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FORORD

F8ljande volym visar M-teknologernas enskilda arbeten under forts8ttnings-
kursen "Systemteknik" varen 1985. Teknologerna har i ménga fall sjilva fdre-
slagit &mne och innehallsférteckningen avsldjar nigot av den bredd i intresse-
inriktningar som varit representerade pAa kursen.

Jag vill som kursansvarig tacka f8r ménga av de goda arbeten och bidrag som
inldmnats.

Rolf Johansson
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ULF ANDERSSON M-81

DAN GILLSTEDT M-81

- . « . . . I
( An aircraft with wing tip vortices. |

Sketch of fixed and aircraft axes.
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2, 0% =PI~ R, + QRU, - 1) — PQJ,,
zmﬂ=Q@+ng—Ly+02—myR
zAAf=R@—1VW+Pme-¢)+QR¢z

The equations of linear motion from Eq. 1-15 are
D AF, = m(U + WQ — VR)
D AF, = m(V + UR — WP)
D AF, = m(W + VP — UQ)
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KAP. 1 FLYGSIMULATION/AUTOPILOT

Den 17 December 1903 var datumen d& den forsta lyckade

flygningen med ett motordrivet flygplan &gde rum.

Broderna Wright brdt mot vanlig tradition nar de lyck-

ades, dar andra hade misslyckats, genom att gdra sitt
flygplan instabilt men kontrollbart. Denna skillnad

mot traditionen resulterade i ett mer mandverbart och
kontrollbart flygplan som var mindre kdnsligt mot vind-

stotar. Lilienthal, Pilcher, Chanute och Langley design-

ade sina flygande farkoster med inneboende stabilitet

och ddrmed lamnade de endast uppgiften att styra planet

Over till piloten. Priset de fick betala for denna stab-
ilitet var foOrlust av mandverbarhet och k&nslighet mot
atmosfdriska stdrningar. Den minskade stabiliteten i fly- ¥

planet som brdderna Wright introducerade gjorde naturligt-

vis pilotens arbete svarare och jobbigare och genom detta

paskyndades utvecklingen av autopiloten. Denna inneboende
instabilitet &dr fortfarande vanlig i dagens flygplan i en

sa kallad "spiralavvikelse" vilken orsakar en svag avvik-
else 1 riktning och avdriftsvinkel vid minsta stdrning.

Huvuduppgiften for de forsta autopiloterna var att stabili-
sera farkosten och aterstdlla dess onskade flygriktning
efter en stdrning. Autopiloten pa den tiden anvdnde gyro

fOr att avkdnna avvikelse pa& farkosten fradn dess Onskade
flygriktning, och servomotorer till att aktivera skevroder

och hdjdroder. Denna foOrsta autopilot tillverkades av Sperry

Gyroscope Company of New York.Dénna autopilot vann manga pris

niar det gdllde att ge det mest stabila flygplanet ( 1914 ).



Endast 11a&r efter Wrights forsta flygning dgde detta rum.
Testen utfdrdes pa det viset att planet £f16g nara marken,
piloten stdr upp i cockpiten med h&dnderna ovanfdr huvudet
en mekaniker stdr pd vingen och vandrar fram och tillbaka
pd densamma. Trots planets girar och svangar,p.g.a mekan-
ikerns tyngd, lyckades planet halla sin riktning. Utveckl-
ingenlag nere till 1933 d& Wiley Post installerade Sperrys
autopilot och fldég jorden runt pd mindre &n &tta dagar.
P.g.a autopiloten kunde Post slumra till under flygningen.
Post gjorde sa& att han han holl en skruvmejsel i handen,
och denna mejsel var via ett sndre fdst i ett finger. Nar
han fO0ll djupare till sOmns tappade han mejseln och den
vred till fingret som ddrigenom vackte honom. 1947 gjorde
en Air Force c-47 en komplett automatisk transatlantisk
flygning inklusive start och landning. Inga kontroller var
rorda av midnsklig hand. Dessa fOrsta autopiloter var all-
tsd i forsta hand avsedda att behalla l&dge och riktning pa
farkosten. Ndr de hOg-prestanda jetplanen ddk upp uppstod
nya problem. Dessa problem dr jémte riktningsinstabiliteten
redan nadmnda och dr en fraga om otillfredsstallande dyna-
miska karakteristiska. Man kan sdga att::0m den inneboende
oscillationen i ett flygplan dr 10s eller mer kan piloten
nojaktigt kontrollera eller d&mpa oscillationen, men om
oscillationen dr 4s eller mindre hinner inte pilotens reak-
tion med. De s& kallade "short-period"-kast och "dutch-roll"
oscillation som finns i alla flygplan hamnar inom 4s oscill-
ations kategorin. I koventionella flygplan &r dampningen

av dessa oscillationer tillré&ckligt effektiva. Didremot 1



attackflygplan och transportflygplan maste konstgjord
stabilitet uppnas genom ett automatiskt system.

Ndr flygplanskonstruktOrerna fOrsdkte erhalla hogre
prestanda fran attackplanen installerades stdrre och
stdrre motorer tillsammans med tunnare vingar, detta
resulterade imarkbara féridndringar i flygplanens trog-
hetsmoment, vilket resulterade i katastrofer for vissa
flygplan. Orsaken till detta var "troghets kors-koppling".
Detta fenomen uppstdr ndr ett flygplan rollar med hog
vinkelhastighet. Den normala &tgdrden mot detta &r att
installera en stdrre och mer effektiv fena. Man kan dock
komma ifrdn detta problem genom ett bra kontrollsystem.
Ett annat stabilitetsproblem som finns i1 vissa attack-
plan &r den totala forlusten av longitudinell stabilitet
eller "pitch-up" vid attack i snav vinkel. Detta fenomen
4r mer benidget att uppstd ndr den horisontella stabili-
satorn dr placerad pa toppen av fenan, detta for att oka
lateralstabiliteten.

Diar finns manga problem som kontrollingenjdrerna stdlls
infér t.ex. konstruktion av reglersystem fOr landning i
d&ligt viader, hojd- och hastighetshallningssystem for
bittre bradnsleekonomi m.m. Trots allt svarar ett styrsy-
stem snabbare och mer exakt men med mindre sdkerhet &n

en minsklig kontrollor.

Vid studiet av flygplan-autopilot kombinationen &r det en
fordel att representera flygplanet som ett block i block-
diagrammet Over kontrollsystemet s& att standardmetoderna
for att analysera servomekanismerna kan anvéndas: FOor att
gbra denna representation behdvs o&verfdringsfunktionen for

flygplanet.



FOr att f& fram Sverfdringsfunktionen &r det nddvandigt
att definiera vissa kvantiteter som stabilitetsldsningar
vilka relaterat till &ndringar i de aerodynamiska krafter
och moment verkande p& flygplanet orsakade av dess rorelse

eller orientering.



KAP. 2 LATERALDYNAMIK

EN kropp med sex frihetsgrader kan indelas i tre longi-
tudinella ekvationer och tre lateral ekvationer. Har skall
de tre lateralekvationerna lineariseras och kombineras

med de aerodynamiska termerna som ger lateralekvationerna
for ett flygplan. Ur dessa kan Overforingsfunktionerna £or
roder och skevroder erhdllas. Innan vi l0ser lateralekv.
far vi definiera sidoglidningsvinkeln. Vi bdrjar med att

ge planet olika axlar enl. fig. 1

108 Automatic Control of Aircraft and Missiles

4

fog

Flight path

Yo
(b)

Figure 3-1 (a) Disturbed aircraft stability axes showing yaw angle ¢ and sideslip
angle B; (b) aircraft slipping with wings level, = -4

Om planet vrids runt z-axeln enl. fig 1 uppstar sido-

glidningsvinkeln (P). Dt finns &dven en girvinkel (W)



ej att forvixla med B. Dap =0 kan det finnas ¢ men om
P#O maste det finnas en y.

De tre ekvationerna har foljande utseende:

> AF, = m(V + UR — WP)
S AL =PI, — Rlxz + QRU. = L) ~ PQJ 1)
ZA-/V . R[z - Psz + PQ(Iy - Ix) + QRsz .

Dar: U=Rollhastighet vilket medfdr att P=Vinkelhastighet

V=Pitchhastighet " n Q= "
W=Girhastighet " " " R= "
I =Troghetsmoment

X,Yr2 d

F=Kraft

£ ,N=Moment
Har har man foérsummat pitchingmomentet p.g.a att om
oroligheten dr liten medfor detta att P,R Ar sma& vilket
medfdr att kvadraterna och produkterna kan forsummas.
Q antas till 0, om man antar att jamviktsriktningen ar
ldngs X och ingen sideslip finns medfor detta att:

V.=W=0, U=U.+u, V=v, W=0 och U=u. P lanet accelererar

0 0

inte vilket medfdr att P0 och R0

R=r detta i ekvation 1) ger foljande:

=0 vilket ger P=p och

ZAFy =m0 + Upr + ur)

DAL = plL, — il ! 2)

D AN =L, — pJ,. |
Efter faktorisering och identifiering av viklar blir ekv.
i vinkelform fdljande:

2AF, = mUof +4)

SAP =l - gl 3)

DAN = ¢I, — b, |
Det éf nddvandigt att uttrycka krafter och moment i

termer av deras adndringar som harstammar frdn de linedra-

hastigheterna och vinkelhastigheterna.



Fy ar en fuktion avP,w,¢,¢,¢.Detta ger fOljande:

oF,

5 8F1d¢+—”d¢>+ i 4)

d¢+8¢> 23 l/l

S dF, = 3 4B +

Vid line&r approximation blir ekvation 4) foljande:

oF,
o

aF'*A¢+a—F."A¢+a,—F.HA¢\ 5)

A
'1b + ]¢ aq,, . fr",f"

)
Sar, = ap+ 5
Tvad av dessa partiella derivator &r resultat av gravitets-
dndring ndr flygplanet &ndrar riktning. Dessa blir efter

harledning:

oF, _ mg sin ©

cy ! 6)

oF, _ mg cos ©

0P |
Antag sedan att initialvdrden = 0 och tag sedan ekv. 3)

och 4) . Detta medfdr foljande:

—dF,

3 oF, oF, oF, ; OF,
mUyB + —=+ 3 —L1 B 4 ( U, — ) V- 2 - Y= 7
oB .'9 B mu, 81// 31/1 Bq.‘. 895 \ )

Uoﬁv U och dividera med Sq vilket medfdr :
mU mU b : b

B Cyn ;B iy (Tq' - 'ZT] Cy,) Cyw '!' Cypd’ Cya ¢ 8)

= EJQ = C!Ia
Sq

£ och N ekvationerna kan utvecklas pa samma satt men

dividera med Sgb dir b = spiannvidden. Detta medfor

I. . b : S b . _ L,
s(,b"’ 0 C? = Sgp ¥ T 20 b = CuP = 55 = O

h /. h A 9)
.')qb 58 - 2U o + 505 Sqb b= 2U Cotp = Cuaft = Seph = Cha




Vissa av viardena i ekvationerna 8)-9) kan uttryckas som

konstanter och identifieras fysiskt. Detta ger foljande

tabell

Automatic Control of Aircraft and Missiles

Definitions and Equations for Lateral Stability Derivatives

Typical
Symbol Definition Origin Equation Values
c _l_ E_.Ef Dihedral and Ref. 1, Chapter 9 -0.06
s Sqb B vertical tail Ref. 2, Section 3.10 v
1 20U\ 82 . .
C, Sab (—b—) 73 Wing damping Ref. 1, Chapter 9 —0.4
C 1 (2_[_/) g Differential wing cY 0.06
tr Sqgb\b) @ normal force 4
c 1 e Directional Ref. 1, Chapter 8 0.11
na Sqb B stability Ref. 2, Section 3.9
1 20\ Differential wing c” _ de) _
Gy Sqb ( b ) cp chord force 8 (1 da 0.015
1 [2U\oA7 . Co” S, (1. _
Cn, S¢b ( \) E” Damping in yaw = -2, < 5 (b 0.12
c 1 _Eﬂ Fuselage and No simple equation —-0.6
ve Sq B vertical tail
1 ¢F, . mg
Cyo RS Gravity 4 cos @
1 (2U\ @F, . .
Cy, E (—b-) E Vertical tail Neglect
1 (¢F, . mg
Cyy 5 (—67) Gravity Sq sin ©
Cy L (Q) & Vertical tail Neglect
’ q\b /] or

De okopplade, liniariserade lateralekvationerna blir med

ovanstaende konstanter insatta :

b ; mU b u
- '2'U Cyp‘l’ - Cyo‘l’ + (_S_(]_ - 2U ) L/’ Cuwl/’ + B Cuaﬁ CVa |
I, - b _ C '
§ﬁ; ~ 25 Cwt = qu A 2U Cop—-Cf=Ca 10
b

— C,l C. Chn, !
¢ 2U Cﬂp(ﬁ + qu l/’ yl/J 1“3 i



KAP.3

LOSNING AV EKVATIONERNA FOR LATERALSTABILITET

Har f£O0ljer en identifiering och i vissa fall fbrklaring

till konstanterna

Cyp = 0. Detta dr sidokraft pa fenan vid roll.

Cyr = 0. Detta &dr sidokraft pad fena vid gir.

ClP = Andring i rollmoment vid sidoglidning, detta moment

uppstar p,g.a upptrycket som &stadkomms av fenan vid sido-
glidning.

