

(a) Step increase of field voltage from 30 percen t to rated wi th full

load on.

(b) Step decrease of field voltage from rated to 30 percent with full

load on.

(c) Init i ate no load to full loaci at rated field voltage .

(d) Single—phas e , line—to—neutra l sudden short circuit from rated

load at rated field voltage .

(e) 3-phase to ground , sudden short circuit from rated load at

rated field voltage .

Based upon the results obtained in th is work , it is concluded tha t the

AiResearch alterna tor design program ROUND does develop machine saturation :4

data , resistances , and cons tants that may be utilized confid entl y to predict

alterna tor transient behavior. Furthermore , it is concluded that the alterna tor

dynamic ~node lin g and simulation mode , using either the SCEPTRE or the

14
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AiResearch computer programs , does g ive valid and resonably accurate results

compared with actua l test.

5 
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SECTION II

DESCR I PTION OF REQUIRED ALTERNATOR MODIFICATIONS

The alte rnato r selected for use in this ~~rk was a 6— kVA aircraft type ,

originally manufactu red by Leland Corporation and designated AGH 329—3. This

unit was selected primarily because of its small kVA rating (whi ch minimized

overall size and rating requ i rements for the test circuit) and because it was

readily available. Modifications to the machine were needed to make its

configuration similar to the full—scale mach i ne designed under Contract

F29601—75— C-0O55 ; however , a condition for using the machine was that it would

be restored to original condition at the concl us ion of the ~~rk.

The basic mach i ne modification was the use of a solid rotor oF nonsal lent

pole (distributed wind i ng) configuration to replace the original laminated

salien t pole (nondistributed coil) rotor structure . The shaft bearing journals

of the rotor were made wide enough to allow interference fit rings to be pressed

on the bearing journals to permit loading the bearing races. The original rotor

had a center bore with a drive shaft extending the length of the rotor shaft so

that the thrust bearing i nner races could be preloaded by torque applied to

a bolt loca ted at the threaded end of the shaft , but with the inclusion of slip

rings on the replacement nonsa lient pole roto r , a center—bo re design could not

be used .

Slip ring s arc.1 a brush setup were added to allow the field voltage and

current to be directly monito red unde r the transient conditions of test. Since

the alterna tor is a brushless des i gn that has a bu i l t — i n  exciter mach i ne , no

space was available to t ncorporate the brush-holder ~ssembly inside the stato r

housing without major modification to the stator assembly. The slip ring/brusn

assembly was therefore loca ted opposite the driving end of the alternator and

was sized so that the ring ~~uld pass through the i nner race of the bearings .

The ring assembly extended externally past the end of the stato r housing. The

brush- qolder assembly was bolted onto the end of the existing stato r housing.

Leads connecting the slip ring to the field circuit passed aiong a slot cut in

the shaft under the bearing inne r race . These mo difications allowed the

existing stato r to be used without major structura l or electrica l changes .

6
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— 
The final modificat ion was the addition of an air—gap vol tage search coil

to the a rmature . The coil was wound in the first slot of the phase belt for one

phase . Two coils were wound in this manner for two different phases . The

second coil was redundant and was to be used only if the first coil ma l functioned.

The coil is shown installed in Figure 1 .

7
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F i gurc I. A i r  GdI Vo 1 td~ e Se~irch Co il In st~i l led in St J t ’. r
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SECTION II I

ALTERNA TO R D E S I G N

Use of an existing stato r without wind i ng or other modifications placed

inherent restrict ions on the attainable reactances of the mach i ne . (The only

modification made in the stato r element was the addition of an air-gap voltage

search coil.) Mach i ne reactances are used to determine the inductances for the

analytica l model and many of these are funct ions of the stator geometry and

design (e.g. , tooth thickness , slot dimens ions , end turn length and extens ions .

winding turns , etc.) ; however , basic changes do result in mach i ne subtraris i ent

and trans ient reactance quantities due to the rotor replacement made . With

careful consideration in design of the field circuit and slot winding , the

sol id—core rotor without squirrel cage damper in the rotor slots does to some

degree increase these reactances .

The selection of rotor material requ i red a steel possessing good magnetic

characteristics , that is , capable of 70 to 90 kiloline s ave rage rotor tooth

flux densities without severe saturation and with reasonable structural prope r-

ties. The steel selected was 4130, wh i ch exhibits good saturation character—

i s t i cs  with ~~od mechanical capability, is readiTy available , and requ i res no

special material handling, tools or fixtures , or special heat treatmen t.

The origina l mach i ne was examined in detail to determ i ne dimensions ,

stato r winding pa rameters , etc. AiResearch computer program ROUND was then

utilized to develop the mach i ne design including opt miza t ion of the new

sol id—ro tor conf’guration. Basic alternato r perfo rmance data also were

predicted by ROUND , includ i ng the no—load , ful l-load , and short-circuit

saturation data shown in Fi;ure 2. The major pa rameters for the resulting

modified design are summarized in Table I.

9
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F i gure 2. Computer Result for No -Load and Full — Load ‘ Const ant
Ra ted Current ) Saturation and Short — C i rcuit

TABLE 1

MAJOR PARAMETER SUMMARY OF MODEL ALTERNATOR

Sta tor Input Data

Symbo l Definition Qu an t it ’.

VBASE Bas e phase .‘c’ltage 115 .0

ABASE Base prase amperes I 17./4

PHASE Phases 3.0

POLES Pcles /4.0

A l Stato r stack length , in. 
• 1.62 5

Stator ~ore , in. 
• 3.63

DSTAK Stato r 00, in . (either BETAC or OSTAK must be 0.0) 
• 

5.’~6

C Air gap. ~ri. • ~.Ol 5

V Co il stan , teeth or per un it 8.0

I Total numbe r stato r slots 1 36

10
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TABLE I (Cont i nued)

Stator Inp ut Data

Symbol Definition 
[ 
Quantity

TOLK Slot stacking tolerance , heig ht , in. 0

TOLW Slot stacking tolerance , width , in. 0

C Number of parallel circuits 1.0

CTHK Round or rectangular strand heig ht over insulation , in. 0.04

CW I DT Rectangular strand width , in. (set 0.0 for round wire) 0

CHOR I Numbe r of horizontal strands per slot (set 0.0 for round 0

wire)

CVERT Numbe r of vertica l strands per slot (set 0.0 for round 0

wire)

CONOS Number of conductors per slot 12.0

STRDS Number of strands per conductor 2.0

ASTR Net sq in./s trand 0.00102

80 Slot opening , in. 0.08

BT Tooth width (BI 0 except for straig ht tooth) 0.12

BI Slot width , in. (81 = 0 for straight tooth or rectangular 0
wire)

HO Height of BC , in. 0.02

I-IT H ei ght of taper , in. 3.02

i-lW Heig ht of wedge , in. 0.03

T L I N R  Thickness of slot li ne r , in. 0.315

TMIO Thickness of slot middle stick , in. 0.015

RNUM Quotient of Q/poles/phase 3.0

SCU Slot fill facto r 0.2/4

SFE Stacking facto r 0.94

EMU Current distortion factor (=1.0 for sine current) 1.0

TS KEW Slo t skew , in. 0.317

BETA C Des i red s ta~:or core flux density, kilolines/sq in. 0

TEMPS Stato r temperatu re , °F 350.00

CMODE Al ternato r (0.), Motor (1.) 0

‘lENT Total length of stack vents , in . 
I

________ 

Oens itv , stato r and rotor iro n. lb/cu in. J 0.276

11
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TABLE I (Continued)

Stato r Input Data

Sym bol Definition 

[
~~ uantit Y

B IRON Flux densfty , k l/ fn 2 77. 0
FIRON Frequen cy, Hz /400.0

PIRON Iron Loss, Watts/lb 10.0

Rotor Input Data

RS1 Rotor slot grip he ig ht , in. 0.06

RS2 Rotor slot wedge height, ii. 0.02

RS3 Rotor slot damper he i ght , in. 0.

