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ОБ . ОДНОй СИСТЕМЕ АВТОМАТИЧЕСКОГО УПРАВЛЕНИЯ 
ПРОЦЕССАМИ ИЗГСЛ'ОВЛЕНИЯ МИКРОСХЕМ 

~н ститут кибернетики АН JCCPB.M. Глушков, В.П. Деркач, 
киев, t.: CCP Г.Т. Мак~ров 

За последние 10-15 лет количество эле:в:троЕЩ:ых внчиспи­

тельных машин, являю~хся одним из наиболее ~ощиых средств по­

вышения ефре:в:тивнос~rи разнообразной деятельности человека, 
возросло в сотни раа. В то же время они как nравило собираются 

вручную, что повi::Шiа~~т их стоимость, снижает надежность, ограни­

чивает nрименение. Время, требуемое . на разработку и изготовле. 

ние машин, бi:Шает СI:>Измериыо, а иногда даже больше времени мо­

рального их старения, :которое nостеnенно сокращается и в настоя­

щее время составляет приблизительно 3-4 года. 
Несмотря на мн~:>гочисленные nоrштки исследователей автома­

тизировать nроцесс Jароизводства схем, построенных на навесиых 

деталях, из-за б.ыстJюго усложнения аnnаратуры и большого . раз­

нообразия исnользуемых деталей значимых результат в nолучено _ 

не бШiо. Потребовал 1ось отr..:1скание существенно новых физико-тех­

нологических nутей 1rrостроения этой annapэ.тyp.u, котоt-"Ое привело 

к замене отдельных деталей . и . компонентов , исnользуемых в ка­

честве строителаиых элементов, . известными теnерь интегральными 

схемами, вшzусхаеМЫJми в виде тонRИх пленок или твердых nолу­

nроводниковых монолитных блоков. 

Наряду с резким уменьшением габаритов и nовышением дол­

говечности ~риборов важнейшим достоинством таких схек . является 

уnрощение задачи ав'то:матизации этаnов их nроиэводства. -

Хотя в основу микроэлектроники nоложены достаточно хорошо 

изученные физические явления и такие известные методы, как ва~ 

хуумное осаждение вещества на подложку, дифt>узия, рекристал.пи­

зация, окисление, зпитаксиаль~ье выращивание монокристалличе­

ских пленок, травление, фотолитография, термообработка и др., 

nрактичес:в:ое исnользование их усложняется из-за необходимости 

пространствеиной локализации происходящих nроцессов на много­

чи~ленных ми.кронных участках материала. Разработка способов 

осуществления строго контролируемого селективного nротекания 

физико-тех.tiоло гичес:ких процессов, nоэтому, является важнейшей 

проблемой этой новой науки. 

Одним иэ таких: методов, который сейчас чаще всего приме­

· няется на nрантике , является воздействие на вещество черее 
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маску /траqерет/ . ИспоJIЪзование его привело х значите.пьfП:iК ре­

зультатам, окончательно утвердивDIИМ микроепе:ктронику как про­

грессивную науку. 

Но ~ использовании этого способа внsвипись . и трудности. 

В камеру приходитс,я nомещать тр&qзре'l'Ьt . раsJIИчных хонqаrур1ций 

и механизмы их nеремещения, хоторне . вередко . требу етсs нагре­

вать дпя. обезгаживания- и nопу-чении rзrycSoиoro_. вЕЩУУма. При мно­

гократном .совмещении трэ.фiретов ВО8НИХ8Ю'1' oщyтJOII:ie ошибхи и, 

следовательно, . снижает са то_чноС'Iь rеом&rричесхих _ размеров_ из го~ 

товляемых . хошzонен,тов,. ухудшается восnроизво~ть 'их Х8,I8Хте­
ристих • . Во . многих . спучаях бываи вообще неаоеможно ивготовИ'l'ь 

трафарет нужной коЕфlгур1ции. - .. 
Точность разм.еров - nавЬП11818Т . за очи исnо.пЬзованu прецизи­

онных Rонтактных. масок, . ив~отовля~. на обраба~емнх подпси­

хах методами <fх>тоJiитоrра411и. Но использование ф>топитографкче- ­

ских. .процессов . при· обрабо1'в:е - полупроводниховsх М&'l'ериuов nриво­
дит -увеJiиtiению - равнотипности npiWeНЯ~Id:lX технологичесюа . оnе­

раций, .что . а.uечет ·за собой поsвпен~е дсnопнитЕШЬНЬIХ ошибок. У!З­
эа . случайного расnреде.пения брi·хованны:х коатонентов no пластине 
рисунок монтаиа . в ха.дом эхвеыпляре интеграпьноа схемы, сделан­

ный таким образом, получается индивJЩУаnь~. Спедоватепьно, тре­
буется изготовление новой маски длЯ · каждой . rшастины. Чтобы избе­
жать резкого удорожания про.цукции и больших nотерь времени на 

это , сейчас оrрани~ивают число элементов, изrотовляемых на од­

ной nластине. И все равно выход "'дных издеilИй в Jiучшеы спучае 

не превышает нескольких десятков процентов. : 
Большое разнообразие оnераций, . значи~епьная часть из кото­

рых, к тоuу же, выnолняется вручную, существенно затрудняет ре­

шение задачи nолной автоматизации nроизв·одст:аа микросхем. Сле­

дует учесть '!'аае, что 6ьtстро nоявJUiЮ:циеся новые технологиче­

ские приемы вызывают . значительНьtе переделки дорогостоящих авто- . 
матических линий. Поэтому во многих странах ведется усиленный 

nоиск тахих технол огических nриеыов и ииструментов, параметрi и 

характеристики ~от'ор.ых ~олее полно соответствовали ·б н · задачаы 

ооsдания устройств с элементами микроим~ размеров. 

Обнадеживающие nерсnектив.ы для успешного решения этих за­

дач открiВают результатц изучения воnросов взаимодействиЯ элек­

тронных и ионных riучков с твердым телом . Электронная и ионная 

/элионная/ обfаботка материалов no nраву считается сейчас наи­
боле е совершенной из всех существующих методов создания компо-



5 

нентов МИIЧХ>Схек. С помоЩЬ!) эвеr.rронннх . и ионннх пучков сейчас 

изготовзшются p-n пнрех.одн, травзисторi, производи'l'Сs кикросвар­
ка, ~олимеризация, р1~оэлоиение ХИ~а~Чеси:их соединевий с цеnью вос­

становления химичесJаа элем8Н'!'Ов на : локuьннх участках поДllопи, 

рекристаллизациа, ЭJ:tсnозицнв qотореsистивннх споев, ваrnшение 

пленок, скрайбирование, .. герметизация, ·измереНИе и контроль пара­

метров технологичесJDа процессов и .издеJIИЙ, определенИе химиче­

ского состава матерJiШ.ЛОВ . и. 1'..ц. ; - ВI:Шолнsетсs ... IIН,ожес'!'Во основных 
операЦИЙ, необходиwа_ и пршiеняеиа фаиичес:ки дпя построенив ин­
тегральвнх ахем. 

Преиму ществом .-~~JiиOЩU:Dt- · u~~!>Дов . .авля.е'l'ся . возможность въmОJiне­
ния · всех технолоrич1ас.иих этапов в вахуумво.I . Jt&Мере без . ее разгер­

метиэаЦJЩ, т~е. в ус~.ловиях. обеспечивающих внсо~ - воспроизводи­
мость параметров ив,депиl. Ппо!'НОС'l'Ь . ·мощности. зJiеиронных и . ион­

ннх .. ау~ОВ ·.aerzo p&1L')'JDIPJ8'!'CЯ . И . ДОС1'ИГ88! IOIJUDIOBOB КИJIOB&'l'T 88 

cu.2. С их . помОЩЬI) UI)ZН.O JIOК8JIИSOS&!'Ь раиио-технОJiоrические про­
цессJ~ в _очень 112Лом . проС!'-рнюsе. Попучввнr:d праинчес:аи мини­

uальннl диаwиР, . coc~'J.'8ВJIЯe'! ·.дomr мпрова •.. _ 
ПосКольку проЦ49ССН лoitaпиs)'m'CJI se путем-· мЕЩАНИЧеСltИХ . пере­

мещений . элементов, с~кажем, .. ttрафаретов, а .. с помощью воздейспую­
щих на заrяженные . Чlастицы эJiеrrричесиих . и . магнитных полей, то для 

обработRИ можно . ао~rи . кгновенно · и с бопъшоl точностью выбирать . 
пюбую т_очху изгото~пяемой . микросхе~, .попучать D.ItИe уrодно . кон'"'!' 

фtiгурации обр~бат.ыв19.еuых участkов, о!'кававmись. 0'1' . масои Иllll, .ес­

.пи ЭТО надо, С наибiОЛЬШ8Й ВОЗМОЖНОЙ се~чаС lfОЧНОСТЬЮ И8ГОТОВ.ПЯТЬ 

саыи касхи.. 

Элионная . техно~погиs представnяв'!' собоl . одив . ив . приuеро~ та­

кой области технИRИ:, быстрое развитие. вотороl обусловлено nоsвле­
ни~м кибернетичесхи:)t средств упршления. Вручную, . с помощыо опти­

ческих nриборов можно создавать лишь лабо);8rорнне образцн элемен­

тов в единичных экз ~емnJIЯрах • . Неврзкожно . производить в течение рl­
зумного времени таким способом цвпые блоitИ - многохомnонентные 
cxm~ с nриемлемой :восnроизводимостью их параметров. 

С т .. :ки эре ия разнообразия характер~ технологических про­
uессоз и Аоличества элементов, на которые дoJntнa воздействовать 

J''Правля!IJ~ая ~истема , э.nионНые установки ЯВJIЯЮтся выгодным , ма­
ло из.l'!:еняюиmмся в о времени объектом vnршления ~ noэ'Jjoмy nр~нци­

nЫ автоrлатического ;управ.пения и nрименяемые для их воnлощения , 
технические средств :а, если они выбраны с учетом новеиmих научнс-
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· техничес:ких дост~!ЖениА, дoJ.IZШi быть · достаточно пmвесnособны_- · 

ми. 

.В Институте хибервв'l'ики АН УССР. на первом этапе разрабо­

тана разомкнутая система автоuатичесхого управления процесса­

ми изготовления в:омпонентов элионных интегральных схем /"Киlв-
67•;, которая сейчас . эксnлуатируется на одном из nредnрия~й 

и уже nохазала вs1со:кую надежность и афрехтивность. в - основу 

ее положен цифровой . способ .управления, хав: более экономичный 

по времеRи и обладающий . nучmим}:( воэможностяыи, чем метод ис­

ПО1lЬзующиl непрерrsвную раэверrку. 

При . эпеитронно-лучевом изготовлении. хомnонентов микросхем, 

вапример, . чаще. всего бывает выгодным приыенение импульсного ре­

жиыа воздействия nучха на ма'lериал. Требуется задание длиталь­

ностай имnульсов и пауз, . а также . количество хnmулъсов обработ­

ки в :каждой. •rочхе· . В CJiyчae . непрерыВной развертки всего растра, 
как это делается, скажем~ при использовании фотокопира, длитель­

ности nауз всегда связаны с длительностями имnульсов уравнением 

t ... LHtu 
n - <[)а,.. , где 

L и Н ~ длина и высота растра; 
t и - длительность имnульса об ,t:вботки; 
~ - доnустимое расстояние, на которое может nеремести­

ться nучок за время действия имцу льса обработки, nолучаемое из 

условий обесnечения достаточной разрешающей сnособности. 
dn -диаметр пучка. 

Ках видно из . этой формуJIЫ соотношение меж.цу ln и lu 
не может быть выбрано nроизвольНI:ВI. Кроме того, облучаемые и своr~ 

бодныв от воздействия пучка участки хадра развертываются с одной 

и той же скоростыю . Вследствие этого nриходится неnроиэводитель­

но тратить время на двае!П!е "заnертого" луча, которое вакапли-· 

вается с увеличением количества юmульсов и разнообразия времен­

ных условий обра6отки и оnределяется из уравнения. 
,.,. l't 

t з.л. = Е L Ql.К • lпк , где 
K•f l=i 

а- относительное число необрабатываемых точек на подлож-

ке; 

r,n- число различныхдлитэльностей . импульсов обработки,тре­

буемых: nри изготовлении схемы; 

n - наибольшее число импульсов одной и т~й же длительнос­

ти, необходимое для об rаботки в одной точке растра. 
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Метод неnрерывной развертки nр~ставпяется приемлемым 

только тогда, хогд:а нет необходимости в изменении временных 

режимов обраб отки :в пределах растра. В nодавляющем большинстве 

других случаев должна быть обесnечена возможность быстрой авто­

матической установки nучка в любой участок nодложии. и обпуче­

ния выбранной точк1к неnодвижНШI лучом при каком угодно отноше~ 
t"l . нии '/lu. • -- . . . . . . 

Ддя осуществления этого наиболее удобна контурная разверт­

ка, nолучаемая . преобразованием цифровых ~дов, соответствующих 

координатам точек, в отклоняющие токи или наnряжения. Использо­

вание шаговой .контурной развертки .приводит к необходп.мости nри­

менения для управления электроннолучевой установкой цифровой сис­

темы. 

Иi.1еющиеся универсальные цифровые машины не приспособлены 

для данной цели, поскольку _ они н.е в состоянии обеспечит.ь мини­

мальное,необходимое для реализации преимуществ . элеитроннопучевой 

технологии быстродвйствие и требуют чревмерного услоzенения про­

цессов программирования. 

Нашу систему можно применять при лабораторкых исследованиях 

и мелкосерийном проиэводстве. Она может быть также использована 

для эл ектроннолучеt)ОЙ сварки, . фрев еровки и . в других равнообравных 

случаях, когда нужно с большим быстродействием воздействовать на 

объект уnравления одновременно по весволысих канапам •. 
Одной из наиболее важных ее особеsностей является простота 

nрограммирования тшrnологических задач. По . одной кома_нде может 

отрабатываться любая из nяти наиболее часто встречающихся гео- . 

метрических фигур произвольнш в nределах }:&CTpl размеров . /рис. 
1/. При этом энергетические и временные режимн облучения одина­
ковы дпя всех точ'е:с. Изменяя nараметры . а и 8 - .. "точечного 
растра ••) используемого nри изготовлении схем с регулярно расnо­
ложенными комnонентами /например, диодных матр~устанавливаются 

расстояния между обрабатьmаемыми точками. ПI»J а • · I или 8 • 1 
nолучается серия nаt раллельttш линий, нужная, скажем, для созда­

ния так ~азываемой токоnроводящей змейки. Если а • 1 и 8· 1, 
то 11 Точечный растр'11 ареобразуется в , пряыоугольную nлощадку. 

Для того, что6ы на одной nЛастине кремния можно было изго­
товлг.ть большое количество регулярно расnоложенных схем по упро­

щенной nрограмме, пред.J' смотрена воэИJжность обработки no одной , 
. ко1:2пде с ерии регулярн о расположенных пло --адоБ. Для.. этой цели . 

слу;т.ит :s:адр "рr:д П}lЯМОJ' гольников". Если этот :r:адр эадать в пре-
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Делах одной ст~оки, _то f:IS nодложке воспроизводится npep:mиc- · 
тая .пиниа, встречающаяся nри изготомении резис-.rор>в, выnол­

няемых в виде тоаRОrшеночной змейm~ · 
Отработ~а линий ·и площадей проиэвОJiьной !f.opuЫ, требуiОЩИХ­

ся, наприыер, при сварке :корnусов, . Изготовлении масок, . засвЕЭ'l'­

ке фоторезистив'ных споев и , т . .-п. осущеС'l'вJШется. с nомощью кад­

ров "наклонная .пиния"~ . ~окр,у~:9стъ~ ~ /·дуга"/ и "nnощадь•. В по­
следнем две . стогоны ~иг.у.ры ил~ · одна _ Иэ . Иfrх ~ажет ограничиваться 
нахпонной . линией либо. частью .окр,ужносrи, образуа треугольних, 

равностороf:!НDD· ИJIИ nрямоугольную '!'рапеЦИI), . круг, сегмент и .'l'.n. 
Комбинируя. эти геокв-rричес.кие.. . qигурн . и связи кццу . Н1D1И 

на nодпопе, И · .задаваЯ их отработку . в нужной временной nоследо08!' 
вател~вости, можно создавать .сложные схемы, строить разнообраз­

ные фув:кцион&Jiьнне устройства. 

