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1. GIRIS

Bu projede degisken hizli anahtarli reliiktans motorlarimin
tasarimi strdclt elektronigi, ve bu tip motorlarin denetimi
konusunda bir alt yapi olusturmak, bir uygulama uzerinde
gelistirilen o6geleri deneyerek bilgi dizeyini ylikseltmek ve bir
teknolojiye donltsmeye O6n hazirhlk yapilmasi amaglanmasti
Uygulama olarak genis bir hiz araliginda denetim isteyen (1:40) ve
bu nedenle ozel zorluklar iceren bir ¢camasir makinas1 uygulamasi
yapimasi hedeflenmisti. Boylece, Turkiye’de Uretim teknolojisi
acisindan bir hayli gelismis bulunan ve sinirli da olsa ihracat
vapabilen beyaz egya sektorinin onemli bir Urtninde tahrik
sisteminden beklenenleri, bunlarin gergeklestirilmesindeki zorluk
ve arastirma alanlarini saptamak da projenin amaclarindan birini
olusturmaktaydi. Dogal olarak bu proje sirasinda o6zellikle AR
motorlarin bu tip uygulamalar i¢in uygunlugu da arastirilarak
mevcut universal veya seri DA motorlu tahrik sistemlerine bir
alternatif olusturup olusturamayacagi konusunda bilgi

kazanmak ta hedeflenmekteydi.

Takibeden bolimlerde bu arastirma projesi g¢ercevesinde

yaritilen arastirmalar oOzetlenecek ve elde edilen sonucglar




sunulacaktir. Arastirma sonugcglart ve yéntemleri hakkinda detayl

bilgi “ek” boliimlerde bulunabilir.

1.1 Gercgeklestirilen Caligmalar

Bu c¢alsmada yapilan c¢alismalar1 4 grupta toplamak
mumKkindtr. Bu gruplar ele alinig sirasiyla, motor tasarimai,
stirtclt gelistirilmesi, denetim ve deneyler olarak da ele alinmaisgtir.
Bu gruplarin her birinde neler yapildig: asagida

degerlendirilmistir.

2. MOTOR TASARIMI

Arastirmanin bu faaliyet dalinda iki amac¢ gudilmusgtir.
Bunlarin biri tasarimi ve analizi o6zellikle zorluklar iceren SR
motorlar i¢gin daha Once proje yoneticisince geligtirilen
yontemlerden yararlanarak  bir pPC Uzerinde tasarim
optimizasyonu ve performans analizi yapabilecek kullanici dostu
bir yazilim gelistirmektir. Diger amac¢ ise son yillarda Elektrik
Mihendisligi uygulamalarinda da belli bir olgunluga ulasmis
bulunan profesyonel alan ¢6zimul programlarinin tasarim amach

kullanimi1 konusunda deneyim kazandirmaktir.




2.1 Analiz ve Tasarim Yazilimai

Bu yazilimin bir demosu disket tzerinde calismamaiz, ekinde
program kullanim Kklavuzuyla birlikte [Ek 1] sunulmustur.
Bilindigi gibi bir AR motorun performansi tizerinde strici devre
¢ok belirleyici bir rol oynar. Bu ¢alismada da gerilim kaynagindan
strilen Gzerinde akim sinirlamali calisma imkani bulunan bir AR
motorun tasarim ve performans analizi amac¢lanmaistir. Yazilim iki

ana boéliimden olusmustur.

2.1.1 Analiz Bolimu

Bu béliim ment ile sunulan bir yapiya sahiptir. Incelenecek
motorun magnetik devresi, kullanilan malzeme ve sturici devreye
iliskin bilgiler (akim limiti siniri, Kiyicl1 hata bandi, anahtarlama
agisi ve sliresi vs.) kullanicl tarafindan girilir. Bu veriler bir dosya
halinde saklanir ve gerektiginde yeniden girmeye gerek kalmadan
cagirilabilir.

Hazirlanan yazilim asagida belirtilen Kkarakteristikleri 2
boyutlu alan ¢6zimine dayanarak olusturulmus boyutsuz

verilerden hesaplayabilmektedir.

1- Statik moment - konum egrisi
2- Endiktans - konum egrisi

3- Kalkis momenti




4- Hiz - konum egrisi (6zetle bu egri motorun kararl bir hizda
calisirken trettigi momentin hiza bagimli degisimini
gosterir).

5- Motorun degisik hizlarda akim egrisi

Ekranda “cursor” kullanilarak herhangi bir noktadaki sayisal
degerlerin okunulmasi mumkiindir. Program bu 6zellikleriyle
kullanicimin degisik striici ve manyetik devreler i¢in motor
performansini hizla degerlendirmesine ve gerektiginde analiz

yoluyla tasarim yapmasina imkan vermektedir.

Yukarida s6zi edilen yontemler 1 no’lu kaynakta detaylh
olarak verilmigtir. Ek 3’te ise bu yontemler oOzetlenmekte ve
programin akis diagramlar: verilmektedir. Programin
gerceklegtirilmesi Fariborz Niakanin “A Software For Predicting
Quasi Stationary Characteristics of SR Motors” baghikll tezinin

konusunu olusturmus ve Eylil 1993 tarihinde bitmigtir.

Bu programda kullanilan ydntemlerin dogrulugunu Kontrol
etmek Uzere degisik SR motorun deney sonuglari programdan

belirlenen performans ile kargilagtirilmagtir.

Bu motorlardan biri 1500 d/d’de 1.1 kW gli¢ vermek Uzere
daha 6nce tasarlanip imal edilmigtir motorun (SR1) laminasyonu

Sekil 1’de gériilmektedir. (Olgtiler Ek 3’de Bulunabilir).




Sekil 1.

Ikinci motor (SR2) bu arastirmada gelistirilen yazilim
optimizasyon programi kullanilarak tasarlanip geceklestirilmistir.
Bu motorun glicti 10000 d/d’de 0.75 KkKW’tir. Optimizasyon

programinin bir ¢iktis1 ve sembol listesi Ek. 2’de verilmigtir.

Burada kullanilan ydntemler optimizasyon. programi i¢inde
faydalanmak amaciyla gelistirildiginden, kabul edilebilir bir
kestirim hassasiyeti aranirken, hizli sonug¢ vermeleri oOzellkle
onemle ele alinmistir. Ancak, bu sekilde optimizasyon sonucunun
kabul edilebilir bir stirede alinmasi saglanmagtir. (10-300 dak

baslangi¢ noktasina bagli olarak)




2.1.2 Analiz Programinin Hassasiyeti

Geligtirilen tasarim programinin hassasiyeti hakkinda bir fikir

vermek amacilyla bu altbélimde baz1 sonuclar verilecektir.
Moment - Konum Egrisi

Sekil 2’de SR1 igin 6l¢lilmiis ve hesaplanmis moment egrileri
3 degisik akim ic¢in verilmistir. Bu sonuclarin kargilagtirilmasi
Tablo 1’de yapilmastir. Sekil 3 ise 2A uyartimda SR2 ic¢in 6l¢ilmiis
ve hesaplanmis moment egrilerini gostermektedir. Bu gekil
dogrudan programin bilgisayar ekraninda goriinen bi¢imini

yansitmaktadir.

Elde edilen sonuglar Ozellikle momentin tepe degerinin
hesaplanmasinda hatalarin meydana geldigini, anma akimina
yaklasildik¢a hatanin azaldigini géstermektedir. Hata anma akimi
civarinda % 10 mertebesine diismektedir. Buradaki amaclar icin bu

yeterli bir hassasiyeti ifade etmektedir.

Hatanin kaynagi moment- Konum egrisinin, Koenerji
degisiminden hesaplanmasidir. Bu ydntemde belli araliklarla bu
degisim hesaplandigindan bir ortalama alma islemi
gerceklesmekte bu ise 6zellikle degisimin hizli oldugu kosullarda
hataya yol agmaktadir. Bu egrinin daha hassas hesaplanabilmesi
icin proje ySneticisinin gelistirdigi alan ¢6zimu sonuclarina dayalh
bir analitik yéntem mevcuttur. Ayrica alan ¢ézumu yontemleri de

bu amacla kullanilabilmektedir. (Bé6lim 2.2’ye bakiniz).
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Sekil 2. SR1 i¢in Slgtlmis ve hesaplanmis moment egrileri

MOMENT . (N.m)

Xn 2 Amper 3 Amper 4 Amper;

hesap. | olgllen | natq hesap. | &lgiilen hatar § hesap., | Slgiilen hata [
0.1 1.69 1.9 11 2.09 2 43 | 2.39 2.6 8.7
0.2 33 3.1 -6 4.82 43 | -107 § 5.8 5.9 1.7
0.3 4.05 4 -1.2 6.4 7.2 12.5 | 843 9.4 11.5
0.4 4.15 5.2 25 6.94 8.2 18.1 | 9.79 11 12.3
0.5 4.12 5 213 | 691 8 15.7 | 9.77 11 11
0.6 3.6 3.6 0 6.06 6 -1 8.57 9 5
0.7 2.2 2.1 -4.5 3.5 3.5 0 5.34 5.3 -0.7

Tablo 1. SR1 I¢in Ol¢iilmiis ve Hesaplanmis Degerler ve Hata

Alam (A) Ttmin (N.m) -,
hesaplanan Olgilen
2 2.86 2.35 -21.7
3 4.23 3.95 -7.08
4 5.68 5.6 -1.42

Tablo 2. SR1 i¢in 6l¢tilmiis ve hesaplanmis kalkis momenti
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Bilindigi gibi burada amag¢ daha ziyade verilen bir hizda
motorun Uretebildigi ortalama momentin belirlenmesidir.
Yukarida verilen sekiller degerlendirildiginde, herhangi bir akim
seviyesinde noktasal hatalarin blylik olabilmesine Karsin ortalama

momentte hatanin % -10 civarinda kaldi1g1 gortilmektedir.

Endtktans Konum Egrisi

Sekil 4’te SI1 ig¢in Ol¢llmis ve programda Kkullanilan
yéntemle hesaplanmis “baglayan aki”'-konum Kkarakteristigi
verilmigtir. Genel olarak hesaplanan aki degisiminin 06l¢ilenle
uyumlu oldugu gézlenmektedir. Ancak burada bu egriler (Ek 3)'de
anlatildigl gibi koenerji degisiminin hesabinda kullanildigindan
her bir konum eZrisinin altinda kalan alanlarin farki onemli
olmaktadir. Bu farklar incelendiginde hatanin en cok % -10 (6l¢time
gore) civarinda kaldigl izlenmektedir. bu sonug daha Once statik
konum egrilerinden ortalama moment hesaplandiginda bulunan

sonuc¢la uyumludur.

" flux linkage
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Sekil 4. SR1 i¢in dlgilmis ve hesaplanmis “baglanan aki” konum

egrileri

Akim Dalga Sekilleri

Sekil 5’de SR1 icin Ol¢lilmis ve programdan hesaplanmig
akim dalga sekilleri verilmigtir. Goriildigi gibi akim dalga

sekilleri oldukea iyi kestirilebilmektedir.
Senkronizmadan Cikma-Momenti-Hiz Karakteristigi

Hazirlanan yazilimdan elde edilen senkronizmadan ¢ikma
momenti-hiz karakteristikleri, yazilimin hazirlandigr tarihlerde
ancak SR1 mevcut oldugu icin bu motor i;zerinde yapilan
dlciimlerle karsilagtirilabilmekteydi. Bu nedenle Fariborz Niakan

calismasi sirasinda SR1 i¢in bir faz ve iki faz uyartimda 6l¢im
sonuclarini hesaplama sonuglariyla kargilastinlmastir (Sekil 5 ve 6).
Gorildigi gibi 6lgtim ve hesaplamalar sirasinda biiytk farkliliklar

gozlenmektedir. Adr gegen Ogrenciye tez jlrisi bu hatalarim

gidermesi igin slire vermistir. Ancak Ek3’de gorilecegi gibi bay

10




Hesaplanan

Olg¢tlen

300 rpm
xni=0.55
xnx=0.05

Akim (m A:)

06 05 -04 03 -02 -01 O 01 02 03 04 OS5

Normalize konum .

400 T Hesaplanan

08 07 06 05 04 -03 02 01 O 01 02 03

Normalize konum

Sekil 5. SR1 i¢in 8l¢lilmiis ve hesaplanmis akim dalga sekilleri
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Niakan bu calismay: tamamlamadan bu silireyi doldurmug, stre
bitiminde c¢alismasini tamamlayacagini bildirmesine Kkargin
aniden Iran’a dénerek calismayr yarida birakmagtir. 1993 yihi
sonunda meydana gelen bu olaydan sonra bu konuda ¢alisacak bir
dégrenci bulunmasi i¢in ¢aligilmis ve proje raporu motor imalati
sorunlar1 nedeniyle de geciktirilmigtir. Ancak Haziran 1994’te Y.
Lisans programina giren ©6grenciler hentiz ders almakta
oldugundan ve bagka bir insan kaynagl bulunamadigindan
calismanin bu b&limi tamamlanamamagtir. Raporun sonucg

bélimiinde bu konuda daha detayli bir degerlendirme yapilmigtir.
Moment (Nm)

6

\\

Q 200 400 600 KO0 foagu 1200 IS 1600 2000

\Hiz (d/d)

Olgi Hesap —se—a—x
Sekil 6. SR1 i¢in 1 faz uyarfimda ol¢ilmis ve hesaplanmig
moment hiz karakteristigi
9, On Uyartim acis1=-0.5 I=4 + 0.5 A 0, Kapatma agis1=0"
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Moment (Nm)

6

0 200 500 1000 1500 2000 21560

Hiz ((d/d)

(:.‘)”1(;1"1

Hesap #——=x

Sekil 7. SR1 i¢in 2 faz uyartimda O6l¢ctilmiis ve hesaplanmis
moment hiz karakteristigi
0,=-0.9, 6,=0.1, I=4+0.5A

2.1.3 Degerlendirme

Calismanin bu boéliminde yapilmasi ongorilen c¢alisma
kismen gercgeklegtirilebilmistir.

Bu sorun Proje Arastirmacilarindan  Fariborz Niakan'in

sorumsuz ve ahlaksizca davranmasindan Kkaynaklanmigtir.

(Altb6lim 2.2’ye bakiniz).

Mevcut program statik baglayan- aki ve moment Karakteristiklerini
dogru olarak verir gorinmektedir. Ancak, moment- hiz

karakteristikleri kestiriminde bliytk hatalarla karsilasilmagtir.

13



Proje  yoneticisinin  ve Dr. Mijdat Tohumcu'nun
gerceklestirdigi ¢caligmalarin dogrulugu daha énce denenmigtir. Bu
bakimdan kestirimde godzlenen sorun timiyle o&grencinin
programlama hatalarindan kaynaklanmaktadir. Ancak, Onceki
boéliimlerde belirtildigi gibi projenin uzun bir slire gecikmesine
karsin bu konuda c¢alisacak bir 6grenci bulunamamigtir. (Bu
6grenci 1993 sonunda ayrilmigtir) 1994 Haziran déneminde Y.
Lisans programina giren Ogrenciler ise henlz derslerini

tamamlamalktadar.

Maalesef TUBITAK'1In o tarihte (ve sanirim halen de)
uyguladigr aragtiricilara tcret 6deme politikasi, bu tip projelere
insan kaynagi bulunmasina imkan vermemektedir ve sorunun
temel Ogelerinden birini olusturmaktadir. (sonu¢ bdélimune

bakiniz.)

2.2 Sayisal Alan Cézim Moment ve Baglanan Akl Konum
Karakteristiginin Kestirimi

Bu cergcevede yapilan c¢alismalar iki amacli olarak
yUrtatilmustir. Bunlardan birisi cagdas bir ta\sarlm aracl olarak
elektrik endistrisinde kullanimi yayginlagsmakta olan profesyonel
manyetik alan ¢6zGmu ydntemlerine hakim olmak ve hangi
kosullarda ne hassasiyetle sonug¢ verdiklerini incelemektir. Digeri
ise, analiz programiyla tasarlanmis test motorlarinin tretim 6ncesi
performansini  dogrulamak i¢in alan ¢6zimi yodntemlerini
kullanmaktir. Bu cergevede yapilan calismalar Ek 4’de detayli

olarak anlatilmistir. Bu bélimde bu ¢aligmalar 6zetlenecektir.

14




Alan ¢o6zimi caligsmalary, laboratuarlarimizda daha o6nceki
arastirmalarimizda tasarlanmis ve gerceklestirilmis bir AR motor
{izerinde (SR1) baglatilmistir. Bu aragstirmanin amaci motor
momentinin ve sarimlari baglayan akinin, hassas olarak
hesaplanmast i¢cin gdz dagiliminin ve eleman sayisinin optimize
edilmesidir. Bu amacgla degisik sayida ve dagilimda simirh
elemanlar kullanilarak alan c¢o6ztimleri elde edilmigtir. Sonucg
olarak yapilan motor karakteristiklerinin dogru olarak
belirlenmesi hedeflendiginden, belli bir kosulda retilen
momentin ve bir faz1 baglayan akinin alan  ¢6zimlerinden
belirlenmesi gerekmektedir. Bu amacgla iki adet “makro”
gelisgtirilmis ve bu “makro”lardan hesaplanan moment ve aki

degerleri 6lctimlerle karsilagtirilmagtir.

Bu arastirma sonucu istenilen degiskenleri hassas olarak elde
edebilmek i¢in gdz sayisi1 ve dagilimini belirleyecek ana kurallar

ortaya Konmusgtur.

Bu konudaki caligmamiz ¢amasir makinas: uygulamasi icin
tasarlanmis ikinci anahtarli reluktans motoru (SR2) ftzerinde
surdarilmuistir (8/6 kutuplu 4 fazli). SR1 Uzerinde yapilan
calismadan yararlanilarak olusturulan modelden ¢esitli akim
seviyelerinde moment ve sarimlar: baglayan aki karakteristikleri

elde edilmigtir. (Sekil 8 ve 9).

Elde edilen sonuclarin dogrulugunu smmamak i¢cin SR2 imal

edildikten sonra dlgiimler yapilmasiy gerekmistir. Bu amacla,




konum ve moment di¢licli bir diizen olusturulmustur. Aka ol¢gimu
icin de bir devre gerceklestirilerek dlciimler yapilmistir. Olgiilen ve
alan ¢oziimunden elde edilen moment karakteristikleri Sekil 8’de,
Olcltilen ve hesaplanan kutbu baglayan aki, 2A ve 3A faz akiminda,

Sekil 9'da gosterilmisgtir.

Bu sonuclar incelendiginde moment karakteristiginin 2A ve
3A  faz akimlarinda c¢ok Thassas olarak belirlenebildigi
gozlenmektedir. 1A seviyesindeki hata moment duyargasinin
hassasiyetinin bu disik seviyeleri ol¢mek igin yeterli

olmamasindan kaynaklanmalktadir.

'Moment N-m
2.5

G.5

0 ! i i i [ H
0 Gl 02 03 04 U6 0& 07 08 0 1

Konum (Normalize)

—— i~ A — 12 A ~F—- 1=3 A
~H- ANSYS I-IA %~ ANSYS [-2A —4— ANSYS 1-3A

Sekil 8. SR2 ig¢in Olgilmis ve hesaplanmis moment konum
karakteristigi (alan ¢dzimi)
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Baglanan aki 12 A
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Sekil 9. SR2 icin degisik akim seviyesinde kutbu baglayanaki
konum Kkarakteristigi (alan ¢6zimi)
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Kutup akisinin o6l¢gimiinde ise degisimin seklinin iyi
belirlenmekle birlikte 6l¢iim ve hesaplama arasinda (belli bir
akimda) sabit bir fark oldugu goézlenmektedir. Bu fark 2 boyutlu
¢éziimde dikkate alinamayan sargl baglarini baglayan akidan
kaynaklanmaktadir. Bu akinin hesaplanmasi i¢in analitik
yontemler [2]'de Onerilmis olmakla birlikte, sayisal alan
¢cozGmunin bu amacgla kullanilmasinin bir aragtirma KkKonusu

olarak ele alinmasi1 diginulebilir.

Degerlendirme

Bu béliimde yapilan ¢aligsmanin her bakimdan amaca ulagtigl
sdylenebilir. Calisma stresinde alan ¢6zimini etkin olarak
kullanabilen personel yetigtirilmis bu c¢6zimlerden istenen
karakteristiklerin hassas olarak elde edilebilmesi i¢in usul ve

yvontemler gelistirilmis ve sinanmastir.

Bu calismalar sonucunda SR motorlarda 6énemli bir sorun
olan moment dalgalanmas1 konusunu inceleyen ve en aza
indirilmesi icin kogullarin belirlenmesini gerektiren bir caligma
ileri bir safhaya getirilmistir. I1k bulgular Eylil’95 ayinda yapilacak
uluslararasi1 bir toplantida sunulacaktir. Daha sonra bir hakemli

dergi makalesi Giretilmesi dngorilmektedir.

Burada su noktanin vurgulanmasi gereklidir. Alan ¢dzliimleri

dogrudan sadece motor statik moment ve aki karakferistigini
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vermektedir. Ancak bu karakteristikler motorun belli bir stirici ile
dinamik performansini belirlemekte kullanilabildigi isaret
edilmesi gereken bir noktadir. Béyle bir simulasyon yazilimi halen
gelistirilmektedir. Kugskusuz boyle bir model yardimiyla, rotor
konumunu izleyen bir gézleyici (oberver) yapilmasi c¢egitli kontrol

onerilerinin degeriendirilmeside mimkiin olacaktir.

3. MIKROISLEMCI DENETIMLI SURUCU

Bu calismadaki amaclardan biri de Anahtarli Reluktans (AR)
motorlarini genis bir hiz araliginda siirebilecek (400-10000 rpm)
bir sUrtctt gelistirilmesidir. AR motorun ylksek hizlarda
sirulmesi motorun ufalmasini saglamakta buna karsin stirticiden
beklenen performansin sira disi olmasi sonucunu ve zorluklarini
da beraber getirmektedir. Burada uygulamanin bir c¢amasir
makinasi olmasi strtici tzerine ek kisitlar ortaya ¢ikartmaktadir.
Bunlar arasinda stricinin kapladigi yer ve 6zellikle maliyeti en

onemli 6gelerdir.

Bu calismada strtci gerceklestirilirken bazi ek kisitlar da

tasarimei tarafindan getirilmistir.

Bu kasitlar séylece 6zetlenebilir.

a) Gelisgtirilecek stirtct dort fazli bir motoru bir faz acik, iki
faz agak ve yarnim adim uyartim  bi¢imlerinde

sirebilmelidir. Burada amaclanan motor performansinin




degigik kogullarda incelenmesine imkan vermektir.
Gerektiginde stiriictiniin bu 6zelliklerinden daha Ustin bir
performans elde etmek icin kullanilabilecegi

distinilmugtar.

b) Strlicii en az donanim (hardware) ile gerceklestirilmeli

cesitli denetim ve duyargasiz konum sezme yontemlerinin

sinanmasina imkan vermelidir.

Bu degerlendirmeler sonucunda donanim ac¢isindan

stirticliniin agsagidaki 6zelliklere sahip olmasi diisintlmiistar.

1-

2.

3-

Maliyeti belirleyici unsur olarak gii¢ elemanlar: 6nemli bir
ogedir. Bu agidan gergeklestirilecek sirtici faz basina en az

sayida gli¢ eleman1 kullanmalidar.

Sistemin mikro islemci ile desteklenmesi arzu edilen
esneklik ve denetim sistemi sinamasina imkan verecektir.
Ancak, bu mikroislemcinin pahali olmamasi
hedeflenmelidir. (StGrtici maliyeti 50 US §$ civarinda
tutulmalidir). Bu nedenle 8 bitlik bir mikro denetleyicinin
amaca uygun olacagi digintlmustir. Laboratuarimizda bir
emulatér ve yazilimlari da bulundugundan Intel 8051

mikro denetleyicinin kullanimi yeglenmigtir.

Faz akimi denetiminin dogrudan mikro islemeci ile

yapimast AD donlisim gerektireceginden ve ¢ok hizli bir
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denetleyici ihtiyaci doguracagindan benimsenmemisgtir.
Faz akimi denetimi i¢in analog bir devre gerceklestirilip
referans degerinin mikro iglemci tarafindan tretilmesi

yeglenmigtir.

4- Denetim amach kullanilabilecek, faz akimi seviyesi (kiyici
icin), iletimde kalma slresi ve O6n uyartim acis1 mikro
islemci tarafindan denetlenebilmelidir. Bu durumda, mikro
denetleyicinin rotor konum bilgisine sahip olmasi
(dolayisiyla dénme hizi) yapilacak denetim ig¢in yeterli

olacaktir.

Yukarida belirtilen amacglar: gerceklegtirebilmek amaciyla ilk
olarak bilinen surtici devre semalar1 gozden gegirilerek cesitli
acilardan degerlendirilmislerdir. Bu degerlendirme sonucu Tablo
3, 4 ve 5’de verilmistir. Ek 5’de bu tablonun hazirlanmasinda goz

onune alinan unsurlar ve varsayimlar detayli olarak verilmigtir.

Bu arastirma sonucunda 3 no’lu kaynakta 1990 yilinda
onerilen devre gig¢ eleman1 saylsinil en aza indirmesi ve bir ¢ok
konuda avantajli olmasi1 nedeniyle sec¢ilmigtir. Bu devre
avantajlarina kKarsin kapatilan fazdaki akimin bosgaltilmasini hizla
yapamadigl icin 6nemli bir dezavantaj da icermektedir. Ancak,
literatiirde elde edilecek performans Kkonusunda bir bilgi

bulunmadigindan bu devrenin sinanmasi kararlagtirilmaistir.
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3 telli “Bifilar” Asimetrik Ayrik DA Yeni
guc sargl yarim Glic Kaynagi
kaynagi kopru

# Dort Fazdaki 4 4 8 4 4
transistor sayisi
# DoOrt fazdaki diyot 4 4 8 4 8
Say1sl
Yarn iletkenlerin 2Vs 2Vs Vs 2Vs Vs
anma gerilimi
Yar iletkenlerin i I I 1 21
anma akimi
Striictd kiyma modu Evet Evet Evet Evet Evet
(Chopping mode)’da
kullanilabilir
Verilen bir kaynak Yiksek Yiksek Orta Orta Yuksek
icin verim
# Faz basina gerekli 2 1 1 2 1
gerilim kaynagi sayisi
Bakirin verimli Evet Evet Evet Evet Evet
kullanimi
Faz sayisinda Hayir Hayir Hayir Evet Hayir
sinirlama
Motor sargilarina Vs Vs Vs Vs/2 Vs
uygulanan gerilim
Faz anahtari Evet Evet Evet Evet Evet
kapatildiginda
kaynaga geri donen
enerji
Kiyma esnasinda geri Evet Evet Hayir(*) Evet Hayir(*)
donen enerji
Bakir kayiplan Ayml Ayni Ayn Ayni Ayni
Demir kayiplari Ayni Ayni(**) Ayni Aymni Ayni
Dinamik tepki motor Orta Orta Orta Orta Yiksek
anahtar gerilim orani
Akam “duty cycle” Orta Orta Yiiksek Orta Yiiksek
(" : Ne alindi ne de geri dondi.

)

ayni oldugundan demir kayiplari da ayni [11].

Tablo 3. Cesitli stirlicli devrelerin karsilasgtirilmasi
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3 telli “Bifilar” Asimetrik Ayrik DA
giie sargl yarim Giig Yeni
kaynagi kopri Kaynag
Herbirim faz 1 1 1 1/2 1
akimi
Her birim faz 1 1 1 1/2 1
gerilimi

Tablo 4. Degisik stirtictiler 1¢in gerilim ve akum (Herbirim)

3 telli “Bifilar” Asimetrik Ayrik DA
glg sargl yarim Glg Yeni
kaynagl kopri Kaynagi
Transistor
anahtarlama Pt1 Pt1 2Pt1 pt1 Pl
kayiplar
Balkar kayiplari Po Po Po Po(*) Po
Demir kayiplari Pc Pc (***) Pc Pe Pc
Faz gerilimi Vs Vs Vs Vs/2 Vs
Faz akimi 1 1 I 21 (*%) I
Toplam Diistk Distik Orta Orta Diisuk
kziylplar
Verim Yiiksek Yiksek Orta Orta Yiksek

Burada cevirici akimin 2I olmasi bakir kayiplarimin 4xPo olacagim
diistindiirebilir, fakat kablo kesiti ve sarim sayisi degistiginden kayiplar
diger ceviricilerinki ile aym (Po) kalacaktir. N

)

Akim deferinin 2I olnmasi, daima ayni gl¢ cikisina sahip olacagimiz
hipotezinden kaynaklanmaktadir. Ayrik DA cevirici gerilimi Vs/2
oldugundan kayipsiz bir makina da aym glg¢ cikisini elde etmek i¢in faz
akiminin 21 olmasi gerekmektedir..

) :

(**¥) : Daha 6nce agiklandifi gibi, aki dalga sckillerini tek ve il yonld
sargilarda ayni oldugu icin, demir kayiplar da ayni olacaktir.

Toblo 5. Degisik siirtictilerin kayip ve verimleri
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5 telli “Bifilar” Asimetrik Ayrik DA
glug sargl yarmm Gug Yeni
kaynag kopri Kaynagi
Herbirim faz 1 1 1 1/2 i
akimi
Her birim faz 1 1 1 1/2 1
gerilimi

Tablo 4. Degisik siriciler 1¢in gerilim ve akim (Herbirim)

3 telli “Bifilar” Asimetrik Ayrik DA
gue sargi yarmm Glg Yeni
kaynagl kopri Kaynagl
Transistor
anahtarlama Pt1 pt1 2Pt1 Pt Pt1
kayiplari
Balkir kayiplan Po Po Po Po(*) Po
Demir kayiplan Pc Pc (**%) Pc Pc Pc
Faz gerilimi Vs Vs Vs Vs/2 Vs
Faz akami I I I 21 (*%) I
Toplam Diistik Distik Orta Orta Digik
kayiplar
Verim Yiksek Yiiksek Orta Orta Yiiksek

(*) : Burada cevirici akumm 2I olmasi bakir kayiplarmin 4xPo olacagini
diistindtrebilir, fakat kablo kesilli ve sarim sayisl degistiginden kayiplar
diger ¢eviricilerinki ile ayni (Po) kalacaktir. N

(**) : Akim degerinin 2I olnmasi, daima aym gii¢ ¢ikisina sahip olacagimiz
hipotezinden kaynaklanmaktadir. Ayrik DA cevirici gerilimi Vs/2
oldugundan kayipsiz bir makina da ayni glic cikisini elde etmek igin faz
alkamimin 21 olmas: gerekmektedir..

(¥**) . Daha 6nce agiklandifi gibi, aki dalga sekillerini tek ve cift yonld
sargilarda ayn1 oldugu icin, demir kayiplari da aym olacaklir.

Toblo 5. Degisik stirliciilerin kayip ve verimleri
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Sekil 10’da kullanilmasi Ongorilen devrenin sgemasl
verilmistir. Devrenin calismasi sOylece Ozetlenebilir. 1. faz1 (PH1)
uyartabilmek icin TR2 ve TR1 anahtarlar1 kapatilir akim faz
lizerinden ge¢gmeye baglar. Akim kiyicinin sinirlayacagl seviyeye
geldiginde 6rnegin TR2 anahtar1 agilarak akimin PHI, diyod ve
TR1 {izerinden diismesi saglanir. Akim alt sinira ulagtiginda TR2
tekrar iletime girer. Faz tamamen kapatilmak istendiginde TR1 ve
TR2 birlikte acilirsa PH1 akimi diodlar (D1, D2, D3) lzerinden
kaynaga geri déner. Ancak TR2 anahtar1 PH2'ninde uyartiminda
kullanilmaktadir. TR2 kapatilir kapatilmaz akim kaynak tizerinden
yolunu tamamlamak yerine D;, TR2 ve PH; Uuzerinden yolunu
tamamlar. Bu durumda PH; akimimn sifira digsme stresi
uzayacak, bu nedenlede bu fazdan kaynaklanan negatif momentler
tretilecek ve motorun genel performansinda bir diigme s6z

konusu olabilecektir.

3.1 Glcg Devresinin Tasarimai

Bir 6nceki bdlimde lizerinde caligilmasi kararlastirilan gug
devresinin tasarimi detayli olarak 3 no’lu kaynakta verilmigtir. Bu
bolimde  kullanilan yaklasim ve  gerceklestirilen  devre
bzetlenecektir. Bu devrenin gelistirme safhasindaki durumu

Fotograf 1’de gozlenmektedir.

Ongériillen devrenin tasariminda ilk asama gag¢ yan

iletkenlerinin secimidir. Basit bir hesaplamayla 4 fazli 6/8
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yapisindaki bu motorun 12000 d/d’de doénebilmesi i¢in her
anahtarm saniyede 2400 defa acilip kapanmas1 gerektigi Kolayca
belirlenebilir. Bu anahtarlama hizina BJT, Mosfet ve IGT (Insulated

Gate Transistor) transistorler ile ulagmak mumkiandur.

BJT baz akiminin yliksek olmasi sonucunu dogurdugu bunun
da siriicli devrede eleman sayisimmin artmasina yol acacagi
gerekeesiyle dikkate alinmamigtir. Diger iki transistérde bu
uygulama ic¢cin uygundur. Ancak Mosfet transistorlerin kayiplari
IGT’lere gore bir kag kat fazladir. Daha 6ncede belirtildigi gibi fiat
bu uygulamada 6nemli bir unsurdur. Maliyette dnemli bir 6ge
olan gli¢ anahtarlarinin bu onemli kriteri dikkate alarak se¢ilmesi
gereklidir. Bu ise piyasa kogullarina ve satin alinan sayiya baglh bir
unsurdur ve bir prototip calismasi sirasinda gercekei olarak fiat
belirlenmesi hemen hemen imkansizdir. Ancak gerek IGT gerek
Mosfet transistor sUrliciileri ayni nitelikleri tasiyacagindan
tasarlanan devrelerin anahtar seciminden etkilenmesi s6z Konusu

degildir.

Bu uygulamada IGT’ler yeglenmistir. Harris firmasinin
tretigi 25A, 500V, lzerinde akim O6lc¢lilmesine imKkan veren bir

bacagl bulunan bir transistdr anahtar olarak kullanilmigtir.

