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1980 SUMMER MEETING PAPERS

FOR PUBLICATION

.ALLAM & MCKEAN
.HIROSE, HARA, YOKOYAMA, MATSUI, FURUSAUA,

MOHTAI, MIZUYA

NUMERICAL LIST OF PAPERS
.AHMED, ABO-SHADY, ALI 20 SM 556-1.
.BEN-YAACOV 80 SM 557-9.
BONANOMI & BERTSCHI
.BROEHL 80 SM 558-7..
.BRONIAREK & TAYLOR 80 SM 559-5.
.CHANACHOWICZ & SHUBERT 80 SM 560-3..
.CLEMENTS, KRUMPHOLZ, DAVIS 80 SM 561-1.
.CRESAP & HAUER 80 SM 562-9.
.DANDENO, KUNDUR, PORAY, COULTES 80 SM 563-7..
.GALLYAS & ENDRENYI 80 SM 564-5.
80 SM 565-2..

.GRUBB, HUDIS, TRAUT 80 SM 566-0.
.HAMMONS 80 SM 567-8.
IEEE COMMITTEE REPORT, W.A. JOHNSON, CHRM. 80 SM 568-6.
.LUGTU, HACKETT, LIU, MIGHT 80 SM 569-4.
.MACARTHUR & ANDERSON 80 SM 570-2..
.MCINTYRE, CYRULEWSKI, GOODRICH 80 SM 571-0.
-MORIYASU & ENDO 80 SM 572-8..
.MULLIGAN, BECKER, WICKS, KO 80 SM 573-6.
.MUSIL, PREININGER, SCHOPPER, WENGER 80 SM 574-4.
IEEE COMMITTEE REPORT, R.G. BLACK, CHRM. 80 SM 575-1..
NANDA & BIJWE 80 SM 576-9.
.NONDAHL 80 SM 577-7.
NONDAHL 80 SM 578-5.
RAMAMURTHI, RAMACHANDRAM, KODANDARAMASWAMY 80 SM 579-3.
.REICHNER 80 SM 580-1.
.SALON & SCHNEIDER 80 SM 581-9.
.SIMOES-COSTA & QUINTANA 80 SM 582-7.
.STREMEL 80 SM 583-5.
.TALUKDAR, KALYAN,.MCNITT 80 SM 584-3.
.UEDA & TAKATA 80 SM 585-0.
.VAN HORNE, GARVER, MISCALLY 80 SM 587-6..
.WASYNCZUK 80 SM 588-4..
.WINKELMAN, CHOW, BOWLER, AVRAMOVIC, 80 SM 589-2..

KOKGTOVIC 80 SM 590-0.
.WOLLENBERG & MASIELLO 80 SM 591-8.
.YAU, WALKER, GRAHAM, RAITHEL, GUPTA 80 SM 592-6.
.BOGGS & KIRKBY 80 SM 593-4.
DE MELLO & HANNETT 80 SM 594-2.
IRISARRI & SASSON 80 SM 595-9.
.GURU 80 SM 596-7.
KOMARAGIRI & MUKHEDKAR 80 SM 598-3.
.NAMBA, HOSODA, DOI, UDO 80 SM 600-7.
.00I, MENEMENLIS, NAKRA 80 SM 601-5.
.RYFF & BULAT 80 SM 603-1.
.ST. JEAN, CASTONGUAY, LANDRY, PUGH,ST.ONGE 80 SM 604-9..
LEE, PATTON, MCCOURT, ENGELHARDT 80 SM 605-6.
KUFFEL & POLTZ
. KAWASAKI, INAMI, ISHIKAWA 80 SM 606-4.
.SMITH 80 SM 607-2.
.SHINODA, HIKINO, MARUMO 80 SM 608-0.
.BAHDER, KATZ, EAGER, LEBER, CHALMERS.l 80 SM 609-8.

JONES, MANGRUM 80 SM 610-6.
-RYNKOWSKI 80 SM 611-4.
.BABOIAN, HAYNES, MCBRIDE ‘ 80 SM 612-2.
.SAKAMOTO, HOSOKAWA, KOJIMA, TAKAOKA 80 SM 613-0.
.KUKI, NODA, LEDEZMA, MARQUEZ 80 SM 614-8.
.SAKURAT, IWATA, SHIMIZU, FUJISAKI,FURUSAWA 80 SM 615-5.

LARSEN & SWANN

.LARSEN & SWANN

LARSEN & SWANN

.WATTERS
.MILLS

KAYTON

.FUNG, SCHEFFLER, STOLPE

PFEIFFER & KROBOTH

.BRAUNSTEIN & ZINGER
.ZINGER & BRAUNSTEIN
.ZINGER & BRAUNSTEIN
.OWEN, VINCENT, BLAIR

ERICKSON

.SMOLINSKI

YAN & WILLSON

.LEE, THORNE, HILL
.PANG, SHEBLE, ALBUYEH

DANDENO & PORAY

.DANDENO, KUNDUR, PORAY, ZEIN EL-DIN
-HURLEY & SCHWENK

.COULTES & WATSON

.SUZUKI, TAKEDA, OBATA

.HAUER & CRESAP

.STREMEL & JENKINS

.LEE & YAMAYEE

.LEE & KHAN

.GELLINGS & TAYLOR

.CHAN, ACKERMAN, MARSH, STOUGHTON, YOON

PANTALONE & PIEGZA
SACHDEVA
CHAMORRO, ANDERSON, RICHARDS s

.MUKAT, SINGH, SPARE, ZABORSZKY
NG

.MIKOLINNAS & WOLLENBERG
.STREMEL

. STREMEL

.HAMOUD & BILLINTON
.ANDERS & GUNN

.MORRIS & SCHWEPPE
.WASYNCZUK

.THORSON & MISSELT

.ROTH & ATHNOS

ISAKSEN, MA, SIMONS

.GULACHENSKI, COLLINS, LEVITSKY, THOMAE,

LAASPERE, BLUE, MILLER

-ALBUYEH & SKILES

.DE MELLO & HANNETT

.ROMANO, QUINTANA, LOPEZ, VALADEZ
.SOMUAH & SCHWEPPE

.DILLON

.SOMUAH & SCHWEPPE

.YU & EL-SHARKAWI

.NAGENDRA RAO, PRAKASA RAO, NANDA
.SAUER

.BEN-YAACOV
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1980 SUMMER MEETING PAPERS FOR PUBLICATION

NUMERICAL LIST OF PAPERS

(CONTINUED)
.CHOWDHURI & MAHAFFY
.CHOWDHURI & MAHAFFY 80 SM 673-4
EMANUEL, GULACHENSKI, LEVITSKY 80 SM 674-2
.MALEWSKI, NGUYEN, FESER, HYLTEN-CAVALLIUS 80 SM 675-9
' 80 SM 676-7

SALAMA 80 SM 677-5
.ASHKIN 80 SM 678-3
. KAPOOR 80 SM 679-1
.FUJII 80 SM 680-9
.SCHWARZ & KLAASSENS 80 SM 681-7
.CAMPBELL, ROSENBERG, STANTON 80 SM 682-5
.ARNOLD, DUKE, ARRILLAGA 80 SM 683-3
.CARR 80 SM 684-1
.CHARTIER, SARKINEN, STEARNS, BURNS 80 SM 685-8
.DOUGLASS 80 SM 686-6
DOUGLASS 80 SM 687-4
.GOODWIN, DAVENPORT, DAVIDSON, DIGIOIA, 80 SM 688-2