RS4 Rotor slot line r thickness , in. 0.02

RS5 Rotor slot cushion heig ht, in. 0.

RS6 Rotor conductor insulation thickness, in. 0.001

RS7 Rotor conductor heig ht , in. 0.05

RS8 Rotor bottom stick heig ht , in. 0

RS9 Rotor conductor width , in. 0.1

RSW Rotor width , in. 0.1/4

SFCU Slc pe and tolerance for slot heig ht , in. 0.

QW Number of wound slots per pole 6.

QV Numbe r of vent slots per pole 0.

QTMUP Number of rotor slots if all slots were punched 8.

SFP OL Ro tor LAM fac tor 1 -

CONOF Numbe r of field conductors per slot 12.00

CONCU Net sq in - /field conducto r 0.004

DRI Rotor ID, in. 0.0001

ROIRL Rotor axial magnetic length. in. 1.85

EXTRV Field extension for venting, in. 0.0

BENOR Field conductor send rad i us , in. 0.25

TEMPF Temperature of field copper 350.00

PFW I Friction and windage at FIRON . watts (set -1. -1 .00
to calculate power loss due to frict ion)

FSTRA Percent stray loss at ABASE , percent 1.00

PPOLI j Pole head loss at Fl RON 21 .00

12
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TABLE 1 (Continued)

Rotor Input Data

S ymbo l 1 Definition Q.ua nt i t y

uerived Constants

GE Equ i val ent gap , in. 0.0177

DR Rotor diameter , in. 3 .6
B I Rlot width , in. 0.2036

HI Slot height above wedge , in. 0.3776

HS Total s lo t he igh t , in. 0.4474

KR Ca rter ’s coefficient for rotor slots 1.34

ACOND Oopper area for a stator conducto r , sq in. 0.0020

EXT Stator coil extension , in. 1.64

ELE Length of conductor length /4.67

ELC Stator conductor length 6.296

TAUP Pole pitch at D , in. 2.85

TAUS Stator slot pitch at 0, in. 0.317

TPURO Rotor slot pitch at DR , in. 0.353

RSD Ro to r slo t depth , in. 0.751

AVCON Avera ge length of a field condu cto r 3.64

CM Demagnetizing facto r 1.00

CP Field form ratio , average/maximum 0.528

CF Field self—linkage facto r . C.~ 35
31 Fundamental flux facto r , peak fundamental/peak total I
SCU Stator slot f i l l  factor 0.2/4

TALPF Temperature factor , f ie ld  1.61
TALPS Temperature factor , stator 1 .6 1 I
RA Resi stance per phase at TEMPS , ohms ~ O./4883

RF F i eld res i stance , all coils and poles ~n series 0.2881
at TE MP F , ohm s

T PDO LF/RF = open circuit ti me constant , sec 0.0687

WKP Pi tch factor , stator winding 1 0.985

WKD Di stribution factor , stator wi nd i ng 0.959

WKS Skew fac tor , stator slot I 0.995

WKPD S Prod uct of WKP , WKD , and WKS 0.91+04

I ‘L~Ai’~E Speci f c  permeance , stator end co ‘s

13 
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TABLE I (Continued)

Rotor Input Data

Symbo l Definition Quantity

ELF Field i nductance , henries 0.0198

YLAMA Specific perrneance, gap 327.

YLA1II Speci fic permeance, stator slot 3.34

SLMR Specific permeance , rotor slot /4.2

ELNIR Specific perrneance, rotor end faces 1 .1

RLAFE Specific permeance , field end coils 5.9
DLAM D Spec i f i c pe rmear uce , damper slot 3.8

RLPME Specific perrneance, danper end coils (double l ayer , 5.9
f u l l  cage)

EBS Barne s fac tor , stator 2.4

FBF Bar ne ’ s factor , field 1.9

FBD Ba rne ’ s fac tor , damper 1.54

FKS Barne’c factor, stator 1.0

FKF Barne ’s factor , field 0.7
FKD Barn&s factor , damper 0.89

ABI Stator core area , net sq in. 0.55

HC Stator core , hei ght , ~n. 0.567 1+
0S1I3K Stack , GD, in. 5.66

DENEM ,4TCT x 0.785 x DSTAK
4 
x Al 0.3

WCORE Stator core , wei ght , l b 3.83
WFLD Field copper wei ght , lb 1.4

WRO I R ~otor i ron weight , lb 4.00

~1SCU Stator copper wei ght , l b  2.L+4

.vTETH Stator teeth wei ght , lb 0.9
WTOT Total electromagnetic weight , lb 72.

Load Condition

VPU AC vol ts , PU 1 .

APU AC cu rren t , PU 1 .

PF Power factor — 1

RPM Revolutions per minute 12000.

EFF Eff icienc y , PU 0.803

‘Jo lts ~~ase voltage II~~.

IL4
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TABLE 1 (Continued)

Load Cond ition

Symbo l Definitio n 
[ 

Q uantit y

,AMPS Phase curren t 17.4

KVA KVA rating 6.

FREQ Frequency , Hz 400.
KW Load , kW 6.

Variable Derived Parameters

AMPSF Field curren t , A dc 29.2

CHI Reactance factor 0.0137

DENFD Current dens ity , field 7301 .

DENST Current densi ty, stator 8529.

ELOAD Elec trica l l oad i ng, A—conductor /in. 619.

HEATF ELOAD x DEN ST 5.3 x 10
6

PH I LI( Field lea kage flux per pole , ki lo lines 8.7

PHIPL Air gap f l u x  per pol e, ki l o l ines 100.

QUALF kVA/lb/rpm 4.5 x l O~~
RAPU RA/Z base, per unit ohms (hot) 0.074

TA Armature time constant for the dc component , 0.001 2
X2/2 FRAPU , sec

I 
THETA Power factor ang le , radian 0.

TPO Transient time constant. sec 0.0055
ZBASE Base resi stance , ohms .6

BROOT Flux density at root of rotor tooth next to pole 127.
center , ki lolines/s g in.

BETA C Flux densit y , stator core , ki lolines/sq in. 43.

BETAG Fl ux dens i ty, air gap , kilol ines/sq in. /40.7

BPCNT Flux density , pole center , ki l o lines sq in. 46.7

BETAT Flux dens i ty , stator teeth , kilolines/sq in. 114.00

BETCO Flux density, ro to r co re , kilolines/ sq in. 28.

FCORE Magnetomotive force , stato r core , ~—tur ns 3.4

FGAP Magnetomotive force , a ir gap, ~—turns 225.

FPCNT Magnetornotive force, p oe center , ,-i-tur”s 29.

FTETH Magne tonotive force , stato r teeth , ~—tu rn s 142.

FROCO Macne tomo t ve for ce , ro~nr core , -‘~—t..rrs l .-~.

15 

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



- ¶ ‘ ~~•~ 
— __~~• •~~~~ •~~~~- •  _

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

~~ 
- —.. 

~~

.- 

~“~1

A FWL-TR-75- 66 , Add. 2

TABLE 1 (Continued)

Variable Derived Parameters
Symbo l D efinition Q uan t it y

FIELD Magnetomotive force , field per pole , A—turns 1 051 .

F~L Magnetoriotive force , beh i nd XP , A—t urns 862.

HRC Height , rotor core , in. 1.01+

BRC Fl ux dens i ty . maximum in rotor core , kilo l i nes in.
2 31.

PCORE Stator core loss , watts 31.

PFLDT F ie ld  coppe r loss , watts 245.

PFW Friction and windage loss, watts 
I

PPOLH Pol e head loss , watts 665.

PSCU Stator copper loss, watts 1+43 .

PST RA Stray l oad loss , watts 3.5

PT~TH Stator teeth loss , watts /47.

PlOT Total loss, watts 1476.