Giic devresi Sekil 10’da gosterilmistir. Bu  gekilden

izlenebilecegi gibi bloklar halinde gosterilen;
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a) Snubber

b) Izolasyon devreleri (isolation circuit)

¢) Akim simirlayic (current limiter)

d) Akim sinirlayict aktivasyon
devrelerinin tasarim ve gerceklestirilmesi gerekmektedir. Gug¢
katinin beslenmesinde 3 ayr1 glic kaynagina ihtiya¢ duyulacagida
yine Sekil 10’dan izlenebilmektedir. Bu devreler bu bodlimde

kisaca gozden gecirilecektir.

a) Snubber Devresi : Kimi IGT uygulamalar: i¢in snubber ihtiyaci
dogmayacagl bilinmektedir. Ancak burada c¢aligma hizinin
yiksek olmamas1 nedeniyle ve emniyet amach olarak bir

snubber devresi kullanilmustir. (Sekil 3.3)

Yok
E 470 ohm E
E @w) |
cl
AT e
Darbe G l\ ETCCC -w-*--_.'T ce
Jeneratdéri 7 en
Q
8.2V Rp

Sekil 11. Snubber devresi

b) Izolasyon Devresi : Gli¢ katinin mikroislemciden izole edilmesi

mutlak bir gereksinimdir. Burada bu amagla hizh
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optoizolatorler kullanilmigtir. Tasarlanan devre Sekil 12°de

gorilmektedir.
Vs =+5V
180 ohm 2 AN
- 5
- +10
AN /ﬁ > BC273 N
= \: 2 4 , 1GT'nin
R 3 GATE"ine
— 470 ohm )
5V ve mikroislemci toprasl IGTnin
. EMITTER'"ine
10V topragi

Sekil 12. IGT ve Kontrol béliimleri [zolasyon ve Inversiyon Devreleri

c) Akim Sinwrlayici : Yiksek hizlarda motordan yeterli moment
elde edilebilmesi amaciyla motor 280 V  gerilimde
beslenmektedir. Bu nedenle diisiik hizlarda bir Schmitt Trigger
araciligiyla akim belli sinirlar arasinda tutulmalidir. Burada
kullanilan akim sinmirlayici devrenin akim sinirlama seviyesi,
mikroiglemci- D-A konverter aracilifiyla veya dogrudan bir
analog sinyal verilerek ayarlanabilmektedir. Hangi yontemin
secilecegi kullanicinin devredeki anahtarn aldiglr konuma
baghdir. (Sekil 13) Bu o6zelligiyle devre, Kontrol sisteminin
mikro islemcide hesaplama yoluyla belirleyecegi bir akim

seviyesinde motorun ¢alismasini saglayabilir.
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GATE
o - i | VE
AMPLIFIKATOR | | SCHMITT | |OPTOCOUPLER{—ENTEGRELERI | = 1\ ppsivon
TRIGGER D”EE Bl

ANAHTAR
DAC
DEVRESI
REFERANS
GERILIMI

AKIM SINIRLAYICI

Sekil 13. Akim Sinirlayict Devrenin Genel Semasi

d) Akim Sinirlayict Aktivasyon Devresi: Devrenin blok semasi
Sekil 11’de verilmistir. Bu devre degisik calisma kosullarinda
(Tek fazli, iki faz ve yarim adim uyartim) hangi transistérun
Akim Sinirlayict Devresinin, akimin istenilen seviyede tutmak
icin kiyici olarak kullanilacagini belirler. Bu devre §ekil 14in
sag alt kosesindeki blokta verilmigtir. Izlenebilecegi gibi

aktivasyon ic¢in islemciden gelen isaretler kullanilmaktadir.

>

Boylece yazilim yoluyla tek faz enerjili, yarim adim veya iki faz

enerjili caligma kosullar: kolayca sec¢ilebilir.

3.2 Konum Belirleyici

Gluc¢ devresini denetleyecek olan denetleyiciye Kkonum
bilgisinin ulagtirilmas1 motor performansinin yliksek olabilmesi

icin mutlaka gereklidir [6]. Bu amacla iki yol izlenebilir. Bunlar;
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a) Konum belirleyici

b) Dalga seklinden konum Kestirilmesi

teknikleridir. Dalga seklinden konum belirleyici bir sistem ig¢in,
secilenden daha hizli bir mikro islemci gerekecektir. Bu agamada
bu yeni ve az smmanmis yéntemin yaratacagl problemlerin AR
motorun bu uygulama i¢in uygun olmadigl degerlendirmesinin
saglikli bir bicimde yapilmasini engelleyebilecegi distincesiyle bu

teknigin uygulanmasindan vazgecilmistir. (Ara Rapor 2).

Burada kullanilacak konum belirleyicinin maliyetinin, sistem
maliyetinin ufak bir kesri olmasi geregi ortadadir. Bu bakimdan
basit hizdan etkilenmeyen bir 6zel konum  belirleyici

geligtirilmigtir. (Sekil 14 ve Fotograf 2)
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Sekil 14. Akim sinirlayicinin detayl devresi
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Konum belirleyici Sekil 15’de goruldigi gibi “Hall Efect”
sensorlerin  (her faz icin bir adet) bulundugu Kkonumu
ayarlanabilen duran bir ¢ember ve bunun icinde rotorla birlikte
ddénen ve rotor disi konumunda sayisinda serit miknatislardan

olugmalktadair.

Pozisyon ayarlanabili;gﬁézik

Hall Effect Sensor

Ferrite miknatis

Motor saft1

Sekil 15. Kullanilan enkoderin Kesiti

a

Bu kodlayicinin;

a) Rotor konumuna iliskin urettigi darbenin yeri mekanik

olarak secilebilmektedir.
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b) veya rotor konumunda 6énceden bilinen bir yerde isaret
alinarak, mikro islemciye bilgi aktarilmakta fazlar bu
bilgiden yararlanilarak istenilen 6n uyartim agisinda
fazlarin uyartilmasi araciligiyla da

gerceklestirilebilmektedir.

Sekil 16’da  konum  kodlayicidan gelen  isaretleri
degerlendirmek ve mikro iglemciye iletmek i¢in kullanilan devre
gésterilmistir. Sekil 17 ve 18’de 500 d/d ve 3550 d/d’da konum
belirleyicinin c¢ikis sinyali (sinyal isleyici devre ¢ikisinda)
gorilmektedir. Bu  sekillerden sinyal seviyesinin hizdan
etkilenmedigi gozlenmektedir. Ancak laboratuarimizdaki imkanlar
6000 d/d tstiinde kodlayici cevirmeye imkan vermediginden Kayit

alinamamastir.
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Sekil 17. Konum kodlayicidan gelen igaretler (n=500 d/dk)

Sekil 18. Konum kodlayicidan gelen isaretler (n=3550 d/d)
3.3 Mikro Islemci Denetimli Sistemin Genel Yapis1

Sekil 19’da denetleyici sistemin genel yapisini ve motor

w

stiriicii devresinin ve Kkonum belirleyicinin sistem i¢indeki

yerlerini gostermektedir.

Bu sistemin geligtirilmesi sirasinda sagladigny  kolayliklar
nedeniyle 8051 mikro iglemcisi i¢cin hazirlanmig bir “gelistirme
kart1” kullanilmistir. Bu karta iliskin bilgiler kaynak 3’de

verilmistir. Burada tekrarlanmayacaktir. [Sekil 20]
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Sekil 19. Mikro islemci denetimli kapal1 déngii denetim sisteminin
genel blok semasi
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Sekil 20. 8051 karty, bilgisayar, komuta terminali ve gli¢ devresi




Blok semada gimdiye kadar tzerinde durulmamig tek blok
DAC blogudur (Digital to Analog Converter). Bu devrenin
fonksiyonu mikro islemcinin denetim yaziliminin belirleyecegi
akim seviyesinde striicinin kKiyma iglevini yapabilmesi igin
gerekli referans gerilimini analog bir isaret olarak sirlicii devreye

iletmelktir.

Bu amacla geligtirilen devre Sekil 21°de verilmistir. Bu devre
mikro islemciden aldigr 6 bit sayisal igareti Motor akumini 1-5A
arasinda 62.5mA adimlarla denetlenebilen 3-4.7V arasinda bir

gerilime ¢evirmektedir.

3.4. Mikro Denetleyici Yazihimlar:

Mikro denetleyici yazilimin ana yapisl Sekil 22’de gosterildigi
gibidir. Hemen farkedilecegi gibi bu yapinin modiler olmasi
hedeflenmistir. Béylece modiillerin bagimsiz olarak degistirilmesi
ve geligtirilmesi mamkin olacaktir. Programin bir diger ozelligi de
stiriiciniin  calisma modu’nun kullanici tarafindan Kkolayca
programlanabilecek sekilde hazirlanmig olmasidir. Modiillerin
gérevi asagida Kisaca Szetlenmistir. Detayll bilgi  ve akis

diagramlar1 3 no’lu kaynakta verilmigtir.

Ana Modiil (Main Module): Ana modil yardimcl modullerden

gerekeni cagirmakla ytukimludar. [1k islem hazirlama Sekil
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Sekil 19. Mikro islemci denetimli kapal1 dongl denetim sisteminin
genel blok semasi
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Sekil 20. 8051 kart, bilgisayar, komuta terminali ve gli¢ devresi
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HAZIRLAMA
MODULU

Sekil 22. Yazilimin Genel Yapisi

modilinin (Initialization module) cagirilmasidir. Bu islem
tamamlandiginda “veri modild” (Data moditle) ¢agirilir. Bu
modilin goérevi kullanicidan bilgi almaktir. Bundan sonraki
islem gerektiginde degistirilebilen bir frekansta 3 faz uyartim
isaretinin gonderilmesidir. Bunun amaci motorun bilinen bir
fazinin Oncelikle kararli hale getirilerek motorun istenilen
yonde donisinden emin olmaktir. Diger bir.amac ise durma-

kalkma bolgesinde sec¢ilmis olan bir hizda motoru istenen

yonde dondirerek, geri Dbesleme isaretlerinin konum

belirleyiciden alinmasini saglamakiir.

Hazirlama  Modidli  (Imitialization Module): Bu  modil

mikroislemciyi bilinen sekilde ¢alismaya hazirlar.
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Veri Modulli (Data Module): Bu modil kullanicinin motorun
calismasina iligkin isteklerini strliciiye aktarir. Daha sonraki
asamalarda bu islem hafizaya yazilmis bir c¢alisma

programinin okunmasi seklinde yapilacaktir.

Veri modilii agsagidaki sirada sorulari kullanici terminali

yansitir.

Do you want to enter control parameter values (Y/N) Eger

cevap evet (Y) ise agagidaki sorular ekranda belirir.

Enter advance angle (0, 1/2, 1/4, I/g, 1/16, 1/32)**
Enter phase current (1.0, 1.5, 2.0.......... 5.0)

Enter mode of operation (O, T, H)

O- Bir fazli uyartim

T- Iki faz birden uyartim

H-Yarim adim modunda uyartim
Do your want rotation be CW ? (Y/N)

Doéntis yoninin belirlenmesini saglar.

Programin bu hali kullanici tarafindan belirlenen 6n uyartim
acisinda ve iletim acisini 0.5 birim (rotor adim agisinin faz sayisina

bolinmesine karsi gelen sayi1) calistirmaktadir. Kontrol sistemi son

" Bolme islemi cok uzun bir stire aldigimdan bu acilar kaydirma isleminin
miisade ettigi acilar olarak alinmistir (EK 5’e bakiniz)
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haline gelistirildiginde bu bilgi yaninda, motor akim seviyesi ve

iletim acisi, kontrol modulince belirlenecektir.

3.5. Boliimde verilen hiz kontrolii moduliiyle kullanildiginda,

soru listesine

operating speed ?

sorusu da eklenecektir.

PCA Modiili (Programmable Counter Module): Bu modil mikro
islemci saat darbeleri cinsinden konum belirleyicinin iki
isareti arasindaki streyi olger. Diger bir gbrevi ise motor
hizinin bir sonraki adimda defismeyecegi varsayimiyla
istenilen 6én uyartim acisina karsi gelen mikro islemci saat

darbe sayisinin hesaplanmasi belirlenecek bir 16 bit “timer”a

yliklenmesi ve iletim stiresi tamamlandiginda uyartilmis olan
fazin kapatilmasidir.
Burada ilk asamada programlama Kkolayligi nedeniyle iki
konum belirleyici darbesi arasimdaki sirenin
1/4, I/8, 1/16, ve1/32’sinin 6n uyartim  i¢in  kullanilmasi
benimsenmistir. Hazirlanan yazilimin akig diagrami Sekil 22’de

verilmigtir.
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Bu noktada konum bilgisini veren darbenin geldigi andaki
rotor konumunun mekanik olarak secilebildiginin
hatirlanmasinda yarar vardir. Boylece istendiginde motorun on

uyartim agis1 ara degerlere ayarlanabilir.

Adim Komutu Modiilii (Step Command Module): Bu modil iki
gorevi birden Ustlenmektedir. Bunlardan bir Kkullanici
tarafindan belirlenen veya hiz kontrol modtiliinun talep ettigi
akim sinirlayict devreye DAC aracihigiyla iletilmesidir. Diger
islev ise secilen donis ydnine gore uyartilacak fazin

secilmesidir.

4. HIZ KONTROLU

Onceki béliimlerde bir SR motoru senkronizmadan ¢ikma
egrisi lizerinde caligtirabilmek amaciyla (bu yontemde motor
tizerindeki konum belirleyiciden gelen isaretlere kitlenmisgtir.
(“self synchonized”) hazirlanan devreler ve microdenetleyici
yazilimlari tanitilmisti. Sekil 23'de tipik bir SR motorunun
senkronizmadan c¢ikma egrisi gosterilmigtir. iﬂu egri kiyicinin
devrede oldugu ve faz akimimin sabit kaldig1 varsayllan sabit
moment bdlgesi ve momentin hizin yaklagik olarak tersi oraninda
disttigti iki bdlgeden olugmaktadir. Bu egriyi kontrol eden belli
bashi 3 parametre vardir. Bu parametreler.

a) Kiyic1 ile denetlenen bolgede akim seviyesi
b) On uyartim agis1 (advance angle, ignition angle)

¢) [letimde kalma stiresi (Conduction period)
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Sekil 24’de her bir parametrenin moment-hiz egrisini nasil
etkileyecegi gosterilmigtir. Detayl olarak (1 no’lu) kaynakta verilen
ve motorun dogrusal davrandigl varsayimina dayanan bu
sonuclardan iki gézlemde bulunmak mimkindir. Bunlardan ilki
moment hiz karakteristiginin sinir (maksimum) degerini iletim
stiresinin en yliksek (yaklagik rotor dig adiminin yarisi) oldugu
konumda, 8n uyartim ac¢isinin ise hiza bagimh olarak ayarlandigi

kogullarda verdigidir.

Bir diger gézlem ise denetim parametreleri sabit tutuldugu
stirece belli bir ytk igin tanimli bir c¢alisma hiz1 elde

edilebilecegidir. (Sekil 23)

Moment

Yuk Momenti

Hi=

Cahsma Hiza

Sekil 253.

Bu degerlendirmeler motorun istenilen momenti istenilen
hizda verebilmesi icin bir denetim yontemi ortaya konulmasi ve
denetim parametrelerinin kullanilmasi ydnteminin belirlenmesi
gereklidir. Dogal olarak bdyle bir calisma bir dinamik motor

modeli Gzerinde aragtirmalar yapilmasini gerektirmektedir. Ancak,
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bu caligmanin amaglarl arasinda boyle bir model geligtirilmesi
bulunmadifindan daha empirik bir yaklasim benimsenmesi
geregi dogmustur. Ancak, bu 6énemli konuda da bir araghirma

baglatilmis fakat hentz sonuc¢lanmamaigtir.

Buradaki uygulamada SR motorun 400 d/d’de 1 Nm Gretirken
belli zaman araliklainda he iki yoénde de dénmesi, zaman zaman
da 10000 d/d civarina kadar hizlanmasi (Sikma) daha sonra tekrar
diisiik devirlerdeki calismaya dénmesi gerekmektedir. Hizlanma
islemi sirasinda makinada asir1 titresim oldugu takdirde yuki
dengeleyecek bir yontemin kullanilmasi gereklidir. Bitin bu
islemler sirasinda ylkiin yigilmalar veya bagka bir nedenle kisa

stireli degismesi kontrolun kaybina sebep olmamalidir.

Diger dikkat edilmesi gereken bir unsur ise istenilen
momentin denetim parametrelerinin degisik kombinasyonlari i¢in
elde edilebilecegidir. Ornegin diigiik hizda ¢alismada ylksek bir
sabit akim degeri ve blylikce bir 6n uyartim agisi secilebilir.
Alternatif olarak diis{ik bir faz akimi kii¢tik bir 6n uyartim agisinda

ayni talebin karsilamasi muimkiandar.

Akim depgerinin ytiksek tutuldugu denetimde motor sicaklik
sinirlarina yakin caligacak verimliligi dusak olacaktir. Ancak,
denetimden cikmamasi i¢in bir sonraki akimda 6n uyartim agisi
kolaylikla degistirilerek (ufaltilarak) mevcut ylksek ortalama

moment potansiyelinden yararlémlabilir. Faz akiminin Kkicuk
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oldugu durumda ise motor daha verimli ve soguk caligacaktir.
Ancak, Uretilebilecek ortalama momentin alabilecegi en ytuksek
deger (6n uyartim agisiyla denetlenebilen ) bu halde daha ufaktir.
Daha biiytik bir moment elde edilebilmesi i¢in akimin arttirilmasi
gerekecektir. Bu iki yaklagimdan hangisinin daha “robust” bir

denetim verecegi de bir aragtirma konusudur.

SR motorun diger bir 6zelligi de “self synchronized” mod’'da
calishrnilmadiginda rotor konumunun (6n uyartim agisinin)
kendiliginden momenti dengeleyecek bir noktada caligabilir
olmasidir. Bu bakimdan, eldeki imkanlarin daha detayll bir
calismaya elvermemesi nedeniyle, diistik verimli olmasina karsin
daha ytuksek akimdan calisilmasi ve motor istenilen hiza
getirildikten sonra agk doéngli calisiyormus gibi serbest
birakilarak, dogal “robust’lugundan yararlanilmasi yontemi

benimsenmigtir.

Takibeden bodliimde bu arastirmanin basinda geligtirilen ve
motorun konum Dbelirleyiciden gelen darbelere Kkitlenerek
calisabilmesi i¢in hazirlanan yazihm tanitimaktadir. Altb6lim
4.1.’de ise daha sonra gelistirilerek mevcut yazilima eklenen
motorun hizlanmasini, sabit hizda ¢aligmasini ve yavaglatilmasini

saglayan algoritmalar 6zetlenmistir.
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B i« Dogal karakteristi gin
Tamax ‘ genisletilmesi
Ortalama
Moment

Tav

' Hiz
! w
Wr
a) SR motor icin tipik senkronizmadan ¢ikma egrisi
Ortalama moment
Tav
Taax | —
— Simirlama egrisi
CP3 <CP2 <CPI
CP: Iletim periyodu
1
3 2
Hiz
i w
Wr

b) SR motorun sabit gerilim kaynagi, degigik iletim acilarinda Karakteristigi
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Ortalama moment

Ta\?
Tamax -
\ \ \\ Simarlama egrisi
\
5 \
N\ A
\ \
\ \
4\
\ \
N \ AA4 < AAS
\\\ AA : On uyartim agisi
.

| - Hiz

Wr

c) On uyartim acisinin senkronizmadan ¢ikma egrisine etkisi

Ortalama Tav

moment Vi/w;>Va/wy>Vi/ws

Vi/wi N Sinirlama egrisi
Vo /wy o
V3 /w3 S T
\\ . s “\‘\\\\;
Hiz
w
Wr

d) SR motorun sabit én uyartim ve iletim agisinda degisken genlikli
kaynaktan straldagiinde karakteristigi
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Ortalama T
Moment av

. Simirlama egrisi

N\ L>hLh>1>1

I, AN

T2 N

1 Hiz
i W
Wr

e) SR motorun faz akimi ayarlanabilen bir kaynaktan, sabit 6n uyartim ve
iletim acisindan strilmesi

Sekil 24. a, b, ¢, d, e Kontrol parametrelerinin SR motor
karakteristigi etkisi )

4.1. Hiz Kontrol Stratejisi:
Daha dnce Veri Modulii (Bélim 3.4) béliumunde tarif edildigi
gibi motor hiz kontroli modunda c¢aligtirilacagi zaman veri

modald diger sorulara ilaveten motorun ¢aligmasinin istendigi hiz

ve ne kadar stireyle bu modda calisacagl da sorulmaktadir.
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Hiz 50-9990 d/d (n) arasinda 10 d/d araliklarla
girebilmektedir. Bu durumda pc bir adima Kkarsi gelen darbe

periodunu hesaplar

n
Saniyede devir = -é—(—)— dd/sn

n n.2 1 5
f=Darbe/sn=— x24 =— T=—=—
60 5 f 2n

Motorun istenen hizda caligma stresi ise 50 ms Katlari olmak
fizere 1-9999’a kadar bir say1 olarak girilebilir. Boylece en ¢ok 500

dakikalik bir caligtirma stiresi séz konusudur.

Hiz kontrolii sistemi, kalkma-durma bolgesindeki bir hiza
karg1 gelen frekansta (20 adim/sn) 3 darbe gonderilerek baglatilir.
{.darbe ile rotor bilinen bir fazin altinda kararli duruma
getirildikten sonra, takip eden 2 darbede konum belirleyiciden

gelen darbelerden hiz dlgme iglemi (PCA modulil) basglar.
Hizlanma:

3 darbeden sonra motor hizlanma algoritmasina girmisgtir.
Motor hizi strekli olarak olgiiliir ve hedef hizla karsgilagtirilir.
Motor anma hizinin -5.25 %’sine ulagana kadar kullanicinin girdigi
6n uyartim agisinda konum belirleyici darbelere kitlenerek
hizlanir. Bu yontemde hizlanma mumkin olan en yuksek hizda
gerceklestirilir. Motor hizi belirlenen bandin igine girdiginde

(anma hizinin%-5.25, + % 6.25 aras1), anma hizina karsi gelen
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a) Yazilimin akis diagrami

b) 1/4 6n uyartim agisi icin darbelerin yeri
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frekansta darbeler gonderilir. Bu calisma big¢imi “robust” bir
kontrol yontemidir. Yuk degismeleri, ayni bir senkron motorda
oldugu gibi, rotor konumunun uyartim noktasina gore geri
kayisina bagli olarak dengelenir ve motor o hizda yuka
karsilayacak momenti tUretebiliyorsa motor senkronizmadan
cikmaz. Ancak, bu sire igerisinde PCA modeli hiz Ool¢gimine
(period &6l¢imline) devam eder ve motorun belirlenen smirlar
icinde kalip kalmadigini goézetler. Efer motor hizi bu sinirlar
digima cikarsa motor tekrar konum belirleyici darbelerine kitlenir
ve ylikiin miusade ettigi bir hizda senkronizmay1 kaybetmeden

calisir.

Yukarida verilen algoritmanin akis diagrami Sekil 26’da

gosterilmigtir.

Yavaslama:

Hazirlanan  yazilim, istenilen hizda . ¢alisma stresi
tamamlandiginda motorun yavaslama moduna gecmesini
saglamaktadir. Bu amacla faz siras1 tersine ¢cevrilmekte ve konum
belirleyicinin darbelerine kitlenilmektedir. Bu modda ¢aisma hizi
durma kalkma bdlgesine dustiginde bir faz aqk olarak

birakilmakta ve sistem durmaktadir.
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Hizlanma

;f\dxm Komutu Rutinini Cagr
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Alindinni

T106.25

93,75 Tfeedback<106.25

l Hizi azalt
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[ Sabit luz ]
e

Zamanlayic1 2'nin kaydedicisini
sabit periyotia darbeler verecek
gekilde haziria

Isdim komutu rutinini ¢afir

Zamanlayict ikiyi calistir

N
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I
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NP |
DEC-CON \%
ACCE-CON
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Hizlanma rutinine git

I

Lzumm layxct 1" kapat

N2

Node 1'e git

K7

Sekil 26. Hizlanma ve sabit hiz yazilimi akis diagrami
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5. SISTEMIN SINANMASI

Geligtirilen donanim ve yazilimin sinanmasl i¢in bir dizi deney
yapilmistir. Bu deneyler detayli olarak kaynak 4’te verilmistir.

Sonuclar bu béltiimde kisaca 6zetlenecektir.
5.1 Gii¢ Kat1 Uzerinde Deneyler

[1k deneyler gli¢ kat1 transistdrleri Gizerinde yapilmigtir. IGBT
transistorlerin  yaklasik 0.7us’de iletime gectigi 5us’de ise
kapatilabildigi goézlenmigtir. (Sekil 27 wve 28) Sekil 28’den
izlenebilecegi gibi snubber devresinin transistor, kollektér, emiter
uclar1 arasinda asir1  gerilim olusmasinin engellenebildigi

gozlenmektedir.

Sekil 27. Bir IGT’nin iletime girmesi sirasinda kollektor emitor
voltaji
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Sekil 28. Kapanma sirasinda bir IGT nin kollektor emiter voltaj1
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Sekil 29.

a) Faz akim dalga sekli
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b) Vce dalga sekli (n=500d/d
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Sekil 30.
a) Faz akimi dalga gsekli .

b) Vce dalga sekli (n=2000, 0; =0)

Sekil 20 ve 30 de ise 2 degisik hizda, 6n uyartim agisi “0” iken
dlciilen  kollektdr  emiter  gerilimleri ve faz akimlari

gozlenmektedir.
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Sekil 31 ve 32’da konum belirleyiciden gelen darbeler ve ilgili

5.2 On Uyartim Ag¢is1 Yaziliminin Sinanmasi

uyarfim icin verilmigtir. Sekillerden izlenebilecegi gibi yazilim
verilen komutlara uygun olarak istenen gecikmelerle transistorleri

transistdériin kapisinda goézlenen igaretler 1/,4 (3.75°) ve 1/2 (7.5°)6n

acabilmektedir.
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Sekil 31.

b) Transistdér baz gerilimleri (0; =3.75%)

a) Enkoder igaretleri
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Sekil 32.
a) Enkoder isaretleri

b) Transistér baz gerilimleri (8; =7.5%)

5.3 Akim Sinirlayici Devre

Bu devrenin sinanmasl icin faz gerilim seviyesi ayarlanarak

&nce devrenin calismadigl kosullarda (Sekil 33) ve daha sonra faz

akim1 referansi diistirtilerek devrenin akimi sinirladig kogullarda

(Sekil 34), referans gerilimi ve transistor kapisindaki igaretler

kaydedilmisgtir.

Sekillerden izlenebilecegi gibi akim sinirlayici devre akim

referansi degisikliklerini takip etmektedir.
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Fotograf 2. Motor ylikleme diizenegi (“Powder Brake” ile)
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6. SURUCU SISTEMIN SINANMASI

Bu projede bir SR motorun c¢amagir makinas1 tahrik
sisteminde kullanilabilirliginin arastirilmasi1 ve aragtirma ve

geligtirme konularinin ve problemlerin belirlenmesi amac¢lanmaigtl.

2. ara raporda belirtildigi gibi g¢amagir makinasi Gzerinde

yapilan ol¢imler tahrik sisteminin, motor saffinda
400 d/d’da 40 Watt 0.95 Nm

10-12000 d/d da 750 Watt en ¢ok 0.6 Nm, ge‘hellikle 0.3 Nm

civarinda momente ihtiyaci olacagini gostermigtir.

Bu bdlimde gelistirilen sistem f{izerinde yapilan ol¢gim

sonuglar: verilecektir.

6.1 Deney Motorunun Yiklenmesi

~

Bu amacla iki degisik deney diizeni kullanmilmigtir. Bunlardan
birinde ylikleme amaciyla bir DA generator (Fotograf 1)
kullaniirken, digerinde bir “powder brake” kullanilmagtir
(Fotograf 2). Her iki diizende de moment &lcer deney motoru ve
yiik arasinda yerlestirilmis bulunmaktadir. Ancak, her iki sistem
de en cok 6000 d/d’ya kadar hizlarda caligtirilabilmektedir.

“Powder brake” kullanan sistem otomatik 6lgiim imkani
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verdiginden ¢ogu kez tercih edilmigtir. Burada verilen sonuclar bu

diizenekte yapilan dlgimlerin sonucudur.

6.2 Motor Imalat Problemleri

Bu calismada SR2 adiyla anilan motor imal edildikten sonra
ilk denemeler motor bogta caligtirilarak yapilmigtir. Motordan

6000 - 7000 d/d civarinda strtiinme sesleri geldigi gézlenmigtir.

Motor sékiilerek incelendiginde statorun degisik kutuplarinda
uzunlugun farkli oldugu anlagilmigtir. Netice olarak hava
araliginin degisken oldugu (0.2 - 0.25 mm arasi ve benzer bir
durumun rotorda da oldugu belirlenmistir. Bunun sonucu ortaya
cilkan dengesizlik ylksek devirlerde siirttinme problemini
dogurmaktadir. Hava aralign rotor tornalanarak 0.30 mm’ye
cikartildiginda ytksek hizda stUrtmenin sirmesi mekanik
balanssizlifin ve hava aralifl dizensizliginin yarattigl dengesiz

kuvvetlerin etkili oldugu kuskusunu arttirmigtir.

Bunun Uzerine ikinei bir motor imalatinin gerektigi kanisina
varilmis, endiistriden saglanan destek ile ikinci bir motor Uretimi
yoluna gidilmigtir. Bu motorda hava araligl ancak 0.3 mm olarak
gerceklestirilebilmigtir. Hesaplanan hava araligina gore (0.225 mm)
%35°'lik bu sapma dogal olarak motor performansini

etkilemektedir.
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2. prototipte strtiinme sorunlarl gozlenmemigtir. Motor
hizimin bogta 10000 d/d’ye kadar ytkseltilebildigi izlenmigtir.

Bunun tzerine dlgiimlere gegilmigtir.

6.3 Sicaklik Yiikselmesi Deneyleri

flk olarak motorun hangi akim seviyesinde sicaklik
ylikselmesi smirlarinda kalarak hangi guici Uretebilecegi
arastirilmistir. Bu amagla 1 fazli uyartimda 2 akim seviyesinde
sicaklik yiikselmesi deneyleri yapilmigtir. bu testler motorun
ozellikle 400 d/d yikama yaparken uzun slrelerle caligacagl bu
hizlarda sogutma etkisi olmadig1 dikkate alinarak bu hiz civarinda
yapilmistir. Deney, motor Kkararhh bir sicakliga gelene Kkadar

yuklenmigtir.

Deney motoru F sinifi izolasyona sahiptir. Sicaklik ytikselmesi

st sinir1 100 C “tir (40 C ortam sicakliginda direng ydntemi i¢in).

Tablo 1'de kiyicr akimi 3A’da simirlandiginda 500 d/d’da
yapilan deney sonucu izlenmektedir. Goruldugl gibi motor 1 faz
uyartimda istenilen momenti (yikamada 1.2 Nm) saglamakta ve
sicaklik ytkselmesi 73.5°C de kalmaktadir. Sicaklik ylkselmesi

direnc yéntemi ile dl¢tilmugtar.

Akim simirlamasmin  arttirilmasinin moment ve sicakhik
ylikselmesi uzerindeki etkisini incelemek Ulzere, kiyic1 akimi
3.75A cikartilmis deney tekrarlanmigtir. Tablo 2 bu deneyin

sonucunu vermektedir. Izlenebilecegi gibi sicaklik ylkselmesi yine
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simirn altinda 91°C’de kalmaktadir. Motor bu kosulda talep edilen

1.2 Nm’den fazla, 1.5 Nm moment {iretebilmektedir.

Boylece motorun yikama islevini yerine getirebilecegi ve
stirekli ¢aligmaya uygun oldugu anlagilmaktadir. Bilindigi gibi
camasir makinalarinda motor kesintili olarak caligmaktadir. Bu
nedenle daha ufak bir motorunda istenilen sonucu verebilecegi

sopucuna varmak miumkindir.

R, (ohm) T, (C%) T (C%) | Tya (Nm) 1 (d/d) Kiyma (A) Zaman
Sicaklik Ytk | Ortam hrimin

5.0 18 1.25 500 3 0:0

5.6 48.3 18 1.325 400 0:30

5.8 58.4 19 1.3 550 0:55

5.9 63.45 19 1.3 550 1:15

5.9 63.45 19 1.3 500 1:35

6.1 73.55 19 1.3 525 1:55

6.1 73.55 18 1.3 500 2:15

6.1 73.55 18 1.3 500 2:35

Tablo 1. 3A kiyici akim sinirlamasinda sicaklik ylikselmesi

R, (ohm) | Ty (C®) T, (C% | Tyax Nm) | 1 (d/d) Kiyma (A) Zaman
Sicaklik Ylik | Ortam hrimin

4.9 15 1.45 400 3.75 0:0

5.8 60.8 15 1.5 400 0:31

6.2 81.2 15 1.5 400 1:15

6.4 91.37 15 1.5 400 1:55

6.4 91.37 15 1.5 400 2:10

6.4 91.37 15 1.5 400 2:32

Tablo 2. 3.75 A kiyicit akim sinirlamasinda sicaklik ylkselmesi
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6.4 Moment Hiz Karakteristiginin Ol¢lilmesi

Bélim 6.1°de belirtilen sekilde yliklenen motor tzerinde iki

akim seviyesinde 6lcim yapilmigtir.

3A akim seviyesinde yapilan 6l¢glimlerden, 6n uyartim agisi 0,
ve 4° oldugunda elde edilen sonuclar Sekil 35, ve Sekil 36’da
verilmigtir. Bu sekillerden, beklendigi gibi, 6n uyartim acisi
arttikca dtigik hizalarda moment diserken motorun 0.6 Nm
tretirken calisabilecegi hizin ylkseldigi gézlenmektedir. Bu
sekillerde verilen sonuglar 15° iletim acisinda (0.5 her birim) elde

edilmigtir.

Bu deneyler deney dizeninin 0.6 Nm civarinda bir yuk
momentinin altina inmeye miisade etmedigini gostermigtir. Ayrica
yiksek hizlarda olglilen moment degeri beklenenin altinda
bulunmustur. Bu sonuglar, hesaplanandan buyltk hava araliga
yaninda, tarak seklindeki rotorun rtzgar kayiplarinin da devirin
yaklagik karesiyle artmasindan da kaynaklanma\ktadn‘. Bu safhada
riizgar kayiplarinl ayirma imkani bulunamadigindan motorun

trettigi gercek momentide hesaplamak mumkin olmamaktadir.