Общий вИд ."Кивва-67" Дан на рис .. . 2, а бло:к~схека каmинн и 
функциона.пьное . устройство . ·блоков БУО и ВО - . на рис .• _·а и .': 

Каждая хом:анда /код кадра/ пр~ставпяе.тся деСЯ'l'ЪI) двенад­

цатиразрядными двоичными - словами, дпя хранениs... которых nриквне­

но магнитное за.поминающее .. устро1t(:тво, где . они распопажены в по­

стоянной nосп~оватепьности • . В этих словах содержатся данные _ 

об . знергетических режиМах. пучка, . врвменных параметрах обработ­

ки, а т8.101tе ука~зания о захоне первмещения .пуча по поверхности 

площади и все исходнне . величины, необходимые ддя nолучения фи­

гур требуемых разиеров. ДПа . задаНия начапа . и конца движения лу­
ча служат регистрi Сч . Н:Х, Сч КХ, РНУ и .РКУ. При шаге . 5 кв. . и до­

полнительном реtзряде реверса · максимальная ппощадь обрабатывае­

мой nоверхности nопучается равной . IOxlO мм. 
Объем К3У 4096 двенадцатиразрядны:х спов, что составJIЯе'f 

более чем 400 . I!Юд~в кадров. Этого количества, . nовидимому доста­

точно для . многих nрименений, тем не менае пр~смотрена . возмаж­

ность оперативного пополнения или замеНЕ:l прогр1ММ, содержащих -
ся в памвти, в ходе выnоJЩевия технологических операций с по­

мощью уСТfХ>ЙСТВ.а ВВОДа С ПерРОЛеН'l'ЬI ИJIИ друГОЙ ВНЧ:ИСПИ'l'еJIЬНОЙ 

машины, испольэуемой,напр~_ер, ддя автоматическсго сост~.пения 

nрогршм изготовления микросхем или их корреитировки по сигналам -
обратных связей. 

Характер и количество основных геометрических фигур оказа­

ли решающее вmrяни~ на построение вычислительного узла /БУО/, 
основу которого составляет nерестраиваемый на отработку различных 
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· кадров /в соответс!'J:tИИ с кодом в реrитре DJIIsнaкa кадра/ а­
неано-круговой ивте]рпОJIЯ'l'ор, собре.нннl на -двух _цирровнх ИН'!'е­

ГJВТОf*Х. Ка~а . из них в СВОI) очередь сосrои ив счетчика и 
В81WШИВfШЩ8ГО cyJDIJ!l!'Op&. 

Пр~ отрабс,тке ~rочечного · растрt., например, внрuеаное в 

ко.пичестве maroв ра•оотоsние а. мццу . точиами по оси Х зада­
е!'сs JЩЦОК В Счl~, 1!1- р&ССТОЯНИе. ~ ПО OCJI . У ~ ХОДОМ В СчJ О • 
Эти . кодн в течение J~СЧ8'1'а всех точек кадра хрlНЯ'l'СЯ в сумма-
!'ОJВХ n • r 11 •. . _ _ . . . 

Поспе обцучеНИJ!I. nервой точки .,вреu обработки которой опре­

.це.пяется блоJСОм форорававив времевннх .параме-rров .. /БВI/, осу­
ществJISется переход к спе.цvющей, див , чеrо .изменяется на едини­

цу код .в счетчихе оrКJiоненив СчХ , /биок OTI!JIOHeНIIS, . БО/. и одно­
временно ВЫЧИ'l'ается единица .. ив кода в ·Счlе · · прt усповии, что . 
ТССХ находитсs в •о•, то есть . не .окончена отработка строu .. Под­
счет необрабатнва~~ точек . произвQДИ'l'св до . нухевого . состояния 

Сч Х0, · о . чеu свиде1118JIЬству вт . переКJII)чение .. триггера .совпадения 
ТСХ0 - в • I ". Вслед s_~a э~ восстан&вJIИвае~ая ~д, хараrrе}:Жэую­
щиа рассТояние мацу •еС'1'811И обработхи, , оер~чей его .ив 2Х 
в СчХ0 . • ив . 'lY в Сч1 ~' . .и noCНJia&l'CЯ оигнап на .вюmчение Бmii. 
Вс.пед в а отработкой .. cтpoiat /ТССХ в •J• /. · JIYЧ nepeмвщaelfcs по оси 
У в результате добаввения /иви вычитания/ едивиц _ в счетЧик Сч .У 
и одновременного внчи'l'анив единиц ив вода в ~ У0 • По достае­

нию. заданного расетоинив . меu_у .. О'!'рочками /ТСJ 0 в •.1 "1 цучои ус­
танавпивается . в начальную точиу очередной строп, бпагодаря пе­

редаче кода из Сч HI в Сч Х, с о.цновреuенНЬDI восстановлением ко­

дов в Сч Х0 и Сч У 0 • Упршпение снова перЕЩаетсs б.поку вавn. В 

такой последоватеnьности операции уnравпения обработкой и вы­

числение координат черццуЮтся до тех пор, _ пока иqд в СчХ не ста­

нет paвНI:DI ИDJJ3 в С,ч ЮС и код в Сч У - ио,цу . в регистре РКУ, nос­

.пе чего вырабатывается .сигнап •конец кадра8 , сцужащкl признаком 

дJIЯ выдачи из памяти /пеiФ>ввода/ с.пе,цующей команды. 
Апгоритма отра.ботни равличннх кадров данн на рис. S. 
Бвок tо!*Ирования временных оарu.tетров регулирует длитель­

ность имnульсов и п:ауэ мвжд3 ними при JDDбoк их соотношении в 

диаnазоне от 2 мхсек до 10,2 сек. Чиохо · импу.пьсов обпучения каж­
дой точки материала. может задаваться в прццелах от I до 204?. 
Предусмотрен также неnрерывный режим обработки. 

Для преобразов1ани.Я кодов в-отклоняющий ток исnользуется 

nринцип суммировани:я на нагрузке взвешенных по двоичному за-
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KOFJY '!'ОКОВ, форо~руемых СТ8бИJIИ88'1'0р81111 &_.J Т. {'""./0 /риС?• 
6/ В СОО'l'ВЗ'l'С'l'ВИИ С равеНСТВОМ . 

1н =a'D2°.1o ~Q~гtJo + .... .,. апгпz =.Z! а",г'" 
--о 

где а;,.... - О и 1, в зависимосп O'l' сос'l'ОЯНИЯ rn -го разрв-

да СЧе'1'ЧИК8 . 0'1'JШОНеНИS. 

С цепью поддеркания . nос'l'оянного размера обх~и обра~ 

при изменении. ускоряющего. напр&Еениs внходноl 'l'OK преобразова~ 

теJJЯ . хорректиру е'!'(~ изменением опорного нап~еНИJI с'l'&бИJIИВато­

ров .. РЩJерсирование О'l'ltПонsшщих ка'!'ушех осущес'l'вдя&rсs с по­
мощью магнитоуправ.пяемнх ~епес'l'RОВНХ peue, икеоцих :внсокое бнс­
'l'родейс'!'Вие и. дпи'l'епьннй срок спужбн.. 

Программное. регулирование вв.пичинн '.I'OD хуча /c'l'O возмож­
ных уров_ней, _ задается. в процентах 0'1' ноJа~Напьноrо sвачения /и 

ускоряющего. напряжеция /16 ступеней, задаеrся в киnовольта~ 
производит.ся с помощЬI) бхока управJiения энepr8'1'11ЧeciODal napuaer 
рами /БУЭП/ • 

С основного . ипи . выносного nульта упраапения, явпяющегосs 

частью блока nреобразования и распределении информации /БПРИV, 

npoгpiuмa вводит1ст десятиЧНЬIМИ цифрами. · 
. Оrладха программ и контрохь за правИJIЬНОСТЬI) юс ввода об­

легчен:ы .. благодаря наличио б.11ока визуального ионтро.пя /БВК/, по.. 

строенного на трубке с темновой заnисью и электропюминесцеRrноа 

системе индикации, словами и деСЯ'l'ИЧНЬDОI цифрlШI отражающей 

ПJ:&ктически все .важные моменты уnр&ВJiения 'l'ехнОJiогичесхиuи про­

цессами •. В качестве ИJiлюстрации возможности хонтропя О'l'рабоrхк 
nрограмма на рис. 7 показан с:киатрон с вьmолненнвм на нем •Кив­
вом-67" изображением". 

Onьt'l' эксnлуатации показал, что описанная система упршле­

ния сnособна ·обеспечить. воспроизводикость элек'l'рических харак­

теристик комnове,Нтов sпионНЬIХ интеграпьных схем, бпиз:вую к 
10~. . 
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A ·MICRO PATTERN POSITIONING SYSTEA~ 

Y. Oshima and B. S. Chang 

Institute of lndustrial Science, Univ. of Tokyo 

Tokyo, Japan 

1. INTRODUCTION 

The micro pattern positi::ming system is necessary for automatic as­

sembling of transist~rs and integrating circuits
1

• This newly developed 

micro pattern positioninlg system aims to automatize the wire lxmd:in.g pro­

cess for transistor pellets, in which positioning is done manually at the 

present. Positioning of pellets in the transistor assembling process is 

done in this country by young woman workers ~y means of stereoscopk 

microscopes and motion reducing mechanisms. The wire bonding proce:s; s 

is becoming the neck of transistor mass production because of shortage f 

young woman workers. The problem of automatization of pellet positioning 

is the optical detectiop. system which replaces the human eye. In this auto­

matic positioning system the special photoelectric microscope with L -type 

slits is used. This papE~r describes the principle and construction of the 

micro pattern positioning system as well as the experimenta.,l results of 

the prototype system. 

2. OPTICAL PATTERN DETECTION SYSTEM 

2 • 1 · Micro pattern 

If the planar or mE~sa type transistor pellets are illuminated from the 

direction with the angle of 45 o to the vertical, the optical patterns with 

good contrast as shown in Fig 1 are obtained. The polished specular sur­

face of the semiconductor material such as Si appears black, while the 

surface of Al deposited electrodes appears brighter than the background 

because the electrode surface reflects light diffusely and so ~e of the light 

is reflected in the vertical direction. Such optical patterns are the object 

of position detection. 

2.2 Principle of c:>ptical pattern detection system 
. % 

The system uses the photoelectric microscope as the detector. As 

shown in Fig 2, the optical pattern obtained by inclined illumination is en­

larged by the optical system and its real images are formed at two slits 
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after separation of the optical beam into two directions by means of the 

half-silvered mirror. Two photomultipliers receive the light through the 

slits. Since two s•lits are shifted relatively with respect to the optical 

. axis, the outputs from the photomultipliers are shifted to each other. 

These output signaU.s are introduced to the differential amplifier which am­

plifies the difference. The output of the differential amplifier is applied 

to the pulse shaper and then differentiated. Thus the recognition pulse 

signal is generated at the precise position of_ the optical pattern. 

Fig 3 shows the wave forms of each part. In this photoelectric microscope 

the slit width and relative shift of two slits are important factors. Let us 

consider the case of rectangular optical pattern for simplicity. Figs !.. 

and 5 show the schematic output wave forms in cases of Wp = Ws and 

Wp > Ws, where Wp is the pattern width and Ws is the slit width. In ea e 

of Wp"" Ws the allowable range of the relative shift of slits is 0-2 Wp 

and the output wave form is triangular. In cas.e of Wp>Ws the allowable 

range is 0-(Wp + Ws) and the output wave form is trapezoidal. The for­

mer is the special case of the latter. Three values of the relative shift 

of slits (Wp- :!£!-), Wp ~d (Wp +-¥) are chosen and the experiments 

determine which is the best as described below . 

In order to determine the position in X and Y directions, slits are 

arranged as shown in Fig 6. Sxl and Sx2 are the slits for X direct10n 

and Syl and Sy2 are the slits for Y direction . We call this arrangemen t 

as L -type slit. When the optical pattern is fed in the Y direction, the out­

puts of two photomultipliers P 1 and P 2 as shown by y 1 and Y2 in the hgur 

are obtained and the recognition pulse Py is generated. The optical pat­

tern is still fed by the predetermined distance from the point of generation 

of Py and is stoppE~d. Then the optical pattern is fed in the X direction . 

When it is brought. to the point corresponding to the slits sxl and sx2 ' 

the outputs of photomultipliers P 1 and P2 as shown by x 1 and x2 in the fi­

gure are obtained and the recognition pulse Px is _generated. The otp1cal 

pattern is stopped at the instant of generation of Px. Thus the optical 

pattern is positioned at the predetermined point. 

Fi 7 sho s the optical system. In order to enlarge the pattern the -x 
ruicrosco· e jective is used. The distance between the objective lens and 

the obje ct is chosEm as 50mm so as to enable the bonding work. The optic.1.l 

path is diviced .into two by half-silvered mirror m1 . The re l images of 

the pattern are fo,.:-rned at the slits S1 and s 2 . The photomultipliers P 1 
' d P2 collect the light through s 1 and S2 respectively and convert the 
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optical signal to the electrical signal. The half-silverecil mirrors m2 and 

m3 reflect a portion of light to the eyepieces. The eyepiece is a lOX lens. 

The operator can see the pattern through the eyepiece with magnification 

of 50. The range of adjustable slit width is 0-2mm and the range of ad­

justable position of each slit is ± 2 mm. Both adjustments are done by means 

of respective micrometer screw. Fig.8 shows the outside view of the 

above-mentioned photoE~lectric microscope together with the driving me­

chanism to be described in the following chapter. 

3. DRIVING MECHANISM 

The transistor pE!llet to be assembled is placed on the small table 

which is driven in both X and Y directions by means of micrometer screws. 

The driving mechanism of Y·direction consists of the stepping motor for 

fine positioning, induction motor for quick feed, magnetic clutch with brake 

for switching of quick feed and stepping motor feed, gear train and micro­

meter screw. For X direction, the induction motor and magnetic clutch 

are not necessary. The quick feed by induction motor is 5 mm/ sec. Since 

the gear ratio and screw feed for stepping motor drive is so cho.sen that one 

step rotation of stepping motor results 2 )J- linear motion and the maximum 

pulse frequency for the used stepping motor to follow up is 200 pulses per 

sec., the maximum stepping motor feed is 400 p/ sec. The stroke of table 

feed is 20 cm in both X and Y directions. 

~. CONTROL CIR UITS 

The control circuits consist of the control counters, gate inverters, 

flip- naps, monostable multi vibrators, multi vibrator oscillator and various 

driving circuits. Fig 9 shows the block diagram of control circuits. Fig 10 

shows the timing chart of the control circuits. The function of the circuits 

is as follows: 

At first setting RSA "1'' and pushing the push button B, the output of 

the mono stable multi vibrator MMA resets all the packages. Then setting 

RSA "2" and pushing the push button B, the output of MMA sets the flip­

flop FFC. Setting of FFC through the clutch driving circuit CD activates 

the magnetic clutch and the quick feed in Y direction starts. When the 

table is fed in Y direction and the optical mark on the table reaches just 

under the optical detection system, the output pulse of the detection system 

i.s generated and is introduced to the input terminal of the control circuits. 
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Wben the ccm.trol counter A consisting of flip-flops FF A and FFB . 

counts ""l'e" the state of the gate inverter GIA changes from "1" to "0", 

re etting FFC arui setting FFD. Thus the magnetic clutch is deenergized 

3Dd the irutu.c.tion motor stops, while the stepping motor ?tarts. When the 

table is driven by the stepping motor and the optical pattern reaches the 

pomt correspcn.di.ng to Sy shts of the op~ical detection system, the detec­

non system generates the recognition pulse which is introduced to the 

control c:ircuits. Wh~n the control counter A counts "2", the state of the 

gate inverter Gm changes from "1" to "0", letting the control counter B 

start counting. 'I"he stepping motor feed still . continues. The control 

counter B counts the driving pulses of stepping motor generated by the 

n:mltivibrator oscilllator MO. When the control counter B counts the num­

ber p:reset by the dWs, the output pulse is generated, resetting FFD and 

setting FFE. Res;etting of FFD stops the Y -directi~n stepping motor feed. 

Setting of FFE starts the stepping motor feed in X-direction. When 

the v1-tical pattent reaches the point corresponding to Sx slits of the optical 

detectiO'lll. system, the detection system generates the recognition pulse. 