C“P = Andring i girmoment vid sidoglidning. Detta fas vid

vindtunnelfdrsok.

C

P

Andring i kraft i Y-riktningen p.g.a sidoglidning

Cnp Andring i girmoment p.g.a rollhastighet. Trycket
dndras d& vinkeln pd vingarna dndras vid roll. Uppatgdende
vinge ger inte samma dndring i upptrycket som neddtgdende
vinge,se fig.2, detta p.g.a vingens form. Detta &r orsaken
till att man behdver roderutslag p& flygplan f6r att komma

i eller ur en sving.

L ™~
Lo

E.

Vlru)

(a) (b)

Change in lift and drag on a section of the down-going wing (a) and the
up-going wing (b) at a distance / from the center of gravity.due to ¢.

Fig.2



KAP.4

LOSNING AV LATERALEKVATIONERNA

Vi 1l8ser de homogena ekvationerna foérst d.v.s =0.

Detta innebdn att ekvation 10) sdtts = 0.::

I detta exempel har vi ett jettransportflygplan flygande
rakt i fast hojd och med 300mph vid vagtoppshdijd.

Foljande varden gdller pa flygplanet:

0 =0
Cy, ~ —0.6
\ m = 5900 slugs
mg
Cy, = EI- = C, = 0.344 3 U = 440 ft/sec
s = 2400 sq ft
Cw =0 \ I I 9555q 10° slug fi2
) = 1. t
C, = —0.057 T e
I, = 4.2 x 10° slug ft2
b 130
0 = 3(@40) = 0.148 sec Sz = 0 by assumption
. c, = -—038
30 Ci, = —0.0553 sec ' c 0.344
] \ G, === = 0.086
— C; = 0.0128 sec
20 b = 130 ft
Dy, = —0.00338 sec Cr, = —00228
\ C,, =0.09
577 Cr, = —0.0158 sec \ C, = —0.107
0.002378)(440)2
g =§Uz=(——T)(4ﬂ=2301b/sqft
I, 1955 x 10° \ ';
Seb = (2400)(230)(130) 002725 sec l
/A 42 x 10° !
_— = —_— = 2
Sqb (2400)(230)(130) ~ 0-0985 sec '
mU-_(5900)440) _ .. ||
Sq  ~ (2400)(230) — *'* see

Dessa varden insatta i de homogena ekvationerna ger i

determinant form:

0.02725s? + 0.0553s —0.0128s 0.057 11)
0.00338s 0.058s% + 0.0158s —009% | =0
—0.344 4.71s 4.71s + 0.6

10.



KAP.5

Utvecklas denna determinant blir ldsningen foljande:

3 2

4 4 0.01876s> + 0.0275s% - 0.0001135s

0.00748s> + 0.01827s

Faktumet att en rot av ekvationen &8r 0 pekar pad att flyg-
planet &r okdnsligt for rikting. Vid en storning finns
inget moment som forsoker fa& tillbaka planet i dess ur-
sprungliga riktning. Dividerat och faktoriserat ger 12)

s(s2 + 0.38s + 1.183) (s + 2.09)(s - 0.004) =0 13)

s + 0.38 + 1.183. Ar den s.k. "dutch roll".

s + 2.09. Ar rollséankningen.

s - 0.004. Ar spiraldivergensen.

Dessa beteende ar vanliga i dagens flygplan. De kan

déampas ned sa& att inverkan blir minimal.

OVERFORINGSFUNKTIONEN FOR RODRET

Till att bOrja med far psitivt roder definieras.
Vidnsterroder medfdr kraft i positiv Y-riktning, och ett
negativt girmoment vilket medfdr positivt roder.

Ur ekvation 10) fas d& efter lite arbete, Overfdrings-

funktionen enl.fdljande med g; som. insignal ochtﬁutsignal.

o 1343%7+1)6%§-1) . o

5.(9)  [(_s )ﬂ 2(0.14) ](_i_ )( s q
l(L345 + 5335 5+ 1\309 + ) o004

1.

0

12)



Plottat blir diagrammet enligt fig.3.
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Figure 3-5 Magnitude plot for ¢/3, transfer function versus !
w for s = jaw.

FIG.3

Overfdringsfunktionen med Sr som insignal ochky utsignal:

s s \% . 2(0.097)
—12.4(-5_
W) _ 24(55 + 1) |(ozss) + s + 1] -
3,(s) [( s )"’ 2(0.14) s 5
S\\v3as) s 0t 1](m + 1)(0-.004 -1
Plottat blir diagrammet enligt fig.4.
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FIG.4 Magnitude plot for /3, transfer function versus 12

wfors = jw,



KAP.6

Ogverforingsfunktionen med Sr som insignal och P utsignal:

,e(s) : 87(0 01 l)(2 06+ l)(37 75+ 1)

O T e s o )

Plottat blir diagrammet enligt fig.5

16)

0
e 1|Ii ATl
A\ ||1 ]
7
1.0 il sl
o il T i ]
K l il
o OlE==mmme—ey e
= \ i
= MR asil e B B3| /S MM AL
s i il LI AR it
2 | TS T
* 001 : |l IR
< Sasis s
= ! Tt } \\ !
e e
R4 |
0.001 -:,_——EEEJZQZL : “ﬁl—ll e ‘
i3 . HHHt —
s i 0 HI ! |
0.0001 i ' T DTV G
0.01 0050.1 1.0 10 100 1000 :
w (rad/sec)
Magnitude plot for /3, transfer function versus I
w for s = jw.
FIG.5

OVERFORINGSFUNKTIONEN FOR SKEVRODER

Positivt skevroder definieras: HOger skevroder (sett fran
piloten) som ger positivt rollmoment &r positivt skevroder.
P& samma sdtt som i forra kapitlet fas Overfdringsfunk-

tionen ur ekv.10. Med § som insignal och ¢ utsignal:
a

$(s) 2865[(1 414)2 + 2(0451543) '] 17) ‘

= - I :
o [(1.3345) +%I[.E3%S ]( 75 * )(ﬁof ‘)

—_—

13



Plottat blir diagrammet enligt fig.é6.
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Magnitude plot for ¢/8, transfer function versus |
wfors = jo.

FIG.6

Overforingsfunktionen med §a som insignal och \J utsignal:

|
0o —173(]% _ 1)(% + 1)(% + 1) | -

5.0 - 7 5 T 2008 5 5 |
S[(1.345) st IJ(W + 1)(0.004 - 1) |

Plottat blir diagrammet enligt fig.7 nédsta sida.

14.



10,000 - o
\ it
X
1,000 i
\
100 H =
i | _1
o i
g |
s 10 SEEsne——ca f
b =] i l
=] i
=) | l
[=% -
£ !
< 10 !
Al i
- :
0.1 ’
|
il |
0.01 ! 5
i [ | B
i LU
0.001 I\ Il
0.01 0.050.1 1.0 10 100
w (rad/sec)
Magnitude plot for /3, transfer func-:
tion versus w for s = jw. 5
FIG.7
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plottat blir diagrammet enligt fig.8 nasta sida.
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KAP.7

APPROXIMATIV OVERFORINGSFUNKTION

Foljande tva approximationer gores.

1.

1-FRIHETSGRAD DUTCH ROLL

Detta bestdr endast av sidoglidning och gir. Ekvationerna

ger:
1
Bl 0.835
56) ~ 75 \7 . 20114 20
(1.28) +=13g st1 )

Om denna ekvation jadmfors med den exakta ekvationen
uppvisar den god exakthet.Denna ekvation dr mycket bra
att anvadnda for att erhdlla dampningsfdrhallanden :och
egenfrekvenser vid dutch roll.

1-FRIHETSGRAD ROLL

16.



Endast rollrdrelse medfOr att endast rollmoment

behdvs. Ekvationen blir :

&) 10.84 21)
8ls)  [_s
S(m + 1)
KAP.8 TRANSIENTSVAR FOR FLYGPLANET

Hir visas hur flygplanet svarar transient pa olika

hastigheter och h&jder. Detta ger foljande tabell

_ Comparison of the Predicted and Actual Effects of the Variation of
Airspeed and Altitude on the Lateral Dynamic Response

(a) Dutch Roll Mode

Flight Condition L wa(rad/sec) ‘
Altitude Uy Predicted Predicted
(ft) (ft/sec) from Eq. 3-56 Actual  from Eq. 3-55  Actual \
Sea Level 236 0.072 0.1 0.98 1.05
Sea Level 600 0.109 0.14 1.7 1.74
40,000 472 0.036 0.035 1.0t 1.05 |
40,000 600 0.045 0.04 0.98 1.03 \

(b) Roll Subsidence Mode

Flight Condition T,(sec)
Altitude Uy Predicted
(ft) (ft/sec) from Eq. 3-61 Actual
Sea Level 236 0.91 0.8
Sea Level 600 0.353 0.35
40,000 472 1.82 1.6
40,000 600 1.43 1.3

17.



Atskilliga diagram kan uppritas Ovar de olika sdtt som
flygplanet blir paverkat,hdr studeras endast effekten av

hastighet och hdéjd pa dutch roll. Detta kan ses i fig.9.

) : A T I
TN

'E 0 = \\ / a2 \\,____ r = —— =

= e

(a) Flight condition: 236 ft/sec at sea level.

— [ | ]

4t I!Il!f!! A A 0 A O O
[y ] 0 O O O 0 A
2!?! Ifff!ff I fIIIIIIII!IIFIEI
® / JaN |
E 0 'l| / N —— |
-2 \LJ l
| Ly
R T L VO O 1\\1\ [
(b) Flight condition: 600 ft/sec at sea level.
2 T
z T 7 . N7
Q - <
(c) Flight condition: 472 ft/sec at 40,000 ft.
I AT T T T T T rrryryry
- 7N\ |
25 NS ] \ AT N Z1N T b ‘
= NLLY / NLY N
=, N/ ’
| 1.1 ] HEEEEEN L
(d) Flight condition: 600 ft/sec at 40,000 ft.
o L] Ififf!!!f!i!!!!flff!!!!!
IIIIEII e
B S]] II!IIH Hh?ufl I rrrrrd
&0 :
o T

Typical input

Figure 3-13 Computer results showing the effects of changes in
airspeed and altitude on the Dutch roll mode (complete lateral
equations).

FIG.9

Nar hastigheten eller luftdensiteten och didrmed det
dynamiska trycket minskar blir avvikelsen stdrre.
Datorresultaten visar att rodret hetsar upp dutch_ rollen

medan skevrodren paverkar mest rollen.
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Tyristorn och naAgra av dess anvandningsomriden

Utford av: Goran Johansson 1 81

Tid: Maj 19895



Allman bekrivning av tyristorn

Inledning

En tyristor ar en halvledarkomponent som i princip
fungerar som ventil fir elektrisk strom.

Tyristorn &r normalt uppbyggd av fyra stycken kisellager,
vartannat n—ledande och vartannat p—-ledande.

De n-ledande kisellagren ar dopade i ett dmne ur periodiska
systemets S:te grupp, vanligen Antimon. Antimonatomerna
tillskijuter var och en en elektron, dvs en negativt laddad
partikel. Darav beteckningen n—(negativt)-ledande skikt.

P2 motsvarnde sitt &r de p—(positivt)-ledande kisellagren
dopade av ett &mne i periodiska systemets 3Z:e grupp,
vanligen bor. Boratomerna tillfér d& var och en en positivt
laddad partikel, egentligen ett sk hal.

Figur 1 visar principiellt hur tyristorn ar uppbyggd
med fyra kisellager, anod och katod samt ett styre.

\Ca\loci: Sl‘ﬁr@

onod

Fig 1i:

I en tyristor finns saledes tre stycken pn—dvergangar
vilka &r av helt avgirande betydelse for tyristorns
funktion.

Vad som sker 1 en pn—dvergang

Om p—skiktet ar posistivt i férhdAllande till n-—skiktet
l eder pn-évergiangen ty de positiva partiklarna kan
d& vandra dver i n—skiktet och tvartom.

Om d& istallet p-skiktet skulle vara negativt 1 forhallande



Om da istallet p-skiktet skulle vara negativt i forhallande
till n—skiktet firskjuts bade positiva och negativa ladd-
ningar fran griansomradet vid pn—dvergangen. Detta blir da
da helt tomt fran laddningar varfdr ingen strom ledes,

man sager att dvergangen &r sparrad.

Tyristorns pn—dvergangar

I figur 2 nedan har jag kallat pn-idvergangarna for o612,
823 och 63F4. Strimmens vag genom tyristorn i normalt
fran anod till katod, dvs anoden ar positiv i férhallande
till katoden.

Om vi nu lagger pa en negativ striom sa blir ist&llet anod
negativ i forhallande till katoden och da& blir aven p4
i figur 2 negativ i fdérhallande till n3. Detta medfir da
att 434 &r sparrad. Pss ar ju katoden positiv varfor dven
nl ar positiv i forhéllande till p2Z vartdr aven 6l2 ar

sparrad. LAO&

S{%fc
h‘ "
Pl R L2
= 02]
Ny .
Oty
P"' F4+a+
Fig 2=
anod

Daremot sd kan nu 023 leda strim ty n3 ligger narmast den
negativa anoden och p2 ligger narmast den positiva katoden. Hur

laddningarna ror sig kan aven det studeras i figur 2.