Motor moment egrisi akim seviyesi ytkseltilerek cesitli On
uyartim agilarinda Sl¢llmistir. (Sekil 37, 38, 39). Bu deneyler
sirasinda da iletim acis1 15° tutulmustur. [zlenebilecegi gibi ufak

dn iletim acilarinda dlistik hizlarda moment artmaktadair.
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Moment (Nm)

1.4

150

250 350 450 550 650 750 850 950 1,050 1,150 1,250 1,350 1,450

Hiz (d/d) .

Sekil 35. 3A akim sinirlamada moment - Konum egrisi

6n uyartim agis1 O°, iletim stresi 15°
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Sekil 36. 3A akum sinirlamada moment - konum egrisi.
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Biiytik uyartim hizlarinda ise, motorun belli bir momentte

daha ytliksek hizlara ¢ikilabildigi gozlenmektedir.

Bolim 2.1.2°de  Dbelirtildigi gibi simulasyon programinin
moment-hiz  karakteristigini  hesaplayan bélimunde  hata
bulundugundan deney ve Olgum sonuclarimin karsilagtirilmasi

yoluna gidilmemigtir.

Ol¢ctiimler iletim agisimn etkisini gozlemek igin
tekrarlanmistir. Bu kez motorun en yuksek moment Uretecegi
bilinen [1] 30° (A/2’ye kars1 gelmektedir) iletim acisinda deneyler
tekrarlanmis ve motorun 6000 d/d’ye kadar 0.6 Nm retebildigi
gozlenmigtir. Ancak, yine ruzgar kayiplarinin etkisi
dlctilemediginden bu etki giderildiginde (rotor kutuplarinin arasi
doldurularak riizgar kayb1 énemli ol¢tde azaltilabilir) ne kadar

moment tiretilebilecegi kestirilememektedir.
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Moment (Nm)
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Sekil 37. SR2 i¢in moment - hiz egrileri
Akim sinirlama: 3.75A, Iletim agis1 15°
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Sekil 39. SR2 i¢in moment - hiz egrisi

61 uyartim acis1 2°, iletim agist 15°
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Moment T (Nm)
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Sekil 40. SR2 moment -h1z karakteristigi

fletim acis1 30°, Akim sinirlama 3.75A 6n uyartim agisi 9.5°
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Moment T (Nm)

2.5
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Hiz (d/d)

Sekil 41. SR2 moment - hiz karakteristigi

fletim acis1 30°, Akim sinirlama 3.75A 6n uyartim agisi 11°
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6.5 Sabit Hizda Calisma ve Camasir Makinasi Uzerinde Deneyler

Motor yazilimin sabit hiz bdélimuyle de calistirillmig ve

moment degisirken hizin sabit kalabildigi gbzlenmigtir.

Ancak moment - hiz karakteristigi kayitlar: incelendiginde, bu
karakteristigin, iletim agisina akim seviyesine ve on uyartim

acisina duyarlihig: agikca gozlenmektedir.

Meveut hiz kontrol sistemi sabit bir 6n uyartim acisinda
motoru hizlandirmaktadir. Genig bir aralikta hiz denetimi
yapilacaksa ve ytliksek hizlara cikilacaksa ©6n uyartim acisinin

denetlenmesi geregi aciktir.

Motor momentinin belli bir 6n uyartim agisinda konrold i¢in
iletim acis1 veya akim denetlenebilir. Bunun etkisi o c¢aligma
kosullarinda motor verimini degistirmek seklinde gozlenecektir.
Ancak buradaki uygulamada verim c¢ok onemli olmadigindan

{izerinde durulmayabilir.

Ozetle daha sofistike bir denetim yaklasimi ihtiyac
gdzlenmektedir. Dogal olarak boyle kapsamli bir aragtirmanin
biitiintinin tek bir projede gerceklestirilmesi mumkin degildir.

Ancak, arastirmalar sirdirilmektedir.
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Camagir makinasina monte edilen motor ltzerinde de kisitli
boyutlarda deney yapilmigtir. Bu dizen icinde o6l¢gim imkani
(moment veya hiz) olmadigindan detayll deneylere gerek
gériilmemigtir. Kaldiki ¢amagir yikanmasinin sinanabilmesi igin

yeni yazilimlara ihtiyag¢ vardir.
6.6 Akustik Gurilti Dlzeyi

Laboratuarlarimizda akustik girilti dizeyini 6Olgebilen bir
diizenek olmadigindan giriilti dizeyi sadece kulakla dinlenerek
belirlenebilmektedir. Ileride bu deneyler Istanbul’da mevcut
imkanlar kullanilarak yapilmaya calisilacaktir. Bu deneyler
gliriltiniin  kaynagi ve giderilme yollar hakkinda bilgi

saglayacaktir.

SR1 ve SR2 glralti duzeyi agisindan karsilagtirildiginda,
SR1’in cok daha sessiz oldugu (hemen hemen evirgecle slrilen
asenkron motor giriltiisii dizeyi), ancak SR2’de sesin ylksek
oldugu belirlenmigtir. Bu biyiik ihtimalle motor® govde yapisinin,
mevcut eski motorla ayni olma zorunlulugu nedeniyle zayif ve
titresime yatkin olmasindan kaynaklanmaktadir. Ancak, bu
konuda kesin bir yargiya varmak igin detayh aragtirmalar

gerekmektedir.
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Fotograf 3 Geligtirme safhasinda sturiicd devre

Fotograf 4 Sirici devrenin son hali




Fotograf 5 Shriicli devre ¢ikis kati




7. DEGERLENDIRME

Bu béliimde proje teklifinde ongorilen calismalarin ne

dlciide gerceklestigi agisindan bir degerlendirme yapilacaktir.

a)

@

b)

Proje onerisinde;

Kullanici dostu bir tasarim yazilimi gercgeklestirilmesi
ongérilmistd. Bu amagla proje ydneticisince geligtirilen
yontemlerin kullanilmasi amaclanmasti. Bu yazilim
gerceklegtirilmigtir. Ancak analiz boélimiinde motor statik
karakteristigini hesaplayan boélimlerden olumlu sonuglar
alinirken, moment-hiz karakteristigi boélumunde hatalarn
varligi belirlenmigtir. Bu yazilimi gerceklestiren oOgrencinin
calismalarinl tamamlamadan ayrilmasl1 amaca tam olarak
ulasilmasint engellemigtir. Bu konuda caligacak bir 6grenci
hentiz Y. Lisans derslerini tamamlamaktadir. Programin
optimizasyon bélimu analiz bolimiinden bagimsizdir ve sonug
vermektedir.

Yazilim Giivenilirligi: Bu konuda yazilimin pltiindni test edici
ilave calismalar yerinde olacaktir. Ancak bundan sonra, yazilim
gilivenilir bir tasarim araci olarak kullanilabilecektir.

Alan Coézimu: Bu konuda profesyonel alan ¢bzimu
programlarmin kullaniminda dnemli bir deneyim elde
edilmigtir. Programlar ve kullanilan “grid” olugsumu, moment
ve endiiktans hesaplama yontemlerinin gecerliligi deneylerle

karsilastirilarak dogrulanmaigtir.

75




©)

d)

b

)

Giic Yar: [letkeni Kullanim Deneyimi: IGBT lerin stiriilmesi ve
korunmasi konusunda énemli bir deneyim elde edilmigtir.
Siirtclt Devre: Bir stiriicli devre gelistirilmis ve motor bagariyla
surtilmistir. Bu c¢aligmalar daha sonra yeni bir strdct
konfigiirasyonu elde edilmesine yol acmigtir. Bu konuda bir
yaymn hazirlama c¢aligmasi siirmektedir. Surtici devrenin
geligtirme safhasindaki hali (Foto 3) ve bitmis hali (Foto 4) ‘te
gorialmektedir.

Camagir makinas1 sirebilen bir diizenek gerceklestirilmigtir. Bu
cercevede bir imalat prototipi gerceklegtirilebilmesi ve
performansin iyilestirilmesi i¢in ne gibi aragtirmalar yapilmasi
gerektigi belirlenmigtir. (b6liim 8’e bakiniz).

AR motorun camasir makinasi i¢in en iyi secenegi olusturup
olusturmadign hentz belirsizligini korumaktadir. Bu Kkonu
ancak Bolim 8'deki calismalarn strdirilmesi ile acikliga
kavusacaktir. Laboratuarlarimizda alternatif sistemler lizerinde
yiritilen ¢alismalar da bu konuda yardimeci olacaktir.

Yapilan caligmalar bir prototip gelistirilmesi i¢in gereken insan
niteligi, adam ay, organizasyon ve arastirma konularinl
belirleyerek cok 6nemli bir katkida bulunmustur. Ayrica bir

takim altyap1 eksiklikleri giderilmigtir.

Bu proje’de calisan Fariborz Niakan, Amir Safavi Y. Lisans
tezlerini almislardir. Funda $ahin ¢ok basarili bir Y. Lisans
calismasini tamamlamak tzeredir. Balkan Simgir bu ¢ergeve’ye

iliskin basladigl c¢aligmalarini alternatif bir sistem ftizerine
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kaydararak, Mustafa Parlar Odiliine layik bulunan bir Y. Lisans

tezi tammamlamastir.

Said Saeidi ve Fatih Erdem ise aragtirmalarini yarida

birakmuislardir, endlstride calismalarini sirdirmektedirler.

Isaret edilmesi gereken bir diger nokta da yliksek devirde
(6000 d/d’'nin tUstll) c¢aligan strdcileri sinayabilecek bir

diizenegin kurulmasi ihtiyacidir.

8. YAPILMASI GEREKEN CALISMALAR

virttilen bu aragtirma projesi cercevesinde elde edilen

deneyim, bir ¢ok yeni arastirmanin stirdiirilmesinin gerekli

olduguna isaret etmektedir. Bunlar s0ylece ozetlenebilir.

b)

Motor tasarimi yazihiminin geligtirilmesi ve guvenilirliginin
pekistirilmesi, ekran goriintimlerinin  iyilestirilmesi. Buna
dayanarak motorun ylksek hizda, yiksek performansla
calismasini en iyilestirecek kosullarin aragtirilmasi.

Girilti ve titresim kaynaklarimin tanimlanmasi giderilmesi
icin manyetik devre ve stiriicii ve gévde yapisi agisindan dnemli
unsurlarin tanimlanmasi.

Stricd icin geligtirilen yeni konfiglirasyonun incelenmesi ve

performansinin daha da ylkseltilmesi.
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d) Dinamik Kogullarda motor ve stirticii simiilasyonu saglayan bir
yazilim gelistirilmesi.

¢) (d)’deki yazilima dayanan bir kontrol yontemi gelistirilmesi

f) Rotor konumunun sensorsiz belirlenebilmesi icin (d)’deki

yazilima dayanan ¢aligmalar.

Burada siralanan c¢aligmalarin  bir kismi baglatilmig

bulunmaktadir. Bunlar Béliim 9’da kisaca tanimlanmaigtir.

9. YURUTULMEKTE OLAN CALISMLAR

Halen bir kismi oldukca ileri safhada bir dizi anahtarh

reliktans motoru arastirmasi sirdirilmektedir. Ozetle;

a) Diisik ve ylksek hizlarda moment dalgalanmasini manyetik
devre diizenlemesiyle en aza indirerek akustik gurdltinin

azaltilmasi.
Bu calismay1 Funda Sahin ylratmektedir.
Modelleme icin neural net yaklagiminin kullanildigr ve yeni

optimizasyon tekniklerinin denendigi bu ¢alismamuiza iligkin bir

bildirimiz uluslararasi bir toplantida sunulmak tizere kabul

edilmigtir.

78




b) Motor dinamik performansini simule edebilen bir yazilim

gelistirilmesi ve gbézlemci (observer) tasarimi.
Bu caligma Bilent Ozhorasan tarafindan ytriatiilmektedir.

¢) Motor tasarim yazilimi givenilirligini olugsturan sirici
sistemle sinanarak acikhiga kavusturulmasi, yazilimlarin

iyilestirilmesi, sirtct denetimyazilimlarinin iyilegtirilmesi.

Bu caligma Burak Dagdemir tarafindan yurutilecektir. Ogrenci

Y. Lisans derslerini tamamlamaktadir.

10. ONERILER

Bu proje caligmasindan elde edilen deneyimden daha sonraki
desteklenecek arastirmalarda bagari dizeyinin yukseltilmesi
acisindan 6nemli gérdigumiz bazi konulari dikkate sunmakta

yarar goriyorum.

Ciddi bir arastirma caligmasinin en onemli 6geleri donanim
ve iyi yetigmis insan gucudar. Bu o6gelerden biri yetersiz
kaldiginda bagarili ve teknolojiye katkida bulunabilecek bir sonug

elde etmek diig kurmaktan dteye gitmeyecektir.

T{bitak’in projenin baglatildig1 tarihteki politikas1 bu

tgelerden aragtirict glicint tamamen gdz ardl eden bir yaklagimi
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yansitmaktadir. Ciddi aragtirmalarin aragtirma gorevlileriyle
yuritilmesi, bu kigilerin ders ve laboratuar ytkleri ve aragtirma
calismalarini baslatabildikleri tarihlerin proje ile c¢akigmamasi

nedeniyle basarili olmamakta, ¢aligmalar ¢ok yavag yuriamektedir.

Aragtiricilar icin verilen telif Ucretleri ise Tirkiye'de yagsam
kosullariyla hi¢ uyusmayan bir niteliktedir. Bu nedenle bir iste
calismayan aragtirmaci veya tez dgrencisi bulunamamalktadir.
Nitekim bu projede de, 6gretim Uyeleri telif lUcretlerini timaiyle
bir iste caligmayan aragtiricilara ddemelerine ragmen (Amir Safavi,
Fariborz Niakan, Saeid Saeidi) istenilen kalitede arastiria

bulamamaiglardir.

Projenin yuritilmesi sirasinda mali imkanlarin yetersizligi
nedeniyle Fariborz Niakan, Saeid Saeidi, Fatih Erdem ¢alismalarini

tamamlamadan ayrilmiglardir.

Projenin ciddi bir dizeyde yiriitiilmesi i¢in hi¢ bir iste
calismayan aragtirmacinin onemi yadsinmamali ve 6deme duzeyi

en az arastirma goérevlisi seviyesinde olmaldir.

Projenin yuratilmesinde pek ¢ok irili ufakli sorunla
karsilagilmigtir. Ancak, yukarida belirtilen tam zamanli aragtirmaci
en onemli 6Fedir ve goézden Kkagirilmamasi icin diger sorunlara

deginilmeyecektir.
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CHAPTER V

HOW TO USE SR

5.1 Introduction

SR is a user friendly program that anyone can use it without knowing
much about the software. It is suflicient to follow the commands which appear on the
screen during execution. To run SR, change directory to C:\SR. By typing "SR" and

pressing enter the main menu will appear on the screen.

5.2 Main Menu

The main menu of SR controls the main flow of program according to the
user choice. In order to choose an option from the main menu bring the highlighted

bar on it and press enter.

In the following sections detailed explanation of the choices in the main
menu are discussed.
5.3 Data

This option should be chosen by the user before proceeding any further.

The sub menu for this option includes:

5.3.1. Load

The user can load one of already available motor parameters. The motor
parameters are stored in three arrays, ai, ar, and ad. The list of parameters in each

array are given in Tables 5.1, 2, and 3.




Table 5.1 ai array parameters

array number name used in thesis if description
any
1 N¢ i of stator poles B
2 Ny # of rotor poles
3 NTSP # of teeth per stator tooth
4 NTRP # of teeth per rotor tooth
5 NOS # of stacks

Table 5.2 ar array parameters

array number name used in thesis if description
any
1 Do stator outer diameter
2 d; rotor outer diameter
3 dy rotor inner diameter
4 L core length
5 Yp, backcore width )
6 g airgap
7 tg stator tooth width
8 i rotor tooth width
9 I current
10 N; # of turns per pole
11 Ve applied voltage
12 v voltage at chopping
13 n speed (rpm)
14 Xpi switch on
15 Xpx switch oft
16 chophigh max current at chopping
17 choplow min current at chopping
18 R primary resistance
19 Ry auxilary resistance
20 max av. speed max x-axis scale in tyy
A stacking factor
22 empty empty




A Cu resistivity (¥/meter)
I Fe density (gi/mm3)
25 ) eeeee Cu density (gr/mm3)
26 | e Fe price (TL./gr)
R Cu price (TL./gr)
28 1 e Cu primary diameter (mm)
29 1 e Cu second. diameter (mm)
30 empty empty
31 empty empty
32 \& refer to Figure 3.5
33 WS "
34 tz "
35 ty !
36 h3 !
37 h2 "
38 hl !
39 a distance from tip of pole
40 empty empty
41 empty empty
42 empty empty
43 empty empty
44 empty empty
45 empty empty
Table 5.1 ad array parameters
array number name used in thesis if description
any
1 lambda a stator pole pitch
2 lambda b rotor pole pitch
3 ten normalized stator width
4 trn normalized rotor width
5 hy stator tooth height
6 hg rotor tooth height




5.3.2 New

Allows the creation of a new motor file. The user is asked to give a name
to the new motor. The name should be different than the vnes already available (a list
of available motors is given). The name should be a string of 3 characters. The first
two characters (small characters) describe the motor type, and the third character is a
number representing how many of this type of motors available. The types are

distinguished as follows:

- sr one tooth per pole, single stack

- mt multi teeth per pole, single stack

- ms multi stack
As an example mt5 means the fifth of mt type motors. Pressing enter will create a new
motor file if a name is given otherwise will cancel the operation.

5.3.3 Delete

Deletes one of available motors. Use the arrow keys to select the motor to

be deleted and press enter. Pressing Esc will cancel the operation.

5.3.4 Change

Allows the user to change the BH curve and flux linkage data assigned to
a motor. Select the motor with arrow keys and press enter. The user will be asked for
a new BH curve name. This curve could be one of available BH curves or it could be
a new one. Pressing enter will change the name if a new name is given otherwise it
will ask for a new flux linkage file name. In case the files are new it is the users

responsibility to provide them by using option 8 (Make).

5.4 Motor Parameters

Loaded motor parameters (section 5.3.1) can be observed and changed 1f
necessary by using this option. The parameters which are related are gathered and

shown in a sub menu as explained next.




5.4.1 Motor Independent Parameters

These are the first 8 shown in Table 5.2, Any variable can be chosen (if its

value is to be changed) by arrow keys and selected by pressing enter.

5.4.2 Motor Dependent Parameters

These variables are shown in Table 5.3 The reason for calling these
variables "dependent" is that they can be obtained from the independent ones. Note

that these parameters are not allowed to be changed.

5.4.3 Motor Type

The first part of these variables which represent the motor type is given in
Table 5.1 and the second part representing dimensions of a pole are given in Table 5.2
(variables 32 through 39). In case the motor is of type sr then the second part of these

variables should be entered as zero.

5.4 .4 Operating Conditions

These are the variables in Table 5.2 numbered from 9 to 21. Any of these
can be changed as explained in section 5.4.1.

5.4 .5 Miscellaneous

These variables are in Table 5.2 from 23 through 29.

5.5 Starting Performance

Flux linkage, static torque, and inductance against position curves can be
scen using this option for either one phase on or two phase on operations. The user
can select one at a time by bringing the highlighted bar on the desired option and

pressing enter.
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Figure 4.7 Comparison of Flux Density for Test Motor 2

The current waveforms were recorded by the help of a x-t recorder [4]. The motor
adjusted its switching position according to its torque demand. Ideally at zero torque
the effect of positive torques is overcome by negative torque which means switch
ON ideally occurs at x,=-0.5. However the motor at no load requires some torque to

overcome the bearing friction.

4.6 Conclusion

In this chapter mcasured results weie taken from references 1,2, and 4
The measured data for the test motor consist of flux linkage and static torque curves
(both as a function of current and rotor position). When compared with computed
curves it is observed that the consistency between measured and computed static
torque data is satisfactory for test motors 2 and 3, and a bit short of the peak value
for test motor 1 (the t/A value was not in the range were the data is available), For
flux linkage data however a certain amount of discrepency is observed for positions

close to OUT position.

The current waveform was obtained from flux linkage data. In general it

can be concluded that the computed results supporied the measured ones.
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CHAPTER V

CONCLUSION

performance of a 4 phase switched reluctance motor. This gives the designer the

opportunity to design a motor with characteristics according to his demands.

Throughout calculation of the performances the force vs. mmf and flux
density vs mmf data for a symmetrical doubly salient geometry with a core length
and rotor tooth pitch of 1 meter (udss) is used. A conversion is made to transfer the
data from udss to real geometry at which the performance is required.

The following performances can be predicted at the design stage:
- static torque vs. position
- flux linkage and inductance vs. position for a specific applied current
- current waveform as a function of switching positions, voltage and speed

- average torque vs. speed

It is found that the methods used predict the static torque curves very
accurately in shape but smaller peak values (around 7-10 %) are predicted for test
motor | as compared with the measurements, and very accurate for other test motors.
The starting torque is in good agreement with the measured ones even for test motor
1 since it is the torque at the intersection of two successive curves and independent
of the peak region of the torque. The flux linkage vs. position as a function of current
are computed using By vs. F data. In deriving the computed flux linkage data, back
iron mmf is also taken into account. The discrepancy between measured and
computed flux linkages increases as the rotor moves toward the out position. The
computed curves over estimate the measured ones. Sources of errors were discussed
in chapter 4. Current waveshapes were computed by solving the terminal equation
with numerical integration method. In solving the differential equation the flux
linkage data (in tabular form) of the motor was used in computation. As discussed
the computed curves matched the measured curves very accurately. Average torque

S



is computed using the energy factor concept. In this the area under the current vs
flux linkage (mmf vs flux density) loops is computed. Dealing with area causes the
percentage error reflected to average torque to be less than the error computed for
flux linkage curves alone (both increasing and decreasing named curves in figure
3.16 will over or under estimate the actual ones and as a result the area stays almost
constant). The calculated inductance is a bit lower as to what it should be since there

is some leakage flux at the tip of the coil which is not taken into account.

Remembering  that the test motor 1 has a VA ratio out of the /A ratios
available in the data, which certainly produces significant amount of error due to
extrapolation, it can be concluded that the results presented indicate that using the
methods discussed, the performance of SR type motors can be predicted within

acceptable limits of errors for practical purposes.
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Table A.2 Data for S(k.Nt) vs mmf(*1000 A) Curves for a Unity Length

Unity Rotor Pitch Configuration

1=0.3 0.4 t1=0.5

‘\ X Yg 40 70 100 150 200 250 40 70 100 150 200 250 40 70 100 “ 150 200 250
mmonf

9 00.00 0000 00.00 00.00 0000  00.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10 03.41 0523 0795 09.81 1113 11.82 3.44 5.10 7.29 9.51 10.76  11.57 3.19 8.53 176 9.49 1069 1131

20 08.35 12.57 1805 2L12 13.15 2414 8.35 12.24 1644 2028 2223 2342 7.93 13.31 17.13 1998 21.80 23.02

0.2 30 13.90 2005 2740 3116 3353 34.68 13.90 19.64 2517 7987 315 3333 13.39 1985 25352 2905 3119 3260

40 19.37 2693 3538 3946 4193 4313 19.50 2663 3292 3795 4033 4176 1893 2581 32.65 3651 3875 4022

50 2408 3247 4138 45.34 47.98 4920 2456 3253 3912 4418 4653 4755 2392 3084 3820 42.15 4438 4585

60 2735 3593 4479 48.91 51.35 352.58 7845 3666 4322 4820 50.53 51.65 1 2774 3459 41.88 4578 4799 49.44

70 9850 36.55 4498 49.10 5167 5296 30.70 3835  44.66 4969 5213 5381 1974 3671  43.38 47.19 4947 5088

0 0.00 0.00 0.00 0.00 0.00 0.00 4.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10 1.00 4.88 7.50 9.63 1096 1178 1.91 5.34 7.95 9.95 11.00 11.70 1.76 5.14 7.86 9.5 1084 1153

20 8.08 1587 2068 2412 26.16 2139 8.26 1591 2050 2407 2558 2657 7.54 15.13 2037  23.89 25.01 2598

30 18.11 2982 36.02 40.12 4247 43.86 17.53 2862 3524 3904 4078 4185 1706 2720 3414 3815 39.67 40.77

0.4 40 3188 4457 5L31 5522 5823 5965 2825 4186 4946 53.53 5532 5646 V164 3986  47.80 5209 5367 54381

30 4417 5793 6314 4943 TL77T T35 3892 5403 8207 66.17 6797 6910 3820 5160 59.96 5429 6589 6702

&0 5377 6775 7490 79.14 8145 8281 48.06 6352 TLES 7564 7746 7861 4729 6094 6527 7356 75.18 7632
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Figure A.1 B-H Curve of the Data Used in Computing the Perforimance

Table A.3 Data Representing B-H Curve

B H
0.00 0.0
1.08 200.0
1.36 400.0
1.44 600.0
1.50 1000.0
1.62 2000.0
1.72 4000.0
1.82 8000.0
1.86 10000.0 .
2.00 20000.0
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APPENDIX B

FLUX LINKAGE AND THE INVERSE TABLES

The solution of equation 3.13 to obtain current waveform requires the
definition of the magnetic behaviour of the motor in the form of a table 1(0,¢) o
enable the value of i to be updated after each step of numerical integration of the
model equation. In other words, after each integration step, 10 find a new value of ¢
it is necessary to find the corresponding current which is then inserted in the right
hand side of equation 3.13. This table i(0,9) is obtained by inverting the input table.
The values of i($) at equally spaced flux linkages are found by using quadratic
interpolation through three successive points.

Table B.1 represents the measured flux linkages for test motor 1 and
table B.2 is the inverse table.

Table B.1 Flux Linkage as a Function of Current and Position

current (A)

-

X 010.5}1\1.5{2&2.5}3}3.5}4

[45 1 5 [ 551 6
o0 000 040 065 075 080 0B84 586 088 000 092 093 094 095
57 1 000 038 063 074 079 083 085 088 089 091 092 003 094
o2 1000 033 o055 o068 074 077 080 083 084 086 088 089 090
53 1 000 027 048 059 066 070 073 076 078 080 082 085 08
o4 1000 019 034 044 050 035 050 062 066 068 071 073 076
05 1000 013 023 030 036 041 045 040 053 057 060 062 065
56 1000 005 010 o014 019 024 028 033 037 041 045 048 052
07 1 000 004 007 010 014 017 020 024 027 031 024 037 040
08 | 000 003 006 009 012z 015 018 021 024 026 029 031 034
65 1000 003 005 008 010 013 016 018 021 023 026 028 03]
75 000 003 005 008 010 013 015 018 020 023 025 028 030




Table 3.2 Current as a Function of Flux Linkage and Position

Flux Linkage
X o J ot [ o2 [ 03 |04 os [os | 07|08 [ 09 | 10
00 000 043 025 038 050 068 089 123 200 400 850
01 | 000 013 026 039 054 072 093 130 212 435 900
02 | 000 0145 030 045 064 087 L17 165 300 600 1100
03 | 000 019 037 057 08 108 156 250 450 725 975
04 | 000 026 053 08 128 200 315 487 667 833 1000
05 | 000 038 084 150 239 363 500 683 850 1017 1183
06 | 000 100 210 322 437 575 700 825 950 1075 1200
71 000 150 300 439 600 767 933 1100 1267 1433 1600
08 | 000 167 333 523 700 867 1033 1200 13.67 1533 1700
T09 | 000 200 387 583 750 917 1083 1250 1417 1583 1750
o | 000 200 400 600 850 1100 1350 16.00 1850 21.00 2350
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1. INTRODUCTION

Numerical solution of Magnetic fields is an important engineering tool for prediction
of performance of various devices. The use of this technique for magnetic design purposes
is only about 20 years old and is growingly becoming a very important modern tool for
magnetic design. Finite Element method is one of the solution techniques and it has found a
more general acceptance than others. Ansys is one such professional Finite Element Field

solution tool used by industry.

In this part of the report the use of this software for predicting the performance of
switched reluctance motors will be described. In Finite Element field solution program the
field is generally devided into number of discrete elements. For each element an equation
valid for that mesh is written. Then, the resulting set of equations are solved simultaneously

while satisfying the boundary conditions.

The solution therefore greatly depends on how the user discretizes the problem and
imposes boundary conditions. For that reason it is essential to test the program and its
results for obtaining desired accuracy without excessively increasing the computation time.
One of the purposes of this investigation has been to increase experience with the use of

such programs for magnetic design purposes.

Although professional programs provide a field solution, often essential software for
calculating the desired performance is not readily available. The user develops such
‘macro’s for the specific problem. Development of such tools for SR motor performance

analysis and testing their accuracy has been the other purpose.

The research work has started by solving the field for a SR motor readily available in
the laboratory. This was essential since the design of the SR motor for the application here

would take time. The tests on this motor (called SR1 in this report) for finding its torque-




position and flux linkage-position-current characteristics was already done in REF [1,2] .
The effect of distribution of meshes in the solution area is investigated also on this motor.
Another issue investigated was to find out how to use a given mesh distribution for
obtaining field solution for different rotor positions. This is extremely important for
minimizing the effort to obtain the desired characteristics. The purpose was to identify
factors affecting the prediction accuracy, and to find out how to minimize solution time

while achieving desired accuracy.

Once the design of the SR motor (This motor is called SR2 in this report) for the
application here was done using the software developed in section 1 of this report, the
F.E. solution approach is used to verify the design. The two approaches are
complementary; the analysis and optimization software gives quick results however, its
accuracy is limited. On the other hand using F.E. technique is more tedious and time

consuming but its accuracy is greater.

In the study here the following platform purchased within the project budget is used.

HP series 720 Computer Workstation
1 Gbyte SCSI Disk

32 Mbytes RAM

HP - UX 8.07

At a later stage a PC is purchased with the available budget and a PC based version

of the program is also studied.

In the following section of this report the ANSYS program is briefly described. Then

the test and computation results for each motor is given in separate sections.




2)FINITE ELEMENTS ANALYSIS SOFTWARE - ANSYS

ANSYS PROGRAM:

ANSYS is a computer program for finite element analysis and design. The program
may be used to find out how a given design (e.g. a machine) works under operating
conditions. It can be also used to calculate a proper design for given operating conditions,

through design by analysis technique.

ANSYS program can be used in all disciplines of engineering : structural, thermal,
mechanical, electrical, electromagnetic, electronic, fluid and biomedical. In this study only

the electromagnetic analysis facilities of the program is used. [3, 4, 5, 6].

In the following sections basic features of ANSYS and the steps to be followed to build a

model and solution of the field are described.

A) BUILDING THE MODEL:

The following steps are followed.
Defining element types ( four nodded magnetic elements are used for meshing operation)
Defining material properties. Options are as follows

Linear material properties

Nonlinear material properties ( BH data of magnetic material is loaded )

Creating the model geometry ( dimensions of the motor )

B) APPLYING LOADS AND OBTAINING SOLUTION:

Defining the analysis type and analysis option

Applying loads




Defining boundary conditions ; loads and constraints.

Applying current densities to the conductors.

Boundary Conditions:

*Boundary conditions are considered to be at symmetry planes of a model or at the far-
field boundary of the model . Boundary options includes flux-normal, flux-parallel , far-

field , far-field zero and periodic.

*Flux normal conditions are used to force flux to flow perpendicular to a surface. This is
imposed naturally by the finite element method when no specifications are made at the

surface of interest.

*Flux parallel conditions are used to force flux to flow parallel to a surface . This is
imposed by setting the magnet vector potential , Az , to a constant value. The constant

value is usually zero unless a non-zero field is being imposed.

In this applications flux parallel boundary conditions ( A=0 ) have to be defined on the
exterior parts of the motor that surrounded by air. ( Drichlet type or flux parallel boundary

conditions )

Loads:

*Loads that can be applied to a model include nodal potentials, element current density

and nodal current segments.

*Virtual displacements may be specified to indicate a virtual work force calculation

“Maxwell surface “flags” may be set to identify surfaces for evaluation of surface force

traction.




*Nodal vector potential loads (Az) are used to apply nodal vector potentials to a node.
This is generally done to apply an external field to a model by applying potentials at the

model boundary.

*Source current density (Js) loading is used to apply a uniformly distributed source

current to an element. The loading is expressed in terms of current “density”.

Specifying load step options:

Due to the nonlinear nature of the model, a two load step procedure is used. The first
load step is used to ramp on the boundary conditions (nodal potentials and loads ) . The
second load is used to converge the nonlinear solution. Convergence controls used

during solution also have to be defined .

C) REVIEWING THE RESULTS:

Once the solution has been calculated ANSYS postprocessor can be used to review the
results. Contour displays , tabular listings and many other postprocessor options are
available and there are commands to make some calculations (e.g. line integral, cross

product .. etc.)

Nodal Data:

*Nodal vector potential (Az) is available for processing.
-Flux lines are lines of constant Az in a planar analysis , and lines of constants A
in an axisymmetric analysis ( r = x coordinate )
- Ay can be used to visualize flux lines
- Between any two nodes in a model , the flux passing between the nodes may be

calculated as :




b=1A. dl

*Nodal magnetic flux density (B) and field intensity (H) are available for processing.

*Nodal Lorentz forces or Maxwell surface forces may be displayed.

SWITCHED RELUCTANCE MOTOR MODELING:

For modeling of switched reluctance motors , full model is used since half symmetry
modeling may have some difficulties about rotation of the rotor part. For the exterior
nodes of motor ( exterior parts of stator and rotor) flux parallel boundary conditions are
applied it means parallel component of the magnetic vector potential is defined as zero. It is
supposed that only one phase is excited at the time of analysis. Exciting conductors are

seen in figure 2.1.

(1

Co

Figure 2.1
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3) CALCULATIONS OF TORQUE AND FLUX LINKAGE USING FIELD
SOLUTIONS :

3.1) Torque Calculations:

A ‘Macro’ software is developed for calculation of torque produced by the motor at
a given position, once the field solution is obtained. The approach used in this software is

briefly described below.