When. the cnntrol1counter A counts "3", the state of the gate inverter GlC 

changes from •1" to "0", resetting FFE and setting FFF. Resetting of 

FFE stops the X-4direct:ion stepping motor feed. Thus the positioning ac­

tion is completed. Setting of FFF generates the command to start the 

bonding operation. The change of state of GIC through the monostable 

multivibrator MM.C resets all the packages. When the bonding operation 

i s completed, the signal is generated and the above-mentioned actions are 

repeated. Each a~etion is indicated by the lamps LA-LD. Fig 11 shows 

the flow chart of sequential action. Fig 12 shows the block diagram of the 

overall system. 

5 . EXPER.IME TS 

Various e-xPeriments have been done concerning the prototype system. 

The experimental items are the effects of pellet position, slit width and 

relative shift of slits, pellet type, illumination and rotational displace­

ment f pel' e • Tl!le experimental results of each item are to be described 

below. Before pc•sitioning experiments, the characteristics of driving 

mechanism ere t1ested. In this test the small table is fed by pulse number 

preset cm ~he c.:<:rn.1:rol counter B by means of ~he stepping motor. The actual 

dt .. placenl!ei!JI.t of the table is measured by the micrometer microscope equip-

it the eyepiec:e of photoelectric microscope. The measured displace-
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ment and calculated displacement based on pulse number are compared. 

The measured data are the average of 5 measurements. :Three killds of 

feed rate 100 p./ sec, 200 p./ sec and 400 p./ sec are taken. Fig 13 shows 

the test results. Fig 13 (a) shows that the error increases with number 

of steps owmg to the accumulated pitch error of micrometer screw. This 

error is not important for positioning accuracy. Fig 13 (b) shows the 

maximum deviation among 5 measured ~ata at each step. This deviation 

is within t 3p in the range up to 600 steps. This error affects the posi­

tioning accuracy but doesn't depend upon feed rate. 

5.1 Effects of pellet position 

The pellet position means the position of optical pattern in X-direc­

tion in case of Y -direc:tion feed and the position in Y-direction in case of 

X-direction feed. The pellet position is measured from the center of 

optical field. The effe~cts of pellet position are investigated every lOOp 

displacement up t"' 1 mm. Figs 14 (1)- (3) show the experimental results. 

In these figures (1), (2) and (3) are the cases of pellet type 2 se 455, 

2 se 454 and 2 se 281 a-s shown in Fig 1 respectively. The experimental 

conditions are: 

Supply voltage fc,r illuminating lamp 7 V 

( SG-2, 8 V, 60W) 

Direction of illumination 

Feed rate : 400 p/ sec 

opposite to feed direction 

The results show that the positioning error increases with pellet position 

especially in; case of slit ~dth • '!IXJp. expressed in terms of dimensions 

of pattern (actual width is 5 times ~s much as this value because of magni­

fication of optical system). The main reason is assumed that the intensi­

ty of reflected light from the pellet varies in accordance with its position 

and the gain characteristics for amplifying two photomultiplier outputs are 

unbalanced. If two shifted output wave forms of photomultipliers vary in 

the same way according to the pellet position as shown in Fig 15(a), no er­

ror occurs. But if two wave forms ·vary in different way as shown in Fig 

15 (b), the positioning error occurs. Fig 16 shows the output wave forms 

of photomultipliers. As understood from Fig 14, the effects of pellet posi­

tion is very smail if the. slit width is small. 

5.2 Effects of ~Jht width and relative shift of slits 

Taking the slit widths at intervals of SO}l from 50}1 to '!IXJp, the posi­

tioning accuracy is measured. The th.re~ kin<ls of relative shift of slits as· 
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described in Sec. 2.2 are chosen. 1ne other conditions are the same with 

those described in Sec. 5.1. Figs 17 (1)-(3) show the experimental re­

sults. In these figures, (1), (2) and (3) are the cases of pellet type 2SC 

455, 2SC 454 and 2SC 281. The results show that the error decreases 

with d~crease of slit width except the case of 2SC 281 pellet as shown in 

Fig 17(3). ·In ca.se of 2SC281 pellet which has level change on the sur­

face, the brilliant small portion appears near the electrode pattern as 

shown in Fig 1 (c). This is due to level change. In this case the large 

error occurs when the slit width is very small as shown in Fig 17 (3). 

Considering such a case and other noise effects the optimum slit width is 

takeh as 60 ± 5% c>f the electrode pattern length in feed direction. If there 

is no noise effect, the smaller slit width results the smaller error range 

as shown in Fig 18 because the output wave forms of photomultipliers be-

come narrow. 

As recognized from Fig 17, in almost every case the best results are · 

obtained when the relative shift is chosen as (Wp + ~). The larger 

relative shift of slits results the smaller error range as shown in Fig 19. 

Fig 20 shows the output wave forms of photomultipliers in cases of various 

slit widths and two pellet positions. Fig 21 shows the case of each rela­

tive shift of slits. 

5. 3 Effects of pellet type 

Rearranging; the experimental results -as shown in Figs 17(1)- (3) 

with respect to pellet type, the results as shown in Fig 22 are obtained. 

As understood from the figures, the error is of the same order fo·r each 

pattern with almost same size when the same slit width is used. The effe­

cts of pellet type .are conspicuous when the small slit width and small re­

lative shift of slits are us ed or when there exists the rotational displace­

ment of pellet as described below. 

5·. <4. Effects of illumination 

Choosing the supply voltage for illuminating lamp as 6, 7 and 8 V, 

experiments are done. The other conditions are: 

Slit width 200 ).1 

Relative shift of slits Wp + + W s 

Feed rate : ~.00 p. f sec 

Direction of illumination : 180° (opposite) and 90° to feed direction. 

Fig 23 shows the experimental results. The results show that the effects 

of intensity of illumination are very small. Next the effects of direction of 
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illumination are invesdgated. Two kinds of direction 90° and 180° with 

respect to the direction of feed are taken. The results are indicated for 

each pellet type as shown in Fig 24. Rearranging the results we obtain 

Fig 25. As understoodl from the figure, in cases of pellet tYJ?eS 2SC 454 

and 2SC 455 the illumination from 90° direction in -direction feed and 

that from 180° direction in X-di ection feed are preferable but in case of 

pellet type 2SC 281 the inverse condition is preferabl 

5.5 Effects of rotational displacement of pellet 

Experiments are done at rotational positions of pellet -20°, -10°, 0°, 

+ 10° and +20° and at pellet position of 200 J1 distance from the center, choos­

ing the slit width as 100, 150, 200, 25 and 300 p.. Fig 26 shows the ex­

perimental results. The effects of rotational displacement of pellet are 

conspicuous. In case of pellet type 2SC 455 the larger slit width gives the 

smaller positioning error for small rotational di placement of pellet. The 

p·ellet type strong for rotational displacement is in order of 2SC 281, 2SC 

454 and 2 se 455. 

G. POSITIONING FUNCTION 

Positioning function is estimated by positioning accuracy, positioning 

time and range of allo~rable pellet position both rotational and linear . 

Some interconnection exists among them. 1; or example, if we specify the 

allowable pellet position in narrow range, good positioning accuracy is 

obtained. On the contrary, if we extend the range of pellet position, bad 

pos itioning accuracy or in the worst case failu - of positioning results. 

6.1 Positioning accuracy 

Positioning accuracy depends upon the initial condition of pellet, that 

ts, linear or rotational pellet position. The positioning accuracy of the 

prototype system is tabulated in Table 1. This sho ws that the accuracy 

t Sp i s obtained if the pellet position is within 200p and the rotational 

displacement i s less th:xr. t 10° . Fig 27 s ows the error di~tribution 

r an e n the enlarged patter on the fol~o) m "" eo ui ns: 

P·~ i.l t positton in X dire -tion 

(Y -direcnor feed) 

p.,,llet position in Y - direct ion 

(X-d-' recti n feed 

Rotational displa :ement 
of pellet 

OO;.i. 

20 ' }J. 

( · actual pc sitioning act i • 
tins L ne gligi y sma} ) 

·t 20'-
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This figure clarifies the positioning situation. 

6.2 Positioning time 

Positioning time depends upon the initial condition of pellet and feed 

rate. Designating symbols of each dimension as shown in Fig 28, we ob­

tain the positioning time as 
1 1 

T = Ay/Vf +(ay+ by+ cy + dy + ax + -z-hx + '! cx)/ Vs 

where V f is quick feed rate and Vs is stepping motor feed rate. 

Taking the pellet type 2SC 281 as an example, 

by = 640 p. , Cy = 340 p. 

bx = 580 )1 ' c·x = 280 }l 

are given, where bx and by are determined by positioning conditions. 

Assuming Ay= 5:mm, ay,. 20p, dy = 20p, ax = 500 Jl., 

Vf = 5 mm/ sec, Vs = 400p /sec 

we obtain T = 5.H7 sec 

Table 2 shows the~ calculated positioning time for each type of pellet. In 

total average the calculated positioning time is 5.13 sec in case of initial 

position = 5 mm. This time is not satisfactory. The problem will be solved 

by using a more high speed stepping motor. 

6. 3 Range of allow able pellet position 

The range of allowable pellet position is determined by the specified 

positioning accuracy. Table 3 shows such a range for each type of pellet. 

This range specifies the accuracy of the previous processes which the 

pellets undergo bc~fore they are introduced to the positiotioning system. 

7 . ANALYSIS OF POSITIONING ERROR 

The error. sources and order of each error are investigated. In this 

positioning system positioning is done by stepping motor feed, that is, step­

wise feed ( l steg = 2p ). The recognition pulse generated anywhere in a 

step motion stops the pellet at the ei'.d of this step motion. The maximum 

e rror from such a source which is designated E m1 is equal to 1/2 step. 

That is € ml = ± lp. Then the overshoot of stepping motor due to inertia 

i s considered. This error designated £ m2 is equal to 1 step and always 

positive. Theref1ore c m2 = 2p.. Next the mechanical error.s such as 

backlash and pitch error of micrometer screw cause the positioning error 

E m3. As described in Chap 5, E m3 = ± 3fl· Thus the positioning error 

due to driving mechanism is C € ml + E m2 + E. m3 ) • 
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In the second placE~ the error caused from the detection system is 

investigated. This errc•r consists of the error du~ to differential ampli­

fier itself and the error due to the unbalance of output wave forms of photo­

multipliers generated by pellet pattern and also the difference of input from 

the back ground of optical pattern. The error due to differential amplifier 

itself, E dl , is measured as t 1 p.. That· is £ dl = t 1)1. The other error 

is illustrated in Fig 29. In the figure (a) is the normal case, (b) is the un­

balance of output wave forms, and (c) i-s the difference of input from the 

back ground.. The unba1lance of outpu.t ·wave forms including the difference 

of back ground is caused from the pellet posftion, rotational displaceme~t 

and other notses:. The positioning error due to the unbalance of output 

wave forms is designated E d2 • 

The maximum positioning error measured is ± 15p.. That is C~1+em2+€m3) 

+ <Edl + E. d2) = t 15.u 

Therefore td2 "' .t 1.2-p. 

Since the error due to the pellet .position is within t 2p. if the suitable slit 

wHth is chosen, the most part of .C<l,2 is due to the rotational displacement 

of pellet. 

8. Remarks and ·suggestion for application 

In order to improve the positioning accuracy it is necessary to in­

crease the accuracy of detection system. For this purpose the noise should 

be avoided. The rotaticmal displacement of pellet is considered as a kind 

of noise to the detection system and is the most important one. In order to 

improve the accuracy it is necessary to limit the rotational displacement 

within narrow range or to design the pellet pattern strong for rotation. 

For the former purpose the previous proce s ses should be strictly controlled. 

Requirements for the pellet is: 

1) Symmetrical pattern whose contour is similar to circular arc as 

much as possible is preferable. 

2) The arrangement of pattern in the pellet as shown in Fig 30 is 

good for illumination. This arrangement i s conventional. 

3) The pellet whose electrode surface has uniform infinitesimal rou­

ghness and whose semi-conductor surface is mirror finished is preferable. 

The method of loading the transistor pellet to the positioning system is a 

problem. In loading the arrangement as shown in Fig 31 is suggested. 
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If such an arrangement is adopted, c~ntinuous positioning is possible an~· 

positioning time cam be saved sufficiently. 

9. CONCLUSION 

The principlE~ and construction of a newly developed micro pattern 

positioning system f.or automatic assembling of transistors as well as the 

ex~rimental results concerning the characteristics of the prototype have 

been described. The experimental results show that the positioning with 

accuracy t 5}l is possible under a certain condition which is realizable in 

the previous proce:sses. If the positioning time is improved by using high 

speed stepping motor, this sytem can be put to practical use. 

Appreciati~n is .expressed to Mr. T. Numakura and Mr. K. !soda, 

Hitachi Central LaLb., for their active co-operation in the development of 

this system. 
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(a ) P lanar type 

2SC 455 
( .120,u X 160,u ) 

(b ) Planar type 
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Fig 8 
·Outside view of photoelectric microscope 
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2SC 455 Rotational displacement 
Pellet position ~ ±o· ±to• ±20· 

Y- direction 200Jl ! >- ±t~ ±4,u · ±t4,u 
600,u ~ ±2,u ±S,u ±14,u feed '§ 

1000Jl 
... :; = ±2M ±S,u ±15.M. () 

X- direction .., () 

±2,u ±IO,u ±~2Jl feed 200~ If aS 

2SC 454 Rotational displacement 
Pellet position ~ ±o· ±to• ±2o· 

Y- direction 
200,u !>- ±3,u . ±S,u ±7!-l 
600,u ·- () ±3,u ±6/.l ±8,u c:: aS 

feed IOOO,u 
o . s.. 

. ±8,u ±10/.l ±lO,u ·- = ... () 

X- direct ion ·- () 

200!-l 
.., aS 

±O,u ±6/.l ±8/.l feed cf 
2SC 281 Rotational displacement 

Pellet position ~ ±o· ±10. ±2o· 

Y- direction 200,u tl«) ±l,u ±4,u ±5,u 1: >-
600,u ·- () ±l,u ±4/.l ±6,u 

feed § f 
lOOO,u ·;; = ±2,u ±4!-l ±7!-l ·- () X- di recti<>n m u 

±l,u ±lO,u feed .200,u ~aS ±4,u 

Table 1 Positioning accu.racy 

Pellet type 
Pellet position in X- direction 
±200,u ±300,u ±500,u 

2SC 455 tl«) 4.72sec 4.97sec 5.47sec 
c:: (1490,u) (t590,u) . (1790.,u) 
"2 Q) 

2SC 454 -~ s 4.55sec 4.8sec 5.3sec -·- (1420,u) (t520,u) (1720,u) 
__ .., 
m 

2SC 281 tf 5.12sec 5.37sec 5.87sec 
(1650,u) (1750,u) ( t950,u) 

• (1) Initial position in Y- directim :5mm± 200,u 
(2) Figures in br•ckets indicate the distance of 

stepping motor feed. 

Table 2 

Pellet type 

2SC !455 

2SC 464 

2SC 281 

Positioning time 

Error 
±IO,u 

±SOO,u 
±10. 

±SOO,u 
±20. 

±SOO,u 
±20" 

±15,u 

R n e f a llowable pellet position 
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INVESTIG.ATION OF A RECTIFIER REGULATING 
CIRCUIT AS .A SAMP·LED DATA SYSTEM 

H. Blihler, Oerlikon Engineering Company, Zurich / Switzerland 

1. General 

1. 1. Summary 

Typical characteristics of rectifiers are discontinuous. If one device 

is ignited, then the process can only be ~ltered again when the following 

device is ignited. Investigations into its transient conditions with the norma 

continuous methods, which use the mean value and modifications to voltage 

waveform, tend to give inexact results. 

Corresponding to the descontinuous mode of the function of the recti­

fier, t he circuit shows substantial similiarities to a sampled data system. 

However there are two basic differences from the normal linear sampled 

data system. On the one hand the sampling function is not composed of 

rectangular blocks, but of sinusoidal sections, and on the other. the sampl­

ing period is not constant when the ignition angle is altered. 

The switching process of a rectifier is investigated· as a sampled data 

system in reference [ 1], where it is shown that the parts of a sine wave can 

be absorbed relatively easily into the sampling function. The behaviour oi a 

rectifier, as the ignition angle changes is determined in this paper. If the 

investigation is limited to small changes in the ignition angle. then it · s 

possible, as will be shown later in the text. again using constant sampling 

periods, to determine the stability analysis for a rectifier regulating cir­

cuit just as for a normal sampling system. 