DA strimmen ar negativ sad sparrar saledes tyristorn genom
de bada sparrivergangarna. Vid en viss mycket hig spanning
sker det emellertid 2ttt lavingenombrott da& strimmen vaxer
chindirat och tyristor branns. Detta kan studeras vid
negativa U i figur 3 som visar en tyristors karakteristiska.

DA vi istallet lagger paA en positiv strim pa& tyristorn blir pd
positiv gentemot n3 och pZ positiv gentemot nl.

Av denna anledning kommer bade 612 och 634 att leda medan daremot
823 kommer att blockera ty n3 ar positivare

an p2.

023 kallas i detta fall +6r blockgenomgang. Aven denna
blockering kan brytas med en mycket hig spanning men

skillnaden mot spdarrriktningen ir att man nu inte behiver bibe-—
halla denna higa spanning for att tyristorn

skall fortsatta leda strom. Aven detta kan man se

i figur 3. I blockriktningen kan man dessutom, vilket

visas i fig 3, sanka genombrottsspanningen med en spanning

som l3gges pA mellan styre och katod. Denna spianning

kallas tandpuls och man sager att den tander tyristorn.



US: UJ\’LA"Q
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Fig ¥ Tyristorn karakteristiska

Stvrets funktion

PA stvret lagger man alltsa pd en kort tandpuls i det
dégonblick som man vill att tyristorn skall ténda.

Det ar emegHertid s& att tyristorn ti3nder fiorst 1 ett
litet omr&de omedelbart runt styret for att sedan spridas
ut dver hela omriadet.

Detta betvder att om man vill ha en snabb tyristor
maste styrets utformning giras esempelvis som
i figur 4 som visar Asea-tillverkade tyristorer,.

Fig 4

Kiselskivorna pa bilden &r ungefdr 2 mm tiocka och
innehaller alla fyra skikten, dvs hela tyristor—
funktionen.



Tyristor som leder p& bagge hallen

Det finns aven S-skikts tyristorer som symmetriskt
leder i bagge strimriktningarna. Denna funktion kan aven
fa4s om man antiparallellkopplar 2 4-skikts tyristorer.

s —_. % = Q\sr\s\ov

Ovanstéende koppling har {6l jande spannings—strimberoende.

T

i

- -

Fig &
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TvaA enkla och mycket vanliga tilllampningar

Tyristorstromstillare (enfas vaxelstrém)

Fig 7 Keebschema

r
LA

i | Lask

DA man ej har naAgon tindpuls flyter ingen eller en
forsumbart liten strém genom kretsen. Lagger man
diremot p2 en tiandpuls i bérjan pad varije halvperiod
av vaxelstrimmen si flyter strimmen omvaxlande i
tyristor Tl och T2 varje halvperiod.

Styrkrets far vaxelstrim

Kretsschemat &r detsamma som i figur 7, men nu
farskjuter vi tindpulsen fran att komma i bérian
av varje halvperiod till att komma en bit in
varie gang enligt fig B.
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Fig 8

Tyristorn tands sdledes periodiskt vid styrvinkeln A .
Denna styrvinkel kan varieras och darmed kan Ieff och
total effekt varieras utan att man far nagon markbar
effektforlust.

Man kan harleda hur effektivstrimmen varierar med
och far da

Ie” = 9.“&2_ g l:(v_oz) <6052°( +12)+ %S.dew\

Vilket kan ritas upp i diagramform som:
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Enkel reglering med tyristorer

Av det tidigare sagda fiérstar man nu att man genom

att med tandpulsen variera styrvinkeln och darmed strimmen
skulle man t ex kunna reglera varvtalet pa en elmotor.

Ett enkelt blockschema dver ett saAdant slutet system skulle
kunna se ut som i fdél jande figur.

/)
p

-

Nyse Stye A
;Zp RGS pvls

don \

(LM

Vid (1) mits utsignalen fran motorn. Denna jamfdrs med

ett bérvarde och regleras i en PID-regulator som ger

signal till styrpulsdonet som andrar tandpulsen beroende pa om
strommen skall dkas eller minskas.

Fortsattningen av denna rapport kommer nu mest att behandla
hur tyristorer kommer in vid styrning och reglering av
likstrims och asynkronmotorer.

Innan detta kommer first ett kort avsnitt om styrpulsdonet,
samt ett avsnitt om hur tyristorer anvidnds fior omformning
av vaxelstriam till likstram (ndtstrimriktare),;samt

hur likstram kan aterfiras till vaxelstrom (vaxelriktare).

Styrpul sdon

Styrpulsdonet f&r alltsa sin signal frdn en regulator,
denna signal bestdr vanligast av en likspadnning Uled.
Denna likspanning jamfiors i styrpulsdonet med spanningen
i kretsen som skall styras. DA nivaerna ar lika och )
kretsspanning pa viag uppiat ges en styrpuls.



Vaxelstrim—likstromsomvandling

I nedanstaende figur visas en tyristorbrygga som utfor

en likriktning av trefas vaxelstrim.

_d

& S,
&t Zvs ivs |
i vi {Hv3 HVS
Up X R .
d
Us X I S
U X I T

EFV-{.Z kv ZEv2

Urs Urt Ust Usr Utr Uts Urs

6-pulse bridge

Direct voltage
3

Urs Urt

Genom att variera tandvinkeln & p& tyristorerna kan
likspanningens effektivvarde varieras.

F51 jande koppling utfdér den omvidnda processen, den omvandl ar

alltsA likstram till vaxelstrom.

M
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»
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Med denna koppling kan man genom &ndring av styrvinkeln
~ variera dels amplitud och dels frekvens hos den utgaende

vaxelstrommen.




Styrning och reglering av likstrdmsmotor

Det &r mycket vanligt att man vill reglera varvtalet pa
elmotorer och +6r en likstromsmotor sker detta bast
genom att &ndra likspanningen i ankarkretsen.

Normalt s4 anvander man da ett trefas vaxelspanningsnat
och med hjdlp av en tyristorbrvgga kan man d& likrikta
denna till en likstrom som sedan far mata ankarkretsen.
Ett kopplingsschema pd detta visas i nedanstidende figur.

X &KX &K
g @
o E;j L }
Viy N 8

Varvtalet pA motorn regleras nu genom att variera libkstrdimmen
dver motorn, dvs Andra tandvinkeln p2 tyristorerna.
Ett system for denna reglering visas i f4l jande figur.

3

k;}JiTI

¢

Den inre kretsen 1 detta system reglerar likstrommen
eller med andra ord momentet pad motorn. Man jEmfor

Iar med Ibdr, om varvtalet ar riatt sa ar Ibor=0.
Ar—vardet mats 1 en speciell krets som ger samma striom
som motorn far.

Skillnaden mellan Idar och Ibdor matas in i regulatorn

som aer en spanning till styrpulsdonet. Denna i sin tur
ger styrpulsen till tyristorerna.ibdr f8s fran den yttre
reglerkretsen dir varvtalet pad motorn (utsignal)

jamfirs med ett ledvarde.

Motorvarvtalet kan fa4s fran t ex en tachometer medan
ledvarde fas fran en potentiometer. En Pl-requlator ger sedan
Ibdr som har begransas till motorns markdata.
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Den erhallna vaxelsstrimmen motsvarar ingalunda en
perfekt sinuskurva utan spanningen antar en trapp-—
stegsform och strdmmen antar en annu kontigare form
enligt figuren nedan.

| 7 4 7 # i
" Motorspénning \-A I
Motorstrom 'f\f | 'f f V 1 'f l

Kurvorna kan bli battre genom att ansluta filter.

Tyristorer i en vaxelriktars maste vara mycket
snabba. Detta har hittills fdrsvarat anvandandet
av vaxelriktare speciellt vid higa effekter.
Konventionella tyristorer kan ej kombinera bada
dessa krav, men pA senare tid har man fatt fram
allt battre tyristorer som har gjort frekvensstyrd
asynkronmotordrift enligt ovan miijlig aven vid
hoga effekter. Tack vare detta finns det nu

planer pa att infira asynkronmotorer i svenska lok
som tidigare utelutande har korts med likstromsmotorer
enligt foreglende kapitel.

Far en varvtalsstyrd asynkronmotor finns det i
bifogad artikel harlett en overfaringfunktion mellan
ingaende likstrém och frekvens och ur denna har man
genom uppritande av rotort kunnat visa att svstemet
ar stabilt. Det finns aven beskrivit ett farsdk

som ocksa visade att sA var fallet.

I den andra artikeln finns det beskrivit hur man styr
japanska framtidslaok som drivs av en linie motor.
Reglersystemet ar snarlikt det som har beskrivits

for likstriomsmotorer med den skillnaden att dessa finns
pa fasta stationer langs banan och ej i loken.



Asynkronmotorstyrning

Det tidigare beskrivna systemet med reglering av

en likstromsmotor &r en mycket vanlig applikation.

Problemet med den ar att en likstrimsmotor kraver

en relativ god omgivning och aterkommande service.
Asynkronmotorn ar darfor oftast den billigaste

och i tuff miljd den enda g@ngbara elmotorn.

Om man skall varvtalsstyra en asynkronmotor direkt

sA finns det i stort sett endast en méjlighet att gira

detta utan att fororsaka stirre effektfirluster

och denna mdjlighet ligger i att andra frekvensen

i den krets i1 vilken asynkronmotorn & inkopplad.

Andras frekvensen sa andras motorns synkrona varv—

tal och darmed bade motorns driftvarvtal och moment.

Fal jande figur visar innebiérden av detta, det visar sig aven
att drivspanningen maste f6l ja med &ndringen av drivfrekvens.

Klippmoment

———}——\——Motorkarakteristik
(vid bastrekvens)

vantal

1.0
Faltdrsvagningsomride

Basvary

Ett kopplingschema fir en asynkronmotor med
frekvensstyrning kan se ut som 1 fol jande

figur.
rectifier current inverter
_I—- P |

| ¥

i £ £ oy Yy ¥ x asynchronous
| i machine |

o— | e
e
I = { —

k F S § F 4 G r ¥ ¥

b
t} X ¥ 3 speed

— == senlsor

!

control
system
e
current
regulator

r%—‘

Fig. 1 General diagram of variables-speed drives

control system

F—Ffas vaxelstrdim fran natet gors fiérst om till

likstrom 1 en natstriomriktare. Man kan har genom
reglering variera spanningsniva, effektiverfiring

eller dylikt. Likspanningen matar sedan en vaxelriktare
som Aterigen gbtr om likstrommen till en vaxelspanning.
Har kan man genom reglering av styrvinkeln variera
frekvensen till utgldende vaxelspanningsnat godtyckligt.
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ermination of optimum operating frequency

of a current-source inverter-controlled
asynchronous machine by measurement
of stator voltages

B. de Fornel, J.C. Hapiot, C. Saubion and Prof. B. Trannoy

Indexing terms:

Control equipment and applications, Inverters, Motors

?

Abstract: Theory und experimental results are given, concerning a control law for a current-led asynchronous
machine, defining frequency on the basis of the machine’s stator voltages. This law means that the speed
sensor is no longer essential; it also ullows estimation of rotor-current (requency and, hence, the rotation
speed. An experimental model shows that the systemn is stable and also demonstrates good performances in

the steady-state condition.

List of principal symbols

5 = current vector in stator

tsds Isqr Ird, Irg = 2-phase currents in stator and rotor
Via» Vs = 2-phase voltages in stator

Gy, Oy, Oy, O,y = fluxes in stator and rotor

= [lux vector in stator

stator angular frequency

rotation speed

= angular frequency of rotor currents

8qQ >

R, R, = stator and rotor resistances

L, L, M = stator, rotor and mutual induclances

o = dispersion coefficient

Tem = electromagnetic torque

Bipgr Bipgs oo - = small variations around a state

s = Laplace operator

2Do = number of poles of machine

J = moment of inertia

! = coefficient of viscosity

Vim = maximum value of 2-phase voltages in stator of
asynchronous machine

¢ = phase of fundamentals of current and voltage in
stator

Vig, Voq = mean values of voltages Vg4 and Vyq

0 = angular position of direct axis in relation to
phase 1 of asynchronous machine

Um = machine voltage of hybrid computer (Fig. 7)

V,,, Vi3 = stator voltages of phases 2 and 3

1 Introduction

The rapid development of powe.r electronics and digital tech-
niques has made possible the use of AC speed-control devices

and static convertors. These speed controls must be capable of

use in industrial applications.

To meet these industrial needs, it is necessary to design
speed controls so that they correspond to a control law linking
input variables with output variables. In the case of the
asynéhr&hélfs machine, several systems have been designed and
built [2, 3] which have a rotor-current frequency control,
This design has great advantages for the characteristics of the
asynchronous machine, with regard to both steady-state and
transicnt  operations. There is, however, one maujor dis-
advantage, in that a high degree of accuracy is requircd for the

Paper 2381 B(P6), first received 12th July and in final form 24th
December 1982

The authors are with the Laboratoire d’Electrotechnique et d’
Electronique Industriclle, ERA 536 du CNRS, 2 rue Camichel, 31071
Toulouse Cedex, France
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speed sensor, because frequencies of rotor currents will be
added electronically. The speed sensor is expensive and
mechanically delicate and could not, therefore, be fitted to
many drive installations operating in arduous conditions.

Various laboratories [1, 4, 5, 8] have been working for a
number of years on a system (o bypass mechanical sensors,
which would, at the same time, retain good speed-control
performances.