The torque on a rigid body can be obtained using the Maxwell stress tensor and is given by;
T=]Bn)@xB/pny)-|B2@xn)/2u,)ds 1)

For the two dimensional planar case rx B has only a single out of plane vector component

and can thus be treated as the scalar
K=(x By - 1y Byx) 2)
therefore equation 1 becomes :

1T =] (KB/ pg.n) ds 3)

In the application here a circular integration path is chosen in the center of air gap and for
different rotor positions (rotating the rotor nodes without modeling the geometry again )
torque is calculated . The path of integration is circular about the origin and number of
nodes used to define the path is chosen to be 36 ,it means the angle between nodes is 10
degrees. Integration path is shown in Figure 3.1 . It has to be remembered that the SI unit
of calculated torque in this method is Nm/m and resultant torque is calculated by

multiplying it with stack length.




Figure 3.1 Assumed path of integration for torque calculation

3.2 ) Flux Linkage Calculations:

As discussed in chapter 1 nodal magnetic potential ( Az ) is available in ANSYS
postprocessing part. Az can also be used to visualize the flux lines . ( As seen in the Az

graphs) . In this study there are two methods used for flux linkage calculations.
METHOD 1:

Between any two node in the model , the flux passing between the nodes may be

calculated as : .

b=1A. dl 4)

In this case the integration is carried out following a closed loop extending into the z
direction. Sice Az has no component in the x direction. Contribution of the contour
along x direction will be zero to the integral. If a unit length of magnetic core is
considered in the z direction, it may be concluded that flux through the stator teeth as

seen from Figure 3.2 may be calculated from the equation




d=(Al - A2).1 5)
where
Al 1s the magnetic vector potential of node 1 in Fig 2.3
A2 1is the magnetic vector potential of node 2 in Fig 2.3

$2 is flux per pole per turn
The flux linkage per phase ( Wb-Turns ) may be calculated from the equation:

w=(2*N)*($2)* L (6)
where
L : Stack length
N : Number of turns

On the other hand flux leakage may be assumed to be

Leakage flux = 2¢1 - ¢2
where ¢1 is the flux through surface shown in Fig. 3.2 (7

Leakage fluxes can be seen on Az graphs.

l R49.95
i

['s
! foT——
) \ e
. -

Fig. 3.2 Calculation of flux per pole




METHOD 2:

Moreover a second method recommended by Prof. Jack is also tested . For this

purpose a macro file is written to find average magnetic flux density over a coil.
Thus the resultant
flux linkage /pole / turn =® = Al -A2 ... where (8)

Al 1s average flux of coil 1

A2 is average flux of coil 2.

Note that this method is similar to method 1 only in this case an average node potential
is considered for the calculations. In this study the two methods are found to give

almost identical results.

Macro file procedure:

The macro file written for this purpose traces the following steps.

1. From ANSYS magnetic field solution find nodal magetic vector potential A; for

every node on coil 1 (See Fig. 3.3)

2. From ANSYS magnetic field solution find nodal magetic vector potential ~A; for

every node on coil 2.

3. Find average magnetic vector potential of coil | from

Al= (X Ai)/n, where i=1, .. nis the node number.

10




4. Find average magnetic vector potential of coil 2 from

A2=(2 A;)/n, where i=1, .. nis the node number.

(coils have same number of nodes)

5) linkage flux/pole/turn=® = Al - A2

4) SOLUTION OF THE FIELD AND CALCULATION OF TORQUE AND FLUX
LINKAGE FOR THE TEST MOTORS

The program used for the solution of the magnetic field with the purpose of calculation

of the torque and flux linkage is briefly described in the previous sections.

In this section the application of the field solution technique to the switched reluctance

motors in this research is described. The method is first studied on a previously designed
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and manufactured SR motor at METU Electrical and Electronics Engineering
Department. In this manner time is gained, while other research was pursued to

determine specifications and to design the SR motor for the application here.

There experience gained in mesh generation and field solution is later applied to the SR

motor developed in this work.

4.1.) Test Motor 1 (SR1)

The effect of the mesh distribution and the factors affecting the accuracy of torque
position (T vs 0) and flux linkage- position characteristics (A vs 0) was investigated on
SR1. Measured T ve © and A vs O characteristics of this motor was available from
previous work [1,2]. These measurements are not repeated, solution results are

compared with these measurements.

The specifications of this motor is as follows.

DIMENSIONS OF THE MOTOR:

Outer diameter of rotor : 70 mm

Outer diameter of stator : 135 mm :
Core length 915 mm

Backcore width o 11 mm

Air gap length 02 mm

Stator pole width 85 mm

Rotor pole width 10 mm

Stator pole depth ;213 mm

Rotor pole depth 175 mm

Number of turns 300

12




Rated Current . 6 Ampere/pole

Maximum are for placing the coil as

a=6 mm, t.=128 t3=12.6

The motor structure is shown in Figure 4.1

a) SR1 Motor lamination b) A Phase coil of SR1

Fig. 4.1 SR1 motor structure

»

Step Angle:

The step angle of the motor is simple to calculate
360

o = — (9)
n-p
where n is number of phases and p is the number of rotor teeth, therefore
360
o=—=15
4-6

13



Position Normalization:

The torque curve of the motor is periodic over rotor tooth pitch (RTP)

RTP=n.a = 4*15 = 60° (10)

/\ a
; \\ / \ Stable Position
-/ /
30° 4 A 30° 3y
; / \ Position
-1 —O.SV 0 \ ;\ 1 Nor'xt}alizcd /
: N Position
i \ /
N\ /
| \/
\\;

Fig. 4.2

In this study rotor position is expressed in normalized form. The normalization is done over

(RTP/2). In this notation, the normalized step angle (o) is

Loading:

Current density is applied on every element in the area representing the coils of a pole. For

SR1 motor for 4 Ampere phase current.




J=N.1/Area
J=1300.4/ (t x tg)

J=1200/1.61.10"%

J=7.44.10°

+—to— +—to—*

For Part I the direction of the current is reserved. J = -NI /Area=> 3= -7.44. 106 A/m2

4.1.1 The Effects of Mesh Distribution on Calculations

The ultimate aim of the field solution is to be able to predict the torque and
inductance characteristics of the motor with good accuracy. However, field solution are
time consuming even on fast workstation. Therefore, it is highly desirable to minimize
number of elements, without loosing the accuracy of solution. To study this issue 3
different meshes are created for SR1. Mesh A and Mesh B as shown below have similar
number of elements. The major difference is in the number of elements in the airgap. Mesh

B has about 50% less elements in this region.

In the case of Mesh C the number of elements in the airgap are the same as Mesh A.
In this case, however, the number of elements in other regions is increased by about 50%

to find out its effect on the solution time and accuracy.

MESH A: 8180 elements ( total ) Fig. (4.3, 4.4)
2160 elements ( in the air gap)
**3 ROWS of elements used for air gap mesh

*** Computation Time is approximately 30 minutes

MESH B: 7960 elements ( total ) Fig. (4.5, 4.6)
1440 elements ( in the air gap)
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**2 ROWS of elements used for air gap mesh

**% Computation Time is approximately 20 minutes

MESH C: 12140 elements ( total ) Fig. (4.7, 4.8)
2160 elements ( in the air gap)
**3 ROWS of elements used for airgap mesh

*** Computation Time is approximately 45 minutes

The type of element used for meshing, rules followed in creating the mesh are

discussed in the following section, as well as the method used for obtaining a solution.

4.1.2. Type of Element and the Distribution of Elements

Element type used for the solution of the problem here is PLANE -13/2-D Coupled-Field
Solid.

Plane 13 coupled field solid element is defined by four nodes with up to four degrees
of freedom per-node. Magnetic, thermal, electrical and structural field capability may exist
in a coupled-field Analysis with limited coupling between the fields. The element has
nonlinear magnetic capability for modeling B-H. curves or permanent magnet

demagnetization curves.

Plane 13 may be used as a four nodded or three nodded (rectangular or triangular
options). element. For airgap meshing, rectangular elements are used. This is called
mapped meshing. It requires that an area or volume be “regular” that is, it must meet

certain special criteria:

a) The area must be bounded by either three or four lines,

16




b) It must have equal numbers of element divisions specified on opposite sides

rectangular elements for are preferred here meshing the airgap because;

i) For torque calculation, nodes in the same radius have to be taken (accuracy of
integration)
i) For rotation of the rotor without remeshing, there must be equal size of elements

on the surface of rotation

In other parts of the motor rectangular elements are prefered But, for non-regular

areas, triangular elements are also used.(eg. SR2 stator part)

For meshing other parts of the motor, the shape and distribution of the elements are
carefully selected. Using a mesh that has low aspect ratio helps to minimize the
discontinuities in the flux density components and the errors in the computed torque of a
SRM. For this reason the ANSYS program performs element shape checking (based on
aspect ratio and shape angle) to warn user whenever a meshing operation creates on
element having a poor shape. Here are some suggestions to decide whether elements

shapes are acceptible:

Regions that are flattened or have excessively sharp corners generally cause mesh
failure. Hence, mesh should be made dense enough so that elements with high aspect ratio

\

would not be produced.

Low aspect ratio elements should be used to avoid long and sharp triangles. “15°” is

a proper lower bound for the internal angles of any element”

In designing the mesh structure of SR motor, the above mentioned principles have
been followed. Additionally, since the airgap plays a crucial role in the determination of
torque, a special emphesis is given to the mesh design of this region. The design is made

such that the elements are smallest of the whole motor structure. Radially moving in both
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directions away from the airgap (along the magnetic circuit) first the motor is divided in
eccentrical circles such that the radial distance between each successive circle is an
increasing multiple of airgap length (x2, x3,....). Then, each ring is meshed automatically by
ANSYS in either triangular or rectengular elements. The perimeter of each ring is devided
such that the above mentioned 15° constraint is eventually satisfied. This procedure allows

us to have a satisfactory accurracy with a considerably low number of elements.

4.1.3. Solution of the Field and Solution Accuracy

1) ANSYS- ANALYSIS OPTIONS:

o Analysis options includes, STATIC, SUBSTRUCTURE analysis, etc.

o Newton-Raphson solution procedure may be selected. (In most cases, the program will
choose by default the appropriate option) (NROPT command, adaptive descent
procedure)

e Solver options include a FRONTAL EQUATION SOLVER and a JACOBIAN
CONJUGATE GRADIENT SOLVER. (EQSLV-command).

2) ANSYS-SOLUTION OPTIONS:

e Number of substeps within a load step may be specified (NSUBST-command)
e Number of equilibrium iterations within a substep to allow for nonlinear convergence
may be specified by (NEQIT)-command.

e CNVTOL command is used to set the nonlinear convergence criteria for the analysis.

- Convergence may be based on the out-of-balance load for the corresponding forcing
load (Label=CSG)
- Convergence may be based on the degree of freedom. (Label=A)

- Program calculated default reference is recommended

18




- Solution accuracy has to be set to at last a value 0.001 (0.1%) for the accuracy of the
analysis. (Default value is 0.001).

e If convergence is not obtained, program may be terminated (NCNV command)

3) SOLUTION SEQUENCE- LINEAR ANALYSIS:

e Linear analysis accurs when only linear properties are defined (i.e, relative permeability

input only, no B-H curve).

e Solution requires only 1 substep.

4) SOLUTION SEQUENCE - NONLINEAR ANALYSIS:

e Nonlinear analysis occurs when B-H curves are input.

e Recommended solution sequence is to solve the problem over two load steps as

follows:

a) First load step:

-Obtain approximate solution
-1 equilibrium iteration per substep

-Number of substeps (5-15) is chosen
b) Second load step:
-Obtain converged solution

-Set number of equilibrium iteration (10-20)

-Set convergence tolerance (default value 0.001)
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1) Delete constraint equations (stitching) CEDELE command
2) Select rotor nodes

3) Detach solid model

4) Rotate rotor nodes by a specified amont (NGEN-command)
5) Select rotor nodes and stator elements at the surface

6) Generate constraint equations (STITCHING)

7) Solution

4.1.5. Calculated Torque and Flux Linkage for SR1

Torgue Prediction

The solution of the field is obtained for all three meshes described in section 4.11 and
the static torque curve is computed from Maxwell Stresses, for 5 normalized position of the
rotor teeth (see Section 4.1). The measured and computed torque characteristic of the
motor (or one phase on excitation at phase cuirent of 4A ) is as shown in Fig 4.9 and 4.10

respectively, and is also tabulated in Table 4.1

From these figures it can be observed that the solution obtained for reduced number
of meshes in the airgap is unacceptably inancurate (MESH B). However, Mesh A provided
a very good accuracy of prediction. The error in predictions from \mesh B is obviously due
to insufficient number of elements in the ait gap (The rest of the mesh distribution for B is

the same as mesh A)

NORMALIZED MEASURED ANSYS ANSYS
POSITION (1=4A) (MESH A) (MESH B)
0.1 3.3 3.16 3.29
0.2 8.0 738 43
0.3 10.6 10.2 8.27
0.4 11.2 11.9 11.96
0.5 9.1 9.6 13.5

Table. 4.1 Predicted and measured torque for SR1 at various positions.
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The solution obtained for MESC C is also found to give a similar accuracy to that
obtained from Mesh C However, the computation time was 50% more in this case. For this

reason Mesh A is used for further investigation.

The study in this section indicates that the number of meshes in the airgap is extremely
important for obtaining acceptable accuracy and 3 rows of elements is highly recommended

for the airgap region for an acceptable torque curve prediction.

torque(N-m) 14 torque(N-m)
£

‘._,‘ .......................................................................... Lo 12

SDUUNOPITPTPPPSIOPPIPRN PP & £ D S N T PRI l 0

U 4 P | O LI 2s RLTT TR P TT IR PR TR SR ATS 8

e ) A .
/

1 1 i ! ] ! 0 i i i 1 H
0 0.1 0.2 0.3 0.4 0.5 0.6 07 0 0.2 0.3 0.4 0.5 0.6
normalized position normalized position

Fig. 4.9 Predicted and measured torque Fig. 4.10 Predicted and measured torque

curve for SR1 (Mesh A) curve for SR1 (Mesh B)

Flux Linkage Prediction

Measured and computed flux linkage position curve is given for the test motor (in
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one phase on mode at a phase current of 4A) for Mesh A and Mesh B in Table 2. and
plotted in Fig 4.12. The method of flux linkage calculations is as described in section 4.2

Table 4.2 shows that flux linkage is not very sensitive to mesh distribution.

NORMALIZED | MEASURED ANSYS ANSYS
POSITION (1=4A) (MESH A) (MESH B)
weber weber weber
0 0.9 1.02 1.025
0.1 0.89 0.99 1.01
02 0.84 0.94 0.956
03 0.775 0.86 0.884
0.4 0.655 0.75 0.765
0.5 0.53 0.502 0.504
0.6 0.37 0.346 0.348

Table 4.2 measured and predicted flux linkage for SR1

Investigation of Fig. 4.11 displays a constant discrepancy between measured and
computed flux linkage values. This is expectable since the end winding leakage which is
independent of rotor position. However, this disprepancy seems to dissapear in
normalized positions 0.5 and 0.6.This is likely to be due to a flux or position

measurement error for these positions.

flux linkage
1.2

0 01 0.2 0.3 04 0.5 06 07
position

Fig 4.11 Measured and predicted flux linkage for two different meshes for SR 1
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This point howwever, is not pursued further since the purpose of the exercise at
this stage was to gain experience with the field solution programme. In the next section
the results obtained for the 2nd test motor (SR2) is givven. In this case the error sources
are eliminated with the experience gained in this section and more accurate results are

obtained.

4.2. TEST MOTOR 2 (SR2)

This motor is designed with the aid of the analysis optimization software

described in section, and is manufactured by project funding.

DIMENSIONS OF THE MOTOR:

Outer diameter of rotor : 38.6 mm
Outer diameter of stator © 999 mm
Core length : 40 mm
Backcore width © 10.1 mm
Air gap length : 0.255 mm
Stator pole width ; 8.2 mm
Rotor pole width : 8.2 mm
Stator pole depth ;30395 mm
Rotor pole depth : 7.2 mm
Number of turns : 322
Rated Current 3 Ampere/pole
Wire size : 0.7 mm
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Fig. 4.12 Lamimation of SR2 Air Gap= 0.255mm Stack Length= 40mm

4.2.1. Measured Torque and Flux Linkage for SR2

As discussed in section 4. For SR1 the test data was already available. However, for

SR2 torque and flux linkage measurements are made within the project work.

4.2.2. Torque Measurements

The test set up used for torque measurements is shown schematically in Fig. 4.14. The
device designed is simple but effective. Fixing rod in the figure stops rotation of the shaft.
One of the phases is excited, the rod on which micrometer rests (positioning arm) is set in a
horisantal position. The motor is now in the IN position. Than the positioning arm in Fig
4.15 is adjusted with the aid of a screw until it deflects as much as desired. The new

position of the rotor can be simply calculated as shown in Fig 4.16
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Fig. 4.14. The set-up for measuring static torque

i Micrometer
o dial

Positioning

-
Posttion Adjustment

Fig. 4.15. Shaft positioning set-up for torque measurements. (A section of the set-up in

Fig. 4.14.)
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Micrometer

Fig.4.16

The reading of the torque transducer is then recorded and converted to torque at 1m

if necessary. The torque transducer used in the tests here is

Brandname: SHC / Himmelstein Model: 24-02T(1-2)
Range: 100 Ib-in (11.276 Nm) Max.speed. 15000 rpm
NORMALIZED 1A 2A 3A

POSITION Torque (Nm) Torque (Nm) Torque (Nm)
0.1 0.36 0.52 0.61
0.2 0.40 0.72 0.92
0.3 0.41 0.88 . 1.20
0.4 0.43 1.06 1.50
0.5 0.49 1.16 1.75
0.6 0.45 1.14 1.88
0.7 0.45 1.12 1.85
0.8 0.37 0.91 1.71
0.9 0.20 0.36 0.58

Table 4.3 Measured and predicted torque values for SR2

The measured T-0 curve of this motor is given in Fig 4.17 and Table 4.3 for one

phase on excitation at three different excitation levels.
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Fig. 4.17. Measured and predicted torque curve for SR2

4.2.3. Flux Linkage Measurement

For flux linkage measurements again the positioning device in Fig. 4.15 is used. For
measurement of flux linkage a circuit proposed in reference 9 is used. This circuit is shown

in Fig.4.18.

i M
i L m
t=20 L
— JANNO]|
R Eddy Cur
w Cutrent
]3;? D Paths
4
Rg[,:l

Fig. 4.18 The circuit for measurement of flux linkage
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The transistor switch in the circuit was designed after a considerable amount of

experimentation with mechanical switches. It is observed that mechanical switches fail to

give satisfactory results because of bouncing problems.

The integrator is also very important for obtaining accurate results. Various devices
were tested to find out their suitability as an integrator. Drift and noise in the signal received
was found to be an important problem. To avoid noise a coaxial cable is used to carry the

signal to the integrator

A Gould 1602 digital storage scope with integration facility was found to be most

suitable device as integrator in this circuit.

When transitor in the circuit is turned on (manually by supplying its base here) current
circulates through the loop formed by the phase coil, resistance R; and the champing diode.

The indicated voltage-time integral in the figure can be found in terms of the circuit

parameters
JV.dt = —Li+ Lie—L (11)
Ri+Rj
w=LI |
Y= ~w.f\/.d‘c (12)
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Fig. 4.19 The circuit for measurement of flux linkage: Typical integral signal

4.2.4. The Field Solution and the Mesh Distribution

- TIME 66

CHI ¢ @5,

36:4]

QU 1 2dms

N

In the light of the experience obtained in section 4.1.1 the mesh distribution shown in

Fig. 4.20, 4.21 is generated. Note that to minimize the number of elements and obtain a

reasonable accuracy, the mesh sizes along the pole are increased in a geometric sequence

(g, 2g, 4g etc). Behind the poles automatic mesh generation facility was used due to the

complex geometry.

Number of Elements 8704
Number of Nodes 7918

Type of Element: rectangular - triangular

rows of elements in air gap 3 ( Fig4.21)

solution accuracy 10°
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5- SR2 MOTOR

a2

[ 4

Coil Area=1.12.10"

ForI=1A ForI=2A Forl=3A

I | T=NI/Area I |J=(2322)/ 1.12.10* |1 |J=(3.322)/ 1.12.10"
J=(1322)/1.12.10" J=5.75.10° A/m® J=8.6.10°A/m’
J=2.8.10° A/m*

II | J=-2.8.10° A/m’ II | J=-5.75.10° A/m’ II | J=-8.6.10° A/m’

The field solution is obtained with this mesh for 9 different rotor positions at different
excitation levels. The solution times are found to charge between 20-35 minutes. A typical

solution result is shown in Fig 4.22, 4.23 for 1 phase on excitation at a phase current of 3A.

4.2.5 Comparison of Measured and Computed Torque-Position Curves.

Measured and computed static torque for SR2 are plotted in Fig. 4.17 against
normalized position for three different excitation levels, and also tabulated in Table 4.3. The
results display an extremely good agreement between measurements and computations. The
error is largest for the low excitation level (1A). This is probably because the measured
torque is less than 5% of the rating of the torque transducer. For the highest excitation
levels (3A) ANSYS prediction gives about an 8% higher value for certain positions (0.6

and 0.7) than measured torque. This is an indication that the airgap size in the manufactured
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correspond to peak torque due to very small overlap and channeling of tooth flux to this

region.

4.2.6. Comparison of Measured and Computed Flux Linkage

The flux linkages of the motor are measured for 8 different positions while the current

changes from 0.5 to 3.5 A'in 0.5 A steps.

The measured data is given in Table 4.4

POSITION 0.5A 1A 1.5A 2A 25A 3A 35A
0.0 0.248 0.386 0.473 0.511 0.576 0.596 | 0.604
0.1 0.221 0.367 0.452 0.498 0.546 0.574 | 0.594
0.2 0.195 0.345 0.432 0.478 0.521 0.559 | 0.577
03 0.189 0.324 0.405 0.458 0.505 0.529 | 0.555
0.4 0.148 0.278 0.378 0.441 0.491 0.519 | 0.544
0.5 0.123 0.251 0.337 0.406 0.40 0.498 | 0.531
0.6 0.102 0.218 0.309 0.376 0.438 0.476 | 0512
0.7 0.091 0.179 0.249 0.317 0.368 0.406 | 0.455
0.8 0.088 0.141 0.226 0.295 0.345 0.391 0.425
0.9 0.061 0.113 0.187 0.245 0.315 0.358 | 0.395

Table 4.5 Measured flux linkage for SR2

Measured and computed flux linkages for SR2 are plotted against position for three phase
current values (1A, 2A, 3A) in Figure 4.25 Investigation of this figure show that the shape

of the curve is well predicted for all current levels. However, as expected a constant
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Fig. 4.25 a, b, c Measured and computed flux linkage for SR2
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discrepancy exists between measurements and computations. This discrepancy is
attributable to the end winding flux linkage which could not be taken into account in two
dimensional field solutions. The fact that the magnitude of the discrepancy increases with
current level supports this conclusion. It is possible to compute and account for and winding

flux leakage if desired [10].

5. CONCLUSIONS:

The study in this part of this research project was aimed to familiarize with the use of
professional magnetic field solution sorftware and gain the capability to use such software

for design purposes of SR motors.

In the first part of this work, ‘macro’s are developed for the calculation of flux
linkage, leakage flux and torque from the field solution. The effect of mesh distribution on
solution accuracy and torque and flux linkage calculation is investigated. Rules are laid out

for obtaining accurate results.

Field ssolution software is used for the prediction of torque-position and flux linkage-

position curves of two different SR motors.

A set up is developed for measuring the torque and flux linkage characteristics of SR
motors. When measured data is compared with computed torque curves the agreement is

found to be very good.
Comparison of measured and computed flux linkage- position curves displayed that a
constant discrepancy exists between measurements and predictions due to the end winding

leakage which can not be taken into account in two dimensional field solutions.

However, it must be noted that often the difference in the area under the curves is

required in performance computations and in that case the constant end winding leakage
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plays no role. If necessary though the end winding leakage can be calculated using

analytical and numerical techniques.

The study in this section clearly displayed that magnetic field solution technique and
the routines developed for torque and flux linkage calculation are reliable and can be used to

verify the performance of designs from the (design) software developed in this project.

In short an exteremely valuable experience is gained on the use of magnetic field

solution software in this study.
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A CONTROL STRATEGY FOR SPEED CONTROL OF S.R. MOTOR

Program Description:

The software that has been designed and implemented, consists of three parts,
communicating with user, acceleration, constant speed. These parts are explained separately
with their corresponding flowcharts. Before doing that a general explanation of the software is

given first.

General Explanation:

The main aim of the software is to accelerate the motor to the desired speed and keep

the motor running at that speed.

For this purpose the user enters the desired speed of the motor and the switch angle at
which the motor accelerates. Moreover the user is asked to mention whether the overall time
of running is limited or not. If limited then the user should enter the desired time of running

which has been set up to 500 seconds presently.

The program accelerates the motor to the desired speed. This is done while comparing
the speed of the motor with desired speed, each time when the so‘ftware receives a feedback
from the motor. The feedback is received when the rotor pole and stator pole are aligned
where is called stable position. when the rotor reaches to the desired speed, constant pulses are

applied to the motor phases.
Communicating With User:

Timer 2 is used as a baud rate generator with 2400 bits/sec. By using timer 2, characters
are sent and received to and from Microcontroler. A PC can be used as terminal which is

connected to the Evaluation board through port 2.




The speed should be entered in the digit form from 50 to 9990 rpm. The entered speeds
should be a multiple of 10. The corresponding time period is found from a look up table. This
restriction is because of look-up table managed in the program in which the time corresponding
to the speeds from 50 to 9990 are saved. This time has been found from the relation
T= 5/(2*N) . Where T is the time of completion of one step angle in sec and N is the speed of

the motor in rpm.

While entering the switch angle, the number of switch angle should be entered, not itself.
So that the integers from 1 to 9 are entered therefore the switch angle corresponding to these

numbers would be selected.

If the time of running is limited then a multiple of 50 msec is entered which has been
limited to be 9999 presently and this corresponds to 500 minutes. After this time elapse the

software directs towards deceleration routine and motor stops.

Acceleration:

In the acceleration routine, first a phase of the motor is excited and this is followed by a

one second pause. This is needed to assure that the motor always rotates in the desired

direction.

As mentioned before for starting, constant pulses with a frequency below the
starting/stopping region are given to the motor phases in the designed software the Frequency
has been selected to be 20 steps/sec. The initial number of pulses are set to be three. But this
number can easily be modified by changing the value of the register RO. After giving these
pulses to the motor, the rotor accelerates therefore the PCA timer can be used for measuring
the time between two stable position. So the next phase can be switched on with the
corresponding switch angle. The motor accelerates with the entered switch angle and during
this, the speed of the motor is compared with the operating speed entered with user each time

that a step is traveled.

During the speed comparison, the time between two feedback’s which corresponds to

the time of the one step angle is compared with the corresponding time of the entered speed.




The time of the entered speed has been found from look-up table since the exact equivalence of
these two time may not be possible, the comparison is done between 93.75% and 106.25% of
the entered speed. These two bounded values are calculated at the end of the communicating
with user section. The speed of the motor at the end of each step angle travel is checked to
find out weather it is inside the mentioned range or not. If not acceleration goes on and the
next pulse is given to the motor, if yes then the motor has approximately the speed of the

desired speed so that the software jumps to constant speed part.

Constant Speed:

For keeping the speed of the motor at the desired speed, constant pulses of the same
frequency as the desired speed frequency are applied to the motor phases. This is done by
using timer 2 in the autoreload mode. So the time corresponding to the desired speed is loaded
to timer 2 and when this time is passing one phase of the motor is being excited. After

completion of the time, next phase starts excitation and is being excited until set time in timer 2

elapses again.

While giving constant frequency pulses to the motor phases, the speed of the motor is
compared each time that a feed back is received. But at the beginning of the constant speed
section, three pulses are applied to the motor without measuring the speed of the motor, this is
done because the motor has not reached desired speed exactly. For this reason comparing the
speed of the motor just after the first pulse in the constant speed section may give a wrong

result.

In the duration where constant frequency (3) pulses are applied to the rotor manages
itself to follow the constant pulses applied to motor phases. After this duration, the speed of
the motor is compared with reference speed and if the motor is still in the mentioned range,
applying constant pulses is continued. But if the speed of the motor has increased or decreased
which might have been caused due to the variation of the load, the program directs to the Dec-
Con or Acce-Con routines respectively. Before directing to these routines the reference switch
angle should be obtained, which are used in the above routines to control the speed. This is
done by measuring the time of timer 2 from the last feedback up to it’s overflow. This time is

measured by timer 1 reloaded to data memory.




Routines and Interrupts:

In the section the routines and interrupts are explained.
PUT-CHAR: Will send a single character to the terminal
GET-CHAR: Will receive a single character from the terminal
PUT-CRLF: Will send carriage return and line feed.

PUT-STRING: Will strings to the terminal. Strings are saved in the memory and the address

of the first character of the string is in the DPTR register.

GET-NUM: Will read a BCD number up to 4 digits from the terminal. Digits are located one
by one in the data memory. The start location is addressed by the contents of the RO register.
But it should be noted that the number of the digits are saved in the location addressed by the

contents of the RO and digits themselves are saved in the successives locations.

GET-BINNUM: Will convert the entered BCD number to the binary number and output the
binary number through the locations named as OUTBINH & OUTBINL.

FIND-TIME: Will output the time found from the look-up table, through TREFH & TREFL
LOCATION: Will find the time from the look up table.

TIMERO-INT: Will increment a 16- bits register named as COPMH & COPML and compare
this register with LIMTIMEH & LIMTIMEL register which content is the total time of
running. When these two 16-bits registers become equal then the routine changes the
interrupted address saved in the stak. And load the address 4040 H where the program jumps

to the deceleration routine.

|
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PCA-INT: Will output the time between two positive transition events which in our case are

the feedback’s taken from the stable positions of the motor. The found time is output through

CAPTUREH & CAPTUREL.

COMPARE: Will compare the 16-bits value found in the PCA-INT with two 16-bits
registers named as LTREFH & LTREFL and HTREFH & HTRFL respectively. Some flags
are set up after comparing. If the 16-bits value is greater than HTREFH & HTREFL then the
speed is below the desired range and the BELOW flag is set acceleration goes on. If it is less
than HTREFH & HTREFL then it is compared with LTREFH & LTREFL and if it is gréater
than this value then the speed is inside the desired range so the MIDDLE flag is set. And the
program jumps to constant speed section. If it is also less than LTREFH & LTREFL so the
speed of the motor is the out off the desired range and the ABOVE flag is set. The speed
should be brought to the desired range. This is done by using DEC1.

SW-ANG: Will find the required time which should be elapsed for switching the next phase.
The time found from the PCA-INT which corresponds to the time between two stable position,
is devided by 8. this is done by using the shift instruction three times. The devided value then is
multiplied by the entered number of the switching angle and the multiplied value is loaded to

the timer 1’s registers TH1 &TL1.

STEP-COMMAND: Will send pulses to the port lpins 4, 5, 6, 7 are corresponded to the

transistors 1, 2, 3, 4 respectively Value O turns on transistor and value 1 turns off transistors. .

*

The corresponding pulses for turning on the next phase are saved in the register POSITION.
Before sending pulses through port 1, the high nibble value of the accumulator is masked. This
should be done because pin 3 of the port 1 is used as an input to the microcontroler. This input
comes from the encoder connected to the motor and encoder sends the feedback taken from

the stable position.

3«.
L]



I Call StepComrmand |

edback Received

MrRo=3

| Call StepCormand |
i

l Tusn on timer 2 I

|

Time Passed

| Call StepCommand |

Egedback Received

e
Set up timer 1 with the corresponding

time of switching angle

PN |  Tum oanimer 1 |

1.

Time Passed

l Call StepCommand ]

edback Received

T>106.25
93.75<Tfeedback<106.25

Decrease the speed

Goto Constant Speed




[ Constant Speed }
Se

Set up Timer2's register for giving

pulses of constant duration

i

Call Step Command

1

Turn on timer 2

N

l Call Step Command l

Turn on timer 2

N2

‘eedback Received

T<93.75% T>106.25%

93.75<1'<106.25

h 4 /}\ A\
NO

Limer 2 is elapsed

"urn on timerl

lmC
2 NO

clapsed?

clapsed?

l Turn off timer 1 } l Turmn off Timer 1 [

\I/ l
DEC-CON A7

Routine to Ace. Motor

| |

N

Routine to dec. motor

oto Node 1

¥,




Hiz Kontrolu Yazilimai




A CONTROL STRATEGY FOR SPEED CONTROL OF S.R. MOTOR

Program Description:

The software that has been designed and implemented, consists of three parts,
communicating with user, acceleration, constant speed. These parts are explained separately
with their corresponding flowcharts. Before doing that a general explanation of the software is

given first.

General Explanation:

The main aim of the software is to accelerate the motor to the desired speed and keep

the motor running at that speed.

For this purpose the user enters the desired speed of the motor and the switch angle at
which the motor accelerates. Moreover the user is asked to mention whether the overall time
of running is limited or not. If limited then the user should enter the desired time of running

which has been set up to 500 seconds presently.

The program accelerates the motor to the desired speed. This is done while comparing
the speed of the motor with desired speed, each time when the so\ftware receives a feedback
from the motor. The feedback is received when the rotor pole and stator pole are aligned
where is called stable position. when the rotor reaches to the desired speed, constant pulses are

applied to the motor phases.
Communicating With User:

Timer 2 is used as a baud rate generator with 2400 bits/sec. By using timer 2, characters
are sent and received to and from Microcontroler. A PC can be used as terminal which is

connected to the Evaluation board through port 2.




The speed should be entered in the digit form from 50 to 9990 rpm. The entered speeds
should be a multiple of 10. The corresponding time period is found from a look up table. This
restriction is because of look-up table managed in the program in which the time corresponding
to the speeds from 50 to 9990 are saved. This time has been found from the relation
T=5/(2*N) . Where T is the time of completion of one step angle in sec and N is the speed of

the motor in rpm.

While entering the switch angle, the number of switch angle should be entered, not itself.
So that the integers from 1 to 9 are entered therefore the switch angle corresponding to these

numbers would be selected.

If the time of running is limited then a multiple of 50 msec is entered which has been
limited to be 9999 presently and this corresponds to 500 minutes. After this time elapse the

software directs towards deceleration routine and motor stops.

Acceleration:

In the acceleration routine, first a phase of the motor is excited and this is followed by a
one second pause. This is needed to assure that the motor always rotates in the desired

direction.