XAD D~ rect armature reaction , PU 3 .84
X2 Negative sequence reactance , PU 0.219

XD Direct unsaturated synch ronous reactance , PU 4. 028
XDDL Direct dampe r leakage reactance , PU 0.0266

Xt) Zero sequence reactance , PU I 0.085
XF Field leakage reactance , PU I 0.19~
XL Stator leaka ge reactance , PU 0.184
XPD Direct trans i ent reactance , saturated , PU 0.323

XPDU Direct trans it~.nt reactance , unsaturated , ~U 0.367

XPPD Direct sub~ransient reactance , PU 0.210

XDQ Quadrature dampe r reactance , PU 3 .35
XDQL Dampe r quadrature leakagv , reactance , PU 0.041+9

XPPQ Quad rature subtrans ient reactance , Pu 0.228

TPPD Direct subtransieru t time constant , sec 0.00525

XAQ Quadrature armature reaction , PU 3 .3 1

XQ Quadrature synch ronous reactance , PU 3./49
I XDD Direct damper reactance . PU 3.87
XPQ Quadrature transient reactance , PU 3.2285

16
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SECTION IV

ALTERNATO R FABRICATION , ASSEMBLY , AND TEST SETU P

Fig ure 3 shows the replacement rotor after milling slots . The smalles t

diameter shaft extention was later knurled to retain the slip ring assembly.

The slot ted diameter is the bearing journa l through wh i ch the lead connecting

the slip rings to the field circuit is passed . On the oppos i te end of the

core the long shaft extension carries the drive end bearing and drive coupling

prov isions. This area of the shaft in the original brushless (salient pole )

rotor held the rotating rectifier assembly armature for the main exc i ter.

The final assembled rotor is shown in Figure 1.1 . The s l i p  r i ng assem b l y
is shown fitted to the rotor. The slip rings were sepa rated and insulated

from the rotor shaft by As trel 360 (pol yarylsu lfone ) plastic , wh i ch is a

good dielec tric tha t provides mechanica l stability and strength and hig h—

temperature capabi ii ty,

A 0.010—in .-thick slot line r of Nomex-Kapton—Nomex (NKN) insulato r was

used to insulate the pole turns from the rotor core. Each turn consisted of

two parallel No. 16 AWG round magnet wires having polyam i de— imide insulation

meeting Class 220 (220°C continuous) thermal rating. To achieve the maximum

slo t f i l l  fac to r , the turns of two No. 16 wires were laid side by side in the

slo t without crossovers . As each coil was completed the slot liner was folded

over the turns and 31 0 nonmagnetic stainless steel top wedges were inserted to

retain the coils in the slot.

Af ter all poles had been wound , the coil s on each pole were series-

connected . All pole groups were then series-connected and solder-terminated to

the field l eads. The end turns on each pole were banded together using a

pres tressed f ibe rg las s  tape , and a pres tressed band of f i bergl ass  tape was
then wound around the GD of all pole end turns to restrain them against

centrifuga l loading forces. The fiberglass tape was cured for 1+ hr at 325°F.

The slip ring assembl y was then pressed onto the roto r shaft and the adapter

for the drive coupling was copper flash—coated and pr ess—fitted into the dri ve

end of the rotor. All surfaces were then masked , and t he rotor was vac uum
impregnated in silicon varnish. The cu re cycle for the varnish was 5 hr at

325°F.
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Figure 3. Replacement Rotor After Milli ng

Figure / 4 .  Comp leted Ro to r Assembly
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Insulation resistance tests were conducted at 500 vdc during the winding
procedure as each co i l gro up was comple ted and aga i n a t end of each cure cycle.
No breakdown in rotor conductor insulators occurred. The dc resistance of the
rotor winding was measured at completion and was 0.1 95 ohm at 70°F.

The completed rotor assembly was balanced inc l uding bearings. Balance

was accomp l i shed  by dr illi n g  and grinding away rotor core and shaft material.

A f inal unbalance tolerance of 0. 003 in. -oz was achieved.
The roto r was p laced in the stator after installing the stator search

coils. The two end bearing race loading rings were interference — fitted on the

shaf t, and bear in g inn er races were loaded by p ress in g from bo th ends of the

al ternator. The machine was then reassembled and the brush— ho l der assembly

containing four electrographitic brushes of 0.5 in. by 0.25 in. surface area

was bol ted to the stator housing. Brushes were contoured to the sli p r i n g
surface by means of fine sand paper placed on the slip ring while slowly rota-

ting the shaft. Care was taken to remove any remaining abras i ve material from

the Slip ring and brush ho l der. The assemb l ed st ruc ture was then coup led to
the electrica l dynamometer as shown in Figure 5.

The alternator was driven by the e lec tr i cal dynamome ter , wh ich was Struc-

tural ly connected to it by means of the alternato r end bell flange bo l ts. The

power output of the dynamome ter is 9 hp at 12 ,000 rpm. The alternator shaft

• was connected to the dynamometer drive shaft through a specially constructed

flex ible shaft couplin g. The alterna tor is a forced—air— cooled des i gn , and

coo l ing air was provided by a test facility air system. The cooling air was

int roduced throug h the existing ducts. Stato r output power and field leads

(from the brush assemb l y) were connected to Jones stri p connectors located on

a meta l plate bo l ted to the alternator mounting base. This allowed easy

remova l and change of test leads durin g the test. Tempera ture sensors and the

vol tage search c o i l s  in corpora ted int o the sta tor ho us i ng a l so  were term i na ted
on the Jones strip connector.

19
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Fi gure 5. A ssemtil ed Altern ator Coup led to Dynamomete r-
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SECTION V

TEST C IRCUIT  DESCR I PT ION

Figure 6 is a schematic of the alternator loading circuit constructed.

Each of the three phases of the alterna tor was connected to four capacitors

(12 total)  arranged so tha t the two capacitors on the positive h alf cycle and

two capacitors on the negative ha l f-cycle of each phase were charged. The

charg ing of the capacitors was sequential and was controlled by turning t~’e

SCR ’ s on or off at proper intervals. The gate firing log ic circuit for each

SCR determined its on or off state. There were 12 charge SCR’ s (Q1C—Q12C) and

12 discharge SCR’ s (Q1D—Q I2D).

Inc gate firing logic was des i gned so that each charging SCR was turned

on once in two full cycles , and the SCR stayed on for one— nal f cycle. In a

similar manner , each discharge 5CR was turned on once in two cycles , and stayed

on for approximatel y one— third cycle.

Fi gure 7 shows the capacitor charge and discharge currents at dea l

(resonance) conditions. The resonant charging frequency is dete rmined by the

capacitance and effective phase inductance va l ue of the alternator. The dis-

charge period of the capac i tor was determined by the RC time constant of the

capacitor and load resistor adjus ted to allow five RC time constants for the

total discharge of the capacito r in the one— third cycle time period.

The actua l test parameter component va l ues for the resonant load capaci-

tors and the load resistors are listed in Table 2.

Fi gure 8 is a block diagram for the load firing contro l cir cuit of Fi gure 6.

The following functional descripti on explains the contro l from the input of the

air gap search coil vo l tage to the outputted sequent i al firing of the charge

and discharge SCR ’ s.

The Frequency Reference Genera tor—— The alternator searcn coil provides

a sync si gnal , tha t is , the air gap vo l tage to the frequency refer—

ance generator. The sync signa l is then phase—displaced 180 deg to

eliminate noise. The phase — displaced si gnal gene rates a square nave

F si gnal whose frequency is the same as the frequency of the searcn co i l ,

Phase Lock and Clock Generator——The scuare wave output of the

freQuency reference generator is compared with a frequency

feedback signa l from the phase generator. Th i s p rovides phase

21
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TABLE 2

ACTUAL TEST C I R C U I T  COMPONENT VALUES

Capacitor Capacitor
Number Value (~.~ d)

1 207.5

2 208

3 208.5

4 207.5

5 207

6 208

7 206. 5

8 207

9 206. 5

10 206. 5

11 206

12 206.5

Load resistors 1 a n d  2 = 1 ohm

Load inductance - 8 .H

~ 1AS E— L O CK AND J ~~~~~~~~~~:~ :EuE~Ai:R 
_____________ 

-:s~~~A~~ R o 
— - -

~ r I r .~...