In the present article, the authors have studied and
developed a control law for an asynchronous machine fed by a
static convertor. They have worked out a relatively simple

control law, which defines stator frequency on the basis ol
voltages in_the machine. They have also examined the transient
behaviour of a systém controlled in this way, and show how
this control system can be based on analogue and digital tech-

niques, with reference to the experimental results.

2 Determination of control law P

Consider a 3-phase asynchronous machine, supplied by a static
inverter (Fig. 1). 1t is assumed that the machine is symmetrical,
that the airgap flux is sinusoidal and that mugnetic saturation ;
is negligible. To determine the law, only the fundamental com-
ponents of currents and voltages will be considered. A system
of reference axes is used, rotating at a speed w, (angular [re-
quency of stator), such that the direct axis is positioned
according to the current vector /;. Thus:

B

led — ]s '
iyg = 0
rectifier current inverter
£ £ £ . . 2 2 asynchronous
ol | P machine
1 P
b
e e
I B .
£ £ £ i S S
f I 7 3 speed
senlsor
control
system control system
L ]
current
regulator

{%w

Fig. 1 General diagram of variables-speed drives
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The electrical equations of the machine are

. d
Vsd = Rs'ad + (; Psa — ws¢sq

Vsq = ¢aq + W Do

dt n

. d
= errd+ (; ¢rd - wr(prq

=)
J

: d
0=R.,+ b, Prg * Wy 1

/7
Once the eqns. 1 have been converted, in order to obtain the
system describing the steady state (the dfdr terms are
cancelled), their resolution leads to (Appendix 9.2):

L 2
¢72’q = (;;) {lea - ¢sd}{¢cd . Olex}

Since g2, > 0, it follows that
OLala < ¢ad < Lx[a

. is important that the stator flux ¢, of the asynchronous
machine should be controlled. This flux is obtained from

b = Vit oZ

-_But, from steady-state considerations of eqn. 1
&

¢: = Ls-[a{(l + 0) ¢sq _Olea}
where
w; =kl

_ 1 _(+oL,
$a 5+ LY
The coefficient &, which allows w, to be defined using V,

aq»
depends on the flux ¢, and current I,.
The electromagnetic torque is given by the expression

pOLr

Tpy = t ——T1—
=t M(1+0)L,

\/{(Ls!:)z - ¢E} {‘ﬁi == (OLsIs)! }

and
R, [(Lsly)’ — o5
w =t T
L.V ¢;—(ol,l)

(.n the expressions T, and c,, it is difficult to distinguish
motor and generator functions, since the sign for each of these
variables is not defined.

It will be noted that, for a current /, and a flux ¢,, torques
\ ( ad angular frequencies of rotor currents are imposed.

3 Study of transient operation of system

We shall first consider variations in the electrical values,
assuming that the machine speed does not have time to vary.
In this way, the characteristics of the transient electrical rating
can be defined for several values of the rotation speed. In spite
of this approximation, the eqns. 1 remain nonlinear, and we
shall consider small variations, in order to produce linearisation,
Thus, the equation system which results is as follows (see
Appendix 9.3):

(R, + sLy) Adpg — Ly, Dirg — Lyivg Ay = —sMAI,
LywyAipg + (Ry + 5L,) Arg + (Lping + MIL) Awo,
= —Mw,. Al

K
kMg Mg + skMAI,, = — (L,kws + Fw‘) Al,

208

where
Ak
K = —
Al

The poles of the transfer function F(s) = Aw,/Al, (taking w
as constant, Aw, is replaced by Acw,) are solutions of the
equation

1
s? +77 I+ T2 ww)s+2ww, =0
e

where
T. = L,/R,

In particular, one can see that these poles are independent of
the current. If one takes into account speed variation, this
gives a transfer function G(s) = Aw,/Al; whose denominator
is of the form

(1 + T ){(1 + Tos)® + DAT2HTE® + T, (1 + T2wpw)s
+ 2w,w,T?}

In addition to the poles already considered, one must introduce
the mechanical pole

where T,,, = J/f
and two complex poles are dependent on w, only:

Sl,2 == Fe tjw,
On the complex plane, for two values of w,(w, = 4rad/s, no-
load operation and w, = 20 rad/s nominal load operation), the

variation of the poles has been drawn as a function of rotation
speed (Fig. 2).

I

100 400
100 )

Fig. 2 Locus of roots for transfer function F(s) with variation of
speed

—-—@——w,.=20
——— W =4

It can be seen that the dominant poles are

[u—

Sl,2 = tjwr

o

Except for the very low speeds the modes corresponding to
the F(s) poles fade more quickly and disappear in the first
periods of the transient operation. Changes in speed, torque
and stator frequency occur according to the modes associated
with the three other poles (S,, and S; and §,). The value of
Sm varies if the load torque is proportional to the speed.

For the Figures representing high-amplitude transient
operation, such as starting, there is qualitative verification of
the above results,

For starting, a threshold for w, must be introduced.

IEE PROC,, Vol. 130, Pt. B, No. 3, MAY 1983



© Actually, when the machine stops, there is zero voltage, and

therefore w, is also zero.

Several tests by hybrid simulation were carried out on an
experimental machine in order to adjust this threshold to a
value of around 10 to 15 rad/s, thus limiting torque oscillations
during starting (Fig. 3). The paramcters of the asynchronous
machine are given in Appendix 9.2,

15 radl/s

S
3.4rad/s

0 100 %00

20}
| 25rad/s
ZE 14 \
§10r s
= 34 radls

6 15 rad/s
2
0 100 200 300 400
b t,ms
Fig. 3  Variation of torque during starting for several values of w;
threshold

a Low values of torque
b High values of torque

As the sign of w, cannot be controlled, it was not possible
to impose the generator function in the case of braking. There
are two ways of carrying out braking and the possible reversal
of the rotation direction:

(@) braking effected by counter current, achieved by
inverting two of the machine’s stator phases (Fig. 4)

(b) a programmed decrease of w, (Fig. 5) with a time
constant 7. :

A hybrid simulation was used to demonstrate 2-speed reversals,
using these mecthods. To achieve a complete reversal of the
rotation speed, it was found that the reversal was the faster for
the threshold, being that much lower.

4 Sensitivity to machine parameter

We shall consider here the w, estimated model, in order to
examine the sensitivity of this model to the parameters of the

asynchronous machine.
For a parameter x; of the machine, the sensitivity coefficient

is obtained from

5, = 2o / Ox;
w,(x;) X

Three parameters of the machine are taken into account in
the expression .; these are T, 0 and L,.

Let S(T,) =1, i.e. a 10% error in the rotor time constant
causes a 10% error in .. Thus:

1 x

S =5 (ox — 1)(1 —x)

where x = kLI,
o X
SO ="355
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Variations in these sensitivity coelficients as a tunction x are
shown in Fig. 6. It will be observed that the sensitivity is
greater, the lower the level of rotor-current frequency. In the
case of simultaneous variation of L, and L., due, for example,
to saturation, it will be observed that there is a reduction in
sensitivity.

5 Experimental procedure

Reconstitution of V,, on the experimental assembly was
carried out in two different ways:

(a) The first method assumed that losses and commutation
in the inverter were negligible. In these conditions the inverter
input voltage is proportional to the average value of Vg3 Viy.

Tem. NmM

150

100

rad/s

=
o -
2 g 20rad/s
Z _sof 8 radls

-100F

'1500 1 2 3 4

t,s

Fig. 4 Variation of torque and speed during reversal of rotation of

machine in counter field

N, rev/imin
=]

-1500

Fig. 85 Variation of speed for reversal of rotation with a programme
of speed decrease for two values of time constant v
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It can be stated that:

Vea = Vem cos ¢

Vea = Vamsing

The maximum amplitude V,,, can be obtained, using a diode
bridge which rectifies the stator voltages.
Let

I7aq = \/ng - Vzd

From this, one can directly obtain the average value of Vaq.

¢

SL,

: I
_/-/!

0 94 =%

Fig. 6 Sensibility coefficients of mathematical model! SL, and Sy

(b) The second method of reconstituting V,, imposes no
conditions on the inverter. Calculation is on the basis of the
instantaneous voltages at the machine’s stator.

To determine V,, two voltages, Vy; and V3, are measured,
together with the angle 8 which determines the position of the
direct axis in relation to phase 1. The phase | axis is defined
by its own maximum current.

With regard to a defined commutation in the convertor, §
has the initial value of — m/6 at the beginning of each cycle,
and

Vea = V2 {Via cos (0 — n/3) + V3 cos (6 — 2n/3)}

The crror of the angle 6 can be assessed for the maximum
operating frequency (here, 60 Hz) at

A0 <3°5'
Hence

AV,

—liq < 3%

Vea
This method of determining ¥, remains valid for both rotation
directions. To pass from one to the other, one merely has to
exchange V;, and V5.

The equipment used in assessing this control law were the

analogue console and the digital console of 4 hybrid computer
EAI 500.

UM

9-2m/3

Upgt -sin|—
6-5116
| cos(6-1/3)

Ve2 —_—t o]

cos(8-21/3) Vsq
Vogo——(———— ———O
Fig. 7 Analogue scheme for reconstitution of Vsq
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In order to determine 173,,, the integration of V,, isobtained
using analogue integrators, whereas the division of ¥V, by the
period is carried out by a digital program.

Both the w; = kV,, law and the . estimate were worked
oul by using a digital subroutine. The reconstitution of Vg by
the second method is shown in Fig. 7. Fig. 8 gives the V,;, V,3
and V,, signals.

V52

Vs3

Fig. 8 Experimental signals in steady state

a, b. Stator voltages
c. Calculated signals Vg

6 Resuits

The experimental tests were carried out on a SkW 3-phuse
asynchronous machine. The control signal was the reference
current used to regulate the supply. The present study did not
examine this type of speed regulation, as this was carried out
in a previous study [9].

Experimental results are shown concerning transient
operation for the machine (Fig. 9) for several values of the
current g and the frequency threshold. It was observed that,
with the maximum possible current (/, = 40 A), the machine
was started from 0 to 1500 rev/min in less than 2s,

Fig. 10 also shows complete reversal of the rotation direction
of the machine from — 1000 rev/min to + 1000 rev/min. This
compares with the reversal obtained using generator braking
via a speed sensor on the same machine.

It will be observed that the duration of the total reversal of
direction is greater than with a generator; on the machine ex-
amined, it is 12 s, instead of 8s.

7 Conclusions

The present article contains a description of the determination
and realisation of a control law for a current-fed asynchronous
machine, which makes it possible to do without a speed sensor.
This law is based on the determination of frequency from the
machine’s voltages, and allows.stator use in the machine to be
controlled. The law also makes’it possible to estimate rotor-
current frequency and, hence, the rotation speed of the
machine. The present state of development of the control
system means that operation with generator for braking and
reversal of rotation direction is not directly possible. A modi-
fication of the law is being effected to allow operaticn in all
four quadrants of the speed/torque plane. We should like to

IEE PROC., Vol. 130, Pt. B, No. 3, MAY [983
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”N

1500} ISOD>- 15001
25rad/s
25 rad/s
[ =
c Is =20A c 1s=30A E 25rad/s
= . E 3.2rad/s s
z 3.2radls 3 o
- 58 rad/s - =z Is=404
z z 58rad/s 3.2 rad/s
———58radils
L1 1 3 i 1
01 5 0 1 0 1
t,s t,s t.s

Fig. 9  Starting of the machine Jor several values o f the current and of the threshold on stator angular frequency

point out, however, that countercurrent braking is feasible and
demonstrates satisfactory performances in numerous appli-
cations. Study of the control law described was made on a
hybrid computer EAI 500, but now this law is realised on
amicroprocessor MOTOROLA 6 800, with wired multiplication
and division.