In ~he following section 1. 2. the well known voltage and current cond­

itionS' for a rectifier are described and it is shown how the commutat ion 

can be approximated. 

The behaviour of the rectifier is investigated in section 2 or small 

changes in firing angle, with special emphasis on the determination of the 

equivalent circuit diagram and the separate transfer ~unctions. 

:Sefore the re gulat 'ng ci rcuit can be investigated in section 3, :he 
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conditions in the gate control circuit must be determined (section 3.1. ). 

Finally, as an e:~tample, the results on a separately excited d. c. 

motor with rectifier supply and current control are quoted in section 3. 5. 

1. 2. General voltage and current behaviour for a rectifier 

1. 2.1. Neglecting cornmutation 

The following investigation is· based on a p..phased controlled recti­

fier (see fig. 1 a). A back e. m. f. Ui is connected in series with a given 

load Z on the d. c. side. If it is assumed that only one individual device 

conducts and the corrunutation is· neglected41 then the short circuit induct­

ance Le on the d. ·c. side can be CC?mbined with the load Z to form the re­

sulting impedance Zr as is shown in fig. ~b. 

The rectifier voltage U s 1 whose basic waveform for a two-phased 

controlled rectifier is shown in fig. 2 for distortion-free conduction. is 

superimposed onto the back e. m. f. U i and the resulting impedance Zr. The 

waveform of the direct current is also shown here schematically. 

1. 2. 2. Approximate allowance for commut ation 

During continuous conduction two phases are short-'circuited for short 

periods because of the commutation from one device onto the following one. 

Thus the rectifier volt~ge has the we~known waveform shown in fig. 3 a . 

The rectifier voltage Us can be considered as composed of two com­

pone!lts; one component Uw which does not take the commutation into con­

sideration (fig. 3 c) and a component U k which allows for the additional 

voltage drop resulting from the commUtation (fig. 3d). These two compo­

nents are built up of short sections of a sinusoidal function, whose widths 

correspond to the periods of commutation. Because the widths of this 
I • 

11 commutation impulse" is normally not very large41 it is arrang~d to re-

place the t r e wav ''qrm of finite width by a series of impulses of infinite­

:.y s. ,-.. ll \Vi .:lt h {Dirac Impulse). The· area· enclosed by these impulses is 

the same as the voltag~:!- ·dJne area, for the voltage drop due to cummut­

a::or-... wl:~.:h is .dependent oh the instantaneous value of the current at the 

instant of comm 1tation. Thanks to this simplification the commutation cc:. r.:. 

be allowed for with appreciably less trouble during the mathematical 
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treatment of the differential equations. 

:.VIore exactly~ during the period of commutation, the inductance Le 

(see fig . 1 b) is less important on the d. c. side than 'the inductance Lc / 2 

2 because of the two short circuited phases. However~ to take tl:Ie 

cha...1ges of the resulting load im;>edance into consideration would com­

pJ.:cate :he calculation very much so that only consta_nt load impedance 

w:ll be dealt with below (see fig. 1 b). T he . smallness o! the error arising 

o~t of this wiU depend on the difference between the short circuit imped­

ance Le and the induct ance of the load impedance Z. 

2. Behaviour of the rectifier during small changes in the igni~ion angle 

2. 1. General 

If t he ignition angle rePlains cons~ant , the rectifier operates like a 

sampled- data system with a sampling period of 

2'U 
p t.JN 

T z 

wher e w N is the angular frequency of the network voltage. 

Howeve r when the ignit ion angle changes, the sampling period is no 

longer constant and t he problem cannot be solved in a general form. If 

tr.e changes are limited to smali values, as is usual in control t e chnology, 

then the sampling period can again be regarC:led as constaJ?.t. 

To simplify the following, constant back e. m. f. U i and continu~us 

conduction are assumed. The changes in current then depend purely and 

so e y on the change of ignition angle. The aim of this work is to find 

discrete transfer functions between the changes in i gnition angle and 

current, whils t m aking allowance _for commutation. Corresponding to the 

break down of the voltage Us in fig. 3, into t he components Uw (referred 

o in the following a s the wave voltage) and the component U k (~eferred 

·,o below as the commutat ion impulse) , t he change in current can also 

b ~-t · p from t wo components . 

:t s .o ,, d be mentione d that referred values are used . All the 

vo ::G.Jc:S a r e :~e erred to a rat ed va ue Un , and the currents to a r ate 

·; .... :u ~ 



2. 2. Voltage changes 

2 .. 2.1. Changes in the Vllrave voltage due to small changes in the ignition 
angle 

We will determine~ first of all the changes in the wave ·voltage due t o 

small changes in the ignition angle. 

Fig. 4 a shows a sinusoidal section from a sampling period for the 

wave volta·ge. The igniUon angle changes by ~f:J'z and the extinction angle 

by ~'!1 ~ whereas the silnuso.idal fu..-"J.ction is kept fixed relative to the 

time axes. This sets up a displaced sinusoidal section as in fig. 4 b. The 

difference 6 i.e. the mailn voltage chan.ge Au.w • is shown in fig. 4 c. 

These small sinusoidal sections of .CH.L.w can be approximated 6 with a 

sufficiently good ·degree of accuracy. to Dirac-impulses with the same 

voltage-time area6 for small changes in the ignition and extinction angles .. 

The voltage-tim.e area referred to the sampling period T for an 

impulse· due to a change in the ignition .angle is 

and that for the "change in extinction angle" 

(2 ) 

(3) 

If not only the individual parts of the sine wave are considered, b t 

the whole waveform of the wave voltage 6 then it can be seen that at every 

sampling instant (for the same ignition point) an impulse for the change 

in ignition angle coincides with the change in extinction angle, for which 

(see fig. 5 a). Both of these impulses can be incorporated in-

to a combined impulse with a voltage-time area of 

D.:z 
'7. 

u --
V ~ •• 'l' ... 

p 'ii I fj' 
.-..\\ \l Si..'l -- COSI,. if> + -} l:.'JJ J? z p ·z 

'ii 
u cos(~ + -) 61f>z 

g ·z P (4) 

(see fig. 5 b ). Thus the maximum ci . c. voltage obtained from the recti"ier, 
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referred to the rated v~ltage U n is ~ombined with 

a 
g 

p • 'ii 
ft u sin P (5) 

Changes jn the ignition angle for wave voltages have the effect, as 

in a: normal saL.lpled-data system1 of working with the Dirac impulses 

and the changes in the ignition angle are sup-erimposed on the introduct­

ion of the impulses. The amplification factor of the sampling unit is thus 

K go 
... ( ~) = u cos ~ + -g z p (6) 

2 . 2. 2 . Changes in voltage due to the commutation impulses 

.As is shown in fig. 3 e, the commutation can be considered, to a 

good degree of approximation~ as a Dirac impulse.' ·The area swept out by · 

this 11 commutation impulse" i s equal to the voltage-time area of the 

inductive voltage drop. The voltage-time area referred to the sampling 

period is equal to ri•i 

r. 
l. 

where 

{7) 

which is the equivalent internal resistance of the rectifier ,expressed in 

referred value:S 1 and i the commutating current. 

Thus the effect of commutation can thereby be represented by .a 

normal sampling system with Dirac impulses, where the amplification 

factor for the sampling ':lnit i s equal t o ri and onto which the current i is · 

superimposed . 

Special attention must be paid to the determination of the det erminate 
. / 

current change fo r the commutation during small changes in the ignition 

angle . The conditions should be investigated with the help of fig. 6. This 

shows the behaviour of the current with respect to time. The full line 

:::;hows the steady state behaviour before the ignition angle is changed and 

the b o~en line shows its behaviour after th (; change in ignition angle, 

designated by i . The difference ~i =i -istot ·s shown by a dot-dash line. 

The change of ignition _angl e during the sampling period is 
. p 

6 t!z = '2if t..rpz (8) . 
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The determinate current for the commut~tion in the steady state condition 

is istat [n~ 0 J wher.eas during a change in the ignition angle t~e current 

i[n,.A C:z J must be considered. The effective change in current for the 

commutation is therefore 

(9) 

As can be seen from fig. 6~ this current change can also be written 

6£ [ n J 
I z 

(1 0) 

Because small changes were specified~ the current i differs by only a 

small amount from the steady state current istat and the gradient difoe 
can be replaced by di stat/Oc, . • If the ch~ge in ignition angle A£z n 

is replaced by~ fzfn] ~ then it follows that 

where 

m.0 [ n] = M [ n-1, 1] + xcz ~z [ n J 

K cz 

2. 3. The block diagr~~ 

{11) 

(12) 

As was. shov.rn in the previous section~ the behaviour of the rectifier 

during small changes in the ignition angle can be represented by two 

sampling units~ one of which emits pulses as a result of changes .in the 

ignition angle~ and the~ other emits impulses because of commutation. The 

latter be .ave exactly as in equation (11) and are directly dependent on 

changes in the current as well as the ignition angle. A block diagram can 

be set up~ as shown in fig. 7 a. Gi is the transfer function for the load in 

the d. c. circuit~ i.e. the impedance zr in fig. 1 b. 

Because both of the sampling units operate synchronously and in 

phase~ the subtraction point in front of the .sampling units can be trans­

ferred~ which mea."1s that they can be combined into a single sampling unit. 

Both parallel branches, which are directly dependent on the change in _ 

firing angle can be united into a block with an amplification ~actor of 
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K -x -r1 ·x 
g go = (13) 

The block diagram, transformed and simplified as above, is illustrated :in 

fig. 7 b. 

2. 4. The discrete transfer function 

The simplified block diagram for the rectifier· represents a feedback 

sampling systetm. Further investigations _can,..therefore be made using .the 

usual methods for sampling systems. in particular with the aid of a dis­

crete Laplace transformation (see [3] and [4] ) . 
It should b e noted when s etting up the system of equations. that be­

cause of the Dirac impulses .. the change in current ~i can produce a 

spike just at the instant of sampling. According to equation (11) the current 

change should lbe obtained just before the instant of sampling, and the 

change in ignition angle immediately afterwards. Using the relationship 

between the ori ginal function and the discrete functio~ in the q-plane 

bpz [n] o-o ~'Pz* {q) 

Ai [' n-1, l] o -o 61 • (q,l) e-q 
} (14) 

"L'1e change in c:urrent £ri •(q, C:) in the q-plane of the discrete Laplace 

t ransformationt follows from · 

.6i • (q, e.) • K
1
; (q, ~· ) ( K

6 
~~* (q.) - r 1 6i • (q,_l) e -q] (15 ) 

wnere Ki* (<!J£) is the discrete transfer function for the d . c. load. Sho d 

the normal tra.Jasfer function be a rationa_ function of the form 

~ (~) 
G. {Cl; = ( · {16) 

1 pi qj 

then the discrete transfer function follo~vs from 

,. .. ·f q £\ i \ t I 

l 
) qil qk) 

{___ pi (Q.) 
h:l 

llq - ec;jc 
(17) 

<-:k are the .... zer:o poin.s from pi(q}=O. 'Tnus th~ Sl!l!Uilation cover· a:l cf the 

1 zero _?Oirrts: .t is assurned in equation (1 7) that ne n ~ "'t:ple zero poi.'l.~s 

occur (.::_ s .... , c,e~ [s] and r-4] ) • 

Equatio:1 {15) can be transformed by letting £. = 1. :-'ro.rr: : h.:.s ~ :"tr' =:_ • "i) 
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can be found. If this intermediate result is substituted into equation (15) ' 

·then the discrete transfer function for small cha.Iiges in the firing angle 

can be obtained very quickly 

M *(q, e ·) 
Kt.*(q, f) c 

-· ~z* .(q) 

2. 5. T he transfer function 

1 + r . . o-q X.• (q,l) 
l. l. 

o. a I 

The transfer function represe~ts the behaviour of the change in 

current A:i. with respect to time, referred to the change in the ignition 

angle, when the ignition angl~ c!l_ange_s Ag'~ in the form of a step funct­

ion . The t ransfer ·function follows from the discrete transfer function by 

back- t ransformation 

m.[-. .e] 
Aqlz 

o -· -Cl Kll* {q,£) 
eq- 1 

(1 9) 

i."1 t~e case oi an o~ic-inductive d. c. 'load with a time constant 1:'0 re­

ferre d to t he samplin~r period T, which is obtained from the normal trans-

.fer fu..'"lction 
1 

G. {er} = -
l. r 

l 
l + q~ 

the transfer Gi (q) function can be determin.ed. The behaViour of the 

c!!ar. ge in the current factor 

r t.i[n,e) 
Aki [ n, £] = --u~--~ 

w·t , :::-e.spect to time referrec .:o t he change in the. i gnition angle .A:fz 

(20) 

(21) 

~s s ~oFn in fig. 8, and in particula r the effect of the commutation i s in­

vest · gc.ted. . -t can be dearly seen that the change in current decreases 

very quickly as :he ratio r1jrT0 is increas ed. For a steady time constant 

Tc , the transient process r educes more quickly the larger ri/rLo be-

the final stationary process will be r e a ched 

implies th t the d. c. load is plirely ohmic 

an that only the shor t circ ' i: inductance Le i s eviden . 

'3 . The contr ol c i c it 

3. 1, Co .. '~ :tions i.n th:.e g te u i~trc circ-uit for small cuntrol voltage 
c.:-:.· :1 ~e ::-

::::ew:-e :~ e ; .. ves tigaiion in:'·o ~;he control Cl:"C\;.it c&'"l !:)e .;_artec!. 



·special attention must be paid to the gate control circuit. An _ignitio~~ . 

pulse is conducted to the rectifier connected next in circuit_, from a- con­

tinuously changing control voltage Us fl?. the gate control circuit_, where the 

level of the ignition impulse, i.e. the ignition angle 9' z• is a function of 

the control voltage us. Practically no time constants occur in a _ transist­

orized gate control circuit. When determining the transfer function, one 

must appreciate that the control voltage us normally has a ripple. The 

corresponding conditions should be found ~ith the help of fig. 9. 

The. behaviour of the control voltage for the steady state condition 

us sta~ i s shown_, and the dashed line represents a small change (us). The 

difference .1 us i:s shown by a dot-dash line. The intersection of the con-· 

trol voltage with a saw-tooth shaped reference voltage ur• for example_, 

gives the level of the impulses. _The change in the control voltage im or­

tant for the change in the ignition angle (expressed by~ Ez ) follows 

according to fig. 9 fr0m 

to~ [n "J = t.u. [n-l, 1] + 
sz - s 

c u [ n-1, 1] 
s 

oe (22) 

If small changes are again considered_, then us does not differ great­

ly from Us stat and a usfoe. can be replaced by a u~; stat;as • On the 

other hand the relation 

(23) 

is obtained from the gradient of the reference voltage ur. Taking equation 

(8) into consideration, the resulting transfer. function for the gate control 

circuit is obtained from 

K 
S!' 

t.'P [n] z 
!{ 

s 

oue.ot,_"t [ n-l,l] 
ae: 

(24) 

The b~ock diagram shown in fig. 10 can be used for the gate control 

cir cuit . The fact that the gate control circuit operates like a sampling cir­

cuit will be taken into consideration by a sampling unit connected irn me­

diately in ci rcuit with Dirac impulses. 

3. 2. The b o c·k diagram for the control circuit 

By using diagrams 7 b and 1 o. the block diagrams shoW11 in fig. 11 a 
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for the control circuit. can be set up. The regulat?_r has a transfer funct­

ion GR• ~d smoothing circuits with the transfer function G~ are provided 

in the feedback loop. The block diagram can be transformed and simpli­

fied. 

Both sampling units work synchronously and in phase. Because a 

unit with pure P- conditions (transfer -function Kg) lies between the two 

sampling units. the first unit can be remo~ed. Both blocks with the trans­

fer factors Ksr and Kg can be combined into a .siiigle unit with the tran~ er . 

factor 
K = K X sr · g 

(25 ) 

The junction at the output., i.e. behind the block Gi. can be put in 

front of this. which me;ans that both the feedback circuits must each have 

a unit with the transfer function Gi inserted into them. From this the 
. . 

block di(l.gram in fig. lll b follows. 

A further step is to transfer the subtraction point for the reference­

actual value comparison unit by two blocks to the right. These two blocks 

must also be added to the lower feedback circuit (fig. ll.c). 