~H
Figure 8. Load F iring Control Circuit Block Diagram
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locking between the two signals and results in a clock pulse to be

generated whose frequency is six times the square wave ’s frequency

from the frequency reference generator.

The Phase Genera tors——The clock pulse is inputted to three flip — flops

connected to provide three phase logic si gnals called A , B , and C ,

each 120 deg apart and their inverses called A , B , and C. The A , B ,

and C log ic si gnals are fed back to comp lete the phase lock contro l

l oop.

Gate Driver Logic—— The three phase logic si gnals A , B , and C and the

three inverted logic signals A , B . and 
‘

~~ from the two phase genera-

tors are term i nated into the gate driver log ic to generate firing

coninand si gnals to the SCR. Each phase , that is A and A , prov i des

the driver logic si gna l comand to charge and discharge sequentiall y

four capacito rs according to the order shown in Fi gure 7.

Field Gate Drivers—— The drive r logic si gnals from the gate driver

logic are term i nated by ei ght field gate drive r circuit cards.

The drivers provide the necessary gate driver power signa l to

fire the SCR’s. Each circuit ca rd contains drivers for three SCR

gates.

Figure 9 shows the actua l test circuit layout. The SCR heat sink assembly

and the logic card rack rest upon the top of the table and the capacitor bank

underneath.

25 
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SECTION VI

TEST DESCR IP T I ON

The test alternator program encompassed four successive tasks :

• Basi c machine magnetic tests
a Determination of alternator resistances and reactances

• Tests with the load circuit under stead y—state conditions

• Tests with the load circuit unde r trans i ent conditions

Tests conducted to determine alternator reactances and saturation data were

performe d in accordance with the IEEE No. 11 5 Test Procedures for Synchronous

Machines. Specificall y these were :

Test Test Section

Open — circuit saturation 3.05. 35

Short — circuit curve 3.05.50

Direct—axi s transient and subtransient 7. 25.75 Method 1

Reactance test from sudden short — circuit 7.30.10 Method 1

Direct synchronous reactance 7.15

Direct and quadrature subtransie nt reactance 7. 30. 25 Method 3

Zero—sequence resistance and reactance 7.45.10 Metnod 1

TEST E Q U I P M E N T  AN D MON I TO R ED PA RAME TERS
The test equi pment and test pa rameters are summarized in Table 3. Fi gures

10 and 11 show the test equi pment phys i ca l layout incl u ding power supol ies ,

transient recorder , and metering equipment used i n  the testing with the l o a c i ng
circuit.

B A S I C  M A G N E T I C  C H A R A C T E R I S T I C S
Basic machine characteristics we re obtained at (1) open—circuit , (2) short—

circuit , and (3) Full — load conditions. The full — load tests were performed us in g

a constant va l ue 3—phase resistive load. The full — load saturation curve was

determ i ned in a manner similar to that for the c i rcuit saturation by terminating

the alternato r with a 3—p hase resistive load , which at rated full line to neutra l

vo l tage , develops full -load phase current and powe r output. Test results are

s-own in Figure 12.
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Fi gure 10. Transient Recorder , Isol ation Amp lif i e r s ,
and dc Powe r Su~p l y Test Layout 
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F i ~~ur~ 12. ~lo—Load arc Full —Load Saturati on an .~ Shor t- C i r cu it Tes t
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TEST OF ALTERNATOR RESISTANCES AND REACTANCES

Test of alternator parameters included the following tests:
(a) Direct — axis transient and subtransie nt reactance from sudden short—

circuit.

(b) Direct and quadrature subtransient reactance

(c) Zero sequence reactance and resistance

(d) Direct synchronous reactance

The following summ arizes the per unit (PU) reactance values determined

experimentally in the test:

Test Xd ’ Xd” Xq~ Ro Xo Xd

1 0.1+1+9 0.201 -——
2 ——— 0.21 75 0.21+51

3 -—— --- -—— 0.01+51 0.0958

4 --- --- - - -  - --  --- 2.72

Zb = 6.609 ohmsase

TESTS WITH THE LOAD CIRCUIT UNDER STEADY—STATE CONDITIONS

The steady— state operation load circuit tests were conducted prior to the

i n itiation of th~ transient load case tests iri order to determine if the search

coil air gap vo l tage was sufficient to properl y operate the load Firin g contro l

circu it. It was found that the air gap vo l tage used for triggering at rated

field voltage and speed achieved proper initiation of the charge and discharge

of capacitors. The results ür the steady—state tes t are shown in Figures 13

throug h 16.

TESTS WITH THE LOAD CIRCUI T UNDER TRANSIENT —CO NDITIONS

Table 1+ sumarizes the transient load case perfo rmance tests. In load

cases 1 and 2, field voltage could not be stepped from zero to rated because

sufficient air gap vo l tage could not be generated by the excited field to

develop the sync lock feedback previously de sc r ibed  in the tes t circuit descri p—

tions. i t was found that a minimum of approximatel y 30 percen t of full ra ted

field vo l tage was necessary to maintain the sync lock under a step change in

field vo l tage.

32
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CALIBRATION: PHASE CURREflT : 20 A/CM
PHASE VOLTAGE : 50 V/CM
TIME : 0 5 MS/CM

• 

,

I /  
/

Fi gure 13. Altern ator Phase—Voltage and Current

CALIBRATION: PHASE CURRENT : 20 A/CM
SEARCH COIL VOLTAGE : 5 V/CM
TIME : 1.0 MS/CM

~~SC 
.1. —~~~~~~~~~~

I 
L’aItI &W 

— 
£~

‘AI~~A.W 
—

Fi gure 11+. Altern ator Phase Current and Search Coil Vo l tage
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CALIBRATION : FIELD CURRENT : 6 A/CM

FIELD VOLTAGE : 2 V/CM
TIME : 1.0 MS/CM

4V , I 
-

ZER O
LEVEL

Figure 15. Fie ld Voltage and Current

CAL I BRATION : LOAD CURRE NT: 20 A/CM
LOAD VOLTAGE: 20 V/CM
TIME : 0.5 MS/CM

+V , I

PEAK

I 

CURRENT

a,, , PEAK
vnI TA GE

F. 2 3

Figure 16. Load Voltage and Current
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TABLE 1+

LOAD CASES FOR ALTERNATOR

Case
No. Torque Speed Field Voltage Load

1 Rated Rated Step increase from Rated
30 percent to rated

2 Rated Rated Step decrease from Rated
rated to 30 percent

3 Rated Rated Rated Step increase from zero to
rated

4 Rated Rated Rated 1 —phase , line -to— neutra l short~
circui t  from rated load

5 Rated Rated Rated 1—phase , line— to—line , short
circuit from rated load

6 Rated Rated Rated 3-phase to ground , short
circuit from rated load

7 Rated Rated Rated Open—c i rcuit from rated l oad ,
1 —phase line—to—neutra l

The test results are presented in Fi gures 17 throug h 23. The calibrat ion

of the recordings is as follows :

Galvanometer
Number Parameter Calibration

1 A voltage , line — to—neutra l 260 V/in.

A phase current 80 A/in.

11 B phase current 80 A/in.

11+ Search coil voltage 7 V/in.

15 Field current 10 A/in.

18 Field vo l tage 5 V/in.

Time : 0.0156 5/in.

35
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SECTION V I I

AL TER NATOR MODEL IN G APPROACH

The alternator model used in this ana l ysis is shown in Fi gure 2Li .

-S 5-c

S 

L 

L

Fi gure 2L~~. Alterna tor Mooe l

This mode l consist s of six c ir c uits : three armature phase wi nci ng s ; one

field ‘i inding; one direct axis damper winding; and one quacratur e axi s camper

.~in di n g . The equivalent damper w in d ings us ually have the sane number of turns

as the arna ture wi ndin a s . The fie le wind i ng, on the other hand , usuall y retai ns

its c-in number of turns. There ~- i i ll  be mutua l incuctances between these ~- 1i n c—

ings . The speed of the machine is assumed constant.