1000 rev/min
£
E
E o 1 t,s
X
-1000 a
1000 rev/min
£
E
>
o N
q‘{ t.s
z
aoook  ®

Fig. 10 Reversal of the rotation speed (I = 30A)

a Control by Vg and braking in counter field
b Control by a speed sensor using generator braking
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Appendixes

9.1  Determination of flux $rq and torque T,

¢rq = Lrirq ¢sd = Ls isd +M‘-rd
¢sq M, [rq ¢rd M isd + Lrird

Il
Il

R
0= Z! ¢rq + Wy {Misd + Lrird}
r

0= Rylrg T Wrdrg

isd = [s "
T ?_sg — 5 -
g = M M
o = Reim

T e
R R.i . .
L—' bra = — T (Miy + Lying)
r brq
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. L,L
.¢3!1 s~r

M

L ' L
= 1‘_; {¢sd —L,I,} Ml + ;; sa — 1,

i 2
N ¢3q b (ﬂ) {lea - ¢ad}{¢sd - OLSIS}

L\2 24 oL212) (92 + oL21?
r {su_‘pa oLils) s Usa_OLB[‘

2 _ [Lr
bra (M) (I +o)Lgly) |(1 +0)L,d,

L2
¢'2'1 = M2(1+:1)2L2[2 {Lzlz_‘lbz}{‘bi_ozl‘:li}
8% 8

Tem = —p013¢m XM/Lr

+ Po
T +o)L,

]

* Tem

VLI — 03 pd — (0L,10)"}

9.2 Parameters of induction machine used
Parameters of the asynchronous machine: 3 phases, 50 Hz,

2 kW
S7/220V 35/20A
R, = 0078Q L, = 0.0096H
R, = 0087Q L, = 0.00586H
(; = 0.09 kgm? f = 0.01 Nm/rd/s

M = 0.00716H

I

9.3 Calculus of transfer functions without and with variations
in speed
The system of Equations is:

( d
0= R,-l,.d + ; ¢ni —wr¢m
. d
0 = Rypig + o Ora t @rén
dw :
j o +fw=pe Tom —T,) T, is the load torque
with
¢rd B L,er +M1,
(*prq = Lrirq

For small variations about an operating point, we determine

0 = R, Aipg + S(Ly Aipg + MAL) — Ly, Al

— Ly, Aw,
0 = R, Aipg +SL, Aipg + w, (L, Aipg + MAL)
+ Aw, (L iy + MI,)
(Js+f)Aw = p AT,, if AT, = 0

(T, is a perturbation)

212

and

Aw, = k AV, + Vg Ak
Awy = k{sM Aipg + Aw, (LI, +Miry)
+ wy (Lg Al + MAiyy)}
+ Ak {0, (Lyly +Mig)}
as in steady state
kg = 1
0 = k{sM Aiq + w, (Ly Al + MAIL,)}
Akwg (LgPy + Mig)
If we put K = Ak/Al,, the precedent equation is

K
kMs Al + kMwg Aly = — (kst, + . oos)AI,z
Eliminating AZ.4 and Ai,, we obtain
A F
Fio = 8% _ 510
. Qf, Fz (5)

The denomination of F(s) is

R kMg
Fy() = w 2
;

1
[s“-’ +s (F + ww,Te) + Zw,w,.]

e

When we neglect the variations of w(Aw = 0), then Aw, =
Aw, and Aw,/Al; = F(s)
In the other case,

Aw, = Aw; — Aw
AT, = —pol,liyq AL+ 1 Aly)
We have

Aw;,; Aw,+ Aw Aw

= T " - F(Y+ —

Al, Al O+ 4

Aw - _ p%erm . p%Lr _A_ir_q

A_l, fQ+Ty,s) f(+T,s) Al

Ai G, (s) )

=g - 1 — p2 2
= == = +

AL - Gy () with G, (s) = RI{(1 + Tes)* +

+ T2 W2}

For the transfer function Acw,/Al;, the common denominator
is

F(8)x G () x (1 + Ty, 5)
or

1
K, {sz +s (—T— + ww,.Te)+ 2w,wpt {1+ Ty s}

e

{1+ Tes)® + Tew?}
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Abstract—Maglev vehicle ML-500 in Japan attained a speed of 517
km/h on December 21, 1979. The linear synchronous motor (LSM)
drive cycloconverter fabricated and submitted to the track test has a

crent can be arbitrarily controlled in a range of 200-1300 A.
Despite the rigorous power conversion and control, excellent current
control characteristics were obtained: less than 4 percent in deviation
of current peak value, about 4° in leading phase deviation and
spproximately 1.2 ms in zero current interval. Some observations
\ 'ut the LSM driving system are made, and an oytline of the design
(ﬂ the data obtained from the super-high-speed running tests on
Miyazaki test track are given.

L. INTRODUCTION

| JDESEARCH and development of a high-speed levitated

Rrai]way using linear motors are umderway in various
countries, including Japan, the United States, West Germany,
ind Canada [1]. In Japan, the basic study has been pursued
ance 1960. The Japanese National Railways (JNR) decided to
tonstruct a large-scale test track in Miyazaki Prefecture and
amy out super-high-speed running tests of a levitated vehicle
for verifying the results of the basic study. Technical con-
sderations for the construction of the Miyazaki test track
were started by engineers of JNR and a few manufacturing
sompanies in 1973. In 1977, the first levitated running test
w35 successfully performed on the initial 1.3-km track. In
r&{ :mber 1979, the ML-500 test vehicle attained a new
Vorld record—a speed of 517 km/h (321 mi/h) on the ex-
tended 7-km track.

The linear motor system used at the Miyazaki test track
consists of superconductive magnets mounted on the vehicle
wh armature coils arranged continuously on the ground [2].
Ihis is a well-known linear synchronous motor (LSM) system.
Since the driving and operation control of the vehicle would
depend on the adjustment of power to be supplied to the
gound armature coils, reliable conversion and control of the
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Characteristics of Linear Synchronous Motor Drive
Cycloconverter for Maglev Vehicle ML-500 at
Miyazaki Test Track

capacity of approximately 12 000 kVA in a continnously variable:
.( quency range of 0-34 Hz with a sinusoidal current waveform. The

533

TAKASHIGE SAIJO, senior MEMBER, IEEE, SHIGEYOSHI KOIKE, ano SUSUMU TADAKUMA, MEMBER, IEEE

LSM drive power was an important problem to be solved in
achieving a vehicle speed of over 500 km/h.

The authors have participated in this Maglev project since
its initial stages, when the construction of the Miyazaki test
track was planned. They proposed and designed an LSM power
supply/control system configuration, thus actually bringing
the project to success. The cycloconverter fabricated and
submitted to the track test [3] has a capacity of approx-
imately 12000 kVA in a_continuously variable frequency
range of 0-34 Hz with a sinusoidal current waveform. Its
current can be aribtrarily controlled in a range of 2001300 A.
The LSM test vehicle was subjected to synchronous operation
with two cycloconverters of the same characteristics.

This paper discusses the LSM driving system, including a
largecapacity cycloconverter, and gives an outline of the de-
sign and the data obtained from the super-high-speed running
tests on Miyazaki test track.

II. POWER SUPPLY AND CONTROL SYSTEM FOR LSM
A. Configuration of LSM

Basically, an LSM consists of magnets and armature coils.
An example of LSM confi uration suited for railways is shown
in Fig. 1. A constant exciting current is persistently applied
to_the superconductive coils mounted on the vehicle, while
variable-frequency ac power for driving the vehicle is supplied
to the armature coils arranged continuously on the ground.

The armature coils consist of a three-phase array of the
same shape coils, each wound to a length equivalent to an
electrical angle of 120°. When the vehicle field moves over the
face of the armature on the ground, an electromotive force
with frequency fis generated in the ground armature coils:

f=v/(27) (Hz)

where v s vehicle speed (m/s) and 7 is field pole pitch (m).
When ac current i, (whose frequency is the same as f)is
applied to"the ground armature coils, a propulsion or regenera-
tive braking force is produced in the vehicle field, ie., the
vehicle itself. Generally, i,, can be given by the following
equation:

Im =1, sin 2nft —§).

In the case of railways, once a driving equipment has been
established, there will be no means of controlling the driving
force other than adjustment of i,,. Therefore, it is necessary
to provide a variable-frequency variable-voltage power supply

0093-0094/81/0900-0533$00.75 © 1981 IEEE




Fleld flux
Superconductive
coll

Fig. 1. Configusation of linear synchronous motor. (a) Structure. (b) Circuit connection.

whe  n

which permits free adjustment of I,,,, f, and 5 regardless of the

magnitude of electromotive force and the circuit constants of
the ground armature coils.

There may be various types of variable-frequency variable-

3 @(*age power supply. The authors proposed to apply a cyclo-

" & vertertosuch a power supply for the following reasons [4] :

.

1) easy circuit configuration,

2) high stability of operation,
, 3) ease in making a large capacity equipment, and
% ) ease in obtaining sinusoidal waveform outputs.

Their study efforts also focused on the development of the
best suited cycloconverter.

B. Power Supply and Control System used at
Miyazaki Test Track {5

Unlike a rotary machine, the linear motor has armature
coils arranged continuously along the guideway, and the
majority of these coils do not face field poles. For this reason,
the linear motor railway cannot be of practical use without
using a system configuration in which the driving current can
be applied only to the ground armature coils facing the vehicle
fields. According to the authors’ design, the ground armature
coils are electrically split into many sections with a certain
length so that the current is applied only near sections in
ulvhich the vehicle exists.

YL e sections are divided into two groups, A and B, on an
alternate basis. The power sources and feeders are also divided
into two groups, A and B. Groups A and B are to be switched
alternately in step with the traveling of the vehicle to prevent

2 change in the driving force of the vehicle from occurring

and_ - it passes from one section into another. Fig. 2 shows the
power supply and control system for LSM used on the Miyazaki
test track that was designed to incorporate the considerations
stated above as well as in Section 1I-A. Table I summarizes
the main performances and specifications of the Miyazaki
test track. Fig. 3 is a photograph showing the vehicle and
ground armature coils.

III. LINEAR SYNCHRONOUS MOTOR (LSM)
PROPULSION SYSTEM

A. Control Method of LSM Drive

Fig. 4 shows a block diagram of the basic control system
for LSM drive cycloconverter. The functions of the control
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Phase V
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(b)

system are classified into the following three categories:

1) current control,
2) synchronizing control,
3) thrust calculation.

Function 1), provided in the current control loop shown by
the dotted lines in Fig. 4, is to allow LSM armature coil cur-
rent i,y to flow in accordance with the current reference iy’
given by

ip = I sin (wt —8).

The purpose of function 2) is t intain armature coil
current which is_synchronized to the running of the train.
The function determines phase angle (wt — 8) through calcu-
lations in controller (1) of Fig. 4.

In function 3), calculations are also made in controller )]
to determine current amplitude /p ensuring that the train will
run at the reference speed.

Of the three functions, 1) and 2) especially require a quick
response for synchronizing operation of the LSM. Again, the
smooth conversion of large power is impossible unless the two
functions can coordinate with each other,

B. LSM Drive Cycloconverter

The specifications of the cycloconverter for the LSM drive
at the Miyazaki test track are as follows:

1) main circuit connection: 12-phase, H-connection,
2) transformer primary voltage: 11 kV,
3) transformer secondary and tertiary voltages: 2300 V,
4) rated input frequency: 120 Hz, :
5) rated output frequency: 33.1 Hz, |
6) rated output phase current: 1100 A,
7) rated output capacity: 9.64 MVA,
8) output current: sinusoidal waveform,
9) control system: symmetric control, noncirculating cur-
rent method,
10) cooling system: forced air cooling,

Also, the overload capacity is about 125 percent of the rated !
output. The appearance of the cycloconverter, the main circuit |
connection, and the control circuit configuration are shown in
Fig. 5-Fig. 7. The control circuit provides triggering pulses to
the thyristors so that the output current i,, can follow the
given reference current i, !

SAlJO e
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: LINEAR SYNCHRONOUS MOTOR DRIVE CYCLOCONVERTER

Power transwission line (60Hz 6bkV 3 phase)

Synchronous motor generator l
Total control board g?gtgggﬁgion liigh voltage distribution device

e ey
Vehicle -
location h Tign
director i (B
Cyclloconverter
Changeover control ﬂ L,Reslstance for rheostatle brake
High voltage
==__distribution ecircults
———Feeder
.Changeover swltch
Coil for propulsion
[ — C [ ] [ | E: and guldance
Leakage coaxlial cable
4
Radio repeater o 4 Telecommunication cable

Repeahé; ! ;Inductive wires with transposition
N

Fig. 2. Power supply control system.

TABLEI
MAIN PERFORMANCES AND SPECIFICATIONS
Item Type Data
Levitation Inductive repulsion type Levitation force 10t
Magnetic levitation Levitation height 250mm
Effective gap 100mm
Guide force 5t
Guidance Null-flux type magnetic (at the dilsplace-
Guidance ment of 50mm)
{ Effective gap 100mm
Thrust 4.4t
Phase 3d
Propulsion Linear synchronous Shauene O~Gp e
motor y °
'( Voltage 3,000V
Current 1,100A
Normal 2.6t
(Regenerative)
Brake Electric and Emergency 2.5t (peak)
hydraulic brake (Rheostatic)
“ Urgent 3.5t (mean)
(Mechanical)
Control Automatic run controlled by computer
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Fig. 3.  Vehicle and ground coils at Miyazaki test track.
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. ‘( 5. Appearance of cycloconverter in Miyazaki test track (phase U).
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Cycloconverter main circuit connection (phase U).

Phase shirter Gate circutt

118,

Current
controltler
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. suppressing
- Heverse conv, Suppress ing
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swltch

Fig. 7. Control circuit configuration (phase U).

Cycloconverter output current is detected by two methods:
method (a) using the ACCT provided at the input and method
(b) using the DCCT provided at the output, The forward-re-
verse switching operation based on noncirculating current
control is carried out in the zero current interval to be decided
by the main circuit constants, thyristor characteristics, ampli-
tude and frequency of output current, and capability of zero
current detector. In this control, a reduced thrust or its in-
creased pulsation is due to a larger proportion of the zero cur-
rent interval in the output period. To prevent this, the zero
current interval should be shortened and stabilized. The
switching system, shown in Fig. 8, has a zero current interval
of 1.3 ms. In Fig, 8, a change in the polarity of the current
reference at time ¢, causes a gate shift command to be de-
livered, thus reducing the output current with the maximum
gradient. When output current crosses the threshold level of
the zero current detector at fy, time delay element TD, is
operated. During that time, gate signal distribution and gate
shifting to the forward converter are held.
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Fig. 8. Forward-reverse switching operating timing chart.
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TD; is the time during which the output current falls to a
fect zero as the result of gate shifting for a certain time,
;ause zero current cannot be detected in the complete
en ' @f current. At f,, following TD,, the forward con-
ter 1% .ce-suppressed, and the gate shift is released. After
: main circuit current has been reduced exactly to zero, the
tem provides the second time delay element TD,, which is
ger than the time required for the thyristor to be com-
tel' (" *inguished. At t3, following TD,, the gate of the
ersc ct.verter is started, causing a negative current to run.
a result, the forward-reverse switching operation is com-
ted.