As mentioned before for starting, constant pulses with a frequency below the
starting/stopping region are given to the motor phases in the designed software the Frequency
has been selected to be 20 steps/sec. The initial number of pulses are set to be three. But this
number can easily be modified by changing the value of the register RO. After giving these
pulses to the motor, the rotor accelerates therefore the PCA timer can be used for measuring
the time between two stable position. So the next phase can be switched on with the
corresponding switch angle. The motor accelerates with the entered switch angle and during
this, the speed of the motor is compared with the operating speed entered with user each time

that a step is traveled.

During the speed comparison, the time between two feedback’s which corresponds to

the time of the one step angle is compared with the corresponding time of the entered speed.




The time of the entered speed has been found from look-up table since the exact equivalence of
these two time may not be possible, the comparison is done between 93.75% and 106.25% of
the entered speed. These two bounded values are calculated at the end of the communicating
with user section. The speed of the motor at the end of each step angle travel is checked to
find out weather it is inside the mentioned range or not. If not acceleration goes on and the
next pulse is given to the motor, if yes then the motor has approximately the speed of the

desired speed so that the software jumps to constant speed part.

Constant Speed:

For keeping the speed of the motor at the desired speed, constant pulses of the same
frequency as the desired speed frequency are applied to the motor phases. This is done by
using timer 2 in the autoreload mode. So the time corresponding to the desired speed is loaded
to timer 2 and when this time is passing one phase of the motor is being excited. After
completion of the time, next phase starts excitation and is being excited until set time in timer 2

elapses again.

While giving constant frequency pulses to the motor phases, the speed of the motor is
compared each time that a feed back is received. But at the beginning of the constant speed
section, three pulses are applied to the motor without measuring the speed of the motor, this is
done because the motor has not reached desired speed exactly. For this reason comparing the
speed of the motor just after the first pulse in the constant speed section may give a wrong

result.

In the duration where constant frequency (3) pulses are applied to the rotor manages
itself to follow the constant pulses applied to motor phases. After this duration, the speed of
the motor is compared with reference speed and if the motor is still in the mentioned range,
applying constant pulses is continued. But if the speed of the motor has increased or decreased
which might have been caused due to the variation of the load, the program directs to the Dec-
Con or Acce-Con routines respectively. Before directing to these routines the reference switch
angle should be obtained, which are used in the above routines to control the speed. This 1s
done by measuring the time of timer 2 from the last feedback up to it’s overflow. This time is

measured by timer 1 reloaded to data memory.




Routines and Interrupts:

In the section the routines and interrupts are explained.
PUT-CHAR: Will send a single character to the terminal
GET-CHAR: Will receive a single character from the terminal
PUT-CRLF: Will send carriage return and line feed.

PUT-STRING: Will strings to the terminal. Strings are saved in the memory and the address

of the first character of the string is in the DPTR register.

GET-NUM: Will read a BCD number up to 4 digits from the terminal. Digits are located one
by one in the data memory. The start location is addressed by the contents of the RO register.
But it should be noted that the number of the digits are saved in the location addressed by the

contents of the RO and digits themselves are saved in the successives locations.

GET-BINNUM: Will convert the entered BCD number to the binary number and output the
binary number through the locations named as OUTBINH & OUTBINL.

FIND-TIME: Will output the time found from the look-up table, through TREFH & TREFL
LOCATION: Will find the time from the look up table.

TIMERO-INT: Will increment a 16- bits register named as COPMH & COPML and compare
this register with LIMTIMEH & LIMTIMEL register which content is the total time of
running. When these two 16-bits registers become equal then the routine changes the
interrupted address saved in the stak. And load the address 4040 H where the program jumps

to the deceleration routine.




PCA-INT: Will output the time between two positive transition events which in our case are
the feedback’s taken from the stable positions of the motor. The found time 1s output through

CAPTUREH & CAPTUREL.

COMPARE: Will compare the 16-bits value found in the PCA-INT with two 16-bits
registers named as LTREFH & LTREFL and HTREFH & HTRFL respectively. Some flags
are set up after comparing. If the 16-bits value is greater than HTREFH & HTREFL then the
speed is below the desired range and the BELOW flag is set acceleration goes on. If it is less
than HTREFH & HTREFL then it is compared with LTREFH & LTREFL and if it is greater
than this value then the speed is inside the desired range so the MIDDLE flag is set. And the
program jumps to constant speed section. If it is also less than LTREFH & LTREFL so the
speed of the motor is the out off the desired range and the ABOVE flag is set. The speed

should be brought to the desired range. This is done by using DECI.

SW-ANG: Will find the required time which should be elapsed for switching the next phase.
The time found from the PCA-INT which corresponds to the time between two stable position,
1s devided by 8. this is done by using the shift instruction three times. The devided value then is
multiplied by the entered number of the switching angle and the multiplied value is loaded to

the timer 1°s registers THI &TL1.

STEP-COMMAND: Will send pulses to the port lpins 4, 5, 6, 7 are corresponded to the
transistors 1, 2, 3, 4 respectively Value 0 turns on transistor and value 1 turns off transistors.
The corresponding pulses for turning on the next phase are saved i\n the register POSITION.
Before sending pulses through port 1, the high nibble value of the accumulator is masked. This
should be done because pin 3 of the port 1 is used as an input to the microcontroler. This input

comes from the encoder connected to the motor and encoder sends the feedback taken from

the stable position.
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CHAPTER 1
INTRODUCTION
1.1. General

The ©Switched reluctance motor (SRM) has evolved to near
raturity rover several decades and 1is now finding applications in
general industry. Therefore the importance of designing the best
controller for these motors is essential. The literature on SR drives
concentrates mainly on the analysis of the machine [1-12] and the
configuration of the power converters [15-18], but very few papers
discuss the control aspects [19-20]. "The SRI drives discussed in the
literature are mainly open loop control with angle and cwrent
amplitude regulation and have usually been designed with discrete
components and dedicated hardware" [19]. The motor and controller
equipment together is considered to form a drive. Due to the small
size, cheapness and huge abilities of microprocessors, it seems that
the best and most flexible controller could be made using

microprocessors.

A transistorized SRM drive was made by Senturk [21] in 1989.
This drive has some disadvantages. One can mention its size in this
respect, which is quite large. Other problems are its limited
flexibility since it is hardware based and limited access to controi
parameters such as phase current which can be fixed and only changed
by hand. Furthermore, advance angle which is another control parameter,
can only be changed manually. That is, controller doesn't have any

control on it. The mode of operation of the motor should also be

changed by hand.

The SR drive designed in this work doesn't have any of the

above mentioned problems. In fact lhe design is based for achieving the




rove

purposes which are explained below,
1.2. Objective

The object of this work is to design and implement a general
purpose microprocessor controlled high performance switched reluctance

1

motor drive system. The system is aimed to drive a four phase SRI,
which has eight stator poles and six rotor poles. Optimal design of the
drive is an important and difficult task. In this work, the design is

based on achieving the following purposes:

i) Use minimum number of switches.

Drive cost is dominated by converter cost, and hence is
closely coupled to the number and cost of the controllable suitches in
the drive. Therefore to minimize drive cost, one can think of
minimizing number of switches, as is done in the implementation here.
But unfortunately as will be explained later, this minimization has the
drawback of increase in the number of power supplies in the drive

circuitry.

Note also that size of the drive is completely dependent on
the number of switches in the power converter. Less switches means less
number of heat sinks for these switches and hence snaller drive
circuit. So using minimum number of switches results in reduction in

cost and size of the drive.

ii) Software controllability of various modes of operation.
In this work a microprocessor based control philosophy is
adopted to achieve flexibility of adapting the controller-driver for
various applications. In this manner various drive modes (one phasge on,

two phase on and half step) can be software selected by the user.

1ii) Hardware closed loop control (with a view for sensorless
operation eliminating hardware)

Closed loop control has lots of advantages over open loop
control. In a closed loop switching motor system the instantaneous

rotor position is detected and fed back to the control unit. Rlthough




in this work a specilally designed position encoder is used, the drive
is designed to be also suitable for position feedback through waveform

detection and, Hence eliminating position encoder harduware.

iv) User programmable soflware

It is desired that user be able to operate the moltor under
various conditions. That's why the software written in this work should
be a user programmable software. By user programmable it is meant that
user be able to enter his desired values for some control parameters.
Giving this facility to the user enables him to investigate motor
performance in detail under various advance angles and phase currents.
Hence important results may be obtained for a sophisticated control in

future.

Furthermore one of the aims is to create a hardware such that
any control strategy designed by a user can be easily implemented,
since all control variables are measured and interfaced with the
microprocessor., Similarly all microprocessor control signals are

interfaced with the power stage for this purpose.
1.3. outline of The Work

As the aim of this work is design and implementation of a
microprocessor controlled Switched reluctance motor drive, it seems
reasonable to start first by understanding what a switched reluctance
motor is. That is understand its basic structure and principles of
operation. Since our aim is to control this motor we should also see
what are the basic principles of control for a SRi, and explain the
independent variables which may be kept under control by means of a
controller (chapter 1I). The final aim of the work is to speed control
the motor in a wide range. The work here is however, restricted to
operating the motor under user defined conditions. For this reason the
torque speed characteristics of SRM is investigated to find out how one
can operate the motor to get required characteristics. Therefore, In
Chapter IT SRM characteristics and operating modes are investigated to
identify the type of program to be implemented for control purposes

also find out a drive circuit to accomplish this task.

o




Chapter 11T discusses Lhe pouer stagoe designed {0 aopiorn T

purposes outlined previously.

In chapter 1V, two welhods of rotor position detection arc
explained. A literature survey is also done on waveform detection

schemes using phase cwrent, motional voltage and phase inductance.

Chapter V explains the microprocessor hardware and coftuare
designed. This chapter shows how a microprocessor based control
philosophy is adopted to achieve flexibility of adapting the
controller-driver for various applications. In this manner various
drive modes can be software selected. The microcontraoller softuare is
explained in detail in this chapler and its flow charts are presented.
The software here is a user programmable softwvare which eniblas vae
to investigate the motor performance in detail under  various

conditions. This chapter also evplains possible control parameters and

o

shows how it is possible to change these paraweters by

microprocegsor.

In chapter VI the operation of the controller is tested and
some waveforms are presented to illustrate the operation of the drive,

Finally some recommendation for future works are presented.




CHAPTER T1

SWITCHED RELUCTANCE MOTOR
STRUCTURE, PRINCIPLES OF CONTROL AND DIFFERENT DRIVE TYPES

9.1. PBasic Structure and Principles of Operation

The switched reluctance motor (SRM) is A& doubly salient
variable reluctance motor. A {ypical four phase SRM with eight stator
poles and six rotor poles is shown in Fig.2.1. In this fioure only a
single phase winding is shown. Simple concentrated stator coils are
wound on each stator pole. The absence of coils on the rotor means that
torque is produced purely by the saliency of the rotor laminations. The
direction of the torque produced 18 independent of the direction of the
flux through the rotor and, hence, the direction of the current flow
in the stator phase windings is not important. Therefore, each phase
of SRM can be excited both by bipolar and unipolar drives. in this work
each phase of SRM is excited by unidirectional currents. As a result

of this only a single power switch is required per phase. HMoreover,

Figure 2.1. Basic Structure of a Four Phase SR




vith a unipolar drive shortl civrenit current Is limited pat vith a
bipolar drive it is not. Hence, a wunipolar drive is preferred here as
unipolar phase current in the reluctance motor results in simpler and
more reliable power convertep cirenits. The salient pole and brushless
design of the rotor combine to produce a reliable and cheap motor. The
movement of the rotor is maintained by swiltching DC voltage Lo each

phase one by one by means of a switching circuitry.

When a phase is excited the rotor tends to align with the
corresponding pole of the excited phase with the effect of the
reluctance torque. If the phases are excited continuously in a
sequential manner continuous motion of the rotor will he attained.
After a complete period, which is equivalent to excitation of al]
phases, rotor will have moved by an angular displacement of 26 radisn
or 60 degrees. The angular displacement of the rotor for one change of
excitation is 15 degrees, for this example, which is called the step
angle [11]. The step angle for a SRH is normally large compared to that
of commonly encountered step motor since a SRM is designed for speed

control in a wide range, rather than fine position control [11,12].
2.2. Basic Principles of Control tor a SRH

Since the direction of motion does not depend on the
direction of phase currents, it is sufficient to excite each phase by
unidirectional currents. {13]. This is an important feature resulting
in simplicity of the controller. The average torque produced by a SRH
depends on independent variables which nay be kept under control bv
means of a controller. Those parameters are the terminal voltage,
supply current, switch on position or angle (6mﬂ and switch off
position or angle (Bcﬂ)‘ Note that instead of switch off angle we can
use its equivalent, the conduction period or angle (6mm)‘ The control
may be achieved throughout controlling above mentioned paramelers. In
this manner a number of different torque/speed characteristics may be
obtained from the same motor. The control modes for a SR} is discussed

in next section.
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For a given phase, switch on instant is the instant at which
this phase is energized. After the switch on instant, energy begins to
flow from the supply to the phase winding belonging to the excited
phase. Switch off instanl is the instant at which the main switching
element carrying the phase current is turned of f. After the switch off
instant energy begins to flow from the phase winding to the supply.
Conduction period for a given phase is the total peried hetween switch
on and switch off instants. The controller is responsible for enforcing
the excitation at desired instant for the specified direction. The
excitation is designed to produce the required drive output of speed
and torque. I(f}) is specified completely by the selection of the turn
on angle @m’ the phase conduction angle Qmﬂ’ the reference level above
which current chopping occurs Ic@p (mean phase current reference) and

the supply voltage, as was mentioned previously. These four are the

variables which should be controlled.

There is no control on the current until it reaches the
hysteresis band limit., Rate of vise of cmrent is determined by the
switch on instant, phase current parameters and the back ENF induced
in the phase which is speed dependent.

A typical chopped current waveform is presented in Fig.2.2 to

show the relationship between the excitation parameters [14]. Rt low
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Figure 2.2, A Typical Currvent Waveform Show ing Feeitation Parameteors
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increase well beyond the current capabilities of the pover switches
(given a fixed supply voltage). Note that when back EMF is sufficiently
large the drive will never get into this mode of operation since
current can not reach the limit of hysteresis band. That is, at
sufficiently high speeds, where the machine back EHF exceeds the IO

supply voltage, the machine is operated without current chopping.

He would like to have speed control in this application. At
this stage therefore, it is desired to observe the effect of each

control variable on the torque speed characteristics of the motor.
2.3, Limiting Torque Speed Characteristics for a SRN

Theoretically the natural torque speed characteristics of a
SRM operating from a fixed supply with fixed switching position will
be a curve which drops with the square of the speed. [11]. The limiting
natural torque speed characteristics will be achieved for the Timiting
case where the supply voltage is chosen as the maximum allowable value
and switchings are adjusted so that maximum maintainable torque is
produced at any given speed. For practical drives however, there exists
a constant torque zone for low speeds. The reason for the existence of
this zone is explained in [11]. At speeds beyond the constant torque
zone the motor operates in its usual switched mode. A typical limiting
torque speed characteristics is as shown in Fig.2.3. Here the rated

motor speed is denoted by W

As can be seen from the figure the limiting characteristics
1s determined by the maximum possible supply voltage value (curve A)
and the maximum possible current value (curve B). HNote that this
defines an area which is called the operating region. Different control
facilities are available in order to achieve different torque speed
characteristics in the area under limiting torque speed curve. That is

in the operating region.
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Figure 2.3. A Typical Limiting Torque Speed Characleristics.
2.3.1. Operation From a Vixed Supply by Fived Swilching Condilions

We said that for a SKM if the supply vollage and =swilching
positions are fixed the torque will be inversely proportional with
speed. Therefore for various fixed swilching posilions o Tamily ol
curves which lay under the limiting curve may be achieved [11]. Typical
curves are shown in Fig.2.4. lere the control variable 1is the
conduction period. Curve 1 of Fig.2.4, is the limiling curve of
Fig.2.3. As lhe conduction period is dncreasnd different Lorqgue speed
curves may be achieved (curves 2 and 3). Here, conduction period for
curve 3 is less lhan thal of curve 2. 7This Lype of operalion is
suitable for loads whose torque demand decrease wilh increasing speed,

such as traction.




Average toraque
T
av

MAX o

— Liwmiting curve

CP3 < Cp2 < Pl

CP: Conduction period

+ Speed
W

Figure 2.4, Typical Torque Speed Curves for a SRM Operaling trom a

Fixed Supply by Tixed Switching Conditions.
2.3.2. Operation From a Fixed Supply by Variable Swilching Conditions

If as the speed is increased swiltching positions are varied
the torque will fall in a more controlled manner. Therefore different
types of torque speed curves may be achieved [11]. Two lypical torque
speed curves corresponding Lo this type of operating mode is shown in
Fig.2.5. Here the control variable is the switching angle. For curve
4 in Fig.2.5, torque varies with the inverse of the speed and counstant
power is developed above lthe constant ltorgue zone. For curve 5, a
linear relalionship exisls between torgue and speed. Since Lhere is an
upper Limit for conduction period, ie. unity. After a certain speed Uhe
fall in torque can no longer be compensated and the torque starlts to
fall more rapidly as will be encountered for the case of [ixed
swilching posiltions. This Lype of control is also suitable for loads

whose lorque demand drops wilh increasing speed.

Hole that Fig.2.5 is a direct prediction of Hinear theory.
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However, in praclice Lhe variation of Lorgue with swilching angle and
speed for a molor is as shown in Fig.2.6. [12]. Theses characteristics
include a negative value of swilching angle, fTor which the phase
excitalion is changed after the stalic Lorque/positlion "crossover®
points. VFigure 2.6, shows quite clearly that an injudicious choice of
swilehing angle may prevent the motor from producing any torque at
certain speeds, e.g. swilching angle=12 degrees al speeds, bhelow 100

steps per sceond.

For- small switching angles a high torque is developed al Tow
speeds, so the system accelerales rapidly from rest, bul Lhe mavimum
gpeed is restricted. Conversely if a large swilching angle is chosen
the torque is small al low speeds and the initial rate of acceleration
is slow, bul ultimately higher running speeds can be atiained. Hence,
although large switching angles must be used to attain high pull-out
rates, these angles are inappropriale for low speed operation. Note
that when switching angle is fixed Lo a value, motor operates on Lhe
Ltorque  speed characleristics related Lo Lhot switching condilion,

depending upon what the load behavior is.

2.3.3. Operaltion From :
1) Controlled Supply by Fixed Switching Condilion

2) Controlled Phase Current by Fixed Switching Condition

This kind of operation of SRM is suitable for industrial
loads demanding constant torque over a wide speed  range. The
instantanecous phase current for a SRM is directly proportional with
supply vollage and inversely proportional with speed (i.e. Viw ratio).
[11]. So one method of controlling the phase correnl is to contral the
terminal voltage as speed varies such that Lhe voltage 1o speed ratio

stays constant,

For fixed switching conditions the phase current will assume
a similar waveform as long as the current exceeds the limil value of
thie hysteresis band. Therefore for fixerd swilching conditions, the

Lorque speed characteristics may be represented by a conslant Lorque




curve. However atler a certain speed al which the maximum voltage i3
applied to the motor, since the voltage can no longer be increasod, Lhe
torque begins to decrease with increasing  speed, Typical curves
corresponding to this type of operation are shown in Fig.2.7. Each
curve on that figure corresponds to a different V to w ratio. As thie
ratio is increased the highest speed at which torque may be kept

constant decreases.,

Above, a method was illustrated for controlling the phase
current. Below another method of phase cwrrent control is explained.
As soon as a phase is turned on current will increase on that phase
until the upper limit of hysteresis band after which chopping action
starts (to keep the current fixed at reference level ). In ¥Fig.2.8a, one
phase of a SR motor is turned on at time t]. The current has risen to
at time tz, at which chopping has started to keep current f{ixed

T
chopl

at Ichopl'

for example at t3 (see figure 2.8B) , then since the time for current

Note that if chopping had been started at some earlier time,

build up was less compared to that of previous case (i.e. keeping the
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Figure 2.7. Typical Torque Speed Curves For a SRH Operating frem a

Controlled Supply by Fixed Swilching Conditions.
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phase on until tiwme tz (tptﬁ)) the value of IchoP2 wounld be lower than
that of Ichepl‘ Hence different phase current valunes can be ohtained jurt
by keeping the phase on ,at the beginning, for different time values.
the phase currents by

Therefore a microprocessor can  conbrol

controlling the time that chopping of switches should start.

In Fig.2.9, typical torque speed curves for a SR operating
from a microprocessor controlled current by fixed switching conditions
are shoun. Fach curve on that figure corresponds to a different mean
phase current reference value. As the current is increased the highest
speed at which torque may be kept constant decreases. Yor each curve
in figs.2.7 & 9, it is assumed that the switching positions are chosen

so that maximum attainable torque is produced at a given speed.

2.3.4. Operation from a controlled phase current by variable suitching

conditions

It should be noted that by varying suitching positions it is
possible to shift each curve in Fig.2.9, downuards as a whole. For
different mean phase current reference values, typical curves obtainad

hy varying swilehing positions are shoun in Fig.2.10.
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Avuve, e errect ol it erent control variables on the
torque speed characteristics of the SR molor were observed. We saidd
Lhat we would like to have speed control in this applicalion. One may
ask why a SkM drive is chosen for the applicalion here. In ot her words,
why a De or Induction motor drive is nol used here? Now thal the
structure and principles of operalion and control of a SR molor are
explained, we can answer this question. Below a comparison is done

between a SRM drive and olther drives to show advantages of SRM drive

compared lo other drive types
2.4 Comparison of Different Drive Types

In this section a comparison is done belween a SRY drive, a
DC drive and an induction motor drive to describe why a SRM drive is
preferred for the application here. Table below presenls a briefl

comparison of the three drives [11]).

Table 2.1. Comparison of SRM Drive With Other Drives

I 1
I SRM DRIVE DC DRIVE INDUCTION [
i MOTOE DRIVE i
I Motor Extremely simple d due Rather simple

t Complicate
without any o Ommuh tor and structure

I structure LA
rotor winding

rotor winding

St RS Su—

] ]
| z
[ [ I
] | ff
f: Driver l Unidirectional g Extremely simple ; Complicated f}
phase currents so controller controller
[ ’ rather S]mp]e { | Il
[l [ controller i ! I
{{ Feedback } Is necessary. For : De; )endmd on ; Dpﬁnendmd on ﬁ
scheme switching control apphcailen, is lapp 1rm‘wn is
:f ; ‘tfrom I%Otﬂr ; : or is not | or 1s not ::
| position, For spees necessary necessary
I | count # of mlsles | fi I
i .
:; Maintenance : Rare due to ll Often, due 1o : \«nr* due ta :f
problem simplicity of commutator simplicity of
structure cture
ﬂ el | | el ,f!

Some  advantages and disadvantages of Lhe SRM drive may  be

summarized as follows:

Advantages:
The motor has a very siwple and robust construeting.

the molor consists of a very simple doubly salient magnetic circuilry,




_The roltor does not have a winding of any tLype.
The stator windings are concentrated windings.

_The constructural features of SRM’s are very simple compared to
induction motors and especially to DC molors.

_The reliability of the drive is good, needing less maintenance.
_The driver configuration is rather simple.

_Only a single power switch is required per phase since each phase of

a SRM is excited by unidirectional currents.

Disadvantages:

_The speed of the rotor can not be fixed exactly at a given speed,
although the average speed will be, +the required speed, the
instantaneous speed of the rotor oscillates around the required speed.

_High frequency Noise may be a disadvantage of SRM drive.

_A feedback is required from the rotor position for an efficient drive

operation.

Studying Table 1.1 and congidering advantages of SRM drives,
explains the reason of preferring these drives in this work. Below
different power converter circuit for the SR motors is described and
after comparison a power converter requiring only a single switch for

each phase is chosen to be implemented,
2.5. Driver Configurations

Switching reluctance motor is generally designed for
continuous running. A power converter is required to control +the
unipolar phase current in the phase windings and able to increase and
decrease the current in the windings as fast as possible (1o avoid
contribution of negative torque in the phase which is off). In this
section different driver circuits will be considered. Then a comparison
is done and a driver circuit which has minimum number of switches is

selected.
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The motor windings must be arranged both to accept power from
a source and return power to it [13]. A motor with a single winding per
phase wuses it  for both functions, 1like the three wire supply
configuration shown in Fig.2.1la. In practice due to the necessity of
two different de scources, this cirvcuit is never used. Bifilar windings
avoid the need for a three wire supply, although retaining the
; advantage of only one transistor and one diode per phase, Fig.2.11lb.
One of the bifilar windings is connected to a single switching device
and the other to a freewheel diode. Cwrent builds up in the main
winding when the switching device is turned on and transfers to the
secondary winding when the switch is twned off. Depending on the
degree of coupling between the two windings and their twns ratio, the
' voltage across the switching device may rise to over twice the supply
voltage at the instant of turn off. The switching device must be rated
to withstand this. Although this driver has only one suitch per phase,
the voltage rating of that device must be at least twice the rating of

the motor windings.

) e
L
0 oo [
i !
s 0
(a] (b}
] Figure 2.11. Power converter Configurations: a) Three Wire Supply

h)y Bifilar
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2.5.2. bower Converter With Rsymmetric Hali Bridge

The asymmetric half bridge Fig.2.12, uses Llwo pouer
semiconductor switches for each phase winding. The switching devices
and freewheeling diodes must be rated to withstand the supply voltage
plus any switching transients. The motor windings are rated alt the
supply voltage. This circuit therefore allows the motor to be rated at
close to the maximum switch voltage. This is important where the IC
supply voltage or available switch voltage may be limited. The
asymnetric half bridge has three main modes of operation [15,16]. The

first, a positive voltage loop, occurs when poth switching devices 5,

7Y

and Sb are turned on. The supply voltage is connected across the phase
winding and the current in the phase winding increases rapidly
supplying eneruy to the motor. The second mode of operation is a zero
volt loop. It corresponds to current control. This occurs if either of
the two switching devices is turned oft while current is flowing in the
phase winding. In this case the current continues to flow through one
switching device and one diode. Energy is neither taken from novr
returned to the DC supply, minimizing the current ripple rating of the
supply capacitor. The voltage across the phase winding during this time
is equal to the sum of the on state voltages of the two semiconductor
devices. This voltage is small and the flux linkage associated with the
phase winding decays slowly. The third mode of operation is a negative
voltage loop. Both of the switching devices are turned off. The current
is forced‘{o flow through both freewheel diodes. The flux linkage

associated with the phase winding decreases rapidly as enerdgy is

+Y

Figure 2.12. Pouver Converter wilh Asymmebyic Half Bridge.
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returned from the motor to the supply.

The major advantage with this circuit is that all of the
available supply voltage can be used to control the current in the
phase windings. As each phase winding is connected to its own
asymmetric half bridge, there is no restriction in the number of phase
windings. However as there are two switches per phase winding it is

best suited to motors with few phase windings.

2.5.3, Power Converter With Split DC Supply

A power converter employing a split DC supply has been
proposed to provide the positive and negative voltages needed to
increase and decrease the current in the phase windings. In Fig.2.13
tuo phase windings are shown. [15,16]. The position of the switching
devices and freewheel diode are transposed for each phase winding to
ensure that there is no power flow imbalance between the two supply
capacitors. This arrangement means that this power converter circuit
is only suitable for motors that have an even number of phases. Each
switching device and freewheel diode must be rated to withstand the
complete supply voltage plus any transient voltages due to the
switching. However, only half of this voltage can be applied across the

motor winding. Although this circuit requires only one switch per phase

+Vf2 WMLW g/ g{

00—
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Figure 2.13. Power Converter wilh Split DC Supply




vinding, this advantage is outveighed by under use of ihe switch
voltage, the need for extra capacitive components in the DC supply and

the requirement for an even number of phase windings.
2.5.4. The Novel Power Converter

The novel power converter is based on the asymmetric half
bridge hence the advantages of asymmelric half bridge are retained. The
simplest form of this circuit is shown in Fig.2.14. Two phase windings
are connected to three switching devices [16]. (Note that this
converter is referred to as the novel converter throughoult thesis to
differentiate it from others. The circuit is in fact the same as
described in reference [16]). The central switch in the diagram S.D is
connected to two phase windings, rather Lhan one as in the conventional
asymmetric half bridge. The proposed circuit for a four phase
reluctance motor is shoun in Fig.2.15. 1L contains two semiconductor
switches, 5 and 5, each one connecting two of the phase windings Lo
the positive supply rail, and two further switches, §, and 5, to
connect the other ends of the phase windings to the lower supply rail.
In this circuit when two switches are turned on there could be two
possible current paths through the phase windings. The rectifying
diodes connected in series with each phase winding prevent these

unwanted circulating currents from flowing [15,16] . Below a switching

Y -
GO L T
ov [ \ [

Figure 2.14. Section of Novel Converter.

21




algorithm is described that allows the current in two phase windings
to be controlled simultaneously. In other words, R suilching alagorithn
has been developed that maintains independent control of all the phase
currents in  the drive circnit of Fig.2.15. Table 2.2 showves  Lhe
operation of the switches in¥ig.2.14, during a normal pulse of current
in phase winding 1 [16]. Firast swilches 83 and Sb turn on and current
11 (phase 1's current) starts increasing. To hold the current Il at its
rated value suitch Sb starts chopping. Till now switctxf% was of b and

current 12 (phase 2's curvent) was zero. In order to increase current
in phase winding 2 and also hold cwrent 1 at its valed value,
suitches Sb and SC hecome on and switch Sa starts chopping. Therefore,
current 12 increases and to hold it al the rated value swjtulxﬂc should
start chopping, while Sb is on and Sa is chopping (see fourth line of
table 2.2). Now comes the most important feature of the gwitching
strategy used here, Which 1is illustrated by the fifth line of table

2.2, 1L shows how it is possible to decrease current 11 which maintains

Y o e e e e o i e
I r 1 L
Sb(/ S o Ia)
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ey g , ©,
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Figure 2.15. Hovel Power Converter and Four Phase Iotor.
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the level of currenl 12, Swilteh A ts tuwrned off and the operation of

switchoes é?c and E;b is interchanged. Hence current 11 decreasses uhile

current 12 is hold, The duty cycle of the switch current waveforms of
the novel converter are greater than those of drive based enoa split
DC rail [16]). The switches are therefore better ulilized than v other

drives,

Table 2.2. Operation of the Switches in Fig.2.14, during one period of

I,

ﬁ U } { s | 5 ;f
H Increase : Zero { On : On 'W""(;;““L
g Hold { aera { ~On { Chop { O;f ﬁ
{told | tnerease | chop | o | on |
H Hold { Hold g Chop } On :'bhop‘wﬁ
j_Decrease | lold | Off | chop | on |
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2.6, Excitation MHodes For The Novel Converlbor

There are three nodes of operaltion of the woltor. The phase
currenls and swiltech states of Lhe Novel power converber, for one pliaae
or, two phase on and halfl slep sequence mode operations are given in
Fig.2.16, 2.17 awd 2.18 respectively. Here 7 007 means phase s

excited, and 'L’ means phase is nolt excibed.

2.6.1. One Phase On Fxcitation

i Phase 1 ‘J H } L im I, m% L nyii
H Phase 2 i L E H { L W”, L :{
!I!l Pha,fk;:‘ ‘3”_} o };,T {MHH E L ‘,!
e N R
‘,{ Sa i On i (I),f"f w‘, Of (WE ) 91) - il
e on U on L ore | ore
I S5c ,{ ottt 5 on z On i Off i;
H sd E off % off 2 on 2 On h
Lo |
I S

Fig.2.16 Switeh states and Base Corcents i One Phase On Faoilabion

Fode,




2.06.2. Two Phase On Excitabion

Fig. 2017 shows the phase currents and swilch stales of Lhe
Novel power converter for lwo phnsu on morde, TL is shown Ly sAcarnlev
{121 thal the maximm peak static torqgue is produced when Lwo ol Chi

phases of a four phase molor are exciled simullancously.

D obbasen | o | w1 | L
ib:wwtf-- L:“l oy
D ptase e | b b w b w
i{ mn,e}u o
H 5a I ~ On { On ! of f ! On ii
e D o L oo L on o
H S5¢ ¥ Off I On { on E On ii
LS| on | o | on | on |
- |

Fig.2.17 Swilteh States and Base Caorvents in Two Phase On Fxcitation

Mode .
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2.6.3. Hall Step bxcitalion

In halfl step operalion mode the molor operales with allernale
one and two phase on excitation. i.e A, AD, B, BC, ¢, ... Bach
excitalion change produces an incremental movement which is half the
length of a normal step and therefore the excitation is known as the
half stepping mode of operation [12]. Fig.2. 18 shows the phase currents

and switch states of the Novel power converber for hall step mode.

T I ! N B 1 T
{ Phase n | H | H | L | L ¢ L (L | L | H y
if Phase D { L L,’LM!.--},i,.,,w},_.,‘?,.‘ ! L f L f I, ,_! I, fi
,IN Phase C f L i L i L !nﬂf H t,_n f L f L |
D ophase n oo Do by 1“}; ! nolow '_Lmn )
ﬁ Sa ! On ! On l Off ! Off f Off z On { On E On Ei
l{ Sb I Oon I On I On { On }()fff 1 Oft z Off { On if
ﬁ Se ! Off { On i Oon _{ On i On ! on 3 Off § Off }i
{{ Sd ; Off : Off } Off f On ! on f On j{ On [L On ij‘

' L

.

. I

¢

Fig.2.180 Switeh States and Base Currents in Half Step Excitation Mode.
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2.7, Comparison of Various Driver Configuraltions

Ideally a driver circnit for the switched reluctance motor
would have:

a) The minimum number of switches.

b) Complete flexibility in the number of phase windings.

¢) The full supply voltage applied to the motor phase
windings

d) Switching devices rated at close to the motor voltage.

e) An ability to increase the phase current rapidly.

) Effective means for current control by modulation of the
switchesg.
g) Some method to return the energy to Lhe supply while the

flux linkage is decreasing.

Six of these requirements are mel by the asymmetric half
bridge, but as it uses two switches per phase vinding it does not
satigfy the first criterion. The split e supply 1is restricted to
motors with an even number of phases and also it doesn't satisfy
requirement c. However the Novel power converter satisfies all the
above requirements [16]. Table 2.3. compares different driver circuite
mentioned before. Studying this table, shows that the Novel converter

is the best one among others.