The matrix equation for the six - circu i t mode l is g iven by:

-
~~
-

~~ (MI) — R I  — V = E (1~

Sin ce inductanc eS are affected by saturation , Ecuation (1) can be written as

c t  
* f M

5
) I~ i- R I  — V = E (2)

•- ihere *
Laa 

- La i ab Mac Mef MaDc M aDq • 
-

M b Lbb 
- L 1 

H Mbf M
~ Dd M

50

H Mac 
M b ~~~ 

- L 1 M f M CDd M coq

M f Mbf M L f f  
- L f 1 M fD 0

t M 0ö ~bDd Mc~ d LDd 
- L~~ . ~

~5Dc McDC 0 0 L~ q 
- L~~

.3

-- ~~~~~~ - - 
-

~~~~~~~~~~~~~~~~~~~~~~~~~~
- •

~~~~
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L I 0 0 0 0 0

O La l  0 0 0 0

H 0 La l  o 0 o (4)

0 0 0 L
f1 0 0

O 0 0 0 LDdl

0 0 0 0 0 LDql .

0 0 0 0 0

0 Ra 0 o o o

0 0 R 0 0 0
R~~ 

a / 5)
0 0 0 R f 0 0

O 0 0 0 RDd 0

o 0 0 0 0 R

r~
a - r:a 1 1:1

I ~ (6) V V E H O 8)

I
f 0 f

a l s o  dV
(9)

dV b = 5
(10)

dV = i ‘ 1 1c C

L44
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Before discussing the solut ion of this set of differential equations , it is

necessary to discuss the alternator constants. The A Research alternator

des i gn computer program ROUN D calculates the unsaturated parameters (based on

an air gap line) Xd, X q~ 
X
ai 

X I d. Xd” , 
X
q

iI
~ XDd, XDq~ 

XDd l , X0q1 
X
2~ 

X , X f1

and L ff. as well as a predicted no— l oad saturation curve. From these va l ues ,

togethe r with rated frequency and the machine sase i mpedance , the following

unsaturated machine inductances can be obta i ned:

Ld Direct axis inductance , H

Lq Quadrature axis inductance , H

Lai 
Armature leakage inductance per phase , H

L
~d 

Direct axis transient inductance , H

L”d 
Direct axis subtrans ient inductance , H

L”q 
Quadrature axis sub tran sient inductance , H

LOd Direct axis dampe r winding inductance , H

L0q Quadrature axis damper winding inductance , H

LDd1 Direct axis damper w ind i ng leakage inductance , ~-l

L0q1 Quadrature axis damper w ind ng leakage inductance , H

L2 Negative sequence inductance , N

Zero sequence i n d u c tance , H

L’ç1 Field w i nd i n g leakage inductance , in terms of
- a rmature , H

L f f  Field winding self— inductance (in its own te rm), H

The inductances and resistance of the alternator model are as follows.

(Th ese inductances can be derived from the d rect and quadrature axes Hduc-

tances listed abo ve).

Laa Seif inductance of arnature -i in d i ri g phase ~~~.

Lbb Self inductance of armature ;iindinc phase 3, ~

Self inductance of ar— ature windin g ohase C , H

1+5 

•. _— •
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Mab) Mba Mutua l inductance between armature wind i ngs A and B , H

Mbc , Mcb Mutua l inductance between armature windings B and C , H

t4~~ Mac Mutua l inductance between a rmature w ind ings C and A , H

L f f  Self inductance of field winding, in its own term , H

LDd Self inductance of direct damper winding, in a rmature
terms , H

LD 
Self inductance of quadrature damper winding, inq a rmature terms , H

Maf~ 
Mfa Mutua l inductance between field and a rmature winding

Phas e A , H

Mbf , Mfb Mutua l inductance between field and armature wind i ng
Phase B , H

M , M Mu tua l inductance between field and armature w in din ccf fc -
Phase C , H

MaDd) MDda Mutua l inductance between direct damper and armature
wind i ng Phase A , H

MbDd , MDdb Mutua l inductance between direct damper and armature
wind ing Phase B , H

McDd) MDdC Mutua l inductance between direct damper and a rmature
winding Phase C , H I

MaD 
MDqa Mutua l inductance between quadrature damper andq armature .-~-i n din g Phase A , I-I

M bDq~ 
MDqb Mutua l inductance between quadrat ure damper and

arma ture wind i ng Phase 3 , H

Mcoq~ 
MD q c Mutual i nductance between quadrature dampe r and

a rma ture windin g Phase C , H

M fDd, MDdf Mutua l inductance be tween field and direct damper
w i n d  rigs , H

Lai Armature w i n d i n g  leakage inducta nce , same for all
three phases , H (portion of the a rmature inductance
not subject to saturation)

Lf1 Field winding leakage inductance(in its own term) , H -~~~

Direct damper winding leakage inductance , H

L
DCI 

Quadrature damper winding leakage inductance , H

Ra Armature ~iind i ng resistance per p hase , ohr~s

R f Field -5-i inding resistance , onrn s

1+6
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-

Direct damper windin g resistance , oh ms

R Quadra ture dampe r winding resistance , ohms
Dq

The mutua l inductances between the field and the quadrature damper as

well as between the direct and the quadrature damper windings are assumed to

be zero even though the saturation effect would cause some slight coupling

between them.

The alternato r under consideration has a round , solid rotor. Uneven

slotting g i ves a slight saliency to the machine. Damping effect comes from

eddy currents induced in the soli d rotor structure.

The self and mutua l inductances of the armature windings can be approx i-

mated by the following expressions (the saliency is approximated by a double—

frequency sinuso i da l term.)

L = L + L cos 2 ~t (12)aa 5 m

Lbb = I_~ ÷ L cos (2 ~t + 1 20) 13)

L = L ~
- L cos (2 -~t — 120)cc s m

M = M = -M - L cos (2 £t ÷ 60) 15~ab ba s m

M = M = -H -, . L cos 2 5ut (16)bc cb s rn

M = M = - H - L cos (2 ‘.ut - 60) (l7~ca ac 5 m -

‘ihere ~ut is expressed in electrica l degrees .

The mutua l inductances between field or damper wind ings with armature

windings vary with relative winding positions. This variation is approximated

by a sinuso i da l function. The posit ive direction of the quadrature axis is

taken as 900 ahead of that of the direct axis.

M f = M f = M AF cos J-)t (18)

Mbf Hf1, = MAF cos u
~t - 1 20) (19)

M
f 

H
f = MAF cos (i.rt ~

- 1 20) (20)

M Dd M
od = MADD COS .bt 21)

1
bDd = MDdb = MADD cos (-c t — 120) ~2 2 )

“7
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McDd = MDd = MADD cos (-u t + 1 20) (23)

Maoq = Moqa = MADQ cos (u~t + 90) ~~2L+)

MbD q 
= MDqb ÷ MADQ cos (-u t - 30)

11cDq = 
~Dqc ~

‘
~ADQ COS (u~t + 210) (26)

Other mutua l inductances are

M fDd = MDdf = a constant MEDD (27)

Mf0q = M0qf = 0 (28)

MD dDq = MDqDd = 0 (29)

• Those constar ts not listed in the comr•Jter output are calculated as

fo l l o w s :

L5 = 1/3 (Ld 
— Lq + L0) ‘3 0)

H = 1/2 (L5 - L0) (3 1 )

Lm = 2/3 (Ld 
— L5 

— M5) ~2)

MAE ~I~ L ff  
( L

d 
- L’ d~

(L ff is in fie ld terms , not in terms of the a rmature)

Let kaf = effective turns rati o , armature (one phase onl y, not

three-phase equivalent) to field.

IA — I  IA

ADD — af AF

= /r:-~
i-:

~) (3~
)

ADQ Dq q q

The val ue of M EO D can be obtained by solving the followi ng quadratic

equation.