POWER 80 SM 689-0
.GRANT, PAULSON, PRESSER 80 SM 690-8
.HAGG 80 SM 691-6
.HASIBAR, LEGATE, BRUNKE, PETERSON 80 SM 692-4
IWAMOTO 80 SM 693-2
.MOLINO, ZERDY, LERNER, HARWOOD 80 SM 694-0
.SHPERLING, FAKHERI, SHIH, WARE 80 SM 695-7
SUZUKI, MIYAKE, KISHIZIMA 80 SM 696-5
.CRISTINA & D'AMORE 80 SM 697-3
IEEE COMMITTEE REPORT, D.R. VOLZKA 80 SM 698-1
KAPPENMAN, ALBERTSON, MOHAN 80 SM 699-9
.BERKEBILE, SUN, NILSSON - 80 SM 700-5
.TAKAGI, YAMAKOSHI, UEMURA, BABA,SAKAGUCHI 80 Sk 701-3
PHADKE, HLIBKA, ADAMIAK, IBRAHIM, THORP 80 SM 702-1
.VLAH & HARVEY
.COREN 80 SM 703-9
.SVERAK, DICK, DODDS, HEPPE 80 SM 704-7
.KERCEL 80 SM 705-4
.TAKASHIMA, NAKAE, ISHIBASHI 80 SM 706-2
LU & SHIER 80 SM 707-0
.FAHIM, WEYGANDT, FEGLEY 80 SM 708-8
. TRACA-DE-ALMEIDA 80 SM 710-4
.MATSUMURA & NITTA 80 SM 711-2
.MELIOPOULOS, WEBB, JOY 80 SM 712-0
.MATHUR & BASATI 80 SM 713-8
.BROSCHAT & CLAYTON 80 SM 714-6
.ROGERS 80 SM 715-3
.MCCALL - 80 SM 716-1
.CARR 80 SM 717-9
.MCGRANAGHAN, DUGAN, SPONSLER 80 SM 718-7
.LEE & GRAINGER 80 SM 719-5
.PILEGGI, CHANDRA, EMANUEL 80 SM 720-3
.SVENSSON & MORTENSEN
.MORTENSEN, LARSEN, PIWKO 80 SM 721-1
.CARROLL & ONG 80 SM 722-9
.BOWLES 80 SM 723-7

.SAKURAT, MUROTANI, OONISHI

-.MAZUR, CARRYER, RANADE, WEB

.HEFFERNAN, ARRILLAGA, TURNER, ARNOLD
.PADIYAR, PAI, RADHAKRISHNA

.JAFFA

.RETLLY & CWIKLEWSKI

.LAFOREST & CAOLA

.POPECK & KNAPP

.LEE & JENSEN

.PHAN, ADACHI, ALLAIRE

.SAKABE, MORI, SATO, MIYAKE, TANAKA

.KUDYAN & SHIH

.COMBER

.NELSON

.HINGORANI

.HEDIN, STUMP, HINGORANI

.CRESAP, TAYLOR, KREIPE

.PATTON, SINGH, SAHINOGLU

.IWAMOTO & TAMURA

.ST. JEAN, LATOUR, ROY, OSTIGUY

.CSENDES & HAMANN '

.HAMANN, MISKE, JOHNSON, COURTS

.MIZUNO, HAYASHI, MITANI

.GAIBROIS

-YOKOKURA, MASUDA, NISHIKAWA, OKAWA, OHASHI
. INNAMI, YANAGISAWA, FUJII, KAMAZASHI
.TOYA, UENO, MURAI

-YANABU, KANEKO, OKUMURA, AIYOSHI
.IEEE COMMITTEE REPORT, R.P. EHAS,
.TOMINAGA, KUWAHARA, TANABE, YOSHINAGA,

CHRM.
SAKUMA

.NITTA & KUWAHARA

. TERANISHI, IKEDA, HONDA, YANARI

.IKEDA, TERANISHI, HONDA, YANARI

.STUDNIARZ

.YAMAGUCHI, KUMASAKA, INUI, ONO

.LAHOTI & FLOWERS

.ASPNES, MERRITT, AKASOFU

-RICKLEY, CLARK, POVEY

.SUNAGA, AMANO, SUGIMOTO

.DALLAIRE & MARUVADA

.DALLAIRE & MARUVADA

. SAVULESCU

.MAHALANABIS & SINGH

.IEEE COMMITTEE REPORT, F.L. BRENNAN, CHRM.
.IEEE COMMITTEE REPORT, F.L. BRENNAN, CHRM.
.IEEE COMMITTEE REPORT, F.L. BRENNAN, CHRM.
.YAMADA, NOMURA, KATAYAMA, ISHII, IMAMURA,