Both parallel feedback loops can be combined into a single block~ 

having the transfer fun1ction 

G(q) = IC G1,(q) • G ... 4"(q) • G. (q) + r. G.(q) 
I. l. l. l (26) 

However both the blocks at the inlet to the reference value change 

.c:l!c can be united into a single unit with the transfer function 

(27 ) 

This is how the completely reduced block diagram shown in fig. 11 d is ob­

tained. 

3. 3. The function in the q-plane for the change in current 

Before the function in the q- plane for the change in current can be 

found. the relationship between the change in the reference value ~le 

and the sampling points (ignition points for the rectifiers) with respect to 

time. must be considered. 

The behaviour of the change in W.erence value Aic wit~ respect to 
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=time is drawn schematicaily in fig. 12. The zeropoint of the reference · 

time t/T = ·n + E is synchronized with the start of the reference value 

change. ~ ic is transformed into ·the change .A xc by the unit Gc in the block 

diagram in fig. ll d. ~ x E:.. = ~ xc ·- A x is sampled by means of the · 

sampling unit. Normally the· start of the change in the reference value is 

displaced from the instant of sampling by € c· This displacement can~ 

within equal statistical probability~ have values in the range 0 £ E.c ~ 1. 

£. c can have a mean value of 1/2. The sampling does not take p.lace with 

integer values of n~ but with n + ~c (see fig. 12}. 

Corresponding to the arrangement in fig. 11 d~ the following re­

lationships can be set up for the block region in discret~ Laplace trans­

formations 

~i*(q,£) K.*'(q, £- ec) Axe• (q, £c) 
l. . 

(28a) 

~e ~(q, E c) &c*(q, £c) - 4%*(q,£c) (28b) 

t.x*(q,£) = K* (q, £-£c) t::.x.t_* (q·, e c) (28c) 

Ki* (q~£) and K* (q~£> are the discret e tran.:>:'er functions relating to 

Gi (q) and G (q} respectively [see also equation (17) J . According to [4] 
K*(q,e-£) = e-q K* · (q, l +£-E.) c c 

== K* (q, c- e ) c 

0 -5 £ ~ £ c (29a) 

E .:: £. 6 1 (29b) 
c 

In order to determin_e the value A x~~ ( q~ ~ at the instant of sampling~ it 

m ust be noted that the value corresponding to the change in current m. ust 

b e obtained immediately before the sample (see section 2. 4. ) . The re­

lationship (29a} must be_ used~ where € must be replaced by Se. Thus it 

rollows from equation (28c) 

(30) 

Substituting this relationship into equation (28b) and solving for L1Xc:*(q, E, ) 
and using the answer in (28a), the change in current becomes 

K.*(q,E-C:) 
~ . c 

M*(q,E) = f::x. •(o, c ) c • c 

For a given relationship concerning the change in the reference 

(31) 
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value .A ic with respect to time~ Cl XC>:< (q~ £c> can be found. In particu r I • 

for a step function change in :the reference value.6 ico and a PI regulator · 

having the normal tran.sfer function 

1 
(32) 

the following relationship applies 

f:::. *(n ~ ) = !{ [=- _1_ 
c ":.' c ' T . 

.l. eq·-1 
m. 

CO 
(33) 

The d~ad time£ c has the s~e ~~ect as an increase in displacement pe­

riod 'r 1• 

For ·the .stability of current control~. the characteristic equation 

l + e-q X* (q,l) = 0 (34) 

holds, according to equation (31). The usual methods for sampled-data 

systems may be used for the stability investigation. Refer to [4 J ~ in this 

connec: ion. 

The behaviour of the change in current relative to time can be ob­

tained from equation (31) by the use of the inverse discrete Laplace trans­

formation (see [~] ) . T'his is relatively easily. obtained for . a definite case, 

i.e. for given values O·f Ki* (q~ £) and K* (q~E) of not too high an order. 

3. 4. Back transformation in the q-plane of normal Laplace transforms 

1"1 many ways the control circuit is similar to the intermost control 

loop for a cascade regulator~ upon which further regulating circuits are 

superimposed. The superimposed regulAting circuits operate continually~ 

and energy sources ar'e to be found between the 1-egulated current and the 

superLnposed regulate d objects~ which practically smooth .out all the 

effect of ripple on the ·current. Therefore it is desirable that· the super­

imposed regulating circuits should be investigated using the normal 

methods valid for continuqus~ linear regulating circuits~ especially for 

the frequency-respons·e characteristic; For this it is necessary to trans­

form the transfer function for the closed regulating circuit of the q- plane 

for the d.:.screte Laplace transform back within the q-plane for the usual 

Laplace transform. Accordirtg to [4 J the n- 1 transform should be used 
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1 

t(q) • J 8-qE F* (q,£) d£ 

0 

(35) 

Inserting the expression for il i* (q,,E) in equation (31) into F* (q,€.) and 

remembering that only Ki * ( q,£- £ c> dependent on E. , then 
1 

llxc. (et,£) r 
M(q) .• - q J a-<~' K. • (q,£ - E ) de (36) 

l + 8 K* ( q, l) " ~ c 

Care must be take11 in the integration that either e-q~* (q,l +E.-£ c) or 

Ki*(q.E- £c) s ho11ll.d be used, according to the limits in which€ lies, cor­

responding to equation (29) for ~* (q, €.- (.c). If ~* (q,£) is replaced by 

the summation in equation (17), then by integrating further . ' 

1 - . l ( ) 
8
-qtc 

S ~£ [ qi qk -q£ 
• xi•(q, £- f.o) d £. • Pi,(~) q~ • Gi (q) e c 

c k-l . . 
' -

frcm this the transfer function is obtained 

. l 
. ~(q) [ - ~(qk) 

G (q) • -~ :a _...,.,.~-
i ' pi ~qJ pi(qk) 

. bal 

l 

q~. 

(37) 

(38) 

The factor e -q£c in equ~tion '(37) ,.allows ,for the dead time between the 

change .in the reference value and t~e samp~ng point. 

The change in current A1 (q·) is obtained by inserting the relation­

hip 37) into equation (36), in the q-plan~ of the usual Laplace t r ansform. 

It s hoqld be noted that both before and aft~rwards that A x* < q, e c> and 

the denominator 1 + e -q K* (q,l) ~e functions of eq. 

. : 

However it .is desirable to express the transfer function for the 

ciosed control circuit as a rational function of q. · This can be approxi­

mated .. The m ost obvious approximation is by putting :eq ~ 1 + q. How­

ever it turns out t hat this approximation is not very good, and yields re-

rults which are \Dlsatisfactory in practice. A very good appro.ximation 

can be obtained, :however, using a function of the for m 

.q . - !....!._L 
2- q . (39) 
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for abbriviation we insert 

The star in G
8 

* (q) is for remembering that this transfer function was ob­

tained from the discrete transfer function .Ks *(q, 1). 

If (39) is put into (33) then it follows quickly: 
. 1 

[ 
1 'C'1 + E c - 2 J q ld a • (q, e ) • x - + (1 + -) -S.2. 

c c q 'Ci t" i . 2 q 
(41) 

Using the mean value of S.c = 1/2, and noting that ~ic0q = t.ic• it follows 

that: 

l l "tl q q 
6x • (q, £c) • JC (-- + :;:-) (l + -2) tS .: JC GR (q)_ (1 + -2) Ai (42) 

0 q\ "i' c c 

It has been found that· thJis relation also applies for changes in the refe-
. . ,. . -

rence value other than step functi~ns, ~ithin a good ~egree of a_ccuracy. 

Finally the ?ormal ~ransfer fWlction for the closed loop control cir­

cuit follows from 

~ X CR(q,) .: Gi (q) ~ (1 + ~) 

1 + c,/ (~) 

- q 
• 2 (43) 

This keeps the effect of the mean dead time E. c = 1/2 in exponential form 

e-q/2 • 

As opposed to the normal continual treatment of the control circuit, 

the additional factor (1·+ q/ 2) appears in the numerator, and the denomi­

nator has l+Gs * (q) inst•ead of l+KG~Gie..:q/ 2 , where Gs * (q) comes from 

the discrete Lap,lace tran~form [s~e equ~:t;.ion (40}] • Gs *(q) -also covers 

supplementary the effed of commutation. 

3. 5. Example: Control circ~it for. a separately excited d. c. motor using 
a rectifier supply · 

:Finally an important applicalion is shown as an example, namely the 

control circuit fo:r a separately exCited direct current motor with a recti­

fier supply. 
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Taking any possible change of speed into consideration_. the transfer 

function for the d.~. load appears as (see. [s] ) 
ct rm 

Gi (q) • (44) 
1. + .q raT" • (1 + q-r;) 

r a is the olunic res:ist~ce of the armatu~e circuit. Ta. = Ta/T is the re­

ferred armature time· constant. and T"' =. Tm/T the mechanical time 

constant. A PI regulator is need for regulation having the transfer funct­

ion in equation (32). 

It is beyond the scop~ of this paper to write the transfer function out 

in detail. Fig. 13 only shows the unit-step response obtained from back 

transforming the transfer function' for a ~ep change ifii the reference value. 

Three curves are drawn in fig. 13. Curve 1 comes from back trans-. 

forming the discret1e function in the q-plane in equati?n (31). It c~n be 

seen that the ripple increases with. time. This is also obvious from phy­

sical considerations. If the opposing torque is independent of speed. the 

speed of the motor :increases linearly when the armatm-e current is in­

creased ·uniformly. However because the' · change in currept remains con­

stant. the ignition angle must be altered continuously; which has· the re­

sult that the ripple due to~ the cur~ent change increase~ all th_e time. 

Curve 2 in fig. 13 is found by back transforming-the normal transfer 

function in equation (43) for a step' change in the reference value. It can 

be seen that the actual m~an shape is a very good app~oximation. Other 

examples have also shoWljl. that ba9' tran~formation in the q- planP. for 

normal Laplace transfonn,s as de~t with in section 3 • . 4 •• together with 

the approximation eq = (2+q)/(2-~. yields, very good re,sults for practical 

applications. 

Fina~y c·:rve 3 in fig. 13 shOws the unit-step response again, which 

is obtained f rom the ·normal statici treatment of the rectifier control cir­

cuit (see [ 5] ) • The control circuit· is treated in this as a continuous . . 
system. and also the co~~utatio~ is n~ .. considered. It can be seen that 

as o~posed to the true shapes (c~ves 1 ~d 2) a defin~~e oscillation occurs 

for the same regula.tor settings. ~he static treatment ~y itself of rectifier 

control circuits only gives very approx~ate results which worsen. the 
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iarger the sampling period T is in comparison on the time constants in the 

circuit. 
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Subscripts on the Figures 

Fig. 1. · ~phased controlled re~tifier. 

a) connection ~agram • 

Fig. 2. 

Fig. 3. 

. b) combination of the short circuit inductance Le into the re­

sulting impedance Z~ = Z + sLe on the d. c. side. 

Voltage and current curves neglecting commutation and havir . 

continuous co·nduction. 

a) Rectifier voltage Us. 

b) D. C. current I. 

Approximate all.owance 'for commutation. (Sepa:ration into wave 

voltage and c,ommutation impulse). 

a) Rectifier vpltage Us f 

b) D. C. current I. 
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c) Wave voltage U w· 

d) Components of the voltage drop becaqse of commutation u IC· 

e) Replacing the sinusoidal section of Uk by Dirac impulses. 

Voltage change in the wave voltage Uw as a result of changes in 

the ignition and extinction angles ~ 9'z and ~ -'L respectively 

a) Sinusoidal section for the.original conditions. 

b) Sinusoidal section for a change in ignition or extinction angle. 

c) Voltage differe~ce 4 'uw. 

d) Replacing by smoothing D:Lrac impulses. 

Fig. 5. Superimposing the Dirap impulses for changes in the ignition 

and extinction angles (a) onto a·resulting impulse (b). · 

Fig. 6. . DeterminaLtion of the m~in current change f~~ the comm·.1tatio~ .6i,[n] . 
. I . 

. .. r 

Fig. 7. Block diagram for the recttlie~ • fo~ small c·hanges in ignition 

Fig. 8. 

Fig. 9. 

angle. 

a) Detailed block diagram. .. . 
b) Simplified block diagram. 

Transfer function for tl;J,e change in the current factor ~ l<i [n, £] , 
referred to the change~ ignition angle. Ap~ • Ohmic-inductive 

d. c. load. time constant To = 1. 5 referred"' to the sampling 
, I . 

period. Effect of the internal resistance r. (commutation). 
. 1 ' 

Determination of the transfer function for the gate control cir-

cuit. 

Fig. 10. Block diagram for the gate control circuit. 

Fig. 11. Block diagram ,for the q:ontrol circuit. · 

a) Detailed block diagr~. 

b) and c) Intermediate steps in the simplificatiqn (see text). 

d) Completely reduced fll?ck diagram. 
i 

•' ig. 12. Relationship bt;_tween s~pling point and change in reference 

value. 

ig. 13. Speed regulation for a.d·. c. motor with the control circuit data 
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as given, equalizing process for the closed loop with a step 

change in the reference value. 

1) Time behaviour of the sampling system. 

2) From the function in 'the q-plane for the normal Laplace 

transform [equation (43)] • 

3) From the usual continuous treatment of the rectifier control 

circuit. 
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БЫСТРОдЕЙСТВУЮЩИЕ СИСТЕМЫ УПРАВЛЕНИЯ С 

ЧАСТОТНЫМИ ДАТЧИКАМИ. 

Круг Е.К., Легович Е.А. 

Мосхва , СССР. 

В настоящее время широкое распространение получили 

частотИЬiе датчики [ I J • Отличительвой особенностью 
быстродействующих систем управления с частотными датчиками 

является соиэкеримость . частоты датчиков с собственными 

частотами систем. При построении таких ~истек возникае! 

ряд трудносте·.й, с вязаиных с воспроиз·ведевиек сигналов, 

nропорциональннх первой и более высоким nроизводным о~ вход-

вого сигнаJIЗ.. 

Приuем, что сигнал с частотного датчика f(t)измеия­
етсв по зако-ну: 

/ft) = · !о+ l #--.Q t 
где Q - частота модуляции .. 
1~ и 'ft. - соответс!l:~венно амплитуда и глубина модуляции. 

Существуют различные методы преобразования частот­

ного сигнала и nос1~роения устройств, обесnечивающих nолу­

чение корректирующих воздействий, nроnорционалъных откло­

нению частоты от её заданного значения, интегралу от 

отклонения, первой~ второй и т.д. nроизводным от отклоне­

ния. 

Эти .методы в с~илъной мере зависят от выбранного спо­

соба измерения частотного сигнала. Среди известных cnoco-
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6ов измерено .. час~отвоrо cи.rнaJia мопо . выдеuтъ 2 освов­
нне . rруппы, ввужри которых uoryт 6ытъ разJIИчвые uодифи­

каЦIQI. 

_ I. Непрерьmвые. (аваnоrо:вые) с.посо6ы измер~_виа, при ко­

жорых . измеревие . часжоты производится вепосредствевВНII де­

тектировав8J8~ . частотноrо сиrваха • 
. 2. Двекретине · (цифровые) способы, при которых изме­

рение чаотожы производится ипи: 

а) путем подс:sета чи~ mшуJIЪсов измеряемой час~о­

тs .. за . опредеt:lеВИЫй -ивтервu времени S • Назовем 
~тот способ иитеграJIЪнык 

иJIИ: 6} путеu подоче~а чисха импульсов зтаJiонвой частоты 
за· период •з~меряемой частоты 7i = f;t) . При этоu осу­

.ществхается измереии~ периода входной частоты. 

Cиc!ellbl, построеВ!IЬiе в соответствии с последним мето­

дами испоnзу.юж цифр1овую технику и при этоu uozeт 6ытъ обес­

печена . выеокав стат'ИЧеСКВJI т.очвость. Рассмотрим возмож­

ность подучена& корректирующих воздействий в соответствии 

с указ~~- с~оооба~ измерения час~оты. 

НепрерЫЕвый ме.тод прео6разовавия частотного cиrвaJia • 
. Среди существующих схем измерения часжотвого сигвала 

при сравнительно небольшой ГJiубине модуuци2 ( ~ ~ ~ :( ) 
большое .распространение подучили схемы с частотными деuоду­

.пяторап. В этих ·сх:емах. частота преобразуе•ся в аналоговую 

веХичину ~ ток ИJIИ напряжение. Как известно, схема частот­

ного демодухатора содержит (рис.Iа) 2 резонансных контура 
Ф, и Ф 2 , настроенных на граничные частоты заданного диап~­

зона частот, .. выпрямитель со сглаживающим филь.тром СФ и вы­

ходной усилитель постоянного тока У с коэффициенток усиле­

ния к. 