H M r 2 + L M 2
H2 — 

ADD AF H + I i LDdtIAF ff ~ ADD — L L 1 = 0ED O Ld — Ld FO D L2 Ld — L d Od ffJ

L48 
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The sma l l e r  roo t is used , wh i ch is the ph ys i ca l solution . This

quadratic equation comes from the relati on:
2 2

L — L” = ~ 
LOdMAF — 

2M FDD MADD MAF + LffMADD (3~)
d d 2 2

LDd Lff - MFDD
In a solid rotor alterna tor with out pole face type damper winding, the

subtrans i ent component decays very rap idly. Using one damping wind i ng on

each direct and quadrature axis , a good compromised open-c ircuit subtrans i ent

time constant is 1/3 cycle. In a 400—Hz mach i ne ,
I I  I t

I = I ~ 0.00083 secdo qo
and 

L
ROd = (38)

Tdo

RDq = (39)

In this experimenta l alternator with round rotor construction it is cons i-

dered reasonable to use one saturation factor for all inouctances . The

saturation factor is determined by the resultant MMF (field ampere—turns p lus

the armature reaction) .

The resultant MMF can be resolved into two components , MMFd aiong the direct

ax i s and MMFq along the quadrature axis. Armature , field , and direct dampe r

currents contribute to MMFd . Armature and quadrature damper currents contribute

to MMFq~ The MIlE producedby any armature phase current is pulsating in

magnitu ce and stationa ry in space. This MMF can be resolved into two opposite -

revolving M 1IF ’ s , each with one half the magnitude of the pulsating MMF. The

forward revolving component , which is stationary with respect to the rotating

field , is the armature reaction component. The three backward revolving

components of the three phases wi l l  cance l each othe r in the case of a

baianced load. In case of unbalanced load , the resultan t MilE wi l l  revolve

‘iith double speed relative to the field structure. The contr ibution of this

double—speed MMF to saturation of inductances is i gnored in the ana l ysis.
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if the lIME’s are expressed in terms of equivalent field amperes , and

at time zero , the field axis coincides with the axis of armature winding

phase A , the instantaneous v a l ues of MMF d and MMFq can be expressed in terms

of the instantaneous currents as follows :

MMFd = ~f + k~f~~q 
+ 
~ ~~~~~ 

cos .ut + 
~b 

cos (-,ut - 120 ) +

‘ c cos (-xt + 1200)1 (40)

MM F = k i — ~
- k Ii s in  ~ t + i sin (,ut - 120 ) ±

q af oq 2 aft a b

sin (~ut + 120 0)] (41)

As mentioned previousl y, the positive direction of this quadrature

axi s is assumed to be 90 deg ahead of that of the direct axis. The resultant

MMF can then be obtained :

MM F (42)

Wi th unbalanced l oad and during transient , these MMF ’ s vary wi th

time. From the no—load saturation curve and the air gap line , a saturation

factor can be defi ned from Fi gure 25 such that at a certain resultant lIME of

1 f1 ,

F 
AB

sat AC

Figure 26 shows the result of this calcul ation .

Since in genera l , MMF is a function of t ime , the saturation factor is also

a function of time .

The saturated i nductances are obtained by multi p l y ing the unsaturate c

i nductance by the saturation factor . For instance , the saturated self-inductance

of armature wi nd i ng phase A is:

L = L  -i- F (L - L  ) (L+4’~aa ,sat al sat aa al

where L
l is leakage i nductance and is for practica l purposes not subject

to saturation.

For the experimental alternator , the constants from the A Research con-

puter desi gn program ROUND are tabulated in Tables 5 througn 7.
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Fi gu re 26. Sat u ration Factor for Computer Output Constant s
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TABLE 5

COM PUTER OUTPUT CONSTANT

Xd 
4.028 PU

Xq 
3.498 PU

Xal 
0.1837 PU

x~ 0.3676 PU
0.2103 PU

0.2286 PU
q

XDd 3.871 PU

XDq 3.359 PU
XD dI 0.0266 PU

x 0.0449 PUDql
x2 0.2195 PU

x0 0.0853 5 PU

X f 1  0.193 1 PU

L ff  = 0.01981 H

TABLE 6

ALTER NATOR MODEL CONSTANTS DER I\JED FROM COMPUTER OUTPUT

0.00667 9

M 0.00322 H

L 0.000467 9

L
f f  

0.01981 H
LDd 

0.01 018 H

L0q 
0.00883 H

M - 0 .01128 -I
M E

M ADD 0.00825 -I

M
ADQ 

0.00712 -I

H 0.0142 H
EDO

L 1 
0.000483 N

0.00094 8 H
LOd ! 0.000070 H

L0q i 0.0001 18 H
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TABLE 6 (Continued)

R 0.300 ohm

• R~ 0.2665 ohm (including sli p ring
brush drop)

RDd 12.0 ohm

RD 
10.0 ohm

TABLE 7

SATURATION FACTOR DATA (FOR. COMPUTER PROGRAM ROUND CONSTANTS)

Fsat = 0.700 if resultant MMF � 7 .53 1

F t = A + j~~ + i f M M F > 7.53 1 
I

whe re
A = 0.021+73334
B = 7.578884
C = - 18.77908

Using test results on the exper imental alternator combined wi th manuall y

calculated constants uSi ng Ki i gore ’ s desi gn formulas (Reference 3) , the

circuit constants for the mode l are those in Table 8 and 9. These constants

are used together with a different set of saturation curves , from actua l

test. As shown in Figure 27, a ficti ou s a i r  gap line is drawn tangential

to the lower part of the tested no—load saturation curve. The saturation

factor at a MMF of 1 fl is again given by

F
t 

AB (1 5)

Fi gure 28 shows the result of Equation(L+5).

Reference 3 : KILGORE , L. A., Ca l culation of Synch ronous Mac nine Constan ts——
Reactances and Time Constants Affecting Transient Characteristics ,
pp 1201— 1214 , A IEE Transact~ons, December 1931
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TABLE 8

ALTERNATOR MODEL CONSTANTS DERIVED FROM COMBINAT ION

OF TEST AND COMPUTATION

0.004650 H

M5 0.0021 99 H
L 0.000310 H
m
Lff 0.01 553 H

0.0071 52 H

LDq 
0.006293 H

MAF 0.008334 H

MADD 0.004716 H

MADQ 0.002678 H

M EOD 0.008327 H

L l 
0.000367 9

Lf1 0.000771+ H

0.000205 H

L 0.0002 78 HDq l
R 0.300 ohm

Rf 
0.2665 ohm

RDd 12 ohms

R 10 ohms
Dq

TA BLE 9

SATURATION FACTOR DATA FOR CONSTANTS FROM COMBIN ATION

OF TEST AND COM PUTATION

F = 1.00 i f  MMF ~ 7.0211sat

F 
~~

= A +  if Mill > 7.O21~

where
A = 0.01 21+43137

B = 12.430776

C = -38.595227

55-
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Fi gure 27. Actua l No—Load Saturation Curve
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I : :

Mt-IF IN EQUI J A L D N T  ~I E J  ~MPESE S

Fi gure 28. Saturat ion Factor for Tested Saturation Data

The products of machine constants and the saturation factors for test

constants and for the Ai Resea rch computer program ROUND constants do not

greatl y differ. The transient performance derived from the model is nearl y
the same whether the test constants or the AiRese arch design program ROUND

constants are used .