TSUCHIYAMA

.LANDGREN & ANDERSON
-WEISS & STEPHENS
-HOLT



1980 SUMMER MEETING PAPERS FOR PUBLICATION
ALPHABETICAL LIST OF PAPERS

HEFFERNAN, ARRILLAGA, TURNER, ARNOLD........ 80 SM 675-9
AHMED, ABO-SHADY, ALI........cooviririinenns 80 SM 500-9  HINGORANI. ... veveeneeeere et 30 SM 687-4
ALBUYEH & SKILES: s sus s nows s s 5 s o 5 305 o s w0 5 0 s 80 SM 606-4 HIROSE, HARA, YOKOYAMA, MATSUI, FURUSAWA,
ALLAM & MCKEAN. . oottt ii it it it ieeannenn 80 SM 55@-] MOHTAT, MIZUYA. . oo oo e 80 SM 557-9
ANDERS & GUNN. .. ovveniiieeeeananannns B0 SM 596-7 HOLT. ..t 80 SM 723-7
ARNOLD, DUKE, ARRILLAGA.....civiirrinunnnnn. 80 SM 631-2 HURLEY & SCHWENK. - o oo oo e 80 SM 577-7
ASHKIN. oottt e it ie it e eeinn e 80 SM 626-2 TKEDA, TERANISHI, HONDA, YANARI............. 80 SM 705-4
ASPNES, MERRITT, AKASOFU........coiuiinnn.. 80 SM 710-4 INNAMI, YANAGISAWA, FUJIT, KANAZASHI........ 80 SM 698-1
BABOIAN, HAYNES, MCBRIDE.................... 80 SM 552-0  TRISARRI & SASSON. .. v vmvnseeeaeeeaenannnn 80 SM 538-9
BAHDER, KATZ, EAGER, LEBER, CHALMERS, ISAKSEN, MA, SIMONS. . ....uuuieeeenennnennn. 80 SM 604-9
JONES; MANGRUM..:w:eussnsasensamensnnssnss 80 SM 5504 FlAMOTO. .o eteee e eee e e e e 80 SM 640-3
BEN-YAACOV . ..ttt it eenseensasansnnsannnns 80 SM 501-7 IWAMOTO & TAMURA . - o oo e e 80 SM 691-6
BEN-YAACOV . .t ittt it i e ieeaeeanacnnannans 80 SM 615-5 IEEE COMMITTEE REPORT, R.G. BLACK, , CHRM..80 SM 520-7
BERKEBILE, SUN, NILSSON............c.couvnnn. 80 SM 647-8 IEEE COMMITTEE REPORT, F.L. BRENNAN, 'CHRM..8C SM 717-9
BOGGS & KIRKBY ... 'iviiiiiinnannnneennnnnnnn 80 SM 536-3 IEEE COMMITTEE REPORT, F.L. BRENNAN, CHRM..80 SM 718-7
BONANOMI & BERTSCHI ..o viiiiiiiieeennneenann 80 SM 502-5 IEEE COMMITTEE REPORT, F.L. BRENNAN, CHRM..80 SM 719-5
BOWLES . .ttt e s itiiteeeeeteenaasaasnoananns 80 SM 671-8 IEEE COMMITTEE REPORT, R.P. EHAS, CHRM. .80 SM 701-3
BRAUNSTEIN & ZINGER. ... iiiiiiiiianinennnn 80 SM 566-0 IEEE COMMITTEE REPORT, W.A. JOHNSON, CHRM..80 SM 513-2
BROEHL . v.v v e o o0 o = il 5 518 5 508 306 & 3181 8 08 w1 & o6 8 57 a9 80 SM 503-3 IEEE COMMITTEE REPORT, D.R. VOLZKA.......... 80 SM 645-?2
BRONIAREK & TAYLOR......uveunerninninnnonn. 80 SM S04-1  JAFFA . e 80 SM 677-5
BROSCHAT & CLAYTON. .. evneeneennernennnennss 80 SM 661-9  yapooR. |l n 80 SM 627-0
CAMPBELL, ROSENBERG, STANTON................ 80 SM 630-4  AppENMAN, ALBERTSON, MOHAN................. 80 SM 646-0
CARRLG 5 e s sis 5 05 6 8 0 515 85 5 56 s 55 8 5 558 & wi o 070w« 80 SM 632-0 KAWASAKI, INAMI, TSHIKAWA.......©''ouonronnn.. 80 SM 547-0
CARR . . ittt ittt ettt ieneanaeioaansansnennn 80 SM 664-3 KAYTON « o oo e e e e e e, 80 SM 563-7
CARROLL & ONG. ... eeveeeercnnenccnnnnnsonens 80 SM 670-0  KERCEL ...\ 'euseee s 80 SM 653-6
CHAMORRO, ANDERSON, RICHARDS................ 80 SM 589-2  OMARAGIRI & MUKHEDKAR. ... nvvesensennnnn.. 80 SM 540-5
CHAN, ACKERMAN, MARSH, STOUGHTON, YOON...... 80 SM 585-0  KUDYAN & SHIH. . .u'evvrneesmnesesanennnnns 80 SM 684-1
CHANACHOWICZ, SHUBERT. .. .evvevrvnernaennnns 80 SM 505-8  \UEEEL & POLTI. ... ...l 80 SM 546.2
CHARTIER, SARKINEN, STEARNS, BURNS.......... 80 SM 633-8 sy
KUKI, NODA, LEDEZMA, MARQUEZ.........cueun.. 80 SM 554-6
CHOWDHURT & MAHAFFY .« v veeeeeeeeeeeennens 80 SM 617-1 e e e’ CAOLA 80 SM 679-1
CHOWDHURT & MAHAFFY . ..o e e eneeiennenannnnn BOUSM G180 e e TSR R s 80 SM 708-8
CLEMENTS, KRUMPHOLZ, DAVIS.....evevuennennn. 80 SM 506-6 kANDGREN B ARDppa ™ * 4 A e e s s 80 M 721-1
e s o 1tV S Y g e s 89 M ooyg LARSEN & SWANN................. 0001 11lll 80 SM 558-7
"""""""""""""""""""""" Tc LARSEN & SWANN. .. ...eeuvueueueeuaruauaen....80 SM 559-5
COULTES & WATSON .+« vveeeeeeneenaennannns 80 sM 578-5  LAHOEL & SWALN 80 M 560-3
CRESAP & HAUER. v v e eee e e eeeeenennns 80 SM 507_4 LEE. PATTON . MCCOURT. ENGELHARDT ... 1 1 80 M 545.4
CRESAP, TAYLOR, KREIPE.......uevueuneennenn. 80 S 689-0  one PUTIGRS 26 < BB1.7
CRISTINA & D'AMORE .« v v eveeeeeneenneennnnns 80 SM BA4-5  Lm T 80 SM 666-8
CSENDES & HAMANN . « « v e ve e eeeeeenennennannns 80 sM 693-2 o B BRANGER- oo 36 SH Laooe
DALLAIRE & MARUVADA . ... vueereevnennnennnnns A0 S 7138 SRR X e s e e ne b rues a5 o 585:7
DALLAIRE & MARUVADA. . . e oeeeeenennennnnn. 80 M 7146 b B FERRIEE oo 80 M 2736
DANDENO, KUNDUR, PORAY, COULTES............. 80 sM 508-2  LEE. THORRES HILL...ooornnnnnn oo on e
DANDENO, KUNDUR, PORAY, ZEIN EL-DIN......... 80 gn g;ﬁ-? LUGTU. HACKETT. LIU. MiGHT . . iioow 80 SM 514-0
DA, PO g O a1 MACARTHUR & ANBERSOR......... 0101111110100 80 SM 515-7
BE TELLD & TANETT o wense e v e 80 SM 607-2  MAHALANABIS & SINGH. . ....eouureenneeesnennn 80 SM 716-1
1.0 O e 80 SM 610-6  MALEWSKI, NGUYEN, FESER, HYLTEN-CAVALLIUS...80 SM 620-5
DODELASS s b v e smase e M 6386 MATHUR & BASATI..w:esuesomsncsnsnsssssnssaoe 80 SM 660-1
DI RR e oo s S o x e X301 1384 751 g w225 80 SM 635.3  MATSUMURA & NITTA.....e'eueenuneennnnennnne. 80 SM 658-5
"EMANUEL, GULACHENSKI, LEVITSKY.............. 80 U 619-7 WIZARs LARRYER; RANADE, MEB. oo 30 o &la-z
Eﬁﬁ?ﬁs°3é+¢A&bi"éééié&"""""Ziiiiiiiiiigg 33 252_9 MCGRANAGHAN, DUGAN, SPONSLER. . .............. 80 SM 665-0
iy ’ e 80 SM 628-8  MCINTYRE, CYRULEWSKI, GOODRICH.............. 80 SM 516-5
------------ STOLE 80 SM 564-5 MELIOPOULOS, WEBB, JOY......................80 SM 659-3
FUNG, SCHEFFLER; STOLPE...cu:vsseremrevensrs MIKOLINNAS & WOLLENBERG 80 SM 592-6
GAIBROIS .+ v e v e ee e eee e eeeeeeeeens go gn ggg-g ig s 8 HULLENBERG, o cons s s amswnri e 30 S et
O OR, — = n e ama s niumans o9 oM 2aa-3  MIZUNO, RAYASHI, MITANI............1111 1000 80 SM 695-7
NS O HATEUR e e MOLINO, ZERDY, LERNER, HARWOOD............ ...80 SM 641-1
GOODWIN, DAVENPORT, DAVIDSON, DIGIOIA,POWER.80 SM 636-1 mggé¥ésg écﬁﬁggéé ........................... gg gm g;gzg
e E o Sk X6k 8 £ £ £ o S S 3172 MORTENSEN, LARSEN, PIWKO.. ... . veeemrniiis 80 SM 669-2
, s BAUR I sazsiatng g ¢ o s mn s = o s e MUKAI, SINGH, SPARE, ZABORSZKY.............. 80 SM 590-0
CURDASPERE, BLUE, MILLER..... oo N 8307 MUSIL, PREININGER, SCHOPPER, WENGER......... 80 SM 519-9
R AR ST A P ST A 80 SM 638-7  NAGENDRA RAOD, PRAKASA RAO, NANDA............ 80 SM 613-0
HAMANN, ‘MISKE, JOHNSON, COURTS.............. 80 SM 694-0 ~NANBA, HOSODA, DOI, UDO.....oevworvevceens N o
BOUNORE.. o g 30 0 5 3 7 3 e g o e i 80 SM 512-0 BANDA & BIIMEw:susnianrsnisnrasmmsniomsmnins B8 S 686
HAMOUD & BILLINTON. . ....uverrreanneennens 80 SH ggg-g B FS N e v e e e a0 ‘SN 5918
HASIBAR, LEGATE, BRUNKE, PETERSON .......... 0 S O L I I R B -
HAUER & CRESAP. .. .vveuenrnnnnanennananensnn 80 SM 580-1  NITTA & KUWAHARA.............ocovinnnnn. el
HEDIN, STUMP, HINGORANI................ccoen. B0 SM 688-2  NONDBHL.....eeqmssnermemarmemnsmemnemusnnne N

NONDAHL . vt i e 80 SM 523-1



1980 SUMMER MEETING PAPERS FOR PUBLICATION
ALPHABETICAL LIST OF PAPERS

(CONTINUED)