IV. DISCUSSIONS ON THE PULSE NUMBER OF
CYCLOCONVERTER

Most LSM’s used in practical service employ a three-phase
tem. In Fig. 9, showing an equivalent circuit of the cyclo-
werter output circuit for one phase, e, is the cycloconverter
iput voltage, e,, is the LSM electromotive force, i, is the
sloconverter output current, Ry and Ly are the resistance
1 inductance of the feeder, R,, and L,, are the resistance
i inductance of the armature coil, and R, is the imaginary
istance equivalent to the commutated inductance of the
ut circuit.

The response of the output current to the cycloconverter
tpl-“:b( age can be given by the transfer function (1):

G =1/R+LS) )
erg ¥=Ry+ Ry + Ryand L =Lp+ L,,. The interval
twéiA_ommutations T of the cycloconverter fluctuates
th time around the mean value 1/pf; (where p is the cyclo-
averter pulse number and f; is the cycloconverter input
quency). However, if the rough approximation is applied
)m a practical point of view, the current control loop can
represented as a sampled data control system as shown in
5. 10. If the compensating element G.(S) to be cascade-
anected to the loop is assumed to be a simple proportional
ment of gain K., then the openloop transfer function

S)is

1T,

G(S) = K(1 —e—Ts)m-

(2

537

Fig. 9. Equivalent output circuit of LSM drive cycloconverter.

Z-transformation of (2) gives

l —_— e" {T)’Tﬂ)

=(Z = fiemaae s B

G@) = [266)) =K ——s @)

where K = K, K¢/R and T, = L/R. The closed-loop Z transfer
function is

In(@)__G@) .
I,Z) 1+G@)

If all roots of the characteristic equation
1+GZ)=0 (5)

are within a unit circle in the Z-plane, the system is stable. The
maximum loop gain of the stable domain can be obtained by
putting Z = —1 in (5):

1 +e(T/Ta)
Kmax =T —arryy (6)

Fig. 11 shows the result of calculating the maximum loop
gain K, a5 from (6) using constants of the test track, with the
pulse number changed. Fig. 11 also includes the ratio of cur-
rent peak values /,,/[p and the lagging phase deviation 6,4
which were obtained by continuous control approximation
when the loop gain was K;,,. The ratio of current peak
values is subject to the effect of electromotive force; the out-
put current [, is smaller than the current reference I in
motor operation and larger in regenerative operation. The
lagging phase deviation has the same value in both motor oper-
ation and regenerative operation.

It can be understood from Fig. 11 that with a larger pulse
number, a higher loop gain can be selected. Consequently, the
ratio of current peak values is closer to 1.0 and the lagging
phase deviation decreases gradually. If they consider a proper
pulse number in relation to the complication of main circuit
composition and the improvement of control characteristics,
it is found that an increase from 6 to 12 in pulse number pro-
duces the most significant effect. Thus a pulse number of 12
is used for the test track.

V.SYNTHESIS OF CURRENT CONTROL SYSTEM

A. Current Response Improvement by Cascade Compensation

Output voltage of the cycloconverter is obtained by phase
modulation of the gate triggering phase to thyristors. Namely,
the input voltage waveform at each commutation is cut and
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pulse number.

patched up to make an output voltage waveform. Since the
ratio of the input frequency to the output frequency is not

7d" lways an integer, the initial condition differs in every half-
cycle. In addition, if the cycloconverter is a2 noncirculating
type, a zero current interval exists and acts as a kind of dis-
turbance to the control system. Simulation by a computer or
other proper means is needed to elucidate accurately the cur-

1 ent response of a cycloconverter having such a complicated
operation. However, the response to the fundamental com-
ponent of output frequency can be clarified by approximating
the system as a continuous control system.

Fig. 12 is a block diagram of the current control system
approximated as a continuous system. Here, the cyclocon-
verter, consisting of a sampler and a holder, is approximated
by

G(S)=Ke 5T/, ™

In Fig. 12, the open-loop transfer function G(S) and the out-
put current /,,,(S) are given by

GES)= Gc(S)Gs(S)Gm(S) ()
LG Gu®)
Im®)=1 T 60 Tr@)—1 1 6E) Em(S). ©)

Em
Compen. Cyclo-
circult converter LSM circuit
IR + A = Im
> Gc(S) GS(S) - Gm(s)

Fig. 12. Continuous control loop diagram equivalent to Fig. 10.

Compensation by Gain Adjustment (Method A): When the
compensating element G,(S) is assumed to be a simple propor-
tional element K, the open-oop transfer function G(5) of (8)
is

Ke—STf‘z

O rrs

(10)

According to Fig. 11, the maximum loop gain Kpmax is 63
in the case of a 12-pulse cycloconverter. Fig. 13 shows a Bode

diagram of the open-loop transfer function for K = 50. As

shown, the phase margin is positive and the gain margin is
negative, which means that the system is stable.

On the one hand, the following requirements must be
satisfied from a quick-response point of view:

1) the gain margin must be approximately 10-20 dB, with
a phase margin of approximately 40-65°;

2) the slope of the gain curve as it crosses O dB line must
be —1 (—20 dB/decade).

The system shown in Fig. 13 does not satisfy these require-
ments. Although the resistance and inductance of the feeder
vary with the location of the vehicle, time constant Ty
(=0.01128) is chiefly influenced by the resistance and induc
tance of the LSM armature coils and cannot be adjusted arti
ficially.

If the static gain is decreased to approximately 24 db
(K = 15.85), then a gain margin of 10 dB and a phase margit
of 63° are obtained. These values satisfy requirements 1) and
2). Method A is simple and convenient but has a weak point
in that the gain is small in the low frequency band.

Compensation by Phase-Lag Controller (Methods B and
CJ: An effective way of improving the quick-response char
acteristics without sacrificing the gain in the low frequency
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band is to use a phase-lag compensating element G (S):

Ge(S) (11)

hen the opendoop transfer function is

( ke—ST,-‘?
- 14T

!

1+ 7,8
G

1+ 7,8

(12)

ny relation between time constants Ty, T;,and LSM circuit
me . pstant T, can be selected. But, if 7, > 71, > T, is
suni"l:( large phase lag will result in a high speed range of
0 km/h (w = 104) to 500 km/h (w = 208) which is rather
ifavorable.

Compensation with Ty > T, > T, is called Method B and
mpensation with T, > Ty > T, is called Method C for the
fPoses of this paper. In either method, the design criteria
%d on frequency response can be applied for synthesis.

Fig. 14 gives an example of compensation characteristics
fained by Method B. A Bode diagram of the open-loop
asfer function G(S) is drawn for the time constants of
=0.04125,T, = 0.01486, and the loop gain of K = 48,

[n the curve, G, (S) and G, (S) are

Ke—ST{Z

C1+T,S

(13)

The gain margin is 11 dB and the phase margin is 64 dB,
which are equivalent to the values obtained in Method A. As
shown, the gain in the low frequency band is as high as 33 dB.

In Figs. 13 and 14, the loop gain at 500 km/h (e = 208) is
16.5 dB (K = 6.68), which is fairly small. Also, the tendency
is that a large deviation of current peak value and lagging phase
angle will result from the small loop gain in the high speed
range. If time constants are selected as Ta > Ty >T,,itis
possible to increase the gain in the low frequency band and
prevent the gain at 500 km/h (w = 208) from reducing.

Fig. 15 shows an example of compensation characteristics
obtained by Method C, a Bode diagram of the apen-loop
transfer function with K = 67, Ty = 0.00668 and 7,
0.00143. The gain margin and phase margin are 11 dB and
47°, respectively, with a —22 dB/decade slope of the gain
curve crossing the 0 dB line.

The static gain can be increased to more than the maximum
loop gain achieved when the compensating element is a simple
proportional element. The gain at 500 km/h (w = 208) s
also as high as 25 dB (K = 17.78), which is 2.66 times higher
than the values given in Figs. 13 and 14. However, the damp-
ing coefficient ¢ is about 0.7, which means that the system is
more likely to be oscillatory than that in Figs. 13 or 14. Com-
pensating methods A, B, and C have different loop gains in
the cycloconverter operating frequency range 0-34 Hz. The
best characteristics of current peak value and phase lagging
deviation relative to the current reference are obtained by
Method C, followed by Methods B and A in that order.
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Fig. 15. Bode diagram of open-loop transfer function (Method C).

B. Considerations on System Disturbance [6]

¢ As mentioned previously, the output current can be given
{ (9) if it is analyzed in the block diagram of Fig. 12 showing
a system approximated as a continuous type. Since the output
current /,, is affected by offset, electromotive force, and cir-
cuit time constant, its amplitude is small in motor- operation
i«-‘l tge in regenerative operation) compared with current
(.-rence Ip. At the same time, the phase of the output cur-
rent is lagging. In order to obtain the same output current as
the reference, it is effective to give an additional input for
compensation £,,(S) at point A of Fig. 12.

+LS

Em
Ir($) + @,

4 s

R
Em(S)= (14)

In other words, the output current can be made to accord
with the reference by applying an additional input to point A,
which was obtained by converting the voltage drop and elec-
tromotive force in the LSM circuit to the corresponding
quantities of cycloconverter input circuit.

The actual armature coils for LSM are divided into 238
feeding sections (each 29.4-m long) and as the vehicle runs,
“L"q sections fed by the cycloconverter go on one after another.

one section is taken, the electromotive force increases with
the entry of the vehicle into it. Once the vehicle has com-
pletely entered the section, the electromotive force becomes
constant. As it goes out of the section, the force decreases
cg "dually, In other words, the electromotive force in the
1ﬁp.:lot:oml'erter output circuit varies trapezoidally with the pas-
sage of time. The electromotive force waveforms can be
plotted by position sensor signals and applied to the phase
controller of the cycloconverter.

On the other hand, the zero current interval also affects the
system as a disturbance. Phase-lead compensation is effective
for protection against such a disturbance. (See Fig. 8)) the
time 7, at which the gate is shifted is advanced by 6 (3 ms =
36° at 500 km/h), thus reducing the current to zero earlier
than current reference ig. Then the required zero current
interval is taken, after which the cycloconverter output cur-
rent is made to follow from zero or a small level of the refer-
ence current. This method of phase-lead compensation reduces
the effect of electromotive force, improving the output cur-
rent response.

Out
V2 utput voltage

Electromotive force of LSM

Voltage (V)

current reference

4
Output current\/ 1.256 ma/div

~1m0

Current(A)

|
{
-

Fig. 16. Simulated waveforms of LSM drive cycloconverter in 500

km/h motor operation.

Synthesis has been conducted on the response of the cur-
rent control system, assuming that it is a continuous system.
But the actual cycloconverter is a sort of the sampled data
control system and involves portions that cannot be eluci-
dated by the study on a continuous system, because the cyclo-
converter is in noncontrolled status during every two sam-
plings. Therefore, it is necessary to confirm the response of
the system by simulating cycloconverter operations faithfully.
Fig. 16 shows the result of computer-aided simulation at 500
km/h.

VI. TEST RESULTS

Much data have been obtained through the three years of
testing. Fig. 17 shows a chart obtained at running test of maxi-
mum speed 517 km/h. Fig. 18 shows the cycloconverter out-
put characteristics at 500 km/h. As shown in Fig. 18, when the
vehicle goes into a feeding section, the electromotive force
rises in approximately 100 ms after the current is applied to
the armature coil. Approximately 300 ms later, the electro-
motive force decreases. Then, approximately 100 ms later,
the current is interrupted by the thyristor gate. Despite such
rigorous power conversion and control, excellent current con-
trol characteristics (as shown in Fig. 19) were obtained: less
than 4 percent in deviation of current peak value, about 4°
in leading phase deviation, and approximately 1.2 ms in zero
current interval. Thus, it was possible to cause the vehicle to
deliver a maximum propulsion of 54 000 N. A propulsion of

SAL
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54000 N (5.5 tons) means that acceleration of more than
i A 55 g is applied to the test vehicle, weighing approximately
L; tons. Fig. 19 shows the representative characteristics of
cycloconverter output currents in the speed range 480-500
km/h, as statistical-processed by a minicomputer.

v‘(

The power conversion and control characteristics of a large
capacity cycloconverter for the LSM drive levitated vehicle
have been discussed. The LSM is a kind of synchronous ma-
chine, but is different from an ordinary rotating synchronous
motor. Therefore, the cycloconverter for driving the LSM
must meet very severe operation requirements: 1) it must be
continuously stable at any speed from zero (zero frequency)
to maximum (maximum frequency); 2) it must be subjected
to many disturbances, such as those caused by a large amount
of changes in electromotive forces and output circuit constants
due to section switching; and 3) it must withstand frequent
turn-on and turn-off caused by the entry and the exit of the

VII. DISCUSSION AND CONCLUSION

vehicle, or section switching. For a system whose scale is near
the actual track, such as the present test track, the accuracy
and reliability of vehicle field position sensor signals are much
worse than those in a rotating motor, and it is difficult to
make the current reference for the cycloconverter in a correct
form.

For these reasons, it was a great concern at the initial stage
of development whether or not LSM propulsion would be
possible at as high an acceleration as 0.5 £ and at such a high
speed as over 500 km/h. However, the test results almost
satisfied the theoretical studies and the initial target speed
could be reached at the Miyazaki test track.