Настраиваются демодуляторы таким образом, что выходной 

сагнаn демодухвтора пропорционалев отклонению частоты 

от её заданного значения /s (примем, что~ =/о ) . 
Точность такой схеuы при тщательной настройки моzет 

достигать 0,5 - I%. · 
Схема с часто.тным демодулятором обJiадает инерцион­

ностью и эта иверциовность определяется в основном посто­

янной времени элементов сглаживающего фильтра Т с Ф 
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В таблице .. I во втором стоnбце nриве.цев.ы _ частотные ха­
рактеристики различ!IЬIХ корректирующих устройств, . . исnоп.­
эующих частотный демодулятор. В этих . устройств•.цля полу­

чения cиrнaJia произ:водноА аа выходе частоt.ноrо .це.модуnяtора 

вКJIЮчают дифференцирующий элеuе.ат ~ . coc'!OИIIUII из цепочки . . 
R,. с.,=Т, • . усиnтеn . с козqфвциеВ'!ОII К,( т,; =К, т, ..... .)". 

Соо!ветствеиво для noJiyчeниs спва.иа _·_в'fорой проиэ~о.цной 

последовательно включают .2 таквх . эжемев~а (рис.Iб). Преоб~ 

разование- часто'!ы с _ по•ощью частотвоrо .цеuодужвtора практи­

чески ве можеt быть испохъsоваво в сксtемах, в .ко~орых час­

тота /ttJ соизuерика с часто~ой . мо.цуnвцаИ . J2 . из~за звачИ­
те.пьша фазовых поrреоостеl, вllЭвавиых фuь'!~JЮЩD эnе­
uеитом. 

Например • . если мы. за~.цимся у.сжовием, Ч'!О ва выходе · 

nреобразователя. ампхиту.ца ~охебаввя частоты ·Ift) не .цоваиа 
1. 2rf. 

превышать I% (2-f т;• =IOO ) _, а сооцое.иие ..2 • .. рав-ао O,OI, 
то фазовая поrрешвость (a~tl SlTc-_ ) · будм ~ВЫЕ!Ь 4~. _ 
Задаваясь величивоll фазовой norpeпoC'fи в 10° (..QТс-- ~0,11 ) 
nощчим, чwro . соотношение. 2~1·/..Q ~5~9 . . _ _ .. _ .. _ 
. Исследоваиив покаЗап С 2] ~ : Ч'!О nри соизкер&оС'fи. 
частот / ... я. и небоnвой rliJбaвы модуDЦП _ fЖ<О,.I:цеJiесо­
образно исnоJIЪзова~~ъ умвоцтеJIИ . частот . с коз_ффициевtом . 

уuиожавив к> 1ОО(рис •. Iб) .. В. этом cJqЧae . перциоuостъ 

фиnтров может быт:ь укевьшева в К - раз. Есп ~~~~-- то .. 
постояиной времени crnaU138J)Щero .. фиJIЪ'!ра 110аио .. превебречъ 
и динамические свойства преобразо:ватеп - прапичесu . опре­

делюотсв запаздьrванием, ввосИIIЬПI . у.мвоа~еnем, . p&JSВШI f. 
СоотЕетствеино частотвые характерис'!ИХ. корректкрую.-х . 

устройств, использующих частотвнй упопте.пъ,прое.це&~в 
третьем стоnбце та1~.11Ице I • . 
. . . .Такой преобразо:ватеnь прахтичесп может рабо!'атъ .. :в .. 
диапазоне частот о< j!- <О, 2. , при э'!oll ero фазо:ваа по-. . 
грешиость не . превы,си'! 5° - 6° . (например, при /о = ·sa rц, 
.Jl~Wtn < ( 5 ~ц ) •· - . - . . . - .. .. 
2Т 

Построение коррект.ирующих устР,ойст:в, oпpe~eJUII)вua 

первую и вторую производвые, а таuе: .:ивтеr~JI от о'!uоне­

вия,связано с общеизвестными трудноствми, . свойст:веНВЫIIИ 

аналоговым способам преобразовавия. ТочноС'fь авалоrовых 

интеграторов не пре:вышает 0,5 - I%, та же точаост~ 
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свойственна аналого:вым усилителям •. 
Практически при использовании усилителей и дифферен­

цирующих цепочек можно :в ограниченном диапазоне . частот . 
подучить сигналы, пропорциональные первой и :второй произ~ 

:водным •... МаксимальНЪiе значения постоянНЬIХ дифференцировании 
определяются допу~тимыми фазовыми искажениями и максималь­

ным JОэффициентом усилении Кt,который можно получить при 

(Q Т, )mкс - <. ~ 2 ИJIИ (QTfl ),..,0кс -~. t?/ 2.К, • . ПриК,)20 ~'*С(..~ 
Таким , образом, можно утверждать, что непрерывный. 

(аналоrо:вый) способ nреобразо:вании может быть использован 

При . соизмеримости частот 1 . . и .Q . только .при применении 
умножителя частот с - коэффициентом .. умножения .N ~ too 

Статическая. точность .. рассматри:ваеiiЬIХ корректирующих 
устройств может быть доведена до 0~5 - I%. 

Величина ze фа.з.о:вой поrреmности, :вызванная соизмери­

мостью частот определяется :величиной ~ • Корректирую­
щие . устройства, обеспечивающие .получение сигна~ов пропор­

ционаЗIЬаых . первой и второй производных, имеют дополнитель­

ные фазовые погрешности, свойственные аналоговым методом 

дифференцирования. 

Интегральный метод преобраэования частотного 

сигнала. 

Высокую точно.сть и. помехоустойчивость nри иэкерении 

частоты можно ПОЛJЧИТЬ nри счете имnульсов. частоты за оnре­

деленный интервал времени В . в дискретные моменты :времени 
nT • Соответствующее выражение при таком методе измерения 

имеет вид 

Корректирующее устройство., реализующее заданный алrо­

ритм , содержит счетчик импульсов Сч , логический элементп1 
и генератор имnульсов _ ГИ (рис.2а). Генератор импульсов 

обесnечивает nодачу в моменты времени nT на логический 

элемент наnряжения в течение интервала а , nри котором 
а счетчик nоступают имnульсы часто'IЫ /ft ). 
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Частотвые характеристики различных корректирующих 

устройств при ~акок методе измерении nриведены в табли~ 

це 2 во втором столбце. 
Мы видим, что всем системам с интегральным методом 

nреобразовавии частотного сигнала свойственны значитель­

ные фазовые поrрешно1::ти, вызванные временем измерения е. 

Кроме тоr.о, устройстиа~ обеспечивающие получение сигнала 

откхQненин частоты от её заданного значенин,и устройств~ 

вычисляющие nроизводные,имеют фазовые nогреmности, опре­

деляемьtе к:ванто:вание1111 по :времени. Т [ 3 J · 
Имеет также место зависимости амnлитуд выходных сиг­

налов отдельных корректирующих устройств от величины т. 

Из-за значительных фазовых nоrреmностей интегральный ме­

тод nреобраэо:вания можно рекомендовать, когда частоты 

1 и Q не . соиз:мер.иw .. 
Действительно, д.ля ИОJIГ~евия высокой точности измерения 

обычно принимают: .t ·IJ:;;,. 1000 -1 ~Т<::~ 1 и Т= В 

При этих условиях . соотношения :между /д и Q до.DНЬI 
удовлетворить_ условию ~ ~ ltJOOo .Q. _ 

.При небольшой глубине модуляции ( f;- z~" ) для 
сокращения времени е целесообразно исnолъзоважь. у:мно­

zители частот - УЧ (рис.2а). В этом случае (как видно из 

таблицы 2 третий сто1лбец) можно сократить время измерения 
.1 • ~ 

в N раз, nрактически доводя вреия измерения до В ~ ---"7 

гдеJ ~ - nогрешность измерения частоты. 

В nропорциональ.ных устройствах также можно уменьшить 

время цикла Т,доводя его до величины Э'. Однако в систе­
мах с корректирующими устройствами, обесnечивающими полу­

чение сигналов, nропорциональных производнвм нельзя произ­

вольно менять :время т. Отличительной особенностью таких 

устройств является необходимость выбора временного.ин~ер­

:вала Т :в зависимости от возtlоыного диаnазона изменевив 

частоты кодуляции~ • Проведсивый анализ nозволил полу­
чить конкретные соотношения между амплитудой входного 

сигнала ll" =- f,. В , амплитудной и фазовой nогреmностью 
:выходного сигнала и величиной ~ Т. 
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На рио.3 в·хогарифкичеокоа мао~абе .предотавле~ ооот­

ве~о~вующие зависимости. Сnпошиыми линиями показаиы зависи­

мости велич•нн ~ Т от амплитуды дп . на входе корректи­

рующего .. звена, воспроизводящего оиrвал, пропорционаnвнй 
· I-ol производной, при котором 8МПJ1ИТуда на выходе этого 
звена равна, .д1, ~20 J д,, =50 и. ду, =100 ьантам. 

Пувхтириыми хинияки соответственно изображены зависимости 

_ ..Q Т. от flп при тех же значениях амnлитуд на выходе ко.р­
ректирующего звена, воопроизв.одящего сигнал 2-ой производ­

нойl ll1a -20, . д, 2 =50, д, 2 .= 10о) .· 
. Из раосмо~ренив рис.3 и данных таблицы 2 видно, что 

квантоваli~~-~·,_nо уровню, свойственвое всем цифровым системам, 
ограничивает .. чаототвнй диаnазон Я. Т . снизу, а доn~·оти­

ма• фазовая .погрешвоо~ь, выз.ванваи квантованием по време­

ии., . дхв.~даввоrо . к:орректирующеrо звена ограничивает этот 

диапазон _ с.верху •. Кроме того,. чем выше порядок корректиру­

ю•его воздейс!Виа~ тем уае диапазон частот и выше. требоаа~ . 

нии к тоgвоств измерения и .точности настройки параметра т. 

Например, при измерении откионенив о точностью 

o~I% . . . fA8' = .. !ОСЮ квантам, перваЯ производпая . может быть 
о8редехева. с · точностью 5% ( д9, =20 квантам) при фазо~ 
вой погреwвооти II0 ( ~т .i. ~ 2. ) :в диапазоне а (.QТj(41t<.2T~, 
а вторая nроизводпав с . точноотью 5% . при фазовой ошибки в 

I8~ (.QT ==42) может быть получена только при !,. ·&' >toooo 
в диапазоне .. .а(.QТ)2 .. (0,1Ч~Sl.T<0,2 ) • . 

. таким образом, можно .. утверждать, что при цифровом 
методе измерении точность nолучения производной первого 

порядка оrраниче11~, а получение производвых вые оких поряд­

ков (выше - второrе>) nрактически невозuожна. 

. . . .Однако оледуЕ~т отметить, что получение корректирующих 
воздейотвий .пропорционал:ьныr отклонению яастоты от её задан­

аого э.начения и 11нтеrралу от отклонения не . встречает 

затруднений. ИНтt~rраJIЬный ци!!>ровой метод nрИ вычислении 
этих воздействий может обеспечить очень большую точность. 
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Иреобразование частотвоrо .. сиrваnа при 
измерении его периода . · 

При запоJIВеИП периода. IIЗМерЯIПIОЙ. JICa!O'fbl З!аJIОВИОЙ 

частотаИ /э можно такке попучить внеокую точв~тъ измере­
ния. Струитурвав схема такоrо . устройсжва. представлена на 

рис.26. Устройс-rво со.дерuт счеttчии . И10J1JIЪсов .СЧ1 и nоrи­
ческий. зnекевт .лэ,и . r.е~ера~ор - ~!аnаввой частотаги. 
Сх~ма управnевиа хоrическим эiекеитом .. обеспечивает. подачу 

на счетчик ._икпуnсов часttотн . / 3 . .. в течепа ивтерваnа 
-тt = lr~) • В резуnтате·. в ·счеttчике оказывается записано 
число - N'к =.[f.3-Т t }.~ · . 

.. Частотные· .. хв.рактерис.тиD .отдеш.внх. коррепврJI)щп . 
устройсТ» при таком кето.де вамеревив .приведевв в !абnице .3. 

liевые · ст.охбцы таб'DЦЫ .отвосв!'Св . . к .сЖJЧаю, .коrда .. вэме-
. рвется . пос.nедоватеnв:о кахдый .пер•од и разиости внчисu­

ются между соседнии перио~ (отuовеп.еа.-~i.J'-~7;.,]" 

В пра:внх стохбцах .жабпцы . процены .давине .дu. 

устройств, работающих дискретно с постоаввнм времввек 

ЦUJia т. 

СJiедует отметип., .. что свете&, осво:ваJIВЫе. ва. -~•ере­

вии периода, . явшштсst .. веJIJIИеЬып.. ПозтОQ при:ведевиые 

данвые практически справедЗПIВЫ при вебоn•ой .. rnyCSивe . ко­
дуJiицик (l>fo .t... о, 1 ) ИJIJI при обеспечеип JUШеаризацu ... 

Мы ВИДJОI, ЧТО llteTOД ИЗКереПВ .ПОСJ18ДО:В8!еJIЬНО It&QO­

ГO периода явnяетсв иаибо.:аее бысttродейсж:вуюЩJОI . и . моzет быт:ь 

успешно исnоn:ьзо:ван дnи повучевия. сиrваха отКJiоневии. 

Однако практически . ех•о веnэи прикевиn при uчисJiевп 

производвЫL Точносtt11 опредеnевив произ:водвых.. .очев:ь IIЗJ[8., 

так кait мала сака разница. мe.z.u соседнИIDI периодаu часто­

ты, а амплитуды nри провзводных соот:ветствевво проnорЦ.о-
наJI:ьны~. . . · . · 

Например, если измерение производитез .с точвост:ью 

O,I%, что соответствует~ . =!000, а входвой - сиrва~ име­
ет глубину мо,цуnяции -~~~ и .f:~l!,. 1 (например /о=-5~, 
t :а S ", ч * = q 5 rч ) , ТО аiШJIИТуда .OTКJI0В81fllil_ д.п . 
соответствует IOO квантам, а амПJIИтуда . первой производ­

вой не будет превосходит:ь одного квавта(д,,~дп.lJ;- =I· квант}1 
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т. е. в mакой систем~е даже невозможно гарантировать точ­

ность оnределения знака nроиз:водной. 

Вычисление nроизводных целесообразно nроизводить 

nри вв~дении дискретности по времени. В этом случае время 

цикла Т необходимо выбирать в соответствии с частотным _ 
диаnазоном . входного сигнала согласно графккам, nриведеи­

ным на рис.3. 

Практически при измерении nериода при соответствую­

щем :выборе :величины .. Т, возможно .поqтроение цифровых кор­

ректирующих . устройств, вычисляющих первую nроиэводнр. В 

этом случае, так же как и nри . интегральном u:етоде,частат­

ный диапазон входного сигнала, nри котором может быть обеn­

печена заданная точность nолучения nроизвtной,ограничен 

снизу квантованием по уровню (величиной ) и сверху 
;;> 

фазовой ·ошибкой,. вызванной квантованием по времени. 

Линеаризация nри построении таких корректирующих 

устройств не обязательна, так как точность . получения сигва­

ЛО», пропорциональна производвыи не велика. 

Следует отметить, что отсутствие линеаризации в систе­

мах с интегральным .. воздействием может привести к статичес­
кой ошибки, если иэмерение Tt производится в дискрет­
ные моменты .времени n Т , а не каждый период частоты /(t). 
При измер~нии nоследовательно каждого периода интегральное 

корректирующее устройство мо•ет рассматриваться как непре_­

рывный интегратор, уравнение которого может быть записано 

в виде: 

у= /rfrtJ- fз]dt 
Соответственно . структурная схема такого устройства 

nриведена ра рис. 2:в. Она состоит из счетчика Сч, логичес­

кого элемента ЛЭ . - (элемэнта нес9Бnадения) и задающего ге­

нератора ГЗ, обесnечивающего сигнал, nропорциональный за­

данному значению частоты {3 . 

Таким образом , на основании nроведеиного анали за 

можно сформулировать следующие рекомендации no :выбору ме­
тода построения устрюйств, обеспечивающих получение различ­

ных корректи .. ующих: :воздейст:вий в системах nри частотном 
входном сигнале . 
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I • . Для получении сигнала . отклоневии час~оты - от её за­

данного значения можно воспользоваться всеми рассuотрев­

н.ьши методаыи. 