001, MENEMENLIS, NAKRA. .. 'urreeinneennnnn, 80 SM 542-1  SOMUAH & SCHWEPPE.......ccvviiiiinnnnnnnnnn. 80
OWEN, VINCENT, BLAIR....ovvrieiieennnnnnn. 80 SM 569-4  SOMUAH & SCHWEPPE.........ccoiiieiiinnnnnn.. 80
PADIYAR, PAI, RADHAKRISHNA........ovvivee... 80 SM 676-7  STREMEL...............iiiiiiiiiiiiiinannn, 80
PANG, SHEBLE, ALBUYEH. . .@'uueuiereenenennnn. 80 SM: 57848  STREMEL s ssors sie s ms smremm s 5 5 508 5605 0006 50 6 il 5 0k 9 80
PANTALONE & PIEGZA. . v eer et eieenneennnn. 80 SM 587-6  STREMEL............ ... ... ... ... .. .......... 80
PATTON, SINGH, SAHINOGLU........eeeveenenn... 80 SM 690-8  STREMEL & JENKINS..................cooui.... 80
PFEIFFER & KROBOTH . o ve e e eeeeeeee e 80 SM 565-2  STUDNIARZ...wvassowcwvsasmmensswsasswasssins 80
PHADKE, HLIBKA, ADAMIAK, IBRAHIM, THORP..... 80 SM 649-4  SUNAGA, AMANO, SUGIMOTO..................... 80
PHAN, ADACHI, ALLAIRE......uuroniennnnannn. 80 SM 682-5  SUZUKI, TAKEDA, OBATA....ueurrrrrrreennnnnn. 80
PILEGGI, CHANDRA, EMANUEL........vvvvurnnnn. 80 SM 667-6  SUZUKI, MIYAKE, KISHIZIMA................... 80
POPECK & KNAPP . o et ettt e e e ee e eeeee 80 SM 680-9  SVENSSON & MORTENSEN........................ 80
RAMAMURTHI, RAMACHANDRAM, KODANDARAMASWAMY..80 SM 524-9  SVERAK, DICK, DODDS, HEPPE.................. 80

TAKAGI, YAMAKOSHI UEMURA BABA, SAKAGUCHI .80
o1 01 80 SM 525-6 TAKASHIMA, NAKAE, TSHIBASHI................. 80
REILLY & CWIKLEWSKI...o'v'viiriiiinneennnn. 80 SM 678-3  TALUKDAR, KALYAN, MCNITT.........ccccvven.... 80
RICKLEY, CLARK, POVEY...'uuurereneenenunnnn. 80 SM 711-2  TERANISHI, IKEDA, HONDA, YANARI............. 80
ROGERS .« v ettt e e et e e e e et 80 SM 662-7  THORSON & MISSELT........ccvuueennnennnnnn... 80
ROMANO, QUINTANA, LOPEZ, VALADEZ............ 80 SM 608-0  TOMINAGA, KUWAHARA, TANABE, YOSHINAGA SAKUMA. 80
ROTH & ATHNOS . « vt ettt eee e eeeeeeennnns 80 SM 603-1  TOYA, UENO, MURAL.......ccivnueionenconisossss 80
RYFF & BULAT.......oovunn.. e 80 SM 543-9 TRACA-DE-ALMEIDA. .. ... ... 0l 1l 80
RYNKOWSK .« v e v vttt ettt e e e e e 80 SM 551-2  UEDA & TAKATA. ..ot iiee e, 80
SACHDEVA. « vttt ettt e ettt 80 SM 588-4 VAN HORNE, GARVER, MISCALLY................. 80
ST. JEAN, CASTONGUAY, LANDRY,PUGH,ST.ONGE...80 SM 544-7  VLAH & HARVEY . .. \uuemet et eeeeaaanns 80
ST. JEAN, LATOUR, ROY, OSTIGUY.............. 80 SM 692-4  WASYNCZUK.......ooininiimiii .. 80
SAKABE, MORI, SATO, MIYAKE, TANAKA.......... 80 SM 683-3  WASYNCZUK. .o oo oneeeee e 80
SAKAMOTO, HOSOKAWA, KOJIMA, TAKAOKA......... 80 SM 553-8  WATTERS ... eet et e e e 80
SAKURAI, IWATA, SHIMIZU, FUJISAKI,FURUSAWA..80 SM 555-3  WEISS & STEPHENS........uvuininuenennnnnnn... 80
SAKURAI, MUROTANI, OONISHI.......oovvuennnnn. 80 SM 673-4  WINKELMAN, CHOW, BOWLER,AVRAMOVIC,KOKOTOVIC.80
SALAMA .« et et e 80 SM 625-4  WOLLENBERG & MASIELLO........vvvumunnennnnn. 80
SALON & SCHNEIDER. .. veeeeeee e iaeeenns 80 SM 526-4  YAMADA,NOMURA,KATAYAMA,ISHII,IMAMURA,
SAUER .« ettt e 80 SM 614-8 TSUCHIYAMA . . e 80
SAVULESCU .« vttt e e et e et e e et 80 SM 715-3  YAMAGUCHI, KUMASAKA, INUI, ONO.............. 80
SCHWARZ & KLAASSENS . .. vvieeeiieeeanennn 80 SM 629-6  YAN & WILLSON. ......0oviinniniiiienann... 80
SHINODA, HIKINO, MARUMO........covuuueenn... 80 SM 549-6  YANABU, KANEKO, OKUMURA, AIYOSHI............ 80
SHPERLING, FAKHERI, SHIH, WARE.............. 80 SM 642-9  YAU, WALKER, GRAHAM,RAITHEL, GUPTA.......... 80
SIMOES-COSTA & QUINTANA. .o eveiieeeeeanan. 80 SM 527-2  YOKOKURA, MASUDA, NISHIKAWA,OKAWA,OHASHI....80
SMTTH § v & e  coxt o o . s 3 o s 8,65 8 B & 5 351 6 5 i & ot 8 80 SM 548-8 YU & EL-SHARKAWI.........ooouiiinnnnninnn... 80
SMOLINSKI « v v v e et e e e et et e e e e 80 SM 571-0  ZINGER & BRAUNSTEIN........covirvenennnnnn.. 80

ZINGER & BRAUNSTEIN. ... 80

SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM

SM
SM
SM
SM
SM
SM
SM
SM
SM

609-8
611-4
528-0
593-4
594-2
581-9
706-2
712-0
579-3
643-7
668-4
652-8
648-6
654-4
529-8
704-7
601-5
702-1
699-9
657-7
530-6
531-4
650-2
532-2
600-7
561-1
722-9
533-0
534-8

720-3
707-0
572-8
700-5
535-5
697-3
612-2
567-8
568-6



80 SM 500-9

SYNCHRONIZ ATION OF RELUCTANCE MOTORS
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Abstract- In most of control and industrial
applications, a high degree of rotational sta-
bility and uniformity of speed is required.
These requirements can be achieved by using
reluctance motors. The synchronization  pro-
cess of such motors is of prime importance for
these applications. Therefore, a simple and
accurate criterion is developed to define this
process. The validity of the criterion deve-
loped is confirmed through experimental re—
sults. The effect of supply voltage varia—
tions, the supply frequency and the ratio

‘on the synchronization process is investigat-
ed.

INTRODUCTION

Reluctance motors have been very  suc-
cessfully used in a wide variety of applica-
tions which require constant speed operation
and high degree of rotational stability.l

The motor must pass through an electro-
mechanical transient process,(i.e. synchroni-
zation or pulling-into-step process),in order
to attain its synchronous speed. The precise
determination of the transient behaviour re-
quires a complete solution of the electrical

and mechanical non-linear differential equa-
tions describing the motor.
In this regard, intensive studies have

been made with the help of differential ana-
lyzers, analog and digital computers. As such
studies are very time consuming, many assump-
tions, based on observations inferred from
these studies, are made to_obtain simplified

solutions of the problem. 2 Some of these
assumptions are unsatisfactory with regard to
neglecting the effect of specific parameters
or choosing the boundary conditions of the
synchronization period. Lawrenson et al’have
introduced a simple and useful criterion for
the determination of the maximum value of the
inertia that can be synchronized against ¢ -a
certain load torque. However, they have neg-
lected the dependency of the amplitude of the
pulsating torque on the slip during synchro-

nization and considered it to be constant
equal to its wvalue at the synchronoug spegd.
Further, the pulsating torque variation with
slip is found to be greatly affected by the
large values of the ratio xd/x% and also by
the high values of the supply frequency 6.