If one takes the current flowing a phase (when voltage across
the phase is Vs) as the base current Im%, and take the supply voltage
Vs as \%ﬁe then for discussed converters the per unit current and
voltages shown in Table 2.4 are obtained. This table is drawn under the
condition that the same motor is driven by different types of converter
configuration. Note that split DC supply now has to supply twice the

current to produce same output current if motor losses are neglected.,

For the case of comparison of efficiencies, let's take 1 pu
output power for each converter and find out the losses of Lhe five
converters. In the Table 2.5, one unit trancisto switehing loss ins

denoted by PU1, one unit core louss by Pc, and one unit ohmic loss Ly

aNo
~J




Table 2.3, Comparison of Various Driver Configuralions.

I o I , I T o I S
I | 3 Wire ; Bifilar [ Asym. | Split , Novel
I | supply f winding f half } e ! I
F ‘ | A bridge ‘ »\1;)}>} Yo
;;# of transistors in: % ; 4 g a ; 4 ! 4 u
{‘ four phases ’ | ! ' ! p
’§ # of diodes in fOUF: 4 ; 4 !{ 8 I 4 ! 8 d
V phases i f | g { I
f% Semiconductor’s { 2Vs ‘ ; Vs : 2Vs | Vs q
b voltage rating : | : , | &
{f Semiconductor’s } 1 ! o 1 ! I | ”
N current. rating ! f ! f ! Ef
f{ Prive can be used } Yes g §u% ; Yes { Yes :
“ in chopping mode ‘ ( { g l
I Efficiency for a : High : H}gh | de g Hid {
{‘ given supply i ‘ { | ’
lf # of voltage g 2 ‘( 1 ; 1 { 2 [
sources necessary
I per phase ! ! { ‘ l
g Efficient usage of { Yes : Yes E Yes ; Yes !
g Copper in the motor , | f | i
;gRestriction on ofg No } No l No g Yeo |
0 phases | i | i |
g Voltage applied { Vs { Vs { Vs g Vs /2 :
across motor
f! winding | ! ‘ { f
g Inergy returned to g Yes } Yes : Yes { Yes :
supply when phase

H switched off ! ! ! ! !
;; Energy returned : Yes g Yes : No(*) g Yes {
i during chopping | i | i :
H Obmic losses I Same E Same } Same : Same ; Same ﬁ
H Core losses f Same {Same (**)g Same : Same 2 Same ﬁ
H Dynamic response { Mid ; Mid g High ; Mid : High ﬁ

switch to motor
!g voltage ratio ! ! ! ! ! H
! Duty cycle of the ! Mid ! fid I High | Mid ! High !
| | l l i ! |

switch current |
ﬂ wavelform ! | f ‘ | Il

(*):Neither taken nor returned.
{(**): The core lousses are same since the flux waveforms are same for

a SR motor with monofilar and bifilar windings [11].
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Table 2.4 Per Unit Phase Current amd Voll. iwes of Different Converters

I o, RN ] R |
I | 3 wire [ Bifilar jAsym. hall | Split bo | Novel ;
I g ';u;)])]‘:\: 4444444 | winding b I(fojéw’ww(’ supply | converter 0
;{f Py mw* { 1 [I 1 g | { 1/% ; 1 g
jﬁw‘“”(” I | | | it
I \*()1 { (xg*(‘ | | | ~ L e i
Table 2.5 Comparison of Losses and Bfficiencies of Explained
Converters.
I ) ) | T e T I
I | 3 wire | Bifilar ; A(>s}xnn b o])[] L Do ’ Novel I
I | supply ! winding | half { supply | conver ter I
N i j P Iidge | h
g{ Transistor : Pt ; bti : 2rt ; Pil : P g
switching
I losses ! ! ! f ! ﬁ
- [ , I s l , - ! I
j Obmic 109%0 I o | Po I Po | Po(*) i To i
” Core losses { Pe } Po(***) { Pe f Pe : _be ﬁ
g Phase g Vs : Vs { Vs { Vs /2 { Vs g
i voltage ] i I { ! ﬁ
H Phase } I : I : 1 } 2L(**) g I I
i current i | i i i ﬂ
ggﬁntal losses f Low : Low g Mid { Mid f Low 1
ﬁ Efficiency { High z High } Mid { Mid { High g

(*):Here since the current for this converter is 21 i.e. double, one
may think that the ohmic losses be four times Po, But since the Cross
section and number of turns is changed the Po will stay same as that
of other converters, i.e. it will be Po.

(**):Reason for this is that, one of our assumptions is to have always
same power oulput Po. Since phase volltage for split DC converter is
Vs/2 phase current should be 21 in order to get VI as output power,
assuming a lossless machine.

(***): As explained before, since f{lux wvavelforms are the same for
bifilar and monofilar windings [11], the core losses will also be the

same.,
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Po, Hote that sWiloning 108505 Sl JHE LLUR LHL I Sy 3 vern sii
off, of transistors. One assumption at this stage is that switching
times are identical. Note that more loss means lower efficiency. bBelow
efficiencies of power converters with four switches ig compared in more

detail.

Let 'a' be the efficiency of a driver employing a 240 V split
D¢ supply (120 V of which can be applied across the phase vinding) and
'h' be the efficiency of the MNovel converter with four suitches
operating from a supply voltage of 120 V. The efficiency of motor
connected to the power converter with a split DC supply of 120 volts
(60 volts of which can be applied across the phase winding) is 'c¢'.

Experimental results has shown that [16]: a > b > ¢

The reason for 'h' being less than 'a' can be attributed to
the factor that FEach phase current flows through three conducting
, semiconductors, at least one of which is a diode.

A

The efficiency of b would be improved at higher supply

voltages and could be increased further by using the circuit shown in

Fig.2.19 which does not require series diodes, but uses a total of six

}L?': v Se Lf" ;J" }A'V‘L’.’;

I PH?
! UG- }J{ U0
L8

i

/o
gy

{ o 1/ Se {/ 8,

Figure 2.19. Four Phase Power Converter With Six Swilches.
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SWLLULLRE GUVICES A1 1S & Lour phase power converter with six switohes
(16]. As the current in phases 1 and 3 do not overjap, this circuit
ensures thal only one phase current has lo flow through each switch al
any one time. The peak current through the switch is equal Lo the peak
phase current. The heating losses are no tonger equally distributed

between devices.

In this work, since one of lhe objectives is to use minimun
number of  switches (Lo minimize drive cosl and size), the novel
converter which has only four switches is used as the power converter

circuit.
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CHAPTER 111
DESIGN OF THE POWER STAGE

3.1. Design Criteria

In this section specifications of the drive will be given and
the design procedure will be described. The drive to be designed in
this work is intended for driving a four phase, switched reluctance
motor., To achieve this purpose it is desired to satisfy the following

requirements;

The system must be capable of driving a SRH having four
phases with unipolar excitation. It must be able to reach high speeds
(12000 rpm), also be able to operate in different modes. The power
stage should be isclated from controller for protection purposes. It
should be also compatible to the outputs of the microcontroller. The
power stage should have current limiting capability in order not to let
current passing a phase increase beyond the rated value. Switching
elements used in the power drive stage should be suitable for the rated
voltage 280 Volts and rated phase current 5 Amps. Moreover they should
be quite fast switches and if possible have some means of sensing the
current passing them (in order be able to know current passing a phase

without insertion of any resistors in the circuit).

Since it is desired for the motor to rotate for speeds till
12000 rpm, each switch should be able to operate at frequency 2.4 KHZ.

This value is found using formula (3.1).
f = NS * 5/ 60 (3.1)

where; f is the frequency at which switchings should occur, § is the




switehing element for one complete rotation of wotor (it is 12 for the
novel converter used here. Studying Figs.2.16, 2.17 and 2.18, which
show the switching states of the novel converter for different modes
of operation, show that for 60° rotation of the motor each switeh

. . . el
switches 2 times. Hence, for one complele rotation of motor, 360

, each

switch switches 12 times).
3.2, Basic Structure of The Power Drive

In this thesis the novel power converter circuit described in
the previous chapter is preferred as the power drive stage. This power
drive system is primarily designed to achieve a unipolar drive circuit
form. Reasons for preferring this drive to other drives, were explained
in detail in the second chapter but the most important reason is usage

of only one switch per phase in this converter.

The general block diagram of the system is shown in Fig.3.1.
Here, microprocessor is like the brain of the system. Four of its
output pins are used for switching the four transistors of the power
converter. It is not possible and wise to connect these outputs
directly to the gate of the four IGTs, since Output voltage of the
processor is 5 V and this voltage is not encugh to turn on the IGTs.
Moreover, there should be an isclation between controller part and high
voltage part to protect controller from any damage if somehow one of
the switches burns out. For these purposes the isolation circuit is

placed at the gate of the IGTs (see Fig.3.1).

When one phase is on as there is a high voltage supply and
low resistance, current passing the phase will be higher than the rated
phase current. For a supply voltage of 300 volts and phase resistance
of 7.5 ohms, the phase current will reach 40 amperes. To limit the
current at rated phase value a "Current Limiter" is required. The value
at which current will be limited can be determined both by software
(microprocessor) and hardware. In the general block diagram of the

system there is a block called "Enable Circuil of Current Limiter'. The




1

LT 1
I .
R |
P | i
b i ”
[ i :
g ﬁ WD | ‘
man
uecnejosy ST Hiong mu:u
, waung uoneosy 10w
= BNy
m A
| s¢ T
: Ke— 00
I
1
M
T~ = Pa . - T
HA2D ihikeBiig] “ NIy K N3 -
UOpRIDS) FETIT UOHR}OS] PN
1wt M n au ! !
WALy 1344nu W3Ng
= Jas! .
7 I3 F
ey ,
o ! =
S ! “5d|
|
1
i
i

|
i

1
!
i
|
{
i
i

W

SIOLW]T WRUNG JO
1n2i1) 3jgeuy

y

-

{ J3]j0RU630IIW M

stem.,

&

S5y

the

e of

I3

a3}

upply)

Di

“

¥
5

€
8.

C
3

al Blo
Power

.

Gener
(Ps

1

~t e

e

Figure




at each time, since it is nol required for all the limiters be active
all the time. Even sometimes (e.g. in two phasge on operation) some of
them should be inactive as will be explained later. The "Snubber” block
in the Fig.3.1 is used to reduce the turn ofi switching losces for the

1GTs and protect them from over voltages. ITn Fig.3.1 PS1, PS2 and P32

are 10 Volt power supplies.

xplanation and detailed circuit diagram of all the hlocks

shown in Fig.3.1 will be given in the coming szections.

There are four switching elements controlled by the

microprocessor. In the section below the choice of these switching

elements are discussed.
3.3. Selection of Switching Elements

In section 3.1 it was stated that the switching elements
which can be quickly switched on and off must be used. Thyristors are
disadvantageous when the switching speed is concerned, as generally
they are slow devices. Also the cost of a high speed thyristor is much
more than a BJT or HOSFET. A IMOSFET is faster than BJT also to turn on
and off a NMOSFET is very easy compared to BJT. HOSFETs are voltage

controlled devices. Their on state resistance r is rather high and

causes considerable power dissipation. On resisgzlce of a 15 A, 450 V
HOSFET is typically 0.3 - 0.4 ohms [21]. The power loss on the MOSFET
is 7.5 - 10.0 W for a current of 5A. The gate drive circuits of NOSFETs
are simple, as they require a low current injected from the gate.
HOSFETs are very expensive. From the point of power losses BJT has a

lower dissipation. V { of a BJT is typically 0.3 - 0.5 V and for a

cess
current of 5 A the power loss is 1.5 - 2.5 W [21] which is lower than
a NOSFET. To drive this BJT a base current of 0.7 ~ 0.9 is needed [217.
The bhase drive circuit of BJTs is expensive compared to the gate drive

circuit of a MNOSFET.

An 16T (Insulaled Gate Transistor) is a pouer switching

&)
[Gy]




device that combines the advantages of BJITs and HOSFETs. R 16T has
high input impedance, like NMOSFETs, and low on state conduction losses,
like BJTs. The gate characteristics of the IGT transistor are similar
to power MOSFETs but its equivalent rmandrain resistance is ten times
lower. 1t is a voltage controlled device and requires only a amall
input current. This simplities and reduces the number of digscrete

elements required.

Consider the IGT7E20CS transistor (25 R ,500 V) which is a
current sensing I1GT. This transistor is a HNOS-Gated power switcehing
device combining the best featuwres of power HOSFETs and bipolar
transistors with current sensing pilots. The result is a device that
hag the high input impedance of HOSFETs and the low on state conduction
losses of bipolar transistors. Data sheets of this transistor are in
the appendix A. The transistor features are as follows:

_Ultra fast turn on,150 ns typical
_Voltage controlled turn on/off

_Cwrrent sensing pilot

One important facility of this IGT is that the voltage at the
sense pin of this transistor is proportional to the current Imihdor
Hence By using this transistor one can find the value of current in the
windings without any need for insertion of a resistor. Therefore it
seems that this IGT satisfies all the requirements for the switch that
is suitable for our power drive. Therefore, in this work IGT7E20CS

transistors are used as the switching elements.

In data sheet of this transistor the variation of collector
current and the sense pin voltage for currents below 10 Amps is not
shown precisely. On the other hand ,in this work, it is required to
know the value of collector current (hence phase current) precisely.
Using test circuit shown in Fig.3.2. one can find the voltages at
current sense pin of this transistor (Vp values) corvesponding to

different Loalteetors” These values are found and tabulated as shoun in
Grigolun s

<

Table 3.1.




Table 3.1 Voltages ab Sense Pius Corresponding to Various Collecto

Currents,
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Figure 3.2. Circuit Used for Finding Values in Table 3.1
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In pover transistor switching circuits, shunt snubbets
(dv/dt limiting capacitors) are often used to reduce the turn off
switching loss or prevent reverse biased second breakdown. Other names

of shunt snubber are cwrrent snubber and turn off snubber. The snubber
cireuit designed for the IGT used is shown in Fig.3.3. Here energy is
stored in the capacitor and is dissipated during its discharge. During
twn off the capacitor will charge by the load current. The capacitor

voltage will appear across the transistor and the dv/dt is:

dv/dt = 1),,/¢ (3.2)

During turn off the collector emitter voltage must rise in

relation to the fall of the collector current and dv/dt is:
dv/dtﬁVH/Tf (3.3)

From equations (3.2) & (3.3) we have: C=1 .*T’/J (3.4)
foad

B T"':L:f"' R |

| ‘L L, ,
‘ 4 j: 470 ohm |
! T e
{

] {
bont L gpunt

]
{\ \) L | BUYBBER, === Yee
;

FPulse G k
Generator e I?

8. 2vi¥k

Figure 3.3. Snubber Circuit

In the following page numerical values of B and C of the

anubber are calculatod,
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Tﬁ(mﬂ Current fall time 90% to 10%.

Q}M&ﬁ) =1.6 microsec. (see appendix 1)

Id&u) Haximum load current,

quﬁ) =10 Amps (We take it as 10 Amps for our SEH)
Vm{mn ‘Maximum collector emitter voltage.

\%eww) =310 Volts (Supply Voltage is 280 V)

f ¢ Maximum operating frequency

£ = 2.5 KHZ (Although for speed 12000 rpm this value is 2.4 KHZ, for
safety it is taken as 2.5 KHZ)

Using formula (3.5) (The derivation of this formula is ghown
in reference [26], and it is shown that it guarantees that the current
in the transistor will be reduced to near zero by the time \1Ce has
risen to v

51.6 nf.

cwaw)) the minimum value of the capacitor is found as
{aas

C. =1 *T

Bin ¢{nax) fi(gax)/\]ce(aax)

Let's take the capacitor value as: C = 56 nf

In choosing the value of R, the discharge time RC should be
considered. We would prefer that +the capacitor be essentially
discharged (through RC) at the end of switching period T.. A discharge
time of one third the switching period T, is usually éﬁequate [261,

that is:
3RC=T =1/f therefore R=1/3fC (3.6)
Hence RMMJ =2380 Ohms.

The discharge of C is limited by R. Increasing R increases
the discharge time which will be about 4RC. We take the value of B as:
R = 470 Ohms (8 Watts), Reason for choosing such a value for R , in
addition for its simplicity to be found in local market, is that the

discharge time of the capacitor when Lhe transistor is Gwrned on is:




AAHEL L L UL AT Y Lo ARG = 00 ms S and Lhivs 1o less Ul

T=1/2%2.5KHz=0.2 me (So it is guaranteed that the capacitor is fully
discharged before the switch is turned off). Therefore, these values
of B & C satisfy required conditions. Now let's check that the turn on
current in the transistor due 1o the capacitor discharge ’Iﬁs is not
a slgnificant portion of INMEV

) - - R ﬁr-‘(j C
Idu(max) thww/k 0.659 << 10 Amps (3.7)

Therefore these R and C values satisfy this condition
‘also. It is Shown in [22,23] that the maximum dissipation of BC can be
found uging formula (3.8) as:

})

“r(rax) =CV

Ce(gax}Qf/n =6 W (3.5)
Note that if we had used higher value capacitors, then value
of Pﬂﬁﬁ) vould come out to be higher. This is not a desired thing since
a power resistor with high heat dissipation ratings is expensive and
is a heat source in the system. By examining the Vm figures shown in
the test results chapter one can assure that the design is correctly

made,
3.5. Isolation of IGT Transistor and Microprocessor

Fig.3.4. shows the microprocessor and the power converter of
our SR motor. For operating IGTs as switches, an appropriate gate
voltage must be applied to drive the transistors into the on state. The
control voltage should be applied between the gate and emitter
terminals. In the power converter circuitry of this work, four
transistors exist. Two of these transistors have their enmitters
connected to the ground terminal of the main DC supply. Emitters of the
other two transistors are connected to different places (see Fig.3.4).
Therefore, the control voltage which should be applied between the gate
and emitter terminals of four transistors, faces the grounding problem
(as microprocessor has one ground but emitters of the four transistors

aren't connected to the same place). In order to get rid of this
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grounding problem and also isclale (hence protecty conlbirollar oot

from high voltage part an isolalion circvitry is designed. Hote tha
i

if by gome unknown reagson, one of {the transistors burns oub, Lhe

isolation cireuits will protect microprocessor from any dawage,

Isnolation stage: There are basically two wvays of floaling o
inolating the control or galte signal with rvespecl Lo ground. 1.0,
using;

1. Pulse transformers
2. Optocouplers

In this work optocouplers are used in Lhe power drive. Optoeleclironic

components tranomit electronic signals without electrical connections.

For operating 16Ts used in this work as swilches, a winimun
gate voltage of 7 Volts must be applied to drive the IGT into the on
state. Microprocessor voltage is 5 Volts., Therefore, in order for
microprocessor to turn ON IGTs an interface civewitry is reqguirved Lo

~ery

change the 5 V signals to 7 V signals suitable for turning on the IGTs.
The isolation circuitry designed here does this function also. That is,
it produce 9 V pulses to be applied to the gate of the IGTs. Rote that
although 7 Volts is sufficient to turn on the 1G6Ts, here for safely
purposes the isolation circuit applies 9 Volts to the gate of IGTs.
Here, 4N25 optocoupler is used in the implementation. The optocoupler
works in the phototransistor operating mode to give 9 volt output to
the gate of I1GTs .

ssor turns on, all its pins

Note that when at starl microproce

vill be et (5 Volts), and since four of these pins should e connected

to four J1GTs, it means that when one turns on the system all the motor

153

phases will be energized. To prevent Lhis evenl an inversion cireuilr;

is required. Function of this circuitry is to invert the signals coming

from the processor. For this purpose a transistor (here,

inverting mode is used.

Fig.a.h shows the isolation aud inversion circuil designed

For inver Uing processor palsen, aloo producing 9V pulses bo be o applied
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Figure 3.5 Isolation and Inversion Circuit Used Between IGT's and

Controller Circuits.

to the gate of the IGTs. The PCB layout of this circuit is given in
appendix B. As seen in data sheet, the voltage drop of the diode is 1.2
V. Here pulses with 5 Volts peak are applied to the base of BC237. When
the transistor BC237 becomes SAT, the input current Liioss will be: Iy,
=21 mamps. (Which is quite higher than the 3.2 mAmps that is the
minimum I that can make the transistor inside the optocoupler enter

A
ad

&
saturation.)
3.6. Power Dissipation and Heat Sink Calculations

Transistor is an expensive and critical item in the power
converter circuit. For this reason, power dissipation over it has to
be calculated and on the basis of calculation, necessary cooling of
transistors has to be arranged by proper means. However if other heat
dissipating elements as in this case diodes exist their dissipations

should alse be considered in order to implement proper cooling.




Povwer dissipalion in the switching transistor consists of:

i) power dissipation on the transistor due to suitching
losses, i.e. turn on and twn of f switching losses which is found from

the formula (3.9) [23].
Ps - [chmﬂ)*jc*fsk(tr*tf)]/4 (3.9)

Where; thaﬂ is the maximum collector emitter voltage, IC is the max

collector current (taken as 5 Amps). £, is the switching frequency ,and
tr & tf
respectively.

Hence F::(250*5*5KH2*(150*1owsec+3*10ﬁsec))/4:4.92 W

are the rise time and fall times of the transistor

which is approximately 5 Waltts.

ii) Power dissipation due to conduction losses during
saturation which can be found from formula (3.10) (leakage losses,

during non conduction times can be neglected since they are very

small).
POn = [Vmﬁt* % *(duty cycle)] + [% *vbg *(duty cycle)] (3.10)

POD =1.3*5*50%=3.25 W (Since Iy is very small the second part in the
equation is neglected). Hence, total transistor losses will be:

Ptransistcr :PS +Pon = 54+3.25=8,25 W 3.11)
For safety it is taken as 10 Watts. In this work one heat sink is used
for two transistors. Therefore the total power dissipation of the heat
sink for two transistors will he:

P - 5
P%,urm. 2 10 20 Wattis

3

Power dissipation of the diodes is found using formula (3.12) as:

P ':I*Vdrop *(dubty cycle) =L*1,5*50%=3.75 U (3.12)




Now its Uime for determination of Uhermal resislance. Theirmal
resistance is the single most important parameter‘ in heat sink
selection, apart from mechanical considerations. For determination of
thermal resistance first lets explain symbols below and find their

values from data sheets in appendix A.

13 © Paximum operating junction temperature

3} =150 ‘¢ (from data sheet) For safety take it as 140 °C

T, ¢ Haximum allowable case tenperature

¢
Tk = 40 ‘¢ (Ambient temperature)

Ry, ¢ Junction to case Thermal resistance
R, =1 °C/W  (from data sheet)

Case temperature of each transistor is found nsing formula (3.13) [24].

rlx - rIx

¢ =T Pransister “Rye ® 140-10= 130 ‘c (3.13)

Using formula (3.14) [24] thermal resistance between case and ambient

can be found.

*R

transistors  *“0d (3.14)

T -T

I 3 =P

130-40=20*R, Hence: R, =4.5
(9 Ch

In this work two transistors are mounted on same heat sink.
Therefore, to have electrical isolation between them insulators
(Washers) are used between transistor case and heat sink. Thermal
grease is used between the insulator and heat sink, also insulator and
IGT, for better conduction of heat to and from washer. Thermal
resistance of the insulator 0.002" film is 0.47 0C/W per square inch
of area. Since area of the insulator for two transistors is one square
inch, the thermal resistance of the insulator is : R, =0.47 CC/w

So the thermal resistance of the heat sink bacomes:

“Ry Ry = 4.5 -0.47 = 4 "oy (3.15)




For the diodes thermal resistance of ithe heat sinlt is calculated by
formula (3.16) [24].
AU L S &
To =Ty =Py "Ry
y =125-4074 =21.25 °c/u

(3.16)
R.
*(
So thermal resistance of diodes is 21.25 0C/W. Therefore, in the

circuit implemented proper heat sinks are used for them.

For two transistors the thermal resistance of the heat sink
was calculated to be 4°C/w (In the cirenit implemented V 6716 4/K heat
sink which has 2.3 GC/w thermal resistance value is used for safety,

two transistors are mounted on the same heat sink).

3.7, Current Limiter

When one phase is on as we have a high voltage supply and low
resistance, current passing the phase will be higher than the rated
phase current. For a supply voltage of 300 volts and phase resistance
of 7.5 ohms, the phase current will reach 40 amperes. To limit the
current at rated phase value a "Current Limiter" is designed. This
circuit limits current at some reference value by turning off the
transistor when current exceeds the reference level. Then as current
reduces to a specified value it twrns on the transistor and lets
current increase again. This procedure repeats and as a result of these
chopping it is as if current is fixed at the rated value. The general
block diagram of the current limiter is given at Fig.3.6. To limit the
current at rated phase value a feedback of the phase cuwrrent is
reguired. As current sensing IGT transistors are used in our converter,
we are able to know the collector current, hence the phase current , by
just considering the voltage at the sense pin (see chapter 3.3). So the
current limiter designed here is based on the use of the voltage at
sense pin. Here, as it is shown in Fig.3.6, this voltage is [irst
amplified and then compared with a reference voltage vhich corresponds
Lo the reference current al which cwrrent should be Hmited, The

reference voltage can be the output of a harduare circuitry "Voltage
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Figure 3.6 General Block Diagram of the Current Limiter.

Reference" (its value should bhe change manually) or it can be

controlled by software (using microprocessor and a DAC circuitry).

There is a switch to choose one of these. There is an optocoupler in

the current limiter circuitry to prevent grounding problems and making

grounds same for the +5 Volt vCr of gate ICs and other inputs of the

block "Gate IC's" which will determine the state of the transistor to

be off or on. This is explained in detail as follows.
The detailed circuit diagram of the current limiter is given
at Fig.3.7 and its PCB is in the appendix B. As was mentioned

previously, current feedback is taken from the sense pin of IGT. Since

the voltage at the sense pin is low it should be amplified in order to
be able to compare it with the reference voltage Vr. Amplification is
done using an opamp in non-inverting configuration. Reference voltage
is set to 4.7 volt (for 5 A phase current). Gain of the amplifier is
set to 5.7 in order to produce the 4.7 V at the time that phase current
is 5 N (Lhe sense pin voltage is 0.82V when phase current is 5 A (nen

Table 3.1) hence 5.7 * 0.82V = 4.7V). VrCﬂn be produced by two
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different circuits. One can choose one of these circuits be active by
placing the switch 'S' in positions 1 or 2. If the switch '§' ig at
position 1, \G will be produced by the " Voltage reference circuit
as shown in the figure. Here Vrja controlled by a potentiometer so the
current limit level of the windings can be changed according to the
rated current values required. Therefore one should play with the
potentiometer manually in order to set Vrto a new value. If the switch
'S' is brought to position 2, Vr will be the output of the DAC
circuitry. In this case, as will be explained in detail in chapter v,

value of ’\/r is determined by the microcontroller. That is, the
microcontroller changes the current limit level according to the
software decision and there is no manual adjustments. The output of the
schmitt trigger enters an optocoupler to prevent grounding problems and
having same ground for the +5 Volt VCC of gate ICs and the '®' and 'm’
inputs to the gates which come from "enable cireuit” and microprocessor
respectively. Optocoupler's output is inverted and then NANDed with
enable signal, and result is EXCLUSIVE ORed with the data coming from
the microprocessor and result is inverted. How let's give some more
explanation on the operation of this current Limiter. Consider one
phase of our motor. When transistors T1 & T2 are on, the phase current
and corresponding to it the voltage at the sense pin of T2 increases.
While the phase current is below its rated value the output of the
schmitt trigger is high and the output of the current limiter is same
as microprocessor port. When the phase current goes above rated value,
output of the schmitt trigger becomes low causing change of output of
the current limiter, hence turning off the transistor. As T2 turng off
the phase current decreases below its rated value. Therefore transistor
2 switches on again. The full supply voltage is applied to the winding
and ﬁhe current increases to slightly above rated. This cycle is
repeated through out the excitation time of this phase, so that the
winding current is held near its rated value by an ON/OFF state closed
loop control. Since all four transistors in the converter should be
able to chop, for each transistor a current limiter is required. That's
why there are four current limiters in the power drive system. Each
current limiter circuit has an 'F! (enable) signal that enables or

disables that current limiter. This signal is the oulpul of Lhe "ENABLE




P

CIRCUIT" ,which is explained in Lhe next secbion. When Uhis sigiald is
HIGH that current limiter is enabled and when it is LOW the current
limiter is disabled hence current can increase above the rated value
which is 5 Amps. In other words, when the current limiter of an IGT is
disabled, current passing through that transistor can go above 5 Amps.
This a desired property when for example the motor operates at tuo

-

phase on mode. (for example phases one and two are on and hold at 5

=

amps. (Transistors 1 and 3 chop and current passing them is 5 A, but

transistor 2 is on and its current will be 10 Amps.)

Table 3.2 is the trulh table of the current limiter circuit.
Note that when microprocessor port is set high the related transistor

is desired to be OFF and when the port is set to zero the transistor

is ON.

When Icﬂhrmr > 5 Amps then (1) >0.52 Volts and (2) becomes
LOW.

When chhehr < 5 Amps then (1) <0.52 Volts and (2) becomes
HIGH.

Table 3.2 Truth Table of the Current Limiter Circuit.

i l 1 | I
| Point (2) | Point (3) | Point (4) | Point (5) | TR gate
H L } L ; L { L ; i
I 1550 | pisabled | TROON | | eoon
Il ! | | l

I 1 H H I,
I 1¥sn | Dpisablea | TR OFF | | TR OFF
— | | i i

I, H I, H i
I 1Ysn | mnablea | tRow | | 1R OFF
v 1 ! H } H { (*) } (*)
i 1o5n | Enabled | TROFF | |
H H { 1L E I { I % H
I 1¢sn | pisabled | TR ON | e oo
g H % L ; H % H } L
| 1 <50 | Disabled | TROFF | | 1R OFF
l l [ | |

H . H I, I, H
I 1sn 1 mnablea | mrow | | rrom
ﬁ I wg . m } H % H ; L
| 1n | mnablea | TR OFF | TR OFF

(*):Impossible to occcur.




S.8. knable Cilveuit for The Four Current jadmilers

Function of this circuit is to determine which current
limiters be active at each time. In the previous section it was
explained that for each transistor in the power converter a separatle
current limiter is required. Therefore there exist four current limiter
circuilts in the power drive. Now the gquestion that arises here is:
Which current limiters should be enabled and which ones be disabled at
a time? In order to be able to answer this question transistor states
and cwrrent waveforms of phases for different operating modes and
different direction of rotations are considered and results obtained
are put in Table 3.3. In fact this table shows the truth table of the
enable circuit. Using the table following state equation for enable

signals of four current limiters is found.

EL,E3=a+a’ . [(TL.T2.74"+T2'.T3.74) b+ (TL. T2 . T4+T2.T3.74") . b']
E2,E4=F1"',E3"'

¥ig.3.8 shows the circuit diagram of the "ENABLE CIRCUIT"
that produces the four enable signals of the four current limiters. In

the appendix B you can find the PCB of this circuit,




Table 3.3 Truth Table of the Fnable Circuit.
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CHAPTER 1V
CLOSED LOOP CONTROL AND POSITION DETECTION OF ROTOR
4.1. Introduction
Closed loop control has lols of advantages over open loop

control. Some of these advantages are as follous:

~ Providing maximum system reliability and repeatability

i

Providing maximum performance from a given motor
— Permits operation over the entire speed range capahbility of

the motor.

i

Versatility of control

{

Smoother speed

Although closed loop control has all these advantages it has
one important disadvantage which is the need for a feedback device.
That 1is, in a closed loop switching motor system the instantaneous
rotor position should be detected and fed back to the control unit.
There are mainly two methods of rotor position detection: These are
using an incremental optical encoder or waveform detection. In this
chapter, these two techniques are discussed and compared. A literature
survey is also done on waveform detection schemes using phase current,
motional voltage and phase inductance. Horeover, a comparison is done

between three different methods of rotor position detection based on

the use of phase inductances.

Although the survey has shown that for detection of position
of rotor, waveform detection method is the best method, the aim here
is restricted to implementing a flexible drive which can be easily
modified to accomodate waveform detection. In the implementation here,

the position feedback is obtained from a specially designed position




cncoder (Senturk [217]).

4.2.Position Detection Techniques

In a clogsed looup system a posilion detector generates a pulse

which signals to the control unit that a step has been completed. There

are two types of position detection techniques:

1. Incremental encoder.
2. Wavelform detection.

In the section below these topics are discussed.

4.2.1. Encoders

A  position encoder translates the motor displacement
information into an electrical signal in pulse form. The pulses
generated by the encoder are then fedback to the motor driver via a
controller, Thus the motor is normally started by a single pulse, and
the pulse which causes phase switchings and consequently continuous
motor shaft rotation are derived from the encoder. The timing of these
pulses is a function of the mechanical position and the speed of

rotation of the motor [25].

The encoder used may be a high resolultion encoder or a low
resolution one. With a low resolution encoder only position of some
specified fix points of the rotor are specified. But, by using some
hardware position of other points of the rotor can he determined as
well. A high resolution encoder is more expensive than a low resolution
encoder. It determines continuously position of different points of the

rotor,
Figure 4.1 shows the block diagram representation of a closed

loop control scheme for motors employing an encoder, usually of the

optical or magnetic type, mounted on the motor shaft.
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Figure 4.1. Closed Loop Control Fmploying Encoder.

4.2.2. Waveform Detection
The block diagram of a closed loop waveform detection system
is shown in Fig.4.2. The feedback pulses in Fig.4.2 are generated by

T

WAVEFORIIT DETECTOR inserted between the HOTOR DRIVER and the HMOTOR.

The waveform detector extracts positional information from
the electrical variables of the motor phases. These pulses are used to
drive the motor in a closed loop sense. The waveform detector is an
entirely electronic device with no moving parts, and therefore no
mechanical linkage to the motor. This allows the motor to be located
remotely, while the detector, power supplies, and driver circuitry can
be located away from adverse environmental conditions. If desired, the
detector can be built directly into the controller logic. It is

physically very small and inexpensive.

The waveform detector can be one that senses the peaks,
slopes , points of inflection, or zero crossings of the currents,
voltages or fluxes that exist in the motor. For instance, it has been
shown by Kuo [23,24] that the positive or negative peals of the phase

cwrrents of a variable reluctance motor have predictable and
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Figure 4.2. Waveform Detection Closed Loop Control.

controllable properties for feedback control purposes. Other signals
of possible use for waveform detection are induced voltages or the back
in the phase windings, These tbpics will be discussed later in this
chapter.