I. Непрерывшiй метод, основанный . ва . приuевении 

умножителя частот и частотного демодулятора, nозволяет 

обесnечить статичесitую точность определения частоты в 0,5-
- 1~.1 , при фазовой погрешности в. I0-!2° в диапазоне частот 
o<.-f<.o,f nри глубине .модуляЦии о/{о L:..O,f. . 

2. Высокую статическую точность ( t! <.о, oo-r ) можно 
nолучить как nри инт~гральном методе измерения .. частоты, 

1 
так и nри измерении периода~-= 11D • Второй способ ивляет-
ся белее быстродейс'твующиu. EcJI.И осуществJIВть измерение 

последовательно каждого перио~а, то практически его можно 

исnользовать в диапазоне о<. f. <.О, _1 . при отиоситеJIЬио . 

большой веУ..ичине модуляции. Однако для ПОJIУЧенив высокой 

статической точности необходимо предусмотреть соответствую­

щую линеаризацию • 
. 3. ИнтеrраJIЬ.ный метод может быть .применев при соизме­

римости частот t'rf)u ~ только при применении частотных· 
умножите;tей с коэффициентом Al>l~и небольшой. глубине моду­

ляц;4и ( 1')1: L.. ~ 1) • Практически час тотw диапазон лежит 
:в nределах о <. -i- <. о, 1 N' 9 . . · 

П. Для получения сигнала, пропорциональвоrо .первой 

nроизводной nри соRiзмеримости частот /ft) ~ ..Q . целесообраз­
но исnользовать .кшс неnреры:виые дифференциаторы в сочетании 

с у~ножителеы частоты и частотным демодулятором~ . так. и 

быстродействующие цифровые дискретные дифференциаторы. Оба 

эти метода nримерно равноценны . с точки зрения статической 

точности и динамической ошибки. 

I. При аналоrов~:>м ыетоде дифференцирования. и при исполь­

зовании умножителя частоты с демодулятором диаnазон часто­

ты Т, Q ограничен величинами о ~QТ, <. ~ -t или 04 fo ~0,1 . . 
Статическая точность такого дифференциатора nорядка I -2 %. 
Динамическая nогрешностъ на превышает 18°. 

2. Быстродействующий цифровой дrsфференщiатор целес.о­

образно строить nри о L:..1:-<-o, .f как устройство, вычисляющее 
разность между д:вумя nериодами . частоты frt )

1 
изuеренRЫыи 

:в моменты :вреыени n Т . Необходимо nредусмотреть настрой­
ку времени цикла Т в зависимое~ .от диапазона иэмеgения 
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Цифровой дифференциатор моает работатъ .в диапазоне: 

0,()2 <.Q т<. .~ 2. , где ниаияя граница . опреде.пиетсв uантованв­

ем по уро:вию, а верхняя граница допустикой фазо:вой погре•­

ностъю • 
. ш. . Получение с:иr.на.па,. пропорциова.пъвоrо :второй произ­

:водной, связано с 6oJIЪmuи трудвостmut . при .испоnзоваиии 

как цифровых, так fl[ аналоговых методов. ТочиостЪ обеспече­

нюr такого . сиrнала не высока. Фазовые .. поrрешвости значите.пъ­
ны. :Выбор того . ИJIВ другого метода заJисит от устройст:в, .. 
используемых при вычислении отклонения и первой производ-

ной. . -
. Вне эависимос'fи от . соизмеримости частот ./f t) и .2 

построения цифровых корректирующих устройс!», обеспечиваю­

щих вычисление промtзводных вы11е второй, .ве имеет . CIIЬicna. 

IY •.. Для поnучения сигвала nропорциова.пъноrо ивтеrра­
лу . от. ошибки целесоюбразно- прикенятъ цифровой ивтеrрlJIЪВЬiй 

метод . измеревия частоты. При этом .обеспечивается выеокав 

точностъ измерения. и. реrупиро:вавия при использовании как 

непрерывного, так и дискретного ивтеrратора(ЧJ. 

I. Цифровой .непрерывный интегратор поз:воляет рабо­

тать в диапазонах ч:а~тот о<~ z.. а 2 практичесu при 
t;~o ~Q5. . . . 

о 2. Цифровой дискретный и~теrратор в диапазоне о~ ~<.fll 
nри В< т 

Интегральный метод моано такае рекомеидо:вать для . по­

строения рассмотренных корректиррющих устройств в случае 

если частоты /( f.) и Q не.;соизмериiiЬI. 1 
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OPTIMUM CALIBRATION OF INERTIAL 
COMPONENTS 
George T. Schmidt 

Instrumentation Laboratory, Massachusetts Institute 

of Technolo.gy, Cambridge, Mass. 

Introduction 

Two recent developments are leading to changes in the way inertial in­

struments are calibrated in component, system, and vehicle level tests. 

One of these developments is the new statistical filtering, prediction .. and 

smoothing techniques which provide the theory to account for all. random 

noises, measurement errors, and disturbances affecting the component un­

der test and its environment. The other complementary development is the 

availability of more powerful computers, b·oth the large digital machine 

and the vehicle on-board computer, which pr-ovide the computational capa­

bility to take advantage of modern time-variable filter theory. There are, 

however, several practical prob~ems encountered when one attempts to 

implement these techniques. A major one is in obtaining an adequate statis­

tical model of the ·physical systems involved in the calibration process. 

Another problem is the immense amount of computation required. These 

two problems are interrelated in that the more accurately the system is 

statistically modeled, the more difficult the computational problem becomes. 

The plan for this paper is to first show the form of any calibration sys­

tem that uses statistical filtering together with the basic filter equations. 

Two applications with solutions will then be presented. The first is the use 

of a large digital computer to process gyro test t able data and provide 

knowledge of gyro drift together with generating a model of gyro behavior. 

The filter is formulated and actual gyro test data is processed; the results 

are compared with a conventional Fourier series data reduction. This 

problem poses very little computational difficulty because of the availabil­

ity .of a large digital computer. 

The second application is to the alignment and calibration of an inertial 

platform in a launch vehicle that is subjected to wind induced sway while on 

the launch pad. This application requires an engineering solution to the 

real time computation problem with a limited on-board computer. We also 

impose the requirement that the calibration procedure be independent of 

any external references. Only the outputs .of the components on the platform 

are to be used for calibration. The problem solution is discussed in detail 

and is, in fact, the method used in the Apollo Guidance Navigation and 

Control System. 



Form of a Calibration System Using Statistical Filtering 

The basic configutration of an inertial component calibration system 

is shown in functional form in Fig. 1. The question is, ''What should the 

computer program be that converts the measurements to the desired out­

puts?" In other words, given a set of noisy physical measurements and 

some knowledge of the statistical characteristics of the components in­

volyed (e. g. , accelerometers on a gyro-stabilized platform), find the best 

estimate of the desire·d output quantities. 

The maximum ainount of information provided by the measurements 

in a system with unpr1edictable errors is the probability density function 

p(!_). The vector!. represents the state of the e1,1tire ·system involved in­

cluding the sensors, the vehicle(or mounting for the sensors), and the en­

vironment. With the knowledge of all past measurements and the a priori 

assumptions of the statistical charaCteristics of the entire system, the 

most that can be known about the state of a system is the probability that 

it is in each incremental volume o! possible states. In most cases the en­

tire ·probability density function, is not qesired. What is usually wanted is 

a set of values that is, in some respect, the ''best" estimate of the state of 

the system. This estimate is symboli:zed by ~. and it is usually chosen so 

as to minimize the average of some function of the error in the estimate 

e = x - x. The most obvious estimate and one that minimizes the mean-- - -
squared error is the expected or mea.li value which is given by 

(1) 

where P<!.IIE1, ••• , ZEn) is the probability density function conditioned by 

all past measurements. 

The solution of Eq. (1) would require the computation of the entire 

probability density function of all the s ate variables as a function of time. 

The computation would include the changes in the· density function due to 

the dynamics of the system and the changes due to the information gained 

by new measurements. The techniques for accomplishing this computation 

are not, to the author 1s knowledge, well developed and, furthermore, 

would b~ impractical for any computer in the foreseeable future. However, 

if we can assume that the errors in the estimate can be represented by a 

linear system excited by uncorrelated noise, then the whole process re­

presented by Eq. (1) ean be stated concisely by equations developed by 

Kalman. 1• 2 
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Mathematical Development 

It is assumed that the state of the entire system. including sensors, 

mounting. and environment. can be described by differential equations of 

the form 

l£(t) = i [ ~(t). £(t). Q(t), t] (2) 

where.£ are known control inputs and~ are white noises. For the assump­

tions to be made here. it can be shown that the control does not affect the 

form of the optimum filter. 3 • 4 Thus the control variables c will not be 

shown explicitly in the following discussion. It is assumed that measure­

ments are made at dis 'crete times according to the relation 

(3) 

where ~(tm) are errors in the measurements that are .uncorrelated be-

ween measurements. (Time correlated errors in the measurements would 

have to be included in the state vector .!· ) Assuming that the optimal esti­

mates are close enoug:h to the true values so that higher order terms may 

be neglected. the optimum measurement process is given by Kalman 1 s 

optimum linear filter. The derivations of these equations are given in 

Refs. 1. 2 and 4. The basic equations are 

~=!'+E'HT(HE 1 HT +U)-
1 (~-~<!:t)~ at 

E = E 1 - E 'HT (H E 1 HT + U) -l HE 1 J a 
measurement 

time 

between 
measurements 

where the prime indicates conditions that exist just before the measure­

ment. The covariance matrix of errors E is defined by 

(4) 
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where 11< > 11 represents the expec1.ed or mean value, and 

F = af(~, t) 
ax 

H = a!!, (x, t) 
a~ 

T 
U= a!!, R ab 

au au 

T 
N = a! Q ~. 

an an 

The matrices R and Q are defined by 

<~ (t) ~ ( ~) T > = R 6 (t- 'T) 

<n (t) n ('T)T > = Q 6 (t -'T). 

The optimum filter for a linearized system in. which the higher order 

terms can be neglected i.s shown in diagram form in Fig. 2. 

Gyro ·unit Testing Using Statistical Filtering 

Test Configuration 

The test we will consider is the sn calle...l 11IA vertical 11 test in which 

the gyro with its input axis vertical is mounted on a rotary table. The gyro 

output axis is we.st and the spin reference axis south. The gyro output sig­

nal is used to drive the rotary table by means of amplifiers and motors. 

The table rotates about the vertical according to the differential equation: 

da/ dt = d + Wh b cos(a) + Wh c sin(a) + Wv . (5) 

where: a = table angle measured clockwise from west, d = gyro drift, Wv= 

vertical component of earth rate, Wh = horizontal component of earth rate, 

b = misalignment about the output axis, c = misalignment about the spin 

axis, and the signs of b and c are by the user's convention. Other types of 

servo tests are possible and are discussed in Ref. 7. 

In a conventional servo table test, the time it takes for the table to 

move each one degree increment is recorded for two revolutions of the 

table; this requires about 72 hours of testing. The usual data red1,1ction 

technique is to fit a Fourier series to the data and identify the const ant in 

the series as the gyro drift and the coefficients of the cosine and sine 

terms as the misalignment angles. Typically the autocorrelation function 

is also calculated for the data and one attempts to find an autocorrelation 

function for some process that fits the data; eg., a ramp or perhaps a 
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random walk. The curve fits are usually done by a least squares method. 

The p· ~po"Se here is to give an alternate approach using recursive statis­

tical filtering, compare the results from both methods and the advantages 

in each, and suggest some areas for further research. A functional view 

of the optimal calibration system is shown in Fig. 3. 

The Filter 

The time it takes the table to go each one degree is recorded on tape . 

The tape is fed into a digital computer which has programmed into it the 

following filter. 

Between each mea1surement the state vector is integrated according to: 

a 

r~ 
1 Wh cos (a) Wh sin(a) 0 a ·:1 dg d d 0 0 0 0 d 

dt = dt b 0 0 0 0 b + 0 (6) 

c l~ 
0 0 0 0 c 0 

e 0 0 0 0 e 0 

where e has been introduced ·to account for any bias in the measurement 

of table angle. The initial condition for the state vector integration is the 

estimated value after the last measurement incorporation. 

The extrapolation of the covariance matrix between measurements is 

a bit harder to derive. Linearizing the differential equation for a we have: 

~ A 1\ " A A 1'\ A A 1\ s;A 
oa = c5d + Wh cos(a)ob + Wh sin(a)oc- Wh b sin( )0 a+ Wh c cos(a)va ( 7) 

The m e asurements of table angle - denoted by m - are assumed to be 

highly accurate; typically ,· they are true t within a few arc-seconds. Since 

the misalignment angle~s are sm all, one may neglect the last two terms in 

Eq. (7) and the F matrix in the covariance matrix extrapolation 

(8) 

-l s given by t m atrix in Eq. 16). Th initial condition for the covar iance 

m atri is he Vc - c after t l as m e@ure>ment incorpor ation. Equations 

S) and (8) are int gra?ed on the digit al computer until the time f t! next 

measurement (m). At that time the equations ar updated accOJ. ding to 
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k = E'h ( h T E'h + ra) - 1 

~ = x': k (m --h T ~~> 
~ = ~ I : ~ .h.T) ~' -

where: ra is the variance of the measurement noise and~ T = (1, 0, 0, 0, 1 ). 

The integration proce1ss (Eqs. 6 and 8) is then reinitiated. 

Test Results 

An "IA vertical" test was run on a gas-bearing gyro and the· data re- . 

corded as described. .A digital computer was programmed to filter the 

information. One full revolution of data in one-degree increments was 

processed. The initial condition fo.r the state vector was zero and ·all ini­

tial cross-correlation terms were set zero. The initial diagonal of the eo­

variance matrix was: 9 x 10-8 rad2, 100 meru2, 9 x 10-8 rad2, 1 x 10-6 

rad2, and 1 x 10-1-0 rad2• (A meru is approximately 0. 015 degrees/hour.) 

The rms measuremen1t noise was assumed to 1 x 10- 5 rad. 

The results of this test are plotted in Figures 4, 5 and 6. In Fig. 4 we 

notice, first, that the estimated drift is in two samples very close to its 

steady state value of 12.158 meru. The estimated rms error ~ is 

also plotted. In two samples it is down from its initial value of 1 0 meru to 

0. 06 meru; in 360 samples it is down to 0. 003 meru. 

In Fig. 5 the b es1timate is plotted together with its estimated rms un­

certainty. Apparently it takes about half a revolution before we have enough 

data to filter this quantity. The final JE; is 0. 001 mrad as opposed to 

its initial value of 0. 3 mrad. Similar comments hold for Fig. 6. The final 

value of ~ is 0. 0007 mrad as opposed to its initial value of 1 mrad. 

The final angle estimates in each case are 0. 489 and 0. 743 mrad, respec­

t ively. Finally, the estimate of e showed an insignificant amount of bias. 

Comparison with Conv·entional Method 

The same data presented in the example was · fitted with a Fourier 

s eries. The drift and misalignment angles (12. 17 meru, 0. 544 mrad, 

0. 711 mrad) compared almost perfectly with those as determined by the 

filter (12. 158 meru, 0 .. 489 mrad, 0. 743 mrad). One might ask the question, 

' ~hy bother with this sophisticated method if a Fourier series works?" 

One possible advantage is that the data can be processed as it is re­

ceived. One might imagine a number of test tables tied into a central corn­

puter which would calibrate a whole number of gyros at once and provide 
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a best esti..IDate of each gyro's current behavior. Another advantage is 

that the filler generates an rms uncertainty estimate in the estimated 

variables. If one has cc>nfidence in the statistics tha · must be assumed 

a priori~ then in an ~~mble sense~ we can tell how good our test is. 

Furthermore, another advantage is in the ease with which additional state 

variables can be included in this formulation. We might like t o try to add 

in a model for drift other than a bias; perhaps a ramp. an exponentially 

corre ated process, or a random-walk. These models are easily added 

to the filter. 