In view of the above, it is intended to
develop a modified criterion which takes into
account the variation of the pulsating tor-
que during the synchronization process. The
validity of this criterion is verified throug
experimentation on an actual machine.

80 SM 500-9 A paper recommended and approved by the
IEEE Rotating Machinery Committee of the TEEE Power

Engineering Society for presentation at the IEEE PES
Summer Meeting, Minneanolis, Minnesota, July 13-18,

1980. Manuscript submitted September 14, 1979; made
available for printing April 21, 1980.

Almost, in all the published literature,

-no study has been reported regarding the zef-

fect of supply voltage variations, the supply
frequency and the ratio xd/xqfon the synchro-
nization process. Lawrenson et al/ have con-
sidered the variations in the supply voltage

and its effect on the synchronizing capabili-
ty of the motor through the use of anhalog

and digital computers. The effect of these
parameters is, therefore, investigated , and
discussed in this paper. ; .
THE SYNCHRONIZATION PROCESS
As a result of the constructién asym-

metries, (i.e. magnetic and electrical asym-
metries), provided in the rotor of a reluc-
tance motor, the electromagnetic torque deve-
loped by the motor has two components, namely,
the asynchronous torque,(time independent),
and the pulsating torque,(time dependent). 8
As in the case of induction motors, the asyn-
chronous torque brings the motor up to a spgd
very close to the synchronous speed. Then,
the motor must pass through an electro-mecha-
nical transient in order to change its mode
of operation from that of an induction motor
to that of a reluctance motor. At such a
high speed, the frequency of the pulsating
torque is so small that this component tends
to act as if it were a steady torque,and this
may help the rotor accelerate and go into syn-
chronism.

. Instead of studying this phenomenon with
the help of analog and digital computers,which
is very time consuming, the steady-state asyn-
chronous operation of such motors is consider-

ed. In this concern,the pulsations of the
speed are neglected,(i.e.the motor is con-
sidered to operate asynchronously at a cons-

tant speed), and simplified analytical solu-

tions can be obtained8. Consequently,a simple
analytical expression for the electromagnetic
torque developed is obtained which helps in
deriving the synchronization criterion. The
2xpressions of the torque components and the
different load-angles necessary for the deri-
vation of the criterion are given in Appendix-

PULL-IN CRITERION

Logically, the synchronization process
is assumed to start when the accelerating tor-
que, existing on the shaft of the machine,
starts to increase from a zero valug. This
accelerating torque helps the rotor accelerate
and go into synchronism. The process termi-

nates when the accelerating torque next be-
comes zero.
The different possibilities which can

occur during the synchronization process have
been studied in reference [5] to define  the
various modes of operation. ~With the con-
sideration of the most critical mode of ope-
ration given by Fig.l, the terminal conditions
of the synchronization process can be

- © 1980 IEEE



determined. For this case,the slip reaches
the zero value at a load-angle lies in  the
unstable region of the pulsating torque ver-
sus load-angle curve. At this load-angle,ei-
ther pull-i- or pole slip occurs depending on
system operating conditions. If these con-
ditions tend to reduce the load-angle below
this value, then Tp will increase.above(T£+c)
and synchronization takes place with further
acceleration and termination at the steady-
state ioad-angle corresponding to the applied
load torque, Tj. However, if the system con-
ditions tend to increase the load-angle, Tp
will be less than (T1+c) and a pole slip oc-
curs. The two possibilities arc¢ illustrated
in Fig.1l.

(a)
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.Under such a condition,the inertia that
can be synchronized against a certain load
torque is the maximum. This is because  the
‘net accelerating torque,during the completion
of synchronization, has maximum value.

For this critical specified case, the
terminal conditions are as follows;
§=¢ |
= ofo
, f @
vy s = 0

it 1is
general pull-

From thesé terminal conditions,
possible to work backwards to a
in criterion. .

The equation of motieén of ¢ reluctance
motor can simply be written as> ;
2 = -
+ Ty = T PO, = T #T-T &)

In terms of slip, equation (2) can be
written in a form suitable ror the derivation
of the criterion, (see Appendix-I),as follows;

w <

-J =

3 X3

Equation (3) is a non-linear differen-
tial equation in the slip and it is very dif-
ficult, if not impossible, to obtain a direct
analytical solution. However,the variation
of the slip during the synchronization  pro-
cess can be represented as a cosine function
of the load-angle,which is justified +through
the study of many complete transient synchro-
nization characteristics by analog and digital
computers. With this assumption, a simple
analytical solution of equation (3) can be ob
tained. In order to satiffy the terminal can-
ditions,the slip equation mnay be written as :

2

\
s = s, €os(§-8p + W2)=s,cos(6-§) (4)
Where, s_and § are the initial slip and in-
itial logd—anglg, respectively.
With the help of Appendix-I, So is given by

§= ~( SJ‘.‘O_2 Slo)

The initial value of the slip can . be
obtained from equations (3) and (4), under the
condition that the accelerating torque equals
zero. It follows that

9

(5)

V4 (Ve U w)yz)

.
s,= 57 ¢ (6)
where,
= a+d Sin 250+g Cos 2 go @
V = b+e Sin 2$6+h Cos 25% (8)
W= f Sin 2§ +i Cos 2§ -(T;+c) €))

The constants from a to i are defined in Appen-
dix-I. '

Finally, performing the integration of
equation (3), using equation (4)and substitut-
ing for initial and final conditions, yields
the pull-in criterion for the maximum inertia
which can be synchronized against a certain
load torque as

.
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Cos 280)]

However, ¥ith the assumption that - the
amplitude of the pulsating torque remains con-
stant during the synchronization period, the
expressions of sg and J are reduced to those
given by Lawrenson et ald. Although these ex-

pressions are simple, they may lead to erro-
neous results as will be shown latter.
Effect of Supply Voltage Variations on the

Synchronization Process

As the torque developed by a machine is
proportional to the square of the supply vol-
tage, a machine which satisfactorily synchro-
nizes a certain load on the full supply vol-
tage may fail to do so when it is run up on a
reduced voltage. Thus, it is important that
allowance be made at the determination of a
motor specification for any possible fall in
the voltage. This can be achieved by deriv-
ing a criterion for the load torque that can
be synchronized against a certain applied vol-

tage for a specific inertia. However,due to
the fact that most of the parameters (e.g. ,
initial slip and initial load-angle) which

define such a criterion are load dependent,it



is very ditticult to derive an explicit cri-
terion in this concern. In spite of this dif
ficulty, a family of curves, representing the
maximum load torque that can be synchronized
against a specific inertia, may be obtained
for various values of the applied voltage
with the help of the criterion presented in
the precending item. These curves are then
used to determine the minimum voltage capable
of synchronizing a specified load torque and
inertia. This minimum voltage will be referr-
ed to ‘as "the synchronizing voltage".

Effect of the Supply Frequency on the Synchro-
nization Process

Reluctance motors, used as variable
speed drives, are fed from variable frequency
power supplies. The effect of the supply fre-
quency on the inertia, that can be synchroniz-
ed against a certain load torque is to be in-
vestigated. This can be achieved by applying
the above pull-in criterion for different sup-
ply frequencies.

Effect of the Ratio xalgq on the Synchroniza-

tion Process

Reluctance motors are usually designed
with relatively high values of the ratio x&ﬂx
resulting in high values of the torque at q
their synchronous speed, (i.e. pull-out tarque)
However, the torque components are found to
be greatly affected with the large values of
this ratio. Therefore, this ratio has a pro-
nounced effect on the initial slip and the
maximum inertia that can be synchronized
against a certain load torque.

It has been found also that the maximum
torque, (pull-in torque), which can be synchro-
nized against a certain inertia is much affec-
ted by this ratio. In general,pull-in torque
increases with the ratio xé/xq up to a certain
point after which it fallsl. "The importance
of studying such an effect is due to the fact
that the value of the maximum pull-in torque
is often the limiting feature in the design
of such motors. '

CALCULATED AND EXPERIMENTAL RESULTS

The calculated results concerning the
criterion and the factors aiffecting the syn-
chronization process are presented for diffe-
rent motors having different sizes, different
values of the ratio x3/xq and dirrerent ar-
rangements of the rotor bars. Experimental
verification of the analytical results has
been made using an actual machine having the
parameters given in Appendix-II.