At the test track, the vehicle will be modified into a shape
with proposed reasonable housing as shown in Fig. 20. And a
train consisting of three such new vehicles with passenger seats
will run the track for further testing. The authors, aiming at
more effective drive energy control systems, are making an ef-
fort to develop a new power supply system without reactive
power variation and harmonics for the implementation of high
power control for LSM drive.
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Bakgrund och f£forutsattet-—
Nningar.

I kursen systemteknik ingar det &en teknisk pro-
jektrapport. Méjligheten att sjdlv vdlja amnes-
inriktning har gjort att jag valt att férdjupa
mig inom prediktion. Detta kommer jag senare att
fortsdtta med i mitt examensarbete. Eftersom exa-
mensarbetet dnnu inte &r pabdrjat kan jag inte
visa upp ndgra konkreta resultat.

Metod

Genom erhdllen litteratur av Bjérn Wittenmark
fadtt ta del av problemstidllningen av prediktion.

Syfte

Syftet med rapporten dr att f& en inblick och
kunskap om prediktion, hur man anvidnder den och
vilka mdjligheter den har 1 samband med vdrme-

laster.



1 PREDIKTION
1.1 Inledning

Prediktering Kkan anvandas till att fdrutsdga vad
som kan hdnda i ett system, exempelvis i ett fjirr-
vdrmendt. Som det fungerar idag miter man endast
uteffekt m a p uttemperatur som ger en dalig
vdrmelastfdrdelning.

FOr optimering av systemet kan man anvinda en
prediktor som tar hdnsyn till temperatur, sol-
strdlning, vind,ackumulerad virme m m.

1.2 Prognosmetodexr

For prognosproblem finns det en mingd olika vari-
anter som bygger pd& samma princip. Det kommer hir
framdver framfdr allt presentera en modell dir

man delar upp lasten i en residual och en nominell
del.

Man kan indela prognosmetoderna enligt fdjande:

1. Metoder baserade pd exponentiell utj&m-

ning.
2. Metoder baserade pd skaleringsanalys.
3. -no -"-  -"- spektralutveckling.
4. - T -"- "pattern reqgognition.
5. - -n_ -""- regressionsanalys.
6. -"_ -"- ="~ Box-Jenkins tids-
rdkneanalys.

7. Metoder baserade pd tillstdndsanalys.



Linjara stokastiska
modellex, ARTMA pProcessSor.
Linjdra stokastiska modeller &dr baserade pd en
tidsserie y(t) med avseende pd vitt brus

(E=0 och ¢? ). I ARIMA (Autoregression integra-

ted moring average) modellen transformeras

e(t) serien till en stationdr eller en icke-
stationdr serie m h a fdljande processor.

1. Stationdr autoregressiv (AR) process:

-1 _ . -1, P =
A(q T)y(t)=e(t), ddr A(g ")= I a.q i
i=0
g t=(t-1)

Villkoret fo6r stationdritet fds d& rdtterna
till pclynomen A(q_l)=0 ligger utanfér enhets-
cirkeln.

2. Stationdr flytande medelvdrde (MA) processor:
N d -

. i

i=0

vit)= c(q" 1) e(t) dir c(q

Villkoret for stationdritet f&s d& rdtterna
till polynomen C(q_l)=0 ligger utanfdér en-
hetscirkeln.

3, Icke-stationdr summations (I)processor:
Vid t ex drift eller sdsongsvariationer i
medelvdrdet kan den eventuellt géras stati-
onar genom differansoperatorn V.

v =(1-g~ 1)

Vy(t)= y(t)-y(t-1)
Darmed blir ARIMA uttrycket

1 d

alg™h) v yit)= c(q™h) e(t)

Denna modell kan ocks& generalliseras sé



.4

att den tar hansyn till stationidritet &ver
en langre period t ex dygnet eller veckan
som ar aktuellt vid korttidsprognoser.

Modellens parametrar kan skattas (on-line),
alltsa rekursivt eller (off-line) icke-re-
kursivt. Modellens skattningsfel blir

e (t)= v(t)- v(t | t-1)

och férlustfaktorn
N
V=3I (e (i))?
i=1
D& man kidnner processen kan man jamféra
prediktorn med en optimal prediktor som har

forlustfaktorn v=1.

Arbetsgang

Arbetsgdngen fdr en rekursiv minsta-kvadrat
uppdatering kan ges av fdljande:

Berdkna € (t)
Skatta modellens parametrar.
Anvand parameterskattningen till att
berdkna k-stegs prediktorn.

4. For fler prediktionsvidrde, gd till-
baka till punkt 1.

Det finns tva.tillvdgagAngssidtt antingen

a) skatta en modell av lasten och berdkna
ddrefter en k-stegs prediktor

eller

b) skatta prediktorparametrarna direkt



2 PREDITIONSALGORITMER
2.1 Prediktionsproblem

Prediktionsfelet ges av
e (t+k)= y(t+k)- T(t+k| t)

Antag att ARMA- modellen gdller.

a(a™t) yie)= c(qt

) e(t)
dir c(q Y= a(q™l) Fah) + oK giq7l
A(q_l]O 1+ alq—1+. +a_q @
=] -1 B en
Clg 7)=1 + ¢4 +uiein e T
-1 -1 1 k+1
Flg 7)=1 + flq +. .+fnq
G(q-l = gg* glq_l+. .+gnq'n >
-1 -k G(q 1)
v(t+k)= F(q ~) + g ——Q:I— e(t+k)
Alg ™)
X Y
Y dar en funktion av e(t), e(t-1).... som kan

berdknas utifran tidigare observationer y(t),
y(t-1)...., medan X &r beroende pd alla mdjliga
observationer och kan darfdr fdrsummas. Den op-
timala blir sdledes

-1
§(t+k | t)= giﬂjfl e(t)
A(g ™)
. A g'l)
ddr e(t)= y(t)

ca™h

A a(q™h)

yit+k | £)= = 1 y(t)
Cla )

‘¥

-1

Tle+k)= (1-c(q™1)) yit+k(t)+ a(q ) yit)

FOr att kunna 18sa prediktionsproblemet nir



processparametrarna dr okdnda, sd far man skatta
A och C polynomen och m h a skattningarna berik-
naen k-stegsprediktor. Om detta gdrs rekursivt
innebdr detta att prediktorpolynomen maste be-
rdknas varje gang en ny observation féreligger.
Detta medfdr i sin tur stora berdkningsbehov.

En annan méjlighet &r att skatta prediktorpara-
metrarna direkt och ddrmed slipper man ldsa iden-
titeten C= AF+q_1G. Det ger en datavektor ¢ (t)

och en parametervektor o(t).
Aldgoritm

For det enskilda fallet har man méjlighet till
att vdlja pd flera olika algoritmer.

0 0, (t)= (al(t),...,an(t), cl(t),...
T
cp(t(, Dylt),.n. b (£))
o, (t)= (-y(t=-1),...,=y(t=n), eo(t—l),
ile vy eo(t—n), w(t),...,w(t—n))T
2 0, (t)= (cq(t),...,c (t), gylt),...
9p-1(t), Ko(E),eew ko5 (E))7T
o, (t+k)= (-F(t+k-1[t-1),...,-T(t+k-n |
t-n, yv(t),...,y(t-n+l), w(t+k),..
w(t-n+1))T
3 O, (t)= (hl(t);'---rhn+k_l(t), go(t),-.
Ipop (E)s Ko(E),enn ko (£))7T
A A
¢; (t+k)= (-y(t+k-1|t-1),...,-y(t-n+1 |
t-k-n+l), e(t),...,e (t-n+l),

w(t+k),...,w(t—n+l))T



N&r man skattar parametrarna direkt kan predik-
tionen erhallas som

A

v(t+k [ £)= ¢ ?(t+k) 0,(t)

som m h a en minsta-kvadrat algoritm

0 (t)= 0, (t=1)+ k, (t) (y(t)- qsf(t)

1
Oi(t—l))
kyte)= BplEod) e (€)
A+ ¢i(t) Pi(t-l) @i(t)
P(t-1)¢ (t) o (t) P(t-1)
P(t)= ( P(t-1)- )

X +0T(£)P(t-1) & (t)

A

A dr glomskefaktorn som '"minns" vad som hant
innan i systemet.

Noggranmnhet

Ett mdtt pd hur bra prediktorn &r dels rela-
tiva matt och dels absolut belopp av fdrlust-
funktionen.

n
loss function: V= g ( e(t))2
n0+l

( e(t) 2

100)
+1  v(g)

Den skattade standardavvikelsen ger det abso-
luta beloppet



LASTMODELLER

A)'T ex kan profilmodellen under en vecka ges av

=24
d

R
V168 " 54 7 yit)= (1 ¢4 ) (1 c, )

(l-c3q—168) e (t)
(168 anger antalet timmar /vecka)

B) Man kan ocksé& dela upp lasten i en nominell
och en stokastisk del enligt f&ljande predik-

tionsalgoritm
y(t)= ys(t) + yn(t) = yw(t), vy =konst
dar w(it) = ay(t) + (1l-0) w(t=-168)

Ju mindre o dr desto mer undertrycks det sys-
tematiska och de slumpmissiga variationerna i
lasten.

D4 o=0 > y(t) har inget inflytande p& pro-
filen.

D& o=1 3 profilen dr lika med de sista 168
timmarna.

Exempel pa hur vdrmelasten kan variera under
en vecka, kan ses under fig. 3.1

A mw

5000

T T T T 1

MON. = TU.  WED. = TH. FR. ' SAT. ' SUN.

Fig 3.1 Enkel exponentiell uppdatering for en
vecka.



Den nominella lasten kan beskrivas av
_ -1
yn(t)— Qg ~) W(t)

och den stokastiska delen kan modelleras av
en ARMA- modell. (Se sid 3 )

Den totala lasten kan da beskrivas av

-
y(t)= QLq—_l—; e(t) + v (ay(t)+ (1+a)
Alg

w( t-168):

Veckoprofiluppdatering kan erhdllas enligt

foljande
W, = l:S%_____ v(t)
1 1 ~-168
P S'S
— i-G
Wa= 271
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EN GENEREILIL. MODEILIL

Vid-eventuellt behov uppdelas lasten vid dygns-
tidspunkter t som

yvit)= xl(t) + az(t)xz(t) + 63(t)x3(t) +
64(t)x4(t) + e(t) ;

xl(t)= lasten pa en helgdag

x2(t)= extra last pd arbetsdag
x3(t)= -"- -"- 1b6rdag .
x,(£)=  -"-  .-"- ‘“odd"dag

8 1 pd arbetsdag annars 0
§3=1 pa 1l8rdag annars O
$ 1 p& odd-dag annars 0

e(t) = residual komponenten i modellen.

Profilvariationerna antages ske enligt f&ljande:

xi(t+24)= xi(t)+ vi(t)

Uppdateringen sker m h a ett Kalman- filter.
Vid starten varjedag m berdknas

R, (m |[m-1)= H(m) R x(m(m-l) I—I(m)T +R

vy
K(m)= R (m | m-1) H(m)/ R, (m | m-1)

X 2

Ry (mtl| m)= R+ Roy(m| m=-1)-

1
K(m) R (m|m-1) K(m)?T
H(m)=(1, S50 834 54)
Rxx= covarliansmatrils

*/ helgdag som inte faller in under de &vriga
punkterna

10
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KONKRET MODEIL.L

FOr- att konkretisera modellen kan man anta att

man kdnner t ex.
-1

il

1-0.35
1-0.95¢q

yv(t)= e(t) + s(t)

ddr o=1 och s(t)= 5sin0.04r t.

Med en tvastegs prediktor erhdlles skattningen

som
0.57

1- 0.359 1-0.57q"

y(t+2 | £)= e(t)+

2

+s{t+2)

Denna foérslustfaktor E€2= 1.36
Ofta jadmfdrs en sjdlvsvdngande prediktor med
en optimal prediktor som har férlustfaktor =1.

00 I: optimal prediktor

3 m

o 200 : sjdlvsvdngade

é prediktor

4 g

1000 2000
Time

-e(t)

Struktur foOr en optimal prediktor.

G -k| -y(t] t-k)

(ol

Y

>

5|
Y
I
Q

.
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Computer controlled systems
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Adaptive prediction and recursive estemation
Jan Holst

Self-tuning Predictor
Bjdrn Wittenmark
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PROJEKTARBETE 1 SYSTEMTEKNIK
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Vi har tittat pa hur de olika lederna hos en robot ska styras (ges fdr
referensviarden) for att fa t.ex ett verktyg att f8lja en viss féreskriven bana.
Eftersom respektive leds rdérelse kommer att vara beroende av hur de andra
lederna uppfdr sig krivs det relativt stora matematiska formler f{dr att
beskriva dessa vridningar.