One possible disadv tage may be found if we test a gyro that has s 'ud­

den jumps to different :steady-state levels. In all likelihood, the filter will 

pr bably take a long tirne to· catch up to the actual gyro or it may never 

get there. This is the usual argument for a Fourier s eries xpansion of 

any discontinuous function • . In any case, the pilrpose here is to show the 

form of the system that could be used to reduce gyro test table data~ no 

that any great improvement is guaranteed. What is needed is more re­

search into this type of ormulati?n· 

Meth4Dds for educing Computation 

. . 
Throughout the previous example it has been tacitly assumed that a 

large digit al computer is_ ayailable to do the computation. For this simple 

example five state variables were required. Since the number of state var­

iables rapidly increases with the complexity of the problem, engineering 

solutions will usually be required particularly if the digital computer has a 

limited capability. This is the case in an on-board vehicle computer. Gen­

e r ally there are two possible w ys to reduce the computational burden. 

The first method i:s to partition the to al filter into smaller and simpler 

filters by neglecting the cross-correlations between dynam~cally unr lated 

variables. One m igh also ne glect to implement minor gains for particular 

state variables; i.e., each state variable is updated by all measurements 

even if the particular .neasuremen· has an insignificant effect on that par ­

ticular state variable . 

The second method of simplifying the optimum filter is through . the use 

of precomputed gains. If the system is linear. the gains at each measure­

ment are only functions of time and the a priori assumptions of the statis­

t ics of the noises and the initial state. By specifying the measurement 

schedule or rate. the gains may be precomputed and stored in the vehicle's 

computer. For a small number of measurements this is a practical solu-
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tion to the problem of implementing an optimum filter. For a large num­

ber of measurement!!~ the precomputed gains are usually smoothly vary.:. 

ing with respect to time and may be approximated by suitable functions 

that give an almost identical fllter r esponse as the true gains. The 

weighting function box in Fig. 2 now contains simple functions of time. 

'these s impl ification techniques wlll be applied to the pre-launch cal­

ibration and aligmnet'lt of an inertial platform in ~--spacecraft on top of a 

QiDg 1aJmch vehicle and they are, in fact, the techniques used in the 

Apollo~ Nav]igation and Control System. Practical hardware and 

software problems t.bat were imrolved will also be discussed in detail. 

Pre-Launch C al.ibration and Alignment 

The inertial system to be calibrated and aligned includes eyr_oscopes 

aDd a.eeel~rometers. The known gravity acceleration is used to calibrate 

the aceelerometers; ·the known vector rotation of gravity (earth rate) is 

used to calibrate the gyros. The exact quantities to be measured will not 

be eODBidered at this point in developing· the general optimum method of 

plal::form alipment to a local vertical coordinate system and measurement 

of tbe soatti aDd vertical gyro drifts. In this procedure, the platform is 

apJK• imateJ.y allped to the local vertical coordinates, then it goes iner-

Tbe two horizontal accelerometer outputs (south and east ) are used 

by tbe optimum fllte1• to generate estimates of the relevant quantities by 

compariDg the mea&\l.rement of the rotation of the gravity vector with the 

k:Doml rotatioD rate. 

The vertical gyro drift is the most difficult quantity to measure since 

it caUses oaly a third-order effect on the measured acceleration. Gyro 

failarea can be closely associated with changes in drift due to acceleration 

of Fuity aloa& the itaput axis so the pre-launch calibration of a gyro in a 

vertical poaitioa is hi.lbly desirable. 

SiDe the estimates of the alignment and drift variables will depend on 

the measurement by the acceleromete r s of the rotation of the gravity vec­

tor in the inertial coordinates instrumented by the gyros, the major dis­

turbaliCea are the accelerometer quantization and the wind- induced sway of 

the lalmcll ""eb.icl e . The m odel of the system for the optimum filter must 

include variables due to this sway. The complete fllter must be simulate~ 

a digital computer;: it will be linear, so that by specifying the measure ­

meat seheaala the optimum gains may be precomputed. The gains will be 

apprcu.imated by fun 1~iona that will be stored in the fiigbt computer . The 
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method for using this si.Inplified filter in other platform positiooa. an 

illustration of a system test program.. and practical hardware problems 

will be presented. 

Models 

The launch vehicle bending dynamics in the north ~ south aDd east­

west directio~ are appr-oximated by identical second-o~r systems. The 

wind causing the vehicle sway is ass~ed to be ex:ponentially correlated 

with a correlation time ot 1 /'A sec. The correlation function of the wbite 

noise required to produc:e a mean-squared v:alue of missile sway can be 6 . 
found to be : 

< p2>4'A!;,c} (,.,2 + 2'A{.w. + ).2) 
.. -rrw = <n(t)n(T)>= n n . n 

'A +2{.wn 

where < p 2 
> is the expected mean-squared missile sway .. n(t) is the 

white noise generating the exponentially correlated wind,. and mn and z; 
are the n:atural frequent:y and damping ratio of the second-order approx­

imation to the bending dynamics. The state vector_ for the sway variables 

in the south direction is 

0 1 0 0 

0 0 1 + 0 (9) 

n(t) 

where p s• v s• as are the horizontal displacement.. velocity. and accelera­

tion in the north- south direction; the model for the sway variables in the 

east direction (pe, v e' ae) has the same form. For the computer simula­

tions in this paper. the preceding variables have the values: < p
2 

>= 
2 -1 . 

100 cm (east and south), 'A = 0. 1 sec • w = 2. 09 rad/sec. and C n 
= 0. 1. 

The orientation of the platform with respect to a local vet1ical. coor­

dinate system (vertical_ south and east) is described by three angles 

(a, 8 , y ). If the platform axes (x, y, z) were rotated by -a • - B • - Y • 

the axes would coincide with the reference coordinates. The state-vectOr 
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equation for this substate is given by 

r: 
0 0 % 1 0 Q t - n 

X V 

0 0 ny 0 1 {3 ty+~ 

-~ -n 0 0 0 + tz +dz 
(10) 

"Y 

l~: 
V 

0 0 0 0 0 d 0 
X 

0 0 0 0 0 d 0 y 

which has been assun1ed to be, for angle magnitudes of interest, a valid 

representation of the general nonlinear platform dynamics. n h and 

v are the horizontal and vertical components of earth rate at the test 

s ite; d • d • d are the constant drifts for the vertical, south, and east 
X y Z . 

gyros ; and tx• ty• tz are the torquing rates (if any) applied to the gyros. 

It is assumed that the! torquing rates, the components of earth rate, and 

the east gyro drift ar1e ~own perfectly, so that the vector on the right re­

presents known forcing _£(t) and is independent of the state of the .system. 

Using tpe small angle approximations, the south and east accelerom­

eter pulse rate outputs due to platform orientation in the gravity field may 

be written as 

( 11) 

where po and po r epresent the total pulse counts at some instant of time; s e 2 and g.is the local gravity. (cm/sec ). A 1-cm/sec- pulse accelerometer 

quantization has been assumed. 

Accelerometer pulse rates cannot be instantaneously measured but 

the total pulses can be counted which make up the output due to sway vel­

ocity and orientation :in the gravity field. Inherent in these measurements, 
/ 

then, are quantization errors. The measurements are 

m 
[::] = [::] + [:: 1 + [ ::] 

(12) 

The term "n 11 repre!sents the quantization error at every sampling of the . m 
accelerometer pulse ·Count registers. Althouih the measurement noise is 

not normally distributed with zero mean(a requirement for the optimum 

fil ter), and is, in fact, uniformly distributed, the quantization operation is 



93 

as sumed a nor mally distributed error . T his viewpoint does not hinder the 

optimum ~.lter's estimates of the alignment and gyro drift variables. 4 It 

does degrade the accuracy of the sway variables estimates. wh·ch is of 

little concern. Also 

. <nm (t) nm (t + -r )> = r a o (-r) 

The measurements ar•e assumed to be made every second. 

The state vector is 13-dim.ensional; the s t at e vector differential 

equa tion is 

dli / dt = F~ + £ + g(t) 

(13 ) 

(14) 

(See F i g. 7 for !.• F • .£• and_!!). With the derivation of the model for the 

system. the complete optimum linear fil ter is defined. The accelerometer 

puls count registers will be sampled at constant rates. T he estimated 

state vector is extrapolated between m easurements according to 

(15) 

and the covariance matrix according to 

E'= ti: ~T +S 
(16) 

where <P and S are precomputed constant matrices for the time step be­

tween measurements.. . ey satisfy tht. following differential equations: 

dS / dt = FS SF T + K S(O) = 0 

d~/dt=F~ ~ (0} =I 

which may be integrated on a digital computer for a time step between 

measurements of 1 sec. 5 At the time of a measurement, !_ and E are 

changed according to Eq. (4). (See Fig. 7 for H, U. and N.) 

(17} 

(18) 



94 

Filter Design 

Computer Simulation& 

A complete nonlinear simulation of the inertial platform in a swaying 

launch vehicle was made on a digital computer in order to simulate real 

accelerometer outputs. The initial misalignments were 1 degree on all 

axes; drifts were 1 0 meru for the vertical and south gyros and zero for the 
. . 

east gyro. The rms sway in both horizontal directions was 10 cm. The 

initial conditions for th~~ covariance matrix were 1 deg2 for the alignment 

angles and 100 meru
2 

f()r the gyro drifts. All initial cross correlation 

terms were assumed ze!ro. The initial estimate of the state was a zero 

vector~ 

The response of the filter was excellent for these conditions. Anum­

ber of r~s were first made in which the matrix U was varied so as to 

cause good agreement between therms error as determined by the filter 

and the actual error. The errors between the estimates and the actual val.:. 

ues of azimuth angle~ v1ertical gyro drift arid south gyro drift are shown in 

Figs. 8a~ b and c. The errors reach small values for the three cases in 

15~ .40 and 10 min ·respectively. The errors in the estimates of the two 

leveling angles ( S and y) are negligible aftt:r the first few measurements. 

The estimates of the sway variables are not part~cularly good but this is 

not important. These simulations were run under assumed perfect know­

ledge of east gyro drift because of the classical result that east gyro drift 

cannot be identified from azimuth error. The fact that east gyro drift must 

be known presents no problem; as seen from Fig.8c, the south gyro can 

be ccilibrated in about 10 minutes and the error shows little sensitivity to 

d . This gyro can then be placed east and a complete calibration and align-z . 
ment made. (The question of other platform positions is discussed later.) 

Design of the Simplified System 

The gains for the optimum filter may be precomputed for all trials 

since the measurement times will be the same and the a priori assumption 

for the statistics of the initial state vector and noises will not change. For 

the problem at hand~ the implementation of the gains into the system in­

volved, first, the design of a simplified optimum filter. The gains for 

each state variable depend on both accelerometer measurements and, in 

general, one gain is much smaller than the other and can be neglected. In 

this problem all cross-coupling measuremeat gaL11s are neglected; 
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e . .g •. , vertical drift estimation depends primarily on the south accelero­

meter so the east acce~lerometer measurement gain for veri:ical drift is 

not implemented. Typically the predominant gains vary as in Fig. 9. 

These gains can be approximated by exponentials. and straight-line seg­

ments where, at distinct intervals, the time constants and siopes are 

changed to continually fit the approximate gains to the true gains. The 

gains for the six sway variables quickly reach steady-state values and may 

be approximated by three constants. 

The response of a' simplified filter is shown in Figs. Sa through Se. 

The process of design enters since it required a number of runs using dif­

ferent slopes and time constants to get a good match with the response of 

the complete filter. lilt fact, in the end, the same exponential gains were 

used for b~th po
8 

and poe; the same exponential gains were used for .a 
and Y • The total precomputed constants were 3 sway variable gains, 2 

initial conditions for exponential&, and sets of the following 5 numbers 

which are changed at 10 discrete times: 2 time constants for exponential& 

(po
8 

and 8 ) and 3 slopes for straight-line segments (a. dx• dy). 

Illiplementation 

A slight vari~tion of this simplified filter was implemented in the 

Apollo Guidance Navia~ation and Control system. Part of the program was 

con~erned with initialization for platform positions other than the one con­

sidered here. The optimum filter, once implemented, does not change for 

other platform positions; the measurements that the filter gets are made to 

s imulate the standard platform configuration. For example, if the platform 

axes were vertical, north and east, and if the sign of the north acceler­

ometer output wer e changed to sir.a.ulate a south accelerometer, the filter 

output for the variabh~s in the nort h direction need only be interpreted as 

negative of their true values. Similarly, for some platform pos itions it is 

necessary to resolve the measuremen .s to simulate south and east accel­

erometers. 

For some applications , ' t may be desirable to torque the south gyro 

at negative horizontal earth rate. The form of the ··uter and the filter 

gains do not change because perfec torouing is assumed; just add negative 

horizo ~artn l·a f" to the extr a· olation of thE' angle g • It has also been 

found convenient to e:· trapol"t€ t e ali gnment angles according to simple 

:first order (aza+~ d t,, e tc. ). The sway variables are extrapolated ac ­

cor ding to a !-3 vay transition matr b ~hose elereents can be changed to 

compensate for variations in launch vehicle parameters. 
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Once the ptimuru filte has been implemented accot"ding to the sim­

ple m ethod o tlined~ it: c an be .L eadil adapted to various problems of a1-· 

~gnment and cal.ibr atb • For exam le, consider the following system test 

procedure in which the: platform ues are identified as x, y. z: 1) run a 10-

min test with x up, y s.outh, z e ast to determine y gyro bias drift; 2)at 10-

m in read out y drift .d use the angle estimates to align the platform; con­

tin e to torque he. atform at e arth rate f r 90 sec while counting pulses 

from th x acceler me er. vertic al, ; 3} or ient the p at rm to x down, y 

east, z outh and r un a 10-min te t to determine z bias drifi. ; 4) use the 

angle estimates at 10-min to align the platform an then torque for 90-sec 

at earth rate while c ounting x ac celerometer pulses; and 5) tor que the 

sou h gyro at horizontal eart r e ~or 45-min o e while determ ining ver­

tical dr~t (x gyro ). Th e y bia as etermined in 1 is dz for this run. 

This procedure t akes abo t 8 m · after whi h enough information is 

available t o determ ine y gyro b ias ift, z gyro bias, the sum of x gyro 

bias and acceleration a:er:sitive drift~ and x accelerom eter bias and scale 

factor. One can r tadily imc: · h o an automated system test procedure 

can be set p to complE~te y c al"brate the s ystem in the swaying spacecraft. 

The last step in the pr ogram would be an alignm ent r un to ready the s ys ­

tem for launch. And t r ough all of is, the basic simplified optimum filter 

does not change. 

Hardware P r oblems 

The prim y s ourc:e of azimuth erro i s the un ertai.r.ty in e ast gy o 

drift which comes about from e rors in the cali.bra tion the gy o; the 

primary s ource of vert ical drift error is d e to variations in the e st gyr o 

drift during a test. If the east gyro has a large drift ,due to acceleration 

along its input axis, then i t i s desirable to keep t e input axis r .. wst hor­

izontal during the t e st by tor q ing the s outh gyro at e gative earth rate to 

minimize the variation!:; in e a st gyro drift. Unfortunately, if the bias of the 

south gyro changes when it is torqued. then the south gyro calibration will 

yield two answers corres ponding to the torqued and untorqued cases. re­

s pectively. (Torquing was done in the system test program. ) 

Another poss ible problem area appears v:hen using pulsed integrating 

accelerometers. If either horizontal accelerometer has a large dead- zone 

for near zero inputs, l arge transients in the filter output will appear. The 

form of the transients will vary depending on the tim uring the test that 

the acc elerometer goe s, through the dead- zone . Vertical drift estimation 
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is particularly sensitive to a dead-zone in the south accelerometer. In 

some cases a transient on the order of 800 meru has been observed; the 

filter never reached the correct value of drift at the end of 45 minutes be­

cause the vertical drift gain is small at the end of the end of the test. As 

a practical solution to the problem, the platform is deliberately offset 

(between steps 4 and 5 in the system test program) from the vertical be­

fore beginning a vertical drift test so that the accelerometer never goes 

through null. This problem is indicative of the strange results that can oc­

cur when the model for the system is incorrect. Philosophically, we have 

designed a total systezn test and as such it should indicate in some manner 

out of specification conditions which would then require lower testing. The 

model must therefore include all in-spec conditions and the designer's ex­

perience must be used to recognize out-of-spec situations. 

Conclusion 

The possibility eJ~:ists for significant reduction in the errors in calib­

ration systems by using statistical estimation techniques that make the 

most efficient use of all available information. It also appears likely that 

suitable simpli.fications can be made to adapt these techniques to practical 

computers as was illustrated with two examples. 
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Fig. 8 Complete and Simplified Filter Performance 
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