Comparison between the Criterion Developed amd
the Criterion Reported by Lawrenson et ald

As the value of the initial slip plays
an important role in determining the maximum
inertia that can be synchronized,Fig.2. shows
the variation of sy and sy with the load torgue
under test, the maximum
synchronized against a
certain load torque is determined by the two
criteria and given in Fig. 3 as a multiple
of the system inertia, (rotor inertia and the

For the motor
inertia that can be

Slip*fe
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variation of S, and Sgwith the load torque for
the motor under test.

g

Fig.3 Load torque versus maximum inertia calculated
by old and new critera for @ 2 hp motor having
Xy/Xq=2.172, (gz113 A .

load inertia). As initial slips sy and s!
are small at light loads, the maximum inertia

that can be synchronized at such loads will
be large. On the other hand,increasing the
load torque results in an increase of So and
S'o- Hence, the maximum inertia that can be
synchronized will be smaller.

The variation of the amplitude of the

pulsating torque with slip, as shown in Fig.4
(case:l), makes the initial slip sq larger
than s Therefore, the maximum inertia that
can be synchronized against a certain load
torque will be less than that calculated by
the old criterion.

values of the maximum inertia calculated by
TNm .
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Fig. 6 Load torque versus maximum inertia calculated by old criterion for a 2hp
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the two criteria for this specific case is

small due to :

(i) -« The ratio /xqof the motor under con-
sideration 1s “small.
(ii) The uniform distribution of the rotor

bars of such a motor results in asteep
slope of the average torgque/slip curve
near synchronous speed, as shown in
Fig.4 (case:l).
Accoriingly the difference between s, and sg
is reduced.

However, with high values of xg/x and
a nonuiform distribution of the rotor bars,as

shown*in Fig.4. (case: 2), the variation of
the amplitude of the pulsating torque with
slip is mucl higher and the difference bet-

veen s, and sb is wuch larger as shown in Fig.
5. Then, the maxinum inertia will be greatl
reduced. For a reluctance motor, (case : 2),
having xg/Xq of about twice that of the motor
under test and rkdi/Trkq = 0.109, the variation
of the maximum inertia with the load torque
is calculated for each criterion and drawn in
Fig.6 and 7.

Tp° =12.43 Nm

4.0
2.0+

0

9 2 4 6 8 10 12 11
r
Fig 7 Load torgue versus maximum inertia calculated by new criterion for

© 2hp motor having X /Xgq = 4.266, rgzl.l4 n

It is inferred, that ne_lecting tae va-
riation of the amplitude of the pulsating tor-

que may lead to false results especially at
high degrees of motor asymmetries.
BEffect of the Supply Voltage Variation

For the motor under consideration, the

criterion aeveloped is apg:lied for different
loads with different supply voltages and the
results are illustrated in Fig.8.

The load torque, which can be synchro-'
nized against a certain value oi tne supply
voltage, 1is plotted in I'is.9. The variation

of the pull-out torque with the supply vol-
tage is also shown in Fig.9. From the tpo
curves, it is inferred as cxpected that the
notor capability of synchronizing a certain

load .torque is much reduced for a certain re-—
auction in the supply voltege. This agrees
with the observations recommended by Lawrenson
et al “hroughout the study of such a problen
on analog and digital computers.?

Experimental Verification

In order to verify the calculated
sults of Fig.9 experimentally, the motor is
fed with its rated voltage and synchronized
while driving a certain load torque. Then the
voltage is reduced gradually until the motor
loses its ability to synchronize this load ami
the rotor slips behind the air-gap field.This
can be moticed with the help of a stroboscope
The test is repeated for different values of
the load torque and the synchronizing voltage
is measured each time. The points obtained Yy
this test are shown in Fig.9.

The analytical results are in a good ag-
reement with the test results. This confirms
the validity and accuracy of the criterion de-
veloped.

Ire-

(] L ] 12 % 1s
Fig. 8 T versus maximum inertia for different values
of the supply voitage .

Y
volts
Fig 9 Load torque versus synchronizing voltage,(line value),tor the motor under
x experimental points
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—— calculated using the developed criterion.

Effect of the Supply Frequency

With the help of the.criterion develop-
ed, the maximum inertia that can be synchro=
nized agoinst a certain load torgue is calcu-
lated for different values of the supply fre-
quency. The ratio of the supply voltage to
the supply frequency is maintained  constant
for all operating frequencies to keep the flux
in the air-gap approximately constant. The
calculated results of the motor under test are
shown in Fig.lO.

As the slope of the average torque/slip
curve increases with an increase in the supp-
ly frequency, the initial slip sg will have



smaller values and iience the maximum inertia

increases. However, the variation of the
slope of tne average torque/slip curve and

hence the initial slip so is much reduced at
high values of the supply frequency as shown
in Fig.ll. This illust%rates why the increase
of the maximum inertia is much smaller at high-
er frequencies.

Applying light loads on the shaft of the
motor leads to an increased acceleration du-
ring the synchronization process. ansquen—
tly, the curves representing the maximum iner-
tia versus the supply Ireguency will be shif-

ted upwards for the small values of the load
torque.
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Effect of the Ratio xX3/Xq
The eftect of the ratio X%/Xq on the
variation of tne amplituce of the pulsating
toraue and the negative value of the average

torque albt zero slip can be deduced rrom Figj.4.
It follows that :

(1) increasing this ratio leads to higher
negative values of the average torque
at zero slip.

(ii) The variation of the amplitude of  the

pulsating torque becoumes larger as thils
ratic increases.

For the wmotor under consideration and
another motor of the same rating but having
Xq/%q of about twice the value of the oiiginal
motoT, the maeximum pull-in torque is calculat
ed znd plotted versus the maximum  inertia,
(expressed as a multiple of the rotor iner-
tia), in Fig.l2. The parameters of the other
motor are presented in reterence [9]. As
shown in this figure, the maximum pull-in tor-
que of the motor under consiueration equals
the pull-out torque for a total inertia of
about twice the rotor inertia. However, for
the other uotor, with the same total inertia,
the pull-in torgque is only about one third of
its pull-out torgue. Although the difference

in the ratio x3/Xq is not large for the two
motors, the vziueqof the pull-in torque is
highly reduced. This results from the elec—

trical asymmetry provided in the rotor of the
second motor which has rkd/rkq = 0.109.

For two motors, having the parameters
presented in reference [10], the maximum pull-
in torque is calculated and plotted versus the
maximum inertia, (expressed as a multiple of
the rotor inertia), in Fig.l3. ' For the two
motors the maximum pull-in torque is relative-
ly small compar.d with the pull-out torque.
Lioreover, the maximum pull-in torque decreases
with the increase of the ratio xd/xq.
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CONCLUSIONS
The important features of the criterion

developed emanate from the following consi-
derations :
(1) The critical modes of operation,
(ii) The variation of the amplitude of the

pul~ating torque with slip, and
(iii) The simplifying assumptions based an the
plhiysical understanding of the problem to
ovtain the maximum inertia which can be
synchionized against a certain load tor-
gque.

The validity and accuracy of the crite-
rion developed nhave been confirmed through
suitable experiments on an actual machine. .

In light of the study of the synchroni-
zation process and the different factors af-
fecting it, the following conclusions have
been inferred.

(1) The maximum inertia which can be syn-—
chronized by a motor is greatly reduced
for higher load torques.

The motor capability of synchronizing a
certain load torque is much reduced when
the supply voltage is decreased. Thus,
during the determination of motor speci-
fications, it is important that an allo-
wance should be made for a possible fall
in the applied voltage.