57
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SECTION V I I I

D I S C U S S I O N  OF MODEL S I M U L A T I O N

Two approaches were used to solve the set of di fferential equations

describing the si x—c i rcui t model : (1) the SCEPTRE program and (2) an

Ai Resea rch program.
Equat ion (2) can be written as:

dM _

(L1 + fM) .L + ~ I + tl~ I + RI + V = E (46)

whe re
df df d (MMF) 4 )
dt 

- 
d (MMF)~ dt ~

d (MMF ) = ~~~d 
d (MMF d) MMF~ d (MMFq) (1+8)

dt Mt-IF dt Mt-iF d t

and
d (MMFd) di f - 

di Od k f r di a
dt = 

dt  
kaf 

— T L ~~ C05 £t

di b 
di c

+ —~~~ cos (i~t — 120) ÷ ~~~~
— cos (~ t + 120)

- 

~ 2 [a 
sin ut + i b s i n  (~~t - 120)

+ i s in  (~ t + 120) ] (~~~
)

d (MMFg) = kaf ~~~ 
- ~~~~ [d a 

sin .ut + sin (~~t 
- 12 O ~

di k
+ s i n  (~ t ~- 120)] - f [~ a cos £t + b cos (~ t - 120)

i cos (wt-r-12O) (5 0)

Substi tuting equations (48) throug h (50) into equation ~L~7)

di di b di d i~~ c i d
= Ca ~~~ 

± C b ~T + C~ ~~ C C od ~~~ C~ q —
~~~~~ 

—

(51

58 
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Let 
d (MMF) = (52)

MMFd
MMF q (53)

then
,kef

Ca = ~ 2 ~ d COS (Ut - Pq s in ut) (51+)

kaf
Cb 

= f ’ 
~~~ 

{P~ cos (wt 
— 120) — Pg sin (wt — 120)] (55) h

kaf
Cc 

= f 
~~ 

cos (wt -1- 120) - Pq sin (wt ÷ 120)] (56)

Cf ~~~
‘ 

~d

COd 
= f P

d af (58)

CDq = f’ Pq
kaf (59)

kaf .
C = -f 

~~~~~~~ 
1 a 

s i n Wt ÷ ‘ b sin (wt - 120)

÷ s i n  (wt -r 120) 1 ÷ Pg [I a COSU.t + i
b
LOS (~-t 120)

+ i
c cos (wt + l2O)j

(60)

SCEPTRE PROGRA M APPROACH

df  d i a
Since — contains derivatives of state variables (i.e., — — , etc.) the
~ et ut

tern, -
~
-
~ M mus t be included in SCEPTRE as a fictitious vo l tage:

dt s 
—

(L fj ~~) .~J. + = (E - f .

~ 
I - Ms I - v) (61)

I teration and numerica l integration can then be carr i ed out like an

ordinary SCEPTRE problem .

AI RESE A RCH PROGRAM APP ROACH

Let

M 5I : Y
3 

(6~~

L~~
6 J

59 
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then

(63)

where

C
a
Y

1 0
b~1 c~~ 1 C f Y 1 Cod Y l CDq Y I

CaY2 
Cb

Y
Z 

C~Y2 
C~Y2 

CDd YZ 
CDqY2

= C~Y~ C bY 3 
0 c ’~

’3 
C f Y

3 CDd Y3 
C0qY3 (64)

CaY4 
CbY4 

C~Y4 
CfY4 CDd Y1+ 

CDqY1+

CaY5 
CbY5 

0~~5 
CfY5 

C~~Y5 
C0qY5

L Ca Y 6 C bY G C~ Y6 C f V 6 C Dd Y G C0q Y 6 J
and is given in Equation (60)

Equa t ion (1+6) then becomes

— f 
~~~~~ 

-
~
-
~ 

= E - V - 
~~ 

+ f - ~-~~ i- C~~~~) I

A modified Euler technique can now be used to in tegrate and s o lv e  t h i s

set of differential equa t ions . The matrix C is in genera l nonsymrnetrica l

and is added to the symmetrica l inductance matrix (L1 ÷ f~s). The resu ltant

matrix is therefore also nonsymmetric al. This is the basic reason the SCEPTRE

program cannot solve Equation (65).

Since no circuit change is allowed in SCEPTRE , the th yristor switches a~e

s imulated by resistors tha t change in va l ue depending on the direct ion of
current flow . This requires ext ra computer time to iterate into current

va l ues . It also results in leakage currents throug h resistors that do not

actuall y exis t. This current lea kage decreases the accuracy of the soluti o n .

The AiResearch p~ogram needs no iter ation . It actually s imul ates the

switching phenomena and also uses much less computer time than the SCEPTRE

program . - -
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SECTION I X

COMPARISON OF TEST AND SIMULAT I ON RESULTS

The present compute r program would need considerable modification in

order to simulate the line-to—line and three—line faults. Therefore , for

load cases 5 and 6, double—line—to—ground fault and three—line—to-ground fault

cases were simulated . The tes ts had been completed on the experimental alter-

nator before this limitation in model ing had been eva l uated ; there fore , ~
ii rect tes t comparison for the model results was made in load case 5.

Figures 29 throug h 35 are computer p lots of transient responses for

vari ous load cases us ing the AiResearch mode solution program ano the ROUND
computer-program—ca l culated generator constants . The figures are discu ssed

oelow .

Fi~ ure 29——Step increase of app lied field vo l tage. The correspondi ng

tes t result is shown in Figure 17. The envelopes of the transient

excurs ions in Figure 17 are shown dashed in Figu re 29.

In the following fi gures , dash lines show the envelopes of the

test transients as above.
Figure 30--Step decrease of applied field vo l tage .
Figure 3 1- -N or ~ ai  field exc itati on , suddenl y app l ied load. The

correspond in g tes t result is shown in Fi gure 19. In the tes t , Jue

to mi sf r ing of the sw itch , p hase C load did not connect until two

1; C I C S  after the Fhose -~~ 
‘cad i s  app lied. For t h is reason t~ e tes :

and compu ter result s do not exactl y match during a b r i e f  tr -~~- si e n t

per i oc . -

Ficure 32——S ing l e— l ine— t o— g r ound fau lt.

Fioure 33-—Double—line—to-ground fault. Tes t results are not shown

for comparison in this case , as noted above .

Figure 314-—Three -line—t o— groun d fault.

Fioure 35 -—One l ine  open.

As can be seen from the fi gures , the transient performance pre cicte c by

the mode l is in good agreement with the tes t  ~es~i lts .

- —— 

- 

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



EX F E R t I E N I AL  GE~ERRTOR (C~MPUTER CQwSTRNT~
) -—— LC t

“4

V

(DASHED LINES DENOTE TEST DATA ENVELOPE )

- -
~ ~ 

• \ 7 ~~~~’\• •
~ 

~N \~\j~\ j \j \j \j \j \~
’\ J

\\;cN\N\ 1\~\\j\NN\j\N j \j \ I\\I\ ;\ ;J\J\ IIIj \
J \I~

- - 

~~~~~~

- - 

~~~~~~
“ 

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

~~~~~~~~
- t 

- 

- - I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ XX • X-X~X~

-—
--5— —-5—— ___-_w ,rfl ~~~~~~~~~~~W~~ W - A W~~~~~- — ‘—

62

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _



EX~E~’!11ENTAL GENER~1CR (CONPU’ER CC’1S1RNT~) ——— _C 2 “4

-5,

.-.

- - V

I I 
I ’I~~ / / !I/~/ L/~/ 117 [71 ~~~~~~~~~~~~~~~~~~~~~~~~~~ /V 1 1 1 1 / 1

• 
- 0  

— 
•
, \,~\I’\ i\f\N\j \f ,J~j\N’\4-\N:IU j\ \J ~~~~~~~ 14\1’

~~~\ 4 - i\J ~N\ ~~~~~~~~~~~~~~~~~~~~~~ ~-i\~~~1~
’ 

-
~

I I 7 ‘
/ 7) 1 7 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
-
.

- 

~~~~~~~ ~~~ 
; , 1j 7  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~ - 
- 
I’ - 

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

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

• . CV? L1

63

- —- —~~~~~~~ -—rn~~~~~ - —- ~~~~ ~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~ - ——- —~~~ —



r~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
----- - - -5 -5

~~~~

—5--5

~~

-—- - - -

~~

— --.— — -5 -

~~~~

-

~ 

- • - ---———------ --

V

a
V

- U

~~~~~~~~~~~~~ E~~~73~ (3~~-~~ . E ~ ~~~~~~~ ‘S; —— — _

I,

I
‘a

- - 7 - ~~~— U

- - ‘ ‘ ‘‘ ‘ - - ?  ‘~ ‘~~—r-— — .— .———
- 

- 

I I ~ / ) / I I I j  — J ~I 
I / J~ , 1

’ / ~
~~~ 

~ ~l I ~ 
~ \ \ i \  ~~~~~~~ \ 1 \ i\ I I 

I 
I \ ~

— —

- 1 I —
• , 3 ~~ I 

-

~
, 

~
-1 h 

— 
— —- —

- 
I~ ~ I\ 

-1 i

/ / / J / \/ 7 ~~~~~~~~~~~~~~~ ~~~
~

‘ :\ ‘

~ \ ‘\ \ ~\ ~ ~ ~• 1 1 1 1 1 1 1 1 1 1  -1 i
~~ ! , ! 