4.3. Advantages of Waveform Detection Over Optical Encoder

X

Several advantages of waveform detection over incremental

optical encoders are presented in table 4.1.

Table 4.1 Advantages of Waveform Detection Over Incremental Optical

Encoder.

I i . i
[ | Incremental | Waveform I
| optical l detection ”
I | encoder , 7
H Additional mechanical connections f Yes ; HNo §
&*ﬁ to the motor required | , ﬂ
- {
i Cost f Higher i Lower g
i . o .
h Needs mechanical adjustments f Yes g Ho 3
—
g Needs electrical adjustments E Yes { Ho ﬁ
- ' b e i
I 3 Size i Large f Small g
g Needs set up or additional ! Yes ! Ho I
H‘ , circuitry ! ! ?
'y Reliable ; No I Yes gé
g Position information i Quantized § Continuous ﬁ
o e e e SR T RO N ; S
d Can be located remotely from rotor ; Ho { Yer ﬁ
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4.4, Waveform Detection Using Hotional Vollage and Using Phase

Inductance

Waveform detection can be based on the modulating effect on
the phase current of the motional voltage (which in turn is a function
of rotor position), or can use the rate of change of phase current
(since the rate of current change is dictated by the incremental
inductance of the phase circuit, and the incremental inductance is in
turn a function of rotor position and phase current, rotor position can

be deduced from a knowledge of phase current and its rate of change) .

In article [29] the self synchronization with a measured
induced voltage, obtained by a bridge circuit is explained and a motion
induced voltage is detected by a specific auxiliary winding. In article
[30] the angular position determination by means of a suitable
measurement. method of the back electromotive force induced in the
winding is explained. Table 4.2, compares the waveform detection scheme

using motional voltage and using phase inductances.

Table 4.2 Comparison of Waveform Delection Scheme Using Motional

Voltage, and Using Phase Inductance.

I l 1 i
I | Using motional ’ Using phase b
i , voltage i inductance i

|
g{ Operate successfully at low } No ! Yes I
r speeds | ! ﬁ
ﬁ Operate successfully with ! No ! Yes I
| | | |
é_ Cost } Higherw } Lower H

The waveform detection scheme using motional voltage is
unable to operate successfully at low speeds, because the motional
voltage is zero, or with chopper drives, because the phase current is
almost constant. But the waveform detection using phase inductance

doesn't suffer from these problems.

In switched reluctance motors Lhe inductance variation occurs

58




B

The rate at which changes in phase currenl occur is dictaled by the
position dependent winding inductance, so rotor position can be
detected whenever phase currents are changing. Below we explain two
methods for rotor position detection, based on the use of phase
inductances. Note that the inductance method gives us the minimum
inductance position. Only software can allow us to find other

excitation points, on the assumption of constant speed.,

4.5. Rotor Position Detection Using Variation of Chopping

Characteristics.

We know that during chopping, the phase current swings around
the required level at a rate dictated by the incremental inductance of
the phase at that current level, and as the incremental inductance is
rotor position dependent, the instantaneous rotor position can be
deduced from the chopper characteristics . For normal operation of SR
motor the phase current is either held at its rated value or reduced
to zero, and, therefore there is the possibility of detecting rotor
position from variation of chopping characteristics in a phase which
is either ON (with phase current at rated) or OFF (with phase current

zero). That is:

1. Chopping at rated current
2. Chopping at zero current

These two cases are discussed below.

4.5.1. Chopping at Rated Current

Tn this operating condition the phase current varies hetween
I+g1/2 and 1-{1/2,s0 during the rise time T}h= the current increases
41, and during the decay time Tdecay the current decreases {I. (see

Fig.4.3)

In reference [28] it is shown that the current rise and decay

times are proportional to incremental inductance. However, Uhe most
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Figure 4.3, Current Waveform, When Chopping at Rated Current.

notable  feature of the incremental inductance/rotor position
characteristic at rated cuwrrent is that around the position where
stator/rotor teeth are misaligned there are four rotor positions
corresponding to each value of incremental inductance [28]. Eecause of
this ambiguity, continuous position detection is unreliable for this
operating condition [28]. However, detection of a specific rotor
position is possible. with the machine producing maximum motoring
torque, for example, each phase is switched on at the misaligned teeth
position and switched off at the aligned teeth position. The phase turn
off position corresponds to the minimum incremental inductance [287,
so this position may be detected at the low speed, by seeking the

minimum rise or decay times in the chopping of the ercited phase. The

o=

current rise and decay times are independent of speed at the aligned
and misaligned torque positions as shown in reference [28]. In short,
by monitoring the chopping characteristics for an evcited phase it is
possible to detect a single rotor position per step, and ithe most

time at

-

reliable indicator of rotor position is the cwrent rise

aligned and misaligned tooth positions.
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An alternative strategy for direct pos Jil@) deteclion with a

hopper drive is to observe chopping behavior in a phase which is
turned off. During normal operation of the drive, of course, the
current in such a phase would be zeoro, bul by setiing the reguired
current level to be a small fraction of the rated current, chopping
behavior can be observed without diminishing the torque producing
capability of the motor. Here conltinuous monitoring of rotor position
is possible. In this situation the phase current increases from zero
to {I during the rise time an {(see Fig.d4.4). In summary, menitoring
of chopping behavior in a phase which is twrned off has the advantages
that the rotor position can be deduced with no ambiguity and immunity
from errors due to motional emf. However one should have rapid current
decay and high sampling rate. Note that since in general a SR motor
drive has a chopping mode, direct detection of rotor position by
monitoring chopping behavior is a reliable and cost effective
alternative. For detection of the position from chopping in a turned
off phase, maximum immunity from motional effects is obfained by

observing current rise time.

One important disadvantage of on phase chopping and off phase
chopping for rotor position detection is that they are unable to detect
position at the very highest speeds, where chopping operation may have
ceased because the current build up time exceeds the phase excitation
period. Below we explain a rotor position detection method which

doesn't suffer above mentioned disadvantage.
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Figure 4.4, Cwrrent Waveform, When Chopping al Zero Current, (7 Is a

Small Fraction of the Rated Current.)
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In general, the slope and/or the magnitude of the voltages or
currents in the motor windings may be sensed to provide detections .
It current is to be sensed, it should first be converted into a
voltage. This is done by inserting a small resislor of known value in
the current path and measuring the voltage across it. Then V/R gives
the value of current. Consider the situation when the phase is first
Lturned on. The phase current and flux linkage are zero, =so the
resistive voltage drop and motional are negligible, and the initial

rate of current rise is, [28]:
di/dt(at i=0) = V/IL (4.1)

In this expression the relevant incremental inductance is
that associated with low phase current which leads to a well defined
unambiguous relationship between current gradient and rotor position
independent of operating speed. Winding current waveforms for a
switched relucltance motor appear to be irregular, especially with a
stationary rotor and at low speeds. However an analysis of current data
[31] shows that simple mathematical models describe the relationship
between the rate of rise of current and rotor position. Examining the
rising part of current in a winding, with a stationary rotor, has shown
that simple relationships can be found for describing the rate of rise

of current as a function of rotor position.[31].

Closed loop control with a series resistance drive is
implemented by repeatedly turning on the next phase in the excitation
sequence and examining the initial current gradient. If the gradient
matches the gradient obtained by turning on at the optimum rotor
position for excitation change then the excitation change is allowed
to proceed. However, if the optimum position has not been attained, the
current. gradient is incorrect, and the small phase current is reduced
to zero, in preparation for another turn on attempt a short time later.
S0 just by knowing the optimum switching angle (hence optimum rotor

position for excitation changes) using a microprocessor one can control
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the switching by above mentioned method. The technique of monitoring

initial current gradient in the next phase to be excited is applicable

to chopper drives. In that situation the technique has the advantages,

over monitoring of chopping characteristics, that it is able to dete

position even at the very highest speeds, where chopping operation may
I Ne ven a € v g 1 , P

have ceased because the current build up time exceeds the phase
excitation period. Note that the switches used in our drive are current
sensing IGTs, hence we don't need to insert sensing resistors in series
with phases and can use the voltage at the sense pins of the I1GTs
directly. Fig.4.5 shows the flow chart for closed loop control with

rotor position detection using sense pin of IGTs.

Table 4.3, summarizes above mentioned characlteristics of the
three types of rotor position detection, based on the use of phase

inductances.

Turn on next
rhase and find

’ initial current
gradient

Delau &4

4

|

Small phase
reduced %o zero

Exoftation change
allowed to proced

Figumre 4.5, Flow Chart for Closed Loop Conlrol wilh Fotor Poasition

Detection Using Sense Pins of 1GTs.
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Table 4.3 Comparison of Different lcthods of Rotor Position Detectior

Based on the Use of Phase Inductances.

f‘{‘ Sttt gy [ R gep i [ iy Bauk oty { o T bagui e petitaps g "'”"’,‘}']
f [ On_phase | Off phase | Initial ﬁ
& N 7 | chhppiﬁgAML“”thpping i currenﬁmiifgwxﬁ
q Reliable continuous { No { Yes f Yes %
L position detection ! ! ! &
R— ~ ) Y
| Immune from errors due | No | Yes | Yes I
f

ﬁmmhw to motional ! i 7 ; H
ﬁ Able to detecl position { No f No | Yes g

at very highest speeds
l (vhere current build up | f 3 [l
i time is grater than = | | | i
f phase excitation [ 1 { I
i period) | , | ) i
S“/Applicab}o to chopper f —Yes WM“}WW ng ”””” { Y?§MV MH
ﬁ Circuit must ensure f Yo g Yes ; No ﬁ
rapid current decay and

? high sampling rate f ' ( I
‘,N_ i L . L I’

4.7. A Specially Designed Encoder Used in This Work

In previous sections different rotor position detection
techniques were compared. It was concluded that waveform detection
method is preferred to using optical encoders. But, position detection
by waveform detection method is not in the scope of this thesis. That's
why, in the application here, an optical encoder that was designed by
Senturk [21] is used. Some modifications are done on this encoder to
make the output of it compatible to the input of the microprocessor.
The circuit diagram of the modified encoder is in figure 4.6. This
modified encoder produce a pulse at the stable equilibrium position of
each phase. Position information on intermediate positions is obtained
as described in section 5.4.2.2. In chapter VI, operation of the
modified encoder is tested and figures are presented showing the

encoder's output for different speeds of the motor.
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CHAPTER V
HICROCONTROLLER BASED CLOSED LOOP CONTROL OF A SRI
5.1. Introduction

Advantages of closed loop contrel to open loop control are
obvious to everyone. One important advantage of a closed loop
controlled SRM to an open loop controlled one is reliability of the
drive, In a c<losed loop SRH system a posilion detector feedbacks the
position of the motor to the controller. Each step command is issued
only when the motor has responded satisfactorily to the previous
command and so there dis no possibility of the motor loosing

synchronism,

At this stage the aim is to implement a flexible system on
which any desired microprocessor based speed control may be achleved
in future, and that involves development of control strategy either
through models or using approaches which rely on knowing input and

outputs of the system.

In any microprocessor hased system, software has an important
role and it should be written cleverly. The software written in this
work is aimed to be a user programmable software. That is user be able
to communicale with the software and determine the value of different
control parameters, under which motor should be rotated. Therefore one
can investigate motor performance in detail, under various conlrol
parameters. Hence important results may be obtained for a sophisticated

control in future.

It ig tried for the software writien to be in modular form in

order to be able to use its modules in future softwuares.




W,

T

£y

In this chapter 1t 15 also explained how Uhe microcontrolle:
€S

can change the three conlrol parameters; phase current, advance angle,

and conduction time.
5.2, Microprocessor Based Closed Loop Control

Nowadays, microprocessors are available cheaply. They have
huge capabilities and some of them are designed specially for control
purposes. Therefore, utilization of a microprocessor in control of a
SR motor seems to be essential. This chapter discusses a microprocessor
controlled closed loop system designed to drive a four phase SEM. The
general block diagram of the system is shown in Fig.5.1. Here the
microcontroller sends out signals to the "Powsr Stage" and "DAC
Circuitry" to switch transistors (energize the phases) and also

[ H

determine the phase current reference level. The "Power Stage" block
was explained in detail in the third chapter. Tts inputs are signals
from microprocessor and its outputs are the signals to the gates of the
transistors, hence energizing phases and rotation of motor. The "DAC
circuitry" produces a voltage as the output. This veltage is the
reference voltage at which current limiter limits the phase current.

The value of this voltage is determined by the signals coming from

—33 HICROPROCESSOR

k4

DAC POUER
CIRCUITRY Pr=r==mdl oyane

gl

PGSITION SR // N

TTTBETECTOR {0 woon )
M

Figqure 5.1, General Block Diagram of the Hicroprocessor Based Closed

Loop Control Syslen.
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HRLGCE ML VLRI DUL L LGS O LHE LAL CLYCULUEY . The TFosition Detector
block sends pulses to the processor when yotor is al some specified
positions. In short determines position of rotor. Therefore wher
microprocessor sends a signal to energize a phase (rotate the motor),
this signal goes through some blocks. Whether motor has rotated or not
is shown by "Position Detector” block which sends a signal to
microprocessor to show rotation is done. Now microprocessor can decide

what to do next.

The microprocessor is, of course, {the central component in
any microprocessor based systems. Below the processor and the card uszed

here is described. Note that in this work aim is not to design a

processor card, which nowadays has become a fairly standard process
but, is to develop a system which is controlled by the microprocessor.
That's why, the Intel's EVE0OCS51FB FEvaluation board is used ae ihe
processor card. Blthough using this ready card has saved cur Lime and
has given usg debugging capabilities (for the programs written), it has
unfortunately put some limitations for us as are explained Lelow,

[ RN

5.3. Description of The Hicrocontroller and EVBOC51FB Poard

The microprocessor used in the inplementation here is the
Intel 80C51FA which is an & bit control oriented microcontroller based
on the 8051 architecture. Being a member of the NCS-51 family the
BOC51FA  uses the same powerful instruction set, has the same
architecture, and is pin compatible with the existing NCS-51 products
[32]. In addition to all the facilities of 8051 this microcontroller

has Programmable Counter RArray (PCR), which provides more tining

jass

nc

4]

capabilities with less CPU intervention than the standard timers, hs

reduced software overhead and improved accuracy.

In this work Intel's EVABOCSH1FB Evaluation board is used as
the processor card. This card is based on the Inlel B0CS51FA processor.
Block diagram of the EVBOCSIFE board and its printed circuit board are
shown in Fig.5.2a & b. The pin diagram of the hoard is shown in

Appendix Do There ave Lwo serial porte available on this hoard [22].
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The first (1) is an external 82510 used as the primary
communication port Lo the host PC. One loads the program to the FEPROM

of the card using the PC connected to (P1).

The second (P2) is the CPU's on-chip UART. This port ig
connected to a terminal (see Fig.5.3). It is as if a keyboard and a
display are connected Lo the drive system through which user

communicates with the controller.

Parallel 1/0 pins of Ports 1 and 3 of the BOC51IFA are brought
out unbuffered along with power and ground Lo connector JP3 (which is
& 50-pin ribbon cable header). Four of these 1/0 pins (Pl1.4, P1.5,
PI.G, P1.7) are used for switching ON and OFF the four transistors of
the power circuitry. One I1/0 pin (F1.3) is used as an input pin to
receive the feedback pulses coming from the optical encoder. The
remaining Port 1 pins, (i.e. P1.0, P1.1, P1.2) together with three pins
of Port 3 (P3.2, P3.4, P3.5) are used as output ports and connected to
the DAC circuitry which is explain in section 5.5.1. Note that other
Port 38 pins can not be used by the user of the card. For example P3.3
which is the external interrupt 1 pin is not available to the user and
it is wused in the card to signal the computer that a receive data
character is available [33]. Some other restrictions are as follovs:
Locations 2FE through 3E of the internal data RAM should not be used by
the user. Eight bytes of user stack must be reserved for use by the
1ECH-51 software (a resident software in the internal ROM) [33].
Register Bank 3 is also not available to user. User should start
writing program from address 4000H. All the interrupts and the reset
vectors are remapped to an offset of 4000H. Therefore RESET begins
execution at address 4000H [33]. As some advantages of using this ready
card one can mention program debugging and control facilities (like
Breakpoints) available to user. Also displaying and modifying program
variables by user. loreover one saves time from dealing with the
preparation of a processor card. Nolte that after the system is
developed, one can design the microprocessor card suitable to the

system,
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S.4. Desceription of the Softyare

The purpose of the software written in this work is Lo rotatd
the motor under different advance angles and different phace current
values. In this manner one can investigate motor performance in detail
under various advance angle and phase currents. Hence inportant resuit:

may be obtained for a sophisticated control in futwe.

It is desired for the software lo be a user programmahble
software. By user programmable it is meant that, user should be abld
to enter values of some control paramcters, determine node of operatio

and direction of rotation of the wmotor. Therefore, prodvam should e

able to communicate with user.

Noreover, the software writlen should be in awmedular form i
order to be able to use itas modules in the softuware written in future

Fig.5.4 shous the general block diagrawm of {he softusre (Th
Iisting of the assembly program is in the Rppendis ). The softuare
composed of the following modules (see Fig.5.4):

1) Hain module

2) Initialization wmodule

3) Data module

4) PCA module

5) Step command module

Here, initialization module performs all the usual tas

associated with the setting up of a microprocessor sveten. Data modul

is responsible for communication with user. It is the function of th
PCA module to receive Lhe feedback pulses coming trom the poesitic
detection system and find the times hoetueen these pulses (this ig a
important data used in other modules as will be discuesed later). Thi
module also informs main module that feedback has come and wotor has
rotated. Hence main module understands completion of previons command

and continues issuing newu commands (e.q. energizing next phase) as wil
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Figure 5.4. General Block Diagram of the Software

be explained below, while explaining the main module. Step command

module does the task of exciting the motor phases in the sequence
appropriate to the direction of rotation. It also sends data out to
ports which are connected to the DAC circuitry (to determins the phase
current value). Main module is the most important module of the
program. It is responsible for calling the appropriate module to
perform the desired task. It first calls the Initialization and Data
modules. Then it starts rotation of the motor by calling the Step
command module. It waits till PCA module informs the reception of the
feedback. Therefore main module understands that previous commands have
been completed. So, it starts issuing new commands and calling

appropriate modules to rotate the motor.

The details of each module will be given incorporating their
flow-charts. But, first a general overview of the progran is given

bhelow and Lhe closed loop control stralegy used s cmpl adnod.




5.4.1. Geneval

Figures 5.5%a & b show the flow chart of the general straltegy
uged here and the closed loop control's timing diagram respecltively.
The bagsic part of the program is to energize a phase and walt for the
reception of the feedback pulse (from encoder), then repeat this
procedure again and again. In other words, One phase is turned on and
only after receiving the feedback signal, next phase will be turned on.
This will go on and the motor will run while it is self triggered by
its own rotation. Note that there is no possibility of loosing any step

and system is a closed loop controlled system.
5.4.2. Control Parameters

In the second chapter different torque speed characteristics
of SEHMs were examined and the variation of these characteristics with
three independent parameters were explained. These three parameters
are:

&) Phase current

b) Advance angle

) Conduction time period

Microprocessor technology can be usefully employed for the
control of these parameters. The following sections discuss the way the

control parameters are adjusted by the microprocessor.
5.4.2.1. Hicroprocessor Based Control of Phase Current

In section 3.7 it was explained that the current limiter
circuitry limits the phase cuwrrent of the molor by turning on/off the
1GTs. The limit at which phase currents are kept is determined by the
reference voltage applied to the current limiter. Therefore one can
change the phase current just by changing the reference voltage applied

to the current limiter circuitry.
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In this vork, it is desived Lo change the phase cwmvents hy
the microprocessor. In other words, the microprocessor should somehow
be able to change the reference voltage of the current limiter
circuitry. So the following problem arises: How the microprocessor can
change this reference voltage. Answer to Lhis problem is as follows,
1f microprocessor can produce a digital data for a reference voltage
then by sending different digital data different reference voltages can
be obtained. In this manner the phase current can be changed by the
processor, if this information can be converted to an analog voltage.
This function is performed by the DAC circuitry designed. That is, It
takes the digital data as its input (from microprocessor) and produces
an analog voltage as its output (corresponding to the digital input
data). Note that in this work, since number of available output ports
of the Evaluvation board are restricted (as was explained in section
5.3), the digital data sent by microcontroller is a 6 bit digital data
(000000 - 111111). Corresponding to this digital input (000000 -
111111) DAC circuitry produces analog voltages in the range 3 - 4.7
Volts (which corresponds to phase currents 1 — 5 Bmps). Note that since
digital data is 6 bits wide, each increment of digital data corresponds
to an increment of 0.0265 Volts (62.5 mA) at the analog output. The
detailed circuit diagram of the DAC circuitry designed is shoun in
Fig.5.6. Here microcontroller sends a 6 bit digital data (000000 -
111111) to a digital to analog converter DAC 02. Corresponding to each
digital input the DAC 02 produces an analog voltage at its output. The
voltage at the output pin of the DAC should be applied to the four
current limiters in the power drive system. But since three different
supplies are employed with different grounds, for the four limiters,
in order to be able to apply DAC's output voltage to all current
limiter circuitries without facing any grounding problem, three
optocouplers are used as shown in fiqure 5.6. Therefore, after
buffering the output of DAC three optocouplers are used, the oultputs
of which can be connected to the reference voltages of the four current

limiters.
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5.4.2.7. Hicroprocessor Based Control of Advance Rngle

Nicroprocessor technology can he usefully employed for the
control of ignition advance. That is, varying the suitching angle with
motor speed. The aim here is to obtain intermediate position data.
Hotor speed is assumed constant in {he interval to the next position
pulse. The position to which the desired ignition angle corresponds is
found using one timer of the microprocessor and some software. As shown
in Fig.5.7, a dedicated microprocessor receives position signals from

the motor and finds value of time TI loaded into timeril. Then timerl

]

1

is turned on and when this time is passed a step command is issuved.
Then, processor will wait for the reception of the feedback signal and

enter the loop again.

Note that here phases are energized before the reception of
the feedback pulses. Hence dignition advance is done. If the advance
angle was zero (no advance), step commands wvere jssued at the time of

reception of the feedbacks.

In the software written in this work, advance angles of O,
1/2, 174, 1/8, 1/16 and 1/32 are selected. Reason for choosing these
angles, is the simplicity in calculating the value of time TI1
(corresponding to these angles) which should be loaded to timerl. Note
that for dividing a binary number (placed in an accumulator) by 2 it
is enough to rotate right the accumulator. Therefore, for half step
ignition advance it is enough to divide the time between two feedback
pulses by 2 (rotate right accumulator once), for 1/4 ignition advance
rotate right accumulator two times and for advance angle of 1/6 rotate

rright accumulator three times, eto.

Note +that any lead angle can bDbe obtained by proper

initialization of timerl. That is, calculating proper value of time TL.
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Conduction time period can be easily varied using one of the
timers of the microprocessor and knowing the condoction time. Fig.5.8.
shows the tining diagram and the flow chart of the softuare written for
this purpose. Here, as soon as the feedback is received, value of the
conduction time for the next phase is determined and loaded into the
timer0. The appropriate phase is energized and timer0O is turned on.
When time is passed, energized phase turns off and program wails for
the recepltion of the feedback to energize next phase. Here one can
choose any conduction time pericd in the range zero and full conduction

just by puting value of desired conduction time the timero,
5.4.3. Description of Program Hodules

As was said in section 5.4, the program written in this work
ig composed of five modules. Understanding the program requires
understanding function of these modules. In the following sections

these modules are explained in detail, incorporating their flowv charts.

5.4.3.1 Main Hodule

Main module is responsible for calling the appropriate module
to perform the desired task. The overall flow chart of the program
(main module) dis illustrated in Fig.5.9. It first calls the
Initialization module and then starts communication with user. In other
words it calls the DATA module (The explanation of each module used
here is given in detail, incorporating their flow charts, in the coming

sections).

Actually a SRH is switched on and off by using feedback
signals taken from position of rotor. However, when the retor is at
standstill, it is impossible to obtain positional feedback. Therefore
starting, different excitation scheme should be vsed. AL start one
phase is energized (e.g. PH1) and a timer (here T1) is also turned on.

1f a feedback is received, next phase (PH2) will be energized and Lhe
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FUA Tamer also turns on, But, 1t timer (Fl) goes otf and still no
feedback was received, (This happens only when the angle between
energized phase and the roltor pole is exactly 30 degrees) next phase
(PH2) is twned on and from now on it is for sure thalt feedback pulse
will be received. So program waits for the reception of the feedhback
and As soon as the feedback is received the PCA timer is turned on and
next phase 1is also energized (PH3). Then program will wait for
reception of the second feedback. This time as socon as feedback is
received the value of the PCA timer is stored (it is the time between
the two feedback pulses). This time is used for ignition advance. That
is, if it is desired to have an advance angle. Therefore as was
explained in section 5.4.2.2, if advance angle is not zero timerl is
turned on and when time is passed next phase is energized. But if
advance angle is zero next phase is energized immediately as soon as
feedback is received. Then, program will wait for the reception of the
feedback pulse to make sure that rotation is performed and after
receiving feedback it is time for energizing next phase. Program will
loop again and again until user slops program by pressing the key 's®

of the keyboard.

In the following sections modules that were used in the main

module are explained.
5.4.3.2. Initialization Hodule

This module performs all the usual tasks associated with the
setting up of a microprocessor system. For example, instructions are
executed for initialization of Programmable Counter Array (PCA) to work
in internal clock Fosc/12 mode, module 0 to work in capture mode,
timers 0 and 1 as 16-bit timers, timer2 as a baud rate generator,
serial port for 8-bit UART, interrupt enable and interrupt priority
special function registers and control parameter values appropriate for
starting the motor. In figure 5.10 the flow chart of this module is

shown.
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5.4.3.3, Data NModule

Here the data module represents the user controls (a terminal
through which user communicates with controller). This module performs
a background task and the port generaling the interrupt has Lthe lowest
priority. The flow chart of data module is shown in figure 5.11. This
module enables the uger to communicate with microcontroller. It is the
function of this module to ask user whether he wants to enter control
parameter values or just rotate the motor at the phase current and
advance angle stored in the program. Then it will initialize required
bits and locations in RANH according to values entered. User also
determines mode of operation aund direction of rotation of the motor

using this module. Questions that are asked from user are as follows:

~ Do you want to enter control parameter values? (y/n)

1{f answer is yes then following questions appear:

Enter advance angle: (0,1/2,1/4,1/8,1/16,1/32)

Enter phase current: (1.0,1.5,2.0,2.5,3.0,3.5,4.0,4.5,5.0)

i

t

~ Enter mode of operation: (O,T,H)

- Do you want rotation be CW? (y/n)

If answer to first question was no then program fixes the
phase current and advance angle to some specified value and continues

with asking the last two questions.

Note that although the program asks user to choose one of the
specific phase current and advance angle values written in the
questions, user can choose any phase current values in the range 1 to

5 Amps and any advance angles just by specifying required values for

the program (which is a very simple task).
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The function of the PCA module is to receive the feedback
pulses coming from the position deteclion system and find the times
between these pulses as explained below. This module also informs main
module that feedback has come and motor has rotated. Hence main module
understands completion of previous commands. Figure 5.12 shows the flow
chart of this module. AS said previously, the task of this module is
finding the time between the feedback pulses. This time is found as
follows. The feedback signal is input to P1.3 as was explained in
section 5.3 (in the program here module 0 is used). As soon as a
transition is detected on that pin, the 16-hit value of the PCA timer
(CH, CL) is loaded into the capture registers (CCAPUOH, CCAPOL). Hodule
0's event flag is set and an interrupt is flagged. In the interrupt
service routine the 16-bit capture value is saved in some location in
RAM before the next event capture occurs; a subsequent capture will
write over the first capture. After the second capture,a subtraction
routine calculates the period in units of PCA time ticks
(0.75 microsec). In this manner the time between two feedback pulses
is found. This data is very important and is used for ignition advance.
That is after calculating the period if lead angle required is not
zero, the PCA module will find the value to be loaded to timerl for the

specified lead angle as was explained in section 5.4.2.2.
5.4.3.5. Step Command Module

This module is responsible for exciting the motor phases in
the sequence appropriate to the direction of rotation. It also sends
data out to ports which are connected to the DAC circuitry (to

determine the phase current value).

The flow-chart of the step command module is illustrated in
Fig.5.13. Rs it is seen in the {low chart the logic sequencer function
is implemented by checking a flag for understanding the direction of
rotation. Then according to the state of this flag program will either

rotate right or left content of the accumulator (which contains the

a0
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the next state of switches. This data is stored in a register to be

sent oul to ports when next phase should be turned on.
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CHAPTER VI
TEST RESULTS
6.1, Introduction

The moter used here is a four phase SRM, which has eight
stator poles and six rotor poles. This motor was designed by HMujdat
Tohumcu as a doctor of philosophy thesis at Hiddle East Technical
University. It has a nominal rating of 1.1 hw at 1500 rpm and is
designed to be supplied from a IC voltage source of 280 Volts [11]. The
number of turns per pole is equal to 300. The wire size which fills the
vinding space is 0.7 mm. In appendix F photographs of the motor and

drive circuitry are presented.

To test the SRH drive, an adjustable DC power supply is
needed. We have used the DC Supply of Senturk's drive [21]. This supply
contains a variac for adjusting the DC voltage outpul, an uncontrolled
bridge rectifier as AC to DC converter and a second order filter. The
ripple content of the supply is low enough to neglect the effects of
ripple in the motor performance. The peak to peak ripple output versus

DC line current is shown in reference [21].

For capture and record the waveforms shown in this chapter,
D3SO 450 storage oscilloscope is used (the probe used is a 10/1 probe).
These waveforms are obtained when the motor was rotated in one phase

on mode. Similar results can be obtained for other modes of operation.

The following sections illustrate that the microprocessor
produces commands as required by the software, the operational
characteristics of the power stage, encoder operation, accuracy of the

advance angle calculation, the cwrrent 1iwit operation, phase cirrents,




6.2, Power Stage Operation

As was explained in previous chaplers microcontyoller is
responsible for switching of transistors. The pulses that it cepds oo
through some circuitry (current limiter, dsolation and inversion
circuits) and applied to the gate of IGTs. Fig.6.1a chowue o
microcontroller pulses and Fig.6.1b shows the corresponding gate puises
applied to a transistor. Here, As it is expected, when microprocescor
signal is high, That dis 5 wvolts (note that at stari when
microcontroller is turned on all its pins are high) the signal Ayl fed
to the gate of transistor is low, hence transistor is off. when
microprocessor output becomes low (0 volte) a 9 volt pulse applios to

the gate of the transistor and makes it on.

Figure 6.2 shows the delay (due to intermediate civeuits
between the processor and the IGTs) belween microprocessor signal for
turning on an IGT and the corresponding gate signal of the IGT. This

delay is ahout 8 microseconds.

The I1GBT's gate emitter and collector emitter wavefcorms are

shown in Fig.6.3. Here one can see the perfect operation of these

switches. By examining the collector emitter waveform shown in Fig.6.3
one can see the perfectness of the snubber designed, as there is no

sparks at all, when switching occurs.

- e
L g

Figures 6.4 and 6.5 show voltage waveforms of the 1C

at switching instants can be seen. The turn on time of the IGT is about

0.9 microsec, and turn off time ig aboubt 5 microsec.

Figures 6.6 and 6.7 show the turn on and turn off celays of
the IGTs. Twrn on delay of the IGT from the recordes is about

0.7 microsec, and turn off delay is aboul 3 microseconds.
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6.3. Phase Current Waveforms

current passing through a phase can be measured by using a
carbon resistor of known value (e.g. 0.25 ohm) in series with a phase
winding. Figure.6.8 shows the power converter circuitry and the carbon
resistor in series with phase 1. Two scope probes are used here. One
is connected across the carbon resistor and the other one is connected
to the emitter of transistor 1, as shown in Fig.6.8 (the second probe
output is inverted in order to give us the waveform V., which is V,
plus VM’ diode D2. We call V“ as Vw')' Then motor is operated at
speeds 500 and 2000 rpm (with zero advance angle). Figures 6.9 and 6.10
show the phase current and V%, waveforms obtained when motor rotates
at these speeds and zero advance angle. Consider Fig.6.9. Each period
of current is composed of 5 regions. First region corresponds to the
case that both transistors are on and diode D2 is closed (conducts).
That is, at point u transistors turn on and a voltage applies across
the phase winding (see Fig.6.9b). lence current starts rising in the

winding. In the sccond region which starts at point v (which is the mid
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Figure.6.8. Power Converter Circuitry and the Carbon Resistor in

Series With Phase 1.

point between u and w, see figure) transistor TR1 turns off and dicde
D2 is still conducting. Hence as seen in Fig.6.9a current starts
decreasing. Note that in this region TR2 and TR3 are on and phase 2 is
energized. Region 111 corresponds to the time that both TR1 and TR2 are
off and diode D2 is closed. Hence current is forced to flow through
both freewheeling, diodes D1 & D3, and current in the winding 1 reaches
zero. In this region TR2 and TR4 are on and phase 3 is energized.
Region IV starts from point x and it is when both transistors are off
and diode D2 is open. In this region still TR3 and TR4 are on. Then
comes region V in which transistors 4 and 1 are on and phase 4 is
energized. Note that TR2 is off and again diode D2 is open but this
time transistor 1 is on. Here is Fig 6.9b the small voltage seen at V_,

corresponds to the v, of the open diode D1. After the fifth region

0
again first region reaches and cwrrent starts increasing in phase 1.

Figures 6.9 and 6.10 were obtained when advance angle was

zero. 1f advance angle changes the phase current waveforms will also

change. The phase current and V“, waveforms For the advance angle of

100

-~ @ @




i, s e <

P ‘
R
,_‘f\’; F
PRI [

! . t

et

x\,:,
L
i
;

%
1 " [}

S R R
HEBRE i © v
AR R
| 1 ot ;
. AN . i ) :
A ; ! ' 1
l~/ “\“‘A 1 1 R !