For the small and moderate ranges of the
operating frequency, the maximum iner-
tia that can be synchronized against a
specitic load torque increases with the
frequency. IFor high operating frequen-
cies such an increase is quite smal’ a:
the initial slip becomes w.~T1, stant

(2)

(3)

ungsial
4) in-
process

The ratio xd/xq ha.: = ¢considerwole
fluence on tne syrcironization
in the followir~ nznner.



i) The maximum pull-in torque is much re-
duced with high values of the ratio xy/
X, especially with a nonuniform distri-

bution of the rotor bars. This result
is very important as it represents the
limiting featuie in the design of such

motors.

For a machine having a high value of the
ratio x3/xq, the amplitude of the pul-
sating torque varies greatly with slip
and thence the initial slip during the
synchronization process becomes larger.

ii)

The maximum inertia that can be synchro-
nized against a certain load torque by a
machine having large value of the ratio
xd/xq is quite small.

iii)

(5) lieglecting the variation of the amplituce
of the pulsating torque may lead to false
results especially at high degrees of
motor asymmetries.

The method presented can be extendzd to
investigate the synchronization process of
synchronous motors having field windings in
their rotors.

NOMENCLATURE

i -1

J rnoment of inertia

Jr moment of inertia of the rotor

Jds noment of inertia of the rotor and load

) operator d/dt

P number of pole pairs

Ty armature resistance

IrgTkg equivalent d- and g-axis damper wind-

’ %ng resistance, respectively

S per unit slip

Sa average value of s

So value of s at the beginning of synchro-
nization nrocess with the consideration
of variable amplitude of the pulsating
torque

4 value of s at the beginning of synchro-
nization process with the assumption of
constaant amplitude of the pulsating tor-
que

t time

Te electromagnetic torqgue developed

T4 averagse torgue component

Tp pulsating torque component

T accelerating torque

T load torque

Xd,Xq d-and g- axis synchronous inductance,
respectively

%3 (3 saws),xq(j SgWg) operational inductance
at frequency savs

Xkd»Xkq equivalent d- and g-axis damper wind-
ing inductance, respectively

Xkdl,Xkql €quivalent d-and g-axis damper wing-
ing leakage inductance, respectively

Xdy Xn d-and g-axis magnetizing inauctancc,
réspectively

Xg1] armature leakage inductance

<y amplitude of the applied voltage

& load-angle in electrical radians

56 value of § at the be_inning of synchron-

. ization process

¢] angular rotor speed in electrical rad/
sec

on angular rotor position in mechanical ra-
dians
Wg angular frequency of the supply

APPENDIX -I

Electromagnetic Torque Developed

The electromagnetic torque developed by
a 3 -phase maching having P pole-pairs is
slven by 4

Te = ’I‘a+ Tp (A-1)
"where
L _ 142
2. =B v Kl’ (A-2)
p =L g2 (K, Sin 2¢+K, cos 2§), (
.3 g oo o
K, = % P((C A)(hldhlq+h2qh2q) ~(B+D).
(Brg KoqKagK1q))s (a=4)
= _ 4 - -
K, = % P((A-C) (U4 Ky +KpgK) )+(B-D).
(L\‘ldKlq_KZdKZq)) ] (A-5)
= 3 BReoa) (K. Ko -k
5 = % Elc A)(hldhlq—th}xaqH(B-D).
(%, afpqKogky q)] , (4-6)

(o il ) 2
hld“(l ZSa)wS((l—Zsa)ws-wsraD+ra (AC-BD)

—sawsra(B+D))+riB(02+D2)+ sawsréa.

(02+D2+AC +BD))-1/Z§1, (4=7)

T e

o1 . ) 2
Koy Zg¥(1—2 ba)ws(wsrac—ra (BC+AD)—saWs »

(A+C)) +r2 A(02+D2)+sawsr§ (AD-BC))»

(4-8)

Klq=2§I« l—2sa)ws(WsraA‘ri(BC+AD)'sawsra'
(A+C))+rzc(A2+Ba)+sawsri(BC—ADD7(A—9)

e 2 2
K2q_(l 2sa)ws(-(l—ZSa)wsﬂvsraB-ra (AC-BD)

2
+5 v ra(B+D)—ra D(A2+B2)—sawsr: (A2
+BZ+AC+BD)) 4, (4-10)
o 1
A+JB = W ’ (a-11)
“1y 1
C+Jl} = xqa—(-!—saw—b) y (A—]-Z)
J s w_. X
x.(j s.w. )= x, - 2.5 nd (A-13)
d a's d Tgq+d Sa%s¥ya
. ] SgWgX
Xq(,] SaWs)= X - Jd_Safls %nq (A=1)

Tkqtd SaWsX kq



2 2
b= l—ZSa)W§+raLAC-—BD)-sawsra(B+D)) +

(ra(BC+AD)+sawsra(A+C))2 (A-15)

Eguations (A-1) to (A-3) are writtenin
the tollowing forms in order to simplify the
analysis presented,

T = a s2

(A-16)
a

+ b s -c¢c

T =(d sa+es+f)sin 2 S+(gs2+hs+i)cos 28

P
(4-17)
The constants from a to i appearing ip equa-
tions (A-16) and (A-17) can be determined for
a specific machine with the help of equations
(A-2) to (A-6), by using a suitable numerical
method of curve fitting.

Load-Angle

The load-angle is the angle in eleg—
trical degrees which exists between the axis

of the resultant magnetic field and the a-
axis of the rotor.
Then,

&= wt - fé at (A-18)
where, & is considered positive or leading
angle, for motor action.

Hence,
p’g= -6 (4-19)

For constant speed operation, correspondingto
average slip Sy

g = (1 - sa) W (A—ZO)

For any value of the slip s, equation (A-19)
can be written in the following form :

2 2 ds
ps: WS

Let:

(A-21)

& . be the angle at which T,,for a slip s,
equais zero. Then,

) 2 .
S = _%. tan"l E.:E_;_é;"_l'ﬁi];_, (A—22)

1 ds“+es +f
Smax be the load-angle wh;ch makes Tpat (its
maximum value. For any slip S,snmx isgiven
by

2

gmax = % ta_n—l g‘&e_it_f. (A—23)

gs +hs+ 1

The relation between Sl and § . is then given
by :

S L = Smax - T4 (a-24)

For the two values of which make the gccele—
rating torque equal to zero at zero slip, as
shown in ¥Fig.l, let gfo be the stable load

point given by :

-1 ia+f2-(Tl+c)2

_ ny
E&o - smaXO_ 2 tan T,+c - (a-25)
s is determined from equation (A-23)

after “putting s = o.

The unstable load point defined by S'f
is then given by : °

s. = &

fo = 7~ Spo* 28], (4-26)
where 610 is the value of 01 at s = O,
APPENDIX -IT
Parameters of the 3-phase Reluctance Motor un-
der Consideration
Rated voltage = 380 volt.
Frequency = 50 Hz
r, = 1.133 ohm
Wy X g = 1.275 ohm
Wy Xg = 5% ohm
L xq = 2%.4 ohm
Wy Xpg = 55212 ohm
Tra = 0.837 ohm
W X141 = 3.488 ohm
wsxkq = 28.21 ohm
rkq = 0.837 ohm
stkql = 5.048 ohm
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ELECTRICITY GENERATION PLANNING IN SOUTH AFRICA
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ABSTRACT

The paper discusses the problems of establishing an
adequate long-range power generation development plan
for the South African system. The discussion covers
energy resources, energy policy planning procedures,
computer modeling techniques, economics of generating
plant selection and reserve margin. Details of the
existing generation system in South Africa, the
possible interconnection with other Southern African
countries and guidelines on future generating plant in
South Africa are also given.

"INTRODUCTION

Electricity consumption in South Africa is increasing
at an average rate of about 7% per annum and in 1980
it will be about 15 000 MW and 100 000 Gwh generated.
(Table 1). Of the 1980 consumption about 92% of the
units will be generated by the Electricity Supply
Commission (Escom) and 6% by the five large municipal
undertakings in Johannesburg, Pretoria, Cape Town,
Port Elizabeth and Bloemfontein. Plans are on hand
for Escom to supply the further load growth of all
five of these large municipalities so that, when their
existing plant is retired, Escom will supply over 98

of the electricity consumed in South Africa.