~/~/ \ ‘ j i l l  1~ I

V J

_______________________________________________- __________
i~ ~~~~~~~~~~~~~~~~~~~~~~~~ 

,.- - .  ,-

3 3

.~ l~~ ~~~ SENSOR SCALE —

: ‘

~

‘

~ 1 ~
-

~ I~

I ‘f
-

~ 

‘\
- r _

~~~
&P

VW

I 

~~~~

I . .

64

- 



-n -•  -— - - •

a
aU
g

j

~~PE~ tMENTR L GENERqTOR ~C0MPIJTER C3NST~ NTS) -—— LC 4

/~~~~~ ,~~~

~~~~ ~~~~ \j~ ~ 
‘
~~~~~ 

~~ 
~~~~~~ \\I~ \ HJ ~\ ‘J \J 1 ~ \j~ 

‘

~~~~ ~
\
\~

~ ~
j
~i’1-

: ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
/ [ \; i~~~- e[I~

2 !

~IDFF SENSOR SC~LE1
- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
I ‘ - I  ‘

I

- 

~~
(1~L 

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

~ ~ flR 
/
1~

(

1~ \~ L
i1~~~~ I 1 

I 

1

-

- 

- 

r—~~~~~
’
~ -~~~~~~~~~~~~~ / ‘ 1 ~~~~~~~~ ’ 1 , ’ I , ‘ I~ I

— 
-

• I

65



-

~~~~~

2—

£XP€PIMENt~L GENERATOR (COMPUTER CONStANTS) .. L~AO CASE 0OU8L~ L N E  TO GROUND FAULT

V
—

U

Il~~~~~

/

~~~~~~~~~

j

~ A A A A j 1 A A /1 A A A “ I A A A~~~~~N ~ ~

~~

-

- 

Ifl~~~fl ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

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

• 

\ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- -5

r : : ‘ — — —
66

- 1 - • _  - -~~~~ ~~~~~~~~~~~~ -— -—~~~~~ - ———— — --~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - —-~~~ ~~~~~~~~~~~~~~~~~~~~~ 
-_- _ - -~~~-

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



r

~~~~~~~~~~~~~ 3ENERRIOR. (COMPUTER. CONS1’RNTS) -—— LC F 
-

V

I
‘a
-3
I

-- U

5

- -

• 
~~~ 

~~~ I~~ \j \~ \ ]\ ~~~ 

- .
~

- • ,
C~~.u

—- - - -

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
,,,

- - - 

~~ ~~~ I\

J
\ )X ~C J  • 1 ~~ L~~~ ~~

‘

- - ~~~~~~~~AW~~~S - 7~~ 
- - 

-
• I~~

’ \ i

“-I

- 

. - 

- 

~~~~

- -

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

I 
~~~~~~~~~ 

I

\;‘-

_‘ _
~1i 

-\ 

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

- - - 



U

S
3.

U

a
I

E~<P~R!MENTAL GENEqATOR (COMPUTER CCNSTR~TS — —— - C  -‘

Ua
I
‘a
-S
IS

~~ :i :1 , 3

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

I I ’ 

,
‘ 

_ _ _ _ _ _ _

~~~ 
~~ ~ ~I 

~\ 
\ ~ I 

‘

~\ \j \(~ 
\
\\ ~~ j J 

I
I I 

I I~

2.1 

1 ,~ ~ ( Ij \j ‘
~ - 

-
~

~ , ~‘

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ f~I ~I

•~T 
~~~~ J

~
S•) 

h Ill 

- 

‘
I~~

I 

\
kI ~~~~ 

I 
~~~ 

I / -~I \I~ J
/ 

I -I
~ 

T , 
-;

1 7 I] ‘I l -i l I - I l  .1

~ -. !~ !-.

,- W~4~~~ip~~-~ 

~~~~~~~ 
~I

’ 

I 

I 

I~

ç 

I

r ‘~

~OFF S ENSOR 3CA L~~I
_ _ _ _ _  

- - I

~~~~~~~~~~~~ ~~ 
I~n~ ~ I~ r I

f 

1

:1 I - ~ ~ ~I - ~ * i ~I ~ 4~ 4I  4I ~ -~ -, ~ 31 I I

- 

- - ~~~~~~~~ \ / / ~~~~(~//~lf i - 1

~/ y ~I ~ 
~/ ~

/ ~/ / ‘ 
~I ~i J~/ ~ 

~I 
~~~~~~~~~ : - 

-

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

—- — ~~ —~~~~ --— -~~~~~ --——~~~~~~ - - -5--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — c - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~ ‘
- - - -~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ 

~~~~~~~~~~

AFWL—TR—75—66, Add. 2

Figure 36 shows single—line—to—ground fault case using the AiResearch

model program and the combination test and manually computed alternat or con-

stants. As this comparison shows , these results are very close to those

shown in Fi gure 32 (using the AiResearch model program and the AiResearch

computer ROUND output constants).

The SCEPTRE program , although requiring more computer t ime , does y ield

the same output as tha t of the AiResearch model program. Fi gures 37 through

44 show the transient responses of 
~~~~ 

Mt-iF , 
~~ ~c ’ 

V cal V cci ‘ ‘Dd and

1 0q ’ respect i ve l y, for a single—line—to—ground fault using the AiResearch

computer ROUND output cons tants . These results also agree closel y w i th those

shown in Figure 32.
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SECT I ON X

CONCLUS I ONS

Results of the alternator test and computer model ing work performed were

positive. The following comments and conclusions are pertinent.

The test alternator and load i ng/contro l circu its performed as intended

with no serious or unforeseen problems in construct i on or use. Althoug h

precise resonant operation was not realized , the alternator was operated at

400 Hz with two circuit resonant frequencies so tha t ha l f—cycle current

conduction angles of approximately 125 and 160 electrica l degrees were

ach i eved. (Note: emphas is in the program was on the tes t and modeling cor-

relat ion activities in order to verif y alternator des i gn methods and approach.

Achieving precise ac resonant operation was a secondary object.ve.)

Based on the test and modeling results , the AiRe search alternator des i gn

program ROUND does develop mach i ne saturation data and constants tha t can be

utilized to confidentl y predict alternator transient behav i or.

Transient s imul ation results were checked using two sets of alternator

saturati on and reactance constant data : one directl y taken from the A~Research

ROUND alternator design p rogram , and one based on actua l tes t of the alternator

supported by manua l ca l culation. These two input data sets generall y were in

clos e quantitative agreement and y ielded s i milar results . It should nonethe-

less be noted that the accurate quantitat ive prediction or the determi nation

by tes t of alt,~rnator damper circuit constants (particularly for nondiscrete

elements like a solid rotor core) are presentl y dependent on large l y empirica l

treatment. This is an area of possible interes t for further ana l ytica l i nves —

t igat ion.

The alternator/l oad model transient behavior cases were solved using two

distinct mathemat ical/computer approaches : the SCEPTRE program and an

AiRe seerch program . Result s for a given input data set were in very close

quan tative agreement.

• While SCEPTRE is capable of solving the alternator/ load model cases and

can do so with good accuracy , the computing time is s t i l l  excessive. Acc uraC i

of SCEPTRE results is essentially tied to the convergence and inte g ration

step size criteria selected. These , in turn , directly affect computer run
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time and cost. Even when rather i nexact solut ion is allowed , the SCEPTRE

program requires long run time . Furthermore , the switching phenomena canno t

be exactly treated . Finally, the output plot data , while it can be interp reted ,

is not conventiently graphic or complete. These are not serious defects , but

shou l d be noted .
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