O RN f,\;,f TN ‘wv)‘/./v\r»:\\ /\/\j\ ,m‘)/

@)

Figure 6.9. a) Phase Current Waveform b) Waveform of V., When

Speed of Motor is 500 RPN and Lead BAngle is Zero
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1/2 (halt step, i.e. 7.0 degrees lead) are shown i Fioneen oo b ol
612 far spead of LOO and 2000 ¥, The difference betuesny current
vaveforms for zero lead and half astep Tead angle i copeciably obvious
for high apeeds (see Figs. o100 anl 6.12). Feason for Lhis je that
ctnrent build up in a phase Lalkes some Ciwe. With zevo Tead aagle, ot
high speeds, cwrrent will not have enough Uime to reach itn A
value as phase turns of £ very tash. Bul, when Lhere exists o Pead ang e
phase will be encrgized cavlier and there will be enongh e 1or

cirrent to reach its maxidmuom,

6.4, Encoder Operalion

Tn section 4.7 it wvas expiained that in Ahis werl an optical
encoder that was designed by Senturk [21] is used and in order Lo wale
the outpul of this encoder compatible Lo the microcontraller  &an
interface circuitry is made. The outputs of Sentwrl's encoder and
corvesponding wmicrocontroller inputs (out puls ot interface civenitry)
are shown in Figs.6.13 to 6.16 for motor speeds of 500, 10070, 2000 aad
3550 rpms respectively. Fig.6.13a shows the output of the Sonturk’s
encoder when the motor speed is 500 vpm. As it can be seen in this
figure, the outputs of Serdars's encoder are not shaped properly.
Moreover one of the four phototransistor’s output has a louer voltaue
compared to others. Figure 6.13b shows the modified encod-1 oubputs
(which is input to the microcontroller) for the signals shown in
Fig.6.13a. As it is seen in this figure the interface circuityry has
shaped the input signals and made them suitable for being spplied to

the microcontroller.

In Fig.6.16a the output of the Sentwrk's encode whem motor
speed is 2550 rpm is shown. Ao scen here Uhe pealt valnes of the output
signals vary a lot and are not same. Although this has nou wade any
problem fér motor rotation at this speed (as outputs of Uhe iplerface
cirveuitrvy are shaped properly) it i advised Lo use a magnetico encoder
(an a (uture vork) inctead of The oplical encoder wsed hor e Bocaness dae
to the distance between the 1Tight emitting diodes and phototransistors

aned Lhe ddnst in the airv, the dntensity of the Vight combrveg to
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phototransistor may be so low that it may produce problems at high
speeds. But, with a magnetic type encoders these problems does not

exist.

In the second chapter it was explained that one step of our
SRM is 15 degrees. So one complete rotation of the rotor (3600)
consists of 24 steps. The position detection system used here gives a
feedback pulse each time a step is completed. Hence 24 feedback pulses
for one complete rotation of the rotor. Therefore one can drive the
formula (6.1) for the relation between speed of the motor in rpm and
time T (time between feedback pulses), which is the time between the

feedback pulses.
T(seconds) = 60 / 24 * Speed(rpm) (6.1)

Theoretically (using above formula) for speeds 3000 and 1500
rpm value of T is calculated as 0.833 and 1.66 msec respectively. In
Figs.6.17. and 6.18. Position feedback pulses for speeds 3000 and 1500
rpm are recorded. Examining these figures and finding the time between
the feedback pulses show the coincidence between theoretical and
practical results. Note that as speed of the motor increases, number
of feedback pulses also increases (time T between the feedback puises

decreases).
6.5. Verification of the Software

As was explained in chapter V, the software written in this
work is a user programmable software and can be used to investigate the
motor perfbrmance under various advance angle and phase currents. In
the coming sections advance angle change and microprocessor setting of

current reference is explained.

6.6. Changing Advance Angle

The waveforms of the position pulses and the transistor gate

pulses are recorded for the operation of the motor under various

106




1

YT

1
v
!

o =20y
a2l Doy
[SSItN =
—No N
— @ =
O ISR oo Cv-
Juw O e
o~ Eooe
Seao
JR R T .
! w
[ P L....M
. [
f N ' i
: : ' .
! : : t
; PV U
1

. - } .
B B 3 "
\ 1 ! N

! ;
il . !
B . t B
1 1 N
s ; . N
; )

' ;
i ) \ N
1 i 1 N
1 : '
' ' H
B H .
[ VPR L

: ‘

:

: H '
) N 1 N
t I :
i N ' N
' )

' :
) . N

R NS S
3
;

;
.
;
)
;
;
;
\
|

Figure 6.17. Position Feedback Pulses When Speed 1s 3000 rpm

12

gs

C

PLOTTELY
25
1a:28:

Dec

1500 rom

Figure 6.18. Position Feedback Pulses When Speed Is

107

/WW
|




advance angles (See Figs.6.19 through 6.22). In Fig.6.19 Feedback
pulses and transistor gate pulses for zero lead angle (Advance

angle = CO) are shown. As it is seen in this figure, as soon as
position feedback pulse is received an step command is issued and
energized phase is changed. One may wrongly think that when feedback
pulses f2 & f4 in the Fig.6.19 are received no phase change has
occured. This is not the case and it fact phase change has occured when
those signals are receiced. This 1is explained as follows: Since motor
is rotated in one phase on mode, each transistor in the power converter
is ON while energizing two phases and OFF while energizing the next two
phases. For example, consider TR2 in Fig.6.23 which shows a section of
the power converter circuitry. This transistor is ON when phase 1 is
energized. It will be again ON when phase 2 is energized. Then it will

be OFF when two other phases are energized.

Fig.6.20 ,6.21 and 6.22 show the Feedback pulses and
transistor gate pulses for 1/8, 1/4 and 1/2 step ignition advance
(Advance angles 1.875°, 3.75°, 7.5%) respectively. In these figures one
can see the difference between reception time of the feedback and
energization of a phase. Hence the advance angle program works

perfectly.

Experimental results showed that speed reaches 3800 rpm when
advance angle is set to 1/2, supply voltage is 280 V and rated current
5 Amps. For 1/4 advance angle speed is 3500 rpm for the same supply
voltage and phase current. For zero advance angle speed is 3200 rpm for
the 280 V supply voltage and rated current of 5 Amps. From these
results one concludes that higher running speeds are reached when motor
operates with higher advance angles. Therefore, The test results here
coincides with the theory, as theoretically, at high speeds each change
in phase excitation must occur earlier relative to the rotor position,
to let the phase current to have sufficient time to become established

before the rotor reaches the position of maximum average phase torque.

With this motor and power supply the above values seem to he

the top speeds and encoder seems to function well for the speed range
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figure). 1L was explained in aection 9.4.2.1 that this value of
je

reference voltage corresponds to phase current of 5 Amps.

Fig.6.25 shows the transistor gate pulses and the reference
voltage of current limiter. Here microprocessor was required to change
the phase current to 1.5 Amps. As it is seen in the figure the
reference voltage is at 3.8 Volts which corresponds to the phase
current of 1.5 Amps (see section 5.4.2.1). Note that here transistor

is chopping as current limiter tries to fix current at 1.5 Amps.
6.8. Current Limiter Operation

In section 3.7 the operation of the current limiter was
explained and its detailed circuit diagram was shown. The proper
operation of the current limiter is tested and the results are given
in this section. Figure 6.26a shows the output of the schmit trigger
when its input is as shown in Fig.6.26b. Note that the input of the
schmitt trigger (Fig.6.26b) 1is the output of the amplifier which
amplifies the voltage of the sense pin of the IGT. Figure 6€.26
corresponds to the case that; voltage of the sense pin has not reached
the reference voltage. Inother words, current has not passed the rated
value. Note that the output of the schmitt trigger is always high.
Hence, transistor switching 1is completely dependent on the

microprocessor signals to the transistor.

Figure 6.27 corresponds to the case that current in the phase
has reached the rated current and current limiter tries to fix current.,
As it is seen in Fig.6.27a the output of the schmitt triger is not
always high. During the times that this output is low the transistor
will be off (although the processor commands for the transistor to be
on). Fig.6.28 shows input vs. output waveforms of the current limiter.
This data was obtained when the limiter was trying to fix current.
Fig.6.29 shows the transfer function of the limiter for the same

conditions.

Fig.6.30 shows the operation of the current limiter
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circuitry. That it, it shows the microprocessor pulses and the

corresponding pulses applied to the g
rent at a rated value by continuously turning

That is, in the region (1)

ate of the transistor when current

limiter tries to fix cur
on/off (chopping) transistor (See Fig.6.30).
although the microprocessor output to a transistor is low (which means
te of IGT is becoming on and off

that the transistor should be on) ga
i e. this transistor is chopping because of the operation of current

limiter.
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phase. This data is used for the current limiter. loreover, this is an
important criterion in the implementation of the waveform detection

which is a future work.

Note that in this work aim was not to design a processor
card, which nowadays has become a fairly standard process, hut, was to
develop a system which is controlled by the microprocessor. That's why,
the Intel's EVBOCS51FB Fvaluation board was used as the processor card.
Although using this ready card has saved our time and has given us
debugging capabilities (for the programs Qritten), it has unfortunately
put some limitations for us such as reducing number of external
interrupts and available output ports for the user (as was explained
in chapter V). A strongly advised future work is to design the
microprocessor card suitable for our aim with a ROH containing the

program.

At this stage the aim was implementing a flexible system on
which any desired microprocessor based speed control may be achieved
in future (which involves development of control strategy either
through nodels or using approaches which rely on knowing input and

outputs of the system).

In any microprocessor based system, software has an important
role and it should be written cleverly. The software written in this
work is a user programmable software. That is, user is able to
communicate with the softuare and determine the valﬁe of different
control parameters, under which motor should be rotated. Therefore one
can investigate motor performance in detail, under various control
parameters. Hence important results may be oblained for a sophisticated

control in future.

The software written in this work is in modular form in order
to be able to use its modules in future goftwares. In this work, it is
also explained how the microcontroller can change the three control

parameters; phase current, advance angle, and conduction time. To
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change the phase current by the processor a D/R is used. Although the
D/A used in this work is a 10-bit one, only 6 bits of it are used. This
is due to the limitation put by the usage of the Evaluation Board here
(the number of output pins of the Evaluation board available to user
are limited). Here since only 6 hits of the D/A are used, :f:64
different current values between 1 and 5 Amps can be selected. As in
future, programs may be written for speed control of the motor which
may require to change phase current values in smaller steps (if one can
use all 10 bits of the D/A then between 1 and 5 Amps he can select

4

2m=1024 different current values) it 1is advised to make the

microprocessor card suitable for this aim (as a future work).

As the Evaluation Board used here has a serial port, which
can be connected to a terminal, user communication is performed using
a terminal. Since only few keys of the terminal's keyboard are used by
the user, a future work can be to replace terminal with a small
keyboard and a LCD display. Note that with terminal used here, data
send and receive is performed serially. 1f faster communication 1is
required, one can use & display and a keyboard with parallel

connections to the processor card.

In the third chapter the logic diagram of the Enable
circuitry was presented. In this work, this circuitry is made in the
power drive using ICs. As a further work one can discard the Enable
circuitry from the power drive and write an assembly program, using the
hoolean processing instructions of 8051, to perform the function of the
Enable circuitry. Moreover the Gate ICs block in the Current Limiter
circuitry also may be replaced by software. But, one should notice that
replacing these circuits with software has the drawback of using
microprocessor time, and therefore one should consider speed of the

processor and its timing before replacing hardware with software.

One of the most important works that should be done in future
is to develop a control technique. The type of control will be speed
control of the motor. In other words, a software should be written for

the processor to enable the user to enter his required speeds and then
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motor accelerate in an optimum way to the desired speed. The program
should be also able to get new speeds from user, while rotating, and
then decelerate or accelerate in an optimum way to these neu entered

speeds.

One further work can be to make the power drive circuitry

quite smaller using VLSI technique.
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APPENDIX A

DATA SHEETS OF IGT7E20CS

Current Sensing |GT™ Transistors o

Insulated Gate Bipolar Transistors

'

05 A, 500V )
res{on) = 0.105 Q1
Features i

a Low Yes{sal) - 1.8V iyp. @ 25A

s Uttra-fast turm-on- 156 ns typical

= Polysilicon MOS gate - voltage cantrolled urn cnfoll
u High currsnt handling - 25 A @ 85°C case

« Currenl sansing pilot S

TTEAMINAL DIAGRAM

.
?
5

.
SN 2k
R

.

N-CHANNEL ENHANCEMENT MOOE

The GSI525 and/or IGTTE20CS IGTT Transistor (Insulated-

Gate Bipolar Transistor) is 3 10OS-Gated power—switching
device combining the pest features of power MOSFETs and
bipolar transistors with current sensing piots. The resultis 8
device thal has the high input impecance of MOSFETs and
\he low on-state conducticn losses of bipolar transisiors.

TERMINAL DESIGNATION

'
COLLECTOR

The gate characteristics of the 16T Transistor are similar - EwrrTER
1o power MQSFETs but its equivatent ralon) drain resist- - . B [
- o e AXTLTVN)

ance is ten times lower and varies only moderately between

25°C and 150°C, thus oHering extenced powes handling CoALECTI
capabd}ty. B . . . ) TERSE
The 1GT™ Transistor is ideal for many high voltage swilch- R B I
ing applications up to 5 kHz where low conduction losses Tor VIEX . et
are essential; ac and de motor controis, power supplies and K R
drivers lor solenaids, ref2ys. and contactors. T0-218 (5 LEA D)
MAXIMUM RATINGS .
COLLECTOR-EMITTER VOLTAGE(VM:OV) oS I — v
COLLECTOR-GATE VOLTAGE (Rec = 1 M) PTG oo QRS \%
CONTiNUOUS ORAIN CURR ENT

Al Tec=85'C....... PRI e 5 A
FULSED COLLECGTOR CURRENT .. . e 80 e A
GATE-EMITTER VOLTAGE .. ccanereecer e 20 e \4
TOTAL POWER DISSIPATION ..ovvovoe i

AlTe 225 G ovrvnnnnennmmeneemmer oty o 128 e v

Darats Abows 287 Crnrueasnsecneteor it e ha e Wit C
OPERATING AND STORAGE JUNCTION TEMFERATUHE AA ~40 0 1) ‘G
THERMAL RESISTANGE. JUMCTION TO CASE oirveeaarreeinis R P o
MAXIMUM LEAD TEMPERATURE FOR SOLDERING

e W0 G

1/8 inch from case lor LTS E-n L PP PPRPPERTEET RS

*Feopatitive Rating: Pulsa widtn limitad by maximum junciion temparatlure.

Gate contrel \urn-olf not allowed atove 53 ampAres.

Heeris Semiconducior

4364073 AA17.385 4,430,792
4587713 4818872 i820211°
4842637 4632195 1684,413
4809045  ABIOEES

1GBT product Is co}vrtd by one Or MO of He loftawing U S patenis

L 4443931 4,468,176 4,532,524 4567 541
4,631,564 1,629,754 4629762 4841122
4717679 4,794,432 4,801,985 4,203,533
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GSI525, IGT7E20CS
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APPENDIX B

PRINTED CIRCUIT BOARDS

R

Figdre B.1. PCB of Snubber Circuit (Soldering Side)

Figure B.2. PCB of Isolation and Inversion Circuit (Soldering side)
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Figure B.3. PCB of Current Limiter Circuit. a) Soldering Side

b) Component Side
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APPENDIX C

ASSEMBLY PROGRAI

Sep

$title(THESIS.AS51) date(5.JAN.1992)
Snomod51

Snosymbols

$nolist

$include(rg51lfa.pdf)

§list

. STRING DEFINITIONS, START AT ADDRESS 5000H
ORG 5000H
DYWTECP: DB 'DO YOU WANT TO ENTER CONTROL PARAMETERS?(y/n) ',O0H
FAA: DB 'ENTER ADVANCE ANGLE:(0,1/2,1/4,1/8,1/16,1/32) ', 00H
EPC: DB 'ENTER PHASE CURRENT:(1.0,1.5,2.0,2.5,3.0,3.5,4.0,4.5,5.0)
', OOH ‘
EMOO: DB 'ENTER NODE OF OPERATION:(o,t,h) ',OOH
DYWRBC: DB 'DO YOU WANT ROTATION BE CW?(y/n) ',O00H
SR: DB'START ROTATION?(y/n) ',00H
MS: DB 'HOTOR STOPPED ',OO0H

; VARIABLES

CAPTURE DATA 40H :USED IN PCA SUBROUTINE
PERIOD DRTA 42H s TIME BETWEEN FEEDBACK PULSES
NEXTFIRST DATR 44H ;USED IN PCA SUBROUTINE

RLN DATR 46H ;REPEAT LEAD NUMBER FOR LEARD ANGLE
FCURRENT DATA 47H :VALUE OF CURRENT FIXED BY USER
CURRENT DATA 23H :DTOR VALUE FOR CURRENT
NEWCURRENT DATA 24H ;NEWCURRENT SENT TO DAC VIA PORTS
LEADNUM DATA 25H ;REPEAT OF DIV BY 2 FOR ADV.ANGLE
BIT CW BIT 20H.0 :SET MEANS CLOCKWISE ROTATION
CAPNUNM BIT 20H.1 s DETERNINE CAPTURE NUIMBER

FEEDBACK BIT 20H.2 ;FEEDBACK RECEIVED

T1PASSED BIT 20H.3 TIMER 1 HAS PASSED

7FEROLEAD BIT 20H.4 ;WHEN SET MEANS LEAD ANGLE IS ZERO
FIRSTTIME BIT 20H.5 ;FIRST TINE ENTER LOOP FOR ZERO LEAD

ORG 4000H :PROGRAH STARTS FRON HERE AT RESET
Jnp INIT
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ORG 401BH ;ADDRESS OF TIHER1 1HTERRUPT VECTOR
JIHP TINERL INT

ORG 4023H ;ADDRESS OF SERIRL TNTERRUPT VECTOR
JIP SERIAL INT

ORG 4033H ;ADDRESS OF PCA INTERRUPT VECTOR
JHP PCA_INTERRUPT

ORG 4050H
INIT: ; THIS PART IS INITIALIZATION

;INITIALIZE TIMER2 IN THE BAUDRATE GENERATOR MODE
MOV T2CON, #00110000B :
MOV RCAP2L,#LOW(65328)  ;BAUD RATE=2400
MOV RCAP2H, #HIGH(65328)
SETB TR2 ; START TIINER2
MOV SCON, $01010000B ; SERIAL PORT,HODEL,8~BIT UART
; COMMUNICATION WITH USER STARTS
;THIS PART PROGRAM ASKS USER WHETHER HE WANTS
;TO ENTER CONTROL PARANETER VALUES OR NOT
DN22: CALL PUT CRLF
MOV DPTR, #DYWTECP
CALL PUT_STRING
CALL GET CHAR
CJINE A,#'n',DHl
MOV CURRENT,#00111111B
CLR ZEROLEAD ;LEAD ANGLE NOT 0
MOV RLN, #02H ;LEAD T/4
CALL GET_CHAR
CALL PUT CRLF
JHMP D2
DH1:  CJINE A,#'y',DH22
CALL GET CHAR
CALL PUT CRLF
;THIS PART IS TO GET ADVANCE ANGLE
DH9: MOV DPTR,#ERA
CALL PUT STRING
CALL GET CHAR
CALL GET ADV_ANG
;THIS PART IS TO GET PHASE CURRENT
DH20: MOV DPTR, #EPC
CALL PUT STRING
CALL GET CHAR
CALL GET CURRENT
;THIS PART IS TO GET MODE OF OPERATION
D2: MOV DPTR, #EN0O
CALL PUT_STRING
CALL GET CHAR
CINE A, #'0', TPHON ;IF NOT O THEN GO TO TPHON
MOV R7,#11001100B ;STATE OF SWITCHES
JHP D3
TPHON: CJINE A, #'t',HS ;IF NOT T THEN GO TO HS
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LoV R, $#10001L0008 ; STATE OF SWITCHES
Jre D3

HS: CINE A,#'h',D2 ;KEY PRESSED NOT H ASK QUESTION AGAIN
D3: CALL GET CHAR

CALL PUT CRLF
;This part is for writing IS IT CW?

D10: MOV DPTR, #DYWRBC

CALL PUT STRING
CALL GET_ CHAR
CJINE A,#'y’',DNOTCW ;is answer y?

SETB BIT CW JMAKE 1 THE BIT 20.0 FOR CW
Jjmp D4

DNOTCW:CJINE A,#'n’,D10 ;KEY PRESSED IS N GO TO NEXT LINE
CLR BIT CW

D4: CALL GET_CHAR

CALL PUT CRLF
;This part is for writing START ROTATION?

Dil: 1OV DPTR, #SR

CALL PUT STRING

CALL GET CHAR

CJINE B,#'y',NOSTAR ;answer is y go to next line
JHP D5

NOSTAR:CJINE A,#'n',D11 ;KEY PRESSED NOT N QUESTION AGAIN

CALL GET CHAR

CARLL PUT CRLF
JHUP D22 ;ASK ALL QUESTION FROM BEGINING AGAIN

D5: CALL GET CHAR

CALL PUT CRLF

; INITIALIZE BITS AND STORAGE LOCATIONS
SETB FIRSTTIME ;AT START FOR ZERO LEAD
SETB ES ; ENABLE SERIAL PORT INTERRUPT
MOV CURRENT,#00111111B ;DIGITAL DATA FOR 5A
MOV NEWCURRENT,#00111111B ;5AR FOR FIRST STEP

MOV R6, #00H ;R6 IS #OF FIRST 3 STEPS
;INITIALIZE PCA TIMNER

MOV CHOD, #00H ;Fosc/12

MOV CH, #00H

HOV CL, #00H
; INITIALIZE MODULE O IN CAPTURE MNODE

MOV CCAPHMO,#21H ;CAPTURE RISING EDGES ON P1.3
JINITIALIZE TINERL

MOV THOD, #00010000B ;16 BIT TINER

MOV TH1,#00H

MOV TL1,#01H

SETB ET1

SETB EA

SETB T1PASSED

CLR CAPNUN ;NEXT CAPTURE 1S5 FIRST CAPTURE

CLR FEEDBACK ;FOR NEXT INSTRUCTION
SETB EC ; ENABLE PCA INTERRUPT
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s

OA2:

OAl:

Oh4:

OA3:

S4:
L4:

NZL:

LG:
ZL1:
FFC:
L.3:

N , s

Cabb 1H5UL STEP COMHAND
SETB TR1 ; START TIMNER
JNB FEEDBACK, OA1 '

CLR TR1

JHP OR4

JB T1PASSED,OA2

CALL ISSUE STEP COMMAND

CLR FEEDBACK ; FOR NEXT INSTRUCTION

JNB FEEDBACK, OA3

INC R6

CJNE R6,4#02H, 004

CALL ISSUE_STEP CONMMAND

JNB ZEROLEAD,NZL ;LEAD ANGLE NOT ZERO GO TO NZL
JNB FIRSTTIME, ZL1 ;CHECH WHETHER IT IS5 FIRST COMMING
CLR FIRSTTINE ; FROIT NOW ON NOT FIRST COHMING
JIP FFC

SETB T1PASSED

SETB TR1 ;START TIHNER1

JB T1PASSED, L6 ;WAIT TILL TIME IS PASSED

CALL ISSUE STEP_ CONMAND

CLR FEEDBACK

JNB FEEDBACK, L3

Jnp L4

;This section is for switching transistors
ISSUE_STEP COMMAND:

CWISE:
L5:

RET

MOV CURRENT, FCURRENT
MOV NEWCURRENT, FCURRENT

MOV RO,#24H  ;FOR INDIRECT ADDRESSEING

ANL NEWCURRENT,#00000111B  ;FOR P1.0,1,2

MOV A,R7

XCHD R,@RO

MOV C,CURRENT. 3

MOV P3.2,C

HOV C,CURRENT. 4

NOV. P3.4,C

MOV C,CURRENT.5

MOV P3.5,C

MOV P1,A

MOV A,R7  ;TO FIND NEXT STATE OF TRANSISTORS
JB BIT_CW,CWISE ;IS ROTATION CW

RL A ,FOR CCW

JHP L5

RR A

1MoV R7,A ; STORE FOR NEXT TRANSFER TO PORT1

;this routine outputs the string located in code memory
;whose address i1s given in DPTR
PUT STRING:

CLR A
MOVC A, @A+DPTR
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‘z&',“%_‘ .

Ja XAt
CALL PUT CHAR
INC DPTR
JUP PUT_STRING
EXIT:
RET
;This routine outputs a single character
;which is given in A to console

PUT_CHAR:
MOV SBUF, A
JNB TI,
CLR TI

RET

;This routine outputs a carriage return and 2 line feed
PUT CRLF:
MOV RO, 402
D6 MOV A, #0DH ;CARIAGE RETURN
CALL PUT_ CHAR
MOV A, i0RK ;LINE FEED
CALL PUT CHAR
DJINZ RO, D6
RET
;This routine gets a 4 character string from console
;and stores it in memory at the address given in RO
GET_NUM:
MOV R2,#5 ;SET UP STRING LENGTH
MOV R1,00H ;RO VALUE MAY BE NEEDED FOR RESTART
GET LOOP:CALIL GET CHAR
SUBB A, #30H ;TO CHANGE FROM ASCII TO NUMBERS
MOV @R1,A
INC R1
DJINZ R2,GET LOOP
RET
;THIS PART TO GET ADVANCE ANGLE
GET ADV_ANG:
CJINE A,#'0',DH2
SETB ZEROLEAD ;LEAD ANGLE=0
JIP Dil3
D2 CLR ZEROLEAD
CJINE A,#'1',DN4
CALL GET CHAR
CJINE R,#'/',DH8
CALL GET CHAR
CJNE A,#'2',DN4
MOV RLN,401H . ;LEAD ANGLE 1/2
JiP DH3
Dr4: CINE A,{'4',DN5
MOV RLN, #02H ; LEAD DNGLE 1/4
JIMP DII3
D5 CJINE A,#'8'",DIl6




MOV RLH, #0301 SLEAD ANGLE 1/U
JNP DN3
DH6: CINE A, #'1', D7
CALL GET_CHAR
CINE A, #'6',DlU8
1OV RLN, #04H ‘LEAD ANGLE 1/16
JHP D3
DM7: CJINE A, #'3',DH8
CALL GET CHAR
CINE B, #'2',DIB

MOV RLN, #05H :LEAD ANGLE 1/32
JipP DN3

pue: CALL PUT_CRLF
JHMP Dr9

Dri3: CALL GET CHAR

CALL PUT _CRLF
RET
:This routine gets a single character from
;terminal the character is returned in A

get char:
JNB RI,$
CLR RI
MoV A, SBUF
HOV SBUF,A
RET
WRITE:

CALL PUT CRLF

CALL PUT_STRING
CALL GET_CHAR
CALL PUT_CRLF

RET

GET CURRENT:
CJINE A,#'1',DH12
CALL GET_CHAR
CINE A, #'.',DH
CALL GET_CHAR
CINE R, %'5',SEC2
MOV FCURRENT,#00000111B ;1.5A
JHP DH11

DM:  Jup D19

SEC2: CJNE A, #'0',DN19
OV FCURRENT, #00000000B ;1A
JNP D11

DHM12: CJNE A, #'2',DHM13
CALL GET CHAR
CINE A, 4'.',DH19
CALL GET CHAR
CINE A, #'5', SEC3
MOV FCURRENT,#00010111B ;2.5
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JHiy il
SEC3: CJNE A,#'0',DM19
MOV FCURRENT, #00001111B ;2A
JMP DHl1l
DH13: CINE A,4'3',DHMLS
CALL GET CHAR
CINE A, #'.',DHN19
CALL GET CHAR
CINE A,#'5',SEC4
MOV FCURRENT, #00100000B ;2.5A
JMP DM11
SEC4: CJNE A,#'0',DH19
MOV FCURRENT, #00100000B ;3R
JMP DM11
DM15: CJINE A,#'4',DH16
CALL GET CHAR
CINE A, 4'.',DM19
CALL GET CHAR
CINE A, #'5',SEC5
MOV FCURRENT,#00111000B ;4.5A
JNP DM11
SEC5: CJNE A,#'0',DN19
MOV FCURRENT, #00110000B ;4A
JNMP DM11
DM16: CJINE A, #'5',DH19
CALL GET_CHAR
CJINE RA,4'.',DM19
CALL GET CHAR
CJINE A,#'0',DH19
IOV FCURRENT,#00111111B ;5A
JMP DHMil
DN19: CALL PUT_CRLF
JMP DHN20
DM11l: CALL GET CHAR
CALL PUT CRLF
JHP D2
RET
:THIS 1S PCA INTERRUPT SUBROUTINE TO FIND TINE BETWEEN
:FEEDBACK PULSES AND INITIALIZE TINER TO GIVE LEAD ANGLE
PCA_INTERRUPT:
CLR CCFO :CLEAR HODULE 0'S EVENT FLAG
SETB FEEDBACK ;HAS RECEIVED THE FEEDBACK
JB CAPNUM, SECOND CAPTURE
FIRST CAPTURE:
MOV CAPTURE, CCAPOL
MOV CAPTURE+1, CCAPOH
SETB CBPNUM  :SIGNIFY FIRST CAPTURE COMPLETE
RETI
SECOND CAPTURE:
PUSH ACC
PUSH PSW

138




HOV NEXTFIRST+1, CCAPOH
CLR C
MOV R, CCAPOL ;16 BIT SUBTRACTION
SUBB A, CRPTURE
MOV PERIOD,A
MOV A, CCAPOH
SUBB A,CAPTURE+L
MOV PERIOD+1, A
JB ZEROLEAD,NOTT1 ;DON'T FIND T1 VALUE FOR O LEAD
1OV LEADNUIN, RLN ; INITIALIZE TINERL
REP1: CLR C
MOV A, PERIOD+1
RRC A
mov period+l,a
MOV A, PERIOD
RRC A
mov period,a
DINZ LERDNUN, REP1
MOV A,PERIOD+1
CPL A
HOV TH1,A
MOV A, PERIOD
CPL A
MoV TL1,A
NOTT1: MOV CAPTURE,NEXTFIRST
MOV CAPTURE+1, NEXTFIRST+1

POP PSW
POP ACC
RETI
;TIMERL'S INTERRUPT SUBROUTINE
TIMER1 INT:
CLR TR1
CLR T1PASSED
RETI
; SERIAL PORT'S SUBROUTINE
SERIAL INT:
JB TI,GONDER
HOV A, SBUF

CJNE A,#'s',NOSTOP ;S IS PRESSED STOP ROTATION
MOV P1,#00000000B; TURN ON ALL SWITCHES STOP HOTOR
MOV P1,#11111111B ;TURN OFF ALL TRANSISTORS
MOV DPTR, #l1S
CALL WRITE
JHp STOPIT

NOSTOP:CLR RI

GONDER:CLR TI

D7: RETI

CSEG
STOPIT:CLR EC ;DISABLE FEEDBACK RECEPTION
END
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APPENDIX D

PIN DIAGRAIN OF THE EVB0C51FB BOARD

VCC --msmmmemmmmmmmmmomoens 1

Addr 0 - Output ---------- 3

Addr 1 - Output ---------- 5

Addr 2 - Output ------=--~ 7

Addr 3 - Output ---------- 9

Addr 4 - Output --------- 11

Addr 5 - Qutput --------- 13
Addr 6 - Qutput --------- 15
Addr 7 - Output ---=--=-- 17
VSS -mmmemmammmmmmmnsneoes 19
Addr 8 - Output -----=---- 21
Addr 9 - Output ---~----=- 23
Addr 10 - Output ---=---- 25
Addr 11 - Output -------- 27
Addr 12 - Output -------- 29
Addr 13 - Output -------- 31
Addr 14 - Output -------- 33
Addr 15 - Output -----=-- 35
VSS --roemmmmmmmmomnenaeee 37
N.C. =emrmmemmmmsnmnnnanees 39
PSEN/RD - Output ----- 41
TP6 - test point ---------- 43
ALE - Qutpul -----emmsome- 45
TP7 - test point ---------~ 47
RESET/ - Output ------- 49
PAL Disable/ - input --- 51
N.C, --emremmmmmmmmmnmeeas 53
-12VDC --emmmmemmeee e 55
VES -meemimmemmmsennnonnees 57
VCC --mmmmmmmmmsmmmoemees 59

o nNoo0NooooooonuuunNnnMoooonoo

O
NMMOoNo0o0o0o0o0ooooUoooouauoanna

1
1

{1

[
1

4 Addr/Data 0 - input/Output
6 Addr/Data 1 - Input/Output
8 Addr/Data 2 - Input/Output
10 Addr/Data 3 - Input/Gutput
12 Addr/Data 4 - Input/Output
14 Addr/Data 5 - Input/Qutput
16 Addr/Data 6 - Input/Cuiput
18 Addr/Data 7 - Input/Output

L VSS
D2 meemmmemmmeeesssnnone N.C.
24 —mmeeomeesnaies e N.C.
26 -eonerenemmmmese oo aees N.C.
2B -omeeeemmmesnosesnae e N.C.
30 --eremoeemmee e ns e N.C.
32 vmermemmeomsn oo N.C.
34 ermmmemssms oo N.C.
T s N.C.
38 wmermemmrsnre e e V5SS
40 ~omeermmmmmersnsennn e VSS
B2 aemmeneinonnees WR/ - Qutput
44 ceemereennes TP4 - test point
B TP5 - test point
T R i RD/ - Output
50 - INT0O/P3.2 - Input/Output
B2 wemameeenans PSEN/ - Output
A N.C.
T +12VDC
T VSS
GO -mmmrmmm e VCC

Figure D.1. JP2 Memory Expansion Connector
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1 thru 49 - VSS ¢

Figure D.2.

]
Ll

C ol o

vy e e —

i 0

tJ

2 - P1.0 Bi-directicaal
4 - P11 Bi-direclional
6 - P1.2 Bi-directional
8 - P1.3 Bi-directional
10 - P1.4 Bi-directional
12 - P1.5 Bi-direclional
14 - P1.6 Bi-directional
16 - P1.7 Bi-directional
18 - P3.0 Bi-directional
20 - P3.1 Bi-directional
22 - P3.2 Bi-directional
24 - P3.3 Bi-directional
26 - P3.4 Bi-directional
28 - P3.5 Bi-directional
30 - P3.6 Bi-directional
32 - P3.7 Bi-directional
34 - N.C.

36 -N.C

38 - TP1 test point

40 - TP2 test point

42 - TP3 test point

44 -VCC

46 - +12VDC

48 - -12VDC

50 - RESET/ Cutput

jp3 1/0 Expansion Connector
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APPENDIX E

DRIVE PHOTOGRAPHS

Figure E.1. General Outlook of the Drive Circuit
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