YEAR SYSTEM ELECTRICAL GROWTH
MAXIMUM ENERGY RATE %
DEMAND, MW MWH X 106 PER YEAR
1950 1 500 10,5 7,5
1960 3 600 22,8 8,5
1970 8 000 47,6 8,0
1975 11 000 70,8 8,5
1978 13 600 83,3 7,2
1980 15 600 96,0 7,1
1985 22 000 135,0 6,9
1990 30 000 185,0 6,6
2000 56 000 345,0 6,2
2010 100 000 620,0 5,8
2020 175 000 1 100,0 5,5
2030 300 000 1 800,0 5,3
TABLE 1 : ELECTRICITY REQUIREMENTS.FOR SOUTH AFRICA

Escom is a non-profit making organisation which was
established in 1923 in terms of the Electricity Act of

1922 to "establish, acquire and operate and maintain
electricity wundertakings to provide an efficient,
cheap and abundant supply of electricity" in South

Africa. At present Escom owns and operates six
electricity regions. The price of electricity varies
from region to region but the overall average per unit
sold is less than 2,2 cents (USA) per kWh.
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In general, power is supplied in bulk (at voltages
from 6,6 to 275 kV) to towns and other large consumers
who distribute this bulk. Escom does, however, supply

some 100 000 urban and rural consumers at
380/220 volts from supply lines operating at 11 or
22 kV.

As South Africa covers an area of about 1 200 000 kmz,
the average load density is oaly about 12 kW per kmz,
but in Johannesburg the maximum load density is about

150 MW per km? and, with the increasing construction
of high rise buildings, it 1is expected to rise
ultimately to about three times this figure. In 1980

the population will be about 25 million bringing about
an average consumption of 4 000 kWh per capita. This

figure 1is expected to rise to over 8 000 kWh per
capita by the year 2000.

The power system, as shown in Figure 1, 1is a
country-wide network of transmission lines for
transmitting power generated at power stations to
consumers. The present installed capacity 1is over

16 000 MW with an additiomal 11 000 MW currently under

construction = incorporating fossil, nuclear,
hydro-electric and pumped storage plant. The national
and regional transmission network has approximately

110 000 kilometers of overhead power lines and cables
of all voltages varying between 22 and 400 kV AC and
533 kV DC, and wusing some 120 000 MVA of installed
transformer capacity.

AST LONOON

'PORT ELIZABETH
SSEL BAY

FIG. 1 : NATIONAL INTERCONNECTED POWER SYSTEM

This paper discusses the electricity requirements of
South Africa, as well as the economically optimum mix
of conventional generating plant needed to meet these
requirements. The effects of national energy policy
and limited energy  resources are discussed, and
details of the application of computer analysis
techniques for the planning of the power generation
system are also given. The contents of the paper
include different reports by various authors in a
number of energy conferences and publications. The
selection of topics, the analysis of techniques and
the results presented here reflect the author's view
and are not necessarily supported by official policy
in South Africa.
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ENERGY RESOURCES

The growth in the demand for energy in South Africa is
shown in Figure 2. Unlike most other countries, South
Africa uses coal for a large proportion of its energy.
(Table 2). This is largely due to the large and
relatively cheap local deposits of coal which provide
approximately three-quarters of the total energy
requirements (i.e. more than double the world average
for domestic resources). As a result, the electrical,
the metallurgical and mining industries are almost
exclusively dependent on coal as a primary energy
source. The wusage of various energy sources by
different consumer sectors is given in Table 3. It is
very interesting to note that only China and Poland,
among the developed countries, rely on coal to an
extent equalling the position in South Africa.

SOLID LIQUID GAS OTHER TOTAL
. FUELS FUELS
U.S.A. 19,6 42,7 36,0 1,7 100
Canada 10,8 48,9 30,9 9,4 100
Western Europe 26,2 57;9 1243 357 100
West Germany 35,4 52,1 11,2 1,53 100
United Kingdom 40,3 46,2 12,1 1,4 100
France 20,5 66,3 9,9 3,3 100
Italy 7,3 75,1 13,5 4,0 100
Netherlands 5,5 35,9 58,6 - 100
Japan 2252 72,6 1,6 3,6 100
Eastern Europe
and Russia 48,4 28,9 21,6 1,1 100
Russia 39,2 33,8 25,7 1,3 100
Pqland - 85,0 8,4 6,5 0,1 100
Chgna 89,8 91 = J,1 100
Australia 47,2 45,2 5,7 1,9 100
South Africa 76,1 23,3 - 0,6 100
Rest of the world 21,7 59,0 15,6 3,8 100
World 32,5 43,5 21,6 2,4 100
/

TABLE 2 : PERCENTAGE OF PRIMARY FORMS OF ENERGY TO
TOTAL CONSUMPTION, ACCORDING TO COUNTRY
(1972)

a

10 GJ

ENERGY CONSUMPTION -
5
T

05—
power
station
coal
| — 1 1
1920 1940 1960 1980
FIG. 2 SOUTH AFRICAN ENERGY CONSUMPTION -

109 GJ PER ANNUM

When coal is discussed it is important to
differentiate between two components of coal
classifications - (a) coal reserves, or that coal

which is fairly well surveyed and which is extractable
by current technology at current prices and (b)
unknown coal reserves or coal which has either not yet
been  discovered or which is at present not
commercially available. This is, of course, a
simplification since the boundary between these two
groups 1is tenuous. In addition, the boundary. moves
because of changes in economics and technology. A
number of estimates of our coal reserves have been
made over the last thirty years and according to the
latest estimates, South Africa has a probable total
minable reserve of some 81 000 million tons of coal of
which about 25 000 million tons are extractable under
prevailing economic conditions. The total reserves of
coal are further affected by two factors - the
technology of coal-mining and the technology of coal
utilization. Most of South Africa's coal is still
obtained by the wasteful bord-and-pillar method. The
average extraction rate 1s further affected by the
Government pricing policy which makes it necessary to
mine the good areas of a mine only. The effect of
coal utilization technology can be judged by the fact
that coal 1is defined in the above estimate as a
carbonaceous substance with not more than 35% ash.
The reason fér using a figure of 35% is that it is not
possible at present to use coal with a higher ash
content. However, new technology is showing us that
we can use such coal. For instance, combustion of
coal in a fluidised bed is now a viable proposition.
Since the amount of coal present in a {luidised bed at
any instant 1is only 2%, the remainder being sand, it
does not matter what the ash content of the coal is.
The only criterion for the coal is that its total
calorific value must be such that it can maintain the
incoming air temperature above the flame extinction
temperature. In practice, an ash content of 80% has
been shown to be feasible. Such developments are
currently being implemented commercially.

SECTOR ELEC- COAL PETROL GAS/ TOTAL
N TRICITY COKE

Household and

Agriculture 3,9 7,1 4,9 0 15,9
Industry 7,7 15,3 5ty 18,0 46,7
Transport 1,0 6,6 21,9 0 29,5
Mining 5,1 2,2 0,6 0 7;9
TOTAL 17,7 31,2 33,1 18,0 100,0
TABLE 3 PERCENTAGE OF NET SECONDARY ENERGY USAGE BY

SECTOR AND SOURCE (1974 DATA)

It is difficult to estimate how long the supply of
coal will last. The total production of coal rose
from 27 million tons in 1952 to about 66 million tons
in 1976. The expected maximum production, which could
be obtained by the year 2020, is about 250 million
tons. However, assuming that the coal recovery will
increase to 60% by the end of the century and that we
can use coal with up to 60% ash content, then the
likely pattern of coal consumption will be as shown in
Figure 3.

With the commissioning of the Koeberg Power Station,
in 1982, South Africa will receive nuclear power. If
this power proves economical in the coastal areas then
a large proportion of future power generation in these
areas could become nuclear. The latest estimate of
South Africa's wuranium reserves is 350 000 tons
(190 000 tons at 15$/1b U30g and 160 000 tons at
15-30$/1b U30g). The future use of uranium within