Malet med denna uppgiften var att fa fram ett matematiskt verktyg fdr att
kunna fodreskriva delrdrelserna i varje led eller lank. Det matematiska
verktyget ska ange varje leds lige oberoende av de andra ledernas ligen for
att ange en exakt punkt i den dnskade banan for verktyget. Vid en snabb
dverblick pa problemet ser man att en férflyttning av verktyget beror pa en
mingd rdérelser och massor. Darfér har vi valt att begradnsa studien till
endast ett tva dimensionellt fall dir vi endast tar med tva armar pé roboten
och ser det som ett rent geometriskt problem. Vi forsummar saledes de
kinetiska krafterna. Om man ska styra ett system bestlende av mer &n tva
armar,i det tv& dimmensionella planet, méste man fdrst inféra regler och
begrénsningar hur denna tredje arm (t ex ett verktyg) ska rdra sig i
férhallande till de tvA andra armarna. Detta f&r att man ska kunna definiera

positionerna och rérelserna med matematiska uttryck.



al

NUVARANDE SYSTEM

De system som anvinds nu bygger pa férflyttning mellan punkter som tidigare
lagrats in , antingen genom att man férflyttar verktyget manuelt den Snskade
banan eller att man off-line lagger in de punkter som man vill att verktyget
skall g4 igenom. Det finns i princip tre olika sorters styrsétt

sekvensstyrning,point to point-(PTP)styrning och contolpoint-styrning.

Sekvensstyrning

Har arbetar man i operationssekvenser, program med sekvensndt utnyttjar
stopp eller griansvirdes brytare fér att styra armens rorelse. Vid sekvens
styrning har man f4 frihetsgrader och en mycket tidsédande programering.

Anviands f6r bl a materialhantering och maskinladdning.

Point-To-Point Styrning

Alla axlar &r servostyrdon och uppsdker da respektive position utan
samordning. Rérelsen ir har svar att férutsdga bl a beroende p& kinematiken,
drivdon,startpunkt,slutpunkt och hastighet.

FSr att fA en béattre forutbestimbarhet p8 rdrelsen kan man anvénda s8 kallad
Multi PTP, vilket innebdr att man ligger in ett stort antal punkter langs den

dnskade linjen. Nackdelen med detta &r att man behdver stort minnesutrymme.

Continuous path styrning

Rdrelserna ar servostyrda och samordnade s& att roérelsen mellan tva punkter
ir vil definierad f6r hastighet och last. En diagonal rorelse mellan tva
punkter delas upp i férflyttning i x-och y-led , ddr i sin tur dessa axlar ar
uppdelade i smi punkter. Eftersom man stegar fram motorerna i ‘mycket sma
steg kan man f& en relativt god foljning av den O&nskade végen och

hastigheten. Denna metoden anvands framst till bdgsvetsning och slipning.
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Vart system

Vi har utgétt fr&n nedanstéende figur

%

</

> X

F8r att v&lja ett enkelt exempel har vi valt att robotarmen ‘ska folja en rat

linje. Denna rata linjen kan beskrivas p& féljande sitt:

x=f(t) (k och 1 &r konstanter)
y=kx+1l

Robotens P kan beskrivas i planet pa4 f&ljande vis.

X=cl cos + L cos( p-=)
v = L sin LS""‘(F“"‘)

For att f4 reda pa4 vilka virden e och skall ha vid olika tidpunkter

18ser vi ut < och {3 som funktioner av x och Yy, vi séterﬂ - =§.



V) satter

= = COScC +# COJ?

X
L
B:ZK‘&/"?M-*J'/'ﬂg

(Q ' 0("‘5 ’ ?-M
| = COS K - Cosac= =2 5in C S 2
B 55 = shu - 2 s 2 f cos

gests 4ot (353 siri(Ee) - %m/f—f)m 15x)-
- ¥ s () ( sin(555) cos( 559
My

= & sf'nz(&%) =4/5/62(/3‘2"“_3‘)_— 4/5/52(£2)

2

&>
ﬁ = . arcs:»

A. =4 S'I"’J Sin E—?( Tl B /8- 2
= =l 5;’0&(0_3%( 2 2
b
& .
ﬂ-o?od:—' 2 are tan (— 77 >
< > -
o/ = Q.O(C.S\Y\ A-JB - _2&’//C g&n(—%/\

2

A = avre S /445 Y A
C \h\/ v, {//K/ﬂb/ 2/




[Lsamed a7 ek Fven Onokiart a7 Slora
per# /fyef prred om bl omd /mfz/f’féez&
So s exeroe/ Y Y TN /_’;g""f-___cygf_;n,hf oar
Cr  bestimd fastyher oo Verdrtgget” ar
V/Z//f.
//ﬁJ//yﬁﬁ/fﬂ ) ok fva ﬁke/r/%r‘h/'n/:arnd Kok

(7/(/' 5/{ r'VaAs

%’(f)) = £

g ZLlk-fwrer, = ki

<=7

T NS . 2
V= kgt = JE 0RO = Fl /1K
For par Uro:’wf”fa"//cof oG /é'//’awa/é N

X = cc l Sine - (ﬂ"oé)z. ) (3=)
f{l = L cosecr (=o)L cos( B-«)

Vi sdtter gter §=/3-x




/40/0/6//?7‘7 av oe tvd® Chcatiorerma féf.’

< < (5’”“ COsee
SinE CQ.Sg S92 § C'os§ )

= >

C cos5 + 05,‘45__02/5/%0( cos5 +Cose s17E

Sin§ cos§ \ SnE Cos§
<_.__ %,
- /
€ Oé':C'Co.sg-"&'._S/oE
Siret Cos’ *Cose 5128
« Cprr rén'umé;/ A e a4 (/(/&1'

Srarx C'G’chf _//‘430(_953? = Srex cos (/‘_’f— o)+ COJa/_,o"o(p-o() -~

= Sl oLl COsu - S ot S o/;"g/'nx 7 COSex 5 m 8 COSL Condc
i

=SB (sinfu tcosi) = Srn /3

oo Cocos(B) + Dsn(B=)

j/hﬂ

J

T 5,
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~

~.J

(L= g2t
Srrr e < S e

p——
(_&_ _ . eLek -
cos« Y Coiw

L _ < _g‘c;e«;‘i-"+§';i§’> —>

C Oset R

Dsivec—C cosd 5 cosS oty Sh ’ECOJM_)

.=> : _
C oS S/ =
COSed Simet
— D s/inc — C cosot | W _
= §7= : : = O 54//1/”:»7(? A F24 Prnh
COsE siret » s/in§ losx e,,é,./mL sid 6.

Dsinee ~C Cos
S/’bﬂ
§cp-< =
p' . D smson{h—— C coset C,(O;(/jio() +D_g,;7(ﬂ_,<):>
| [} S///;/]

D(S/'V) ol + S/ [/J—x))—- C (CO_Sod -C0oS (E-g)/\,

:'-7%:

—_—

/i(~



RESULTAT

Nedan sammanfattar vi de styrsignaler som kan t#nkas behdvas fdr att styra
en tvAarmad robot i ett plan uttryckt i x=f(t). Ber&kningarna ar gjorda for det
allmanna fallet. Variablerna A,B,C och D kommer att bero pa vilken kurva

som man &nskar beskriva med hjilp av roboten. Vi har fér varje berdkning

skrivit upp vad som galler for en rat linje.

, A
o = ArC siny A% 8% — arcz‘,an - —
I %)
/B3 2 arc Sl'h/@Z
Ly

oy = C cos(B-=)+ D sin(fi-x)
5/'"’/5
D (Sins + 5i'n (R-«))~C (COSO& ~Cos(B-o2) )

\S/'f)p

g =



Om man skulle Onska sig att arbeta i rymden istdllet fdr i ett plan skulle det

behdvas ytterligare en led, t ex att man till8ter vridning kring den nedersta

punkten av roboten. AZ

|

|

v
AN

Man far d8 ovanstlende figur att utg8 ifr@n och den leder till nedanst8ende

ekvationer fér att beskriva lage.

= (_1605%41605(/$‘°C)> cosd
= (—L CcoOSX +/ Cos(/j-x)) 5/'/76f

NS X

= L Sine <+ L 5/”(/)"04)

Fdljande utgings ekvationer f&s f8r hastigheten.

X = (';'('55('”5("6050( +605(ﬂ—x))-4 cos J(ez Sirel- (/3 - o'<) S (ﬁ"x)))ﬁ

y=4 CO_Scf(-Cosaa-fCOJ[AS-%))¢5/}7J/°25/'H0¢—(/f-o?) s/'n{[s-x)))L

= (o'< COS + (ﬂ'-oé)COJ(/}-u.)) L

Med detta far man sedan g8 till vdga pa& samma sitt som i det tva

dimensionella fallet .
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Den framsta fordelen med vAart system, som vi ser, &r att man skulle kunna
underlitta in programeringen av 8nskad vig f8r anvindaren. For detta behdvs
troligtvis att man i férvig ligger in ett antal kurvtyper i en databas t ex
cirkelbAgar,elipser etc.,dessa skall d2 anvandaren enkelt kunna ta fram och
da enbart behdva ligga in startpunkt,slutpunkt och t ex radie. Detta skall da

ge en mycket exakt f6ljning av den Onskade linjen.

Ovriga férdelar
* Tar mindre minnes utrymme #n de system som nu anvénds. Vilket

ger mdjlighet till kdrning i langa sekvenser.

* Man kan i hdgre grad anvinda sig av off-line programering
vilket medfdér stdrre utnyttjande grad p& de kapitalkrévande

robotarna.

En av de stdrsta nackdelarna med det system vi har tittat pd &r de stora
problem man f8r med att hitta matematiska modeller f&r de Onskade

rorelsebanorna.

Ovriga nackdelar
* Langa ekvationer med flera trigonometriska utryck vilka kraver

lang CPU-tid.

* Problem med att definera och hitta grdnsdverg&ngarna mellan
ekvationerna.
\r o s :
* Svart att kor‘(gera rdrelser nir man trimmar in en sekvens, nya

ekvationer skall tas fram fdr varje andrad bana.

* Programet kan troligtvis inte flyttas mellan olika robotar
eftersom de referenspunkter som anvands skiljer sig mellan olika

uppstallningar.

N&r man tittar p4 ovanstfende f6r- och nackdelar ter det sig troligt man i
kommande system kommer att anvinda en kombination av det system vi har

tittat pa och de system som anvénds nu.
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5. Simulation & Model Analysis

DETER - Deterministic Simulation

DSIM — Simulation with noise

FILT —~ Compute a filter system

RANPA - Compute a system with random coefficients
RESID - Compute residuals with statistical tests
SPTRF - Compute the frequency respanse of a transfer

function

6. Identification

LS - Least Squares identification
ML — Maximum Likelihood identification
SQR - Least Squares data reduction
STRUC - Least Squares structure definition

7. Miscellaneous

DELET - Delete a file

FHEAD - Inspect and change file parameters
FTEST -~ Check existence of a file

TURN — Change program switch settings

8. Alphabetical Command List
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Commands Available in ldpac

The following is a structured list of the commands available
in Idpacs together with a short indication of their use.

1. Input & Output

CONV - Conversion of data into internal standard form
EDIT — Symboliec text editor

FORMAT - Conversion of data into symbolic (external) form
LIST — Qutput of data on user readable form

MOVE — Moving data in the data base

2. Graphic OQutput

BODE - Draw curves in a diagram with logarithmic scales
HCOPY - Take a hard copy of the last graphic output
PLMAG - Draw a magnhified plot and allow changes

PLOT -~ Draw curves with linear scales

3. Time Series Operations

ACOF - Compute autocorrelation functions
CCOF — Compute crosscorrelation functions
CONC - Concatenate time series

CuUT — Extract a part of a time series

INS1 - Generate time series

PICK - Pick equidistant time points

SCLOP - Do scalar operations on a time series
SLIDE - Introduce relative delays between time series
STAT — Compute some statistical numbers
TREND - Remove a trend

VECOP ~ Do vector operations on a time series

4. Frequency Response Operations

ASPEC Compute an auto spectrum

CSPEC Compute a cross spectrum

DFT - Discrete Fourier Transform

FROP - Operate on frequency responses
IDFT — Inverse Discrete Fourier Transform
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Do grar /w ZrO-reg /e//ni

DISCRETE SYSTEM FIREF

OUTPUT FIREFER

TIME T

TSAMP TS

TS=T+H

Y=MOD(TS»2#H)

FIREFER=IF Y(20 THEN ~1 ELSE 1
H:20

END

T e e T T T e e et e e e e e

CONTINUOUS SYSTEM SuMl
INPUT U V

QUTPUT Y

Y=U+V

END

B T S e T I e e e e e e T

CONTINUDUS SYSTEM PIDVAR
INPUT E FIPRICK &%

OUTPUT Y

STATE X

DER DX

DX=E
Y=KV/TIV#X+KV*E~KV*TDV#F IPRICK
TIV:1O

TDV:f O

END™ ~__ KU (0

— e s e e s e s s mes s Gmm e e s Gmm G e Rs s M mmw  mme e Smm mmm s wmm e wms e mms e mme e

CONTINUQUS SYSTEM SUMZ
INPUT U V

OuUTPUT Y

Y=U+V

END

— o s s e e e eme s s e mes s e s e s e S e s s Mmm mmm e wmm e s mm e e e

CONTINUOUS SYSTEM PREG
INPUT U

OUTPUT v

Y=KP*U

KP:zt o

END

e e e e T T e e e e T

CONTINUOUS SYSTEM MOTOR

INPUT U

OUTPUT Y

STATE X

DER DX

DX=-=1/JO0%X+U

¥Y=10.1/J0%X

JO=774.4%J

J=IM+JISTANG+IKLAT
JSTANG=MS* (RS1M2/2+ (L*SIN(VINKEL)>12/3)



JKLOT=MK%* (2/S%RK+2+ ( (L+RK)*¥SIN(VINKEL) >12)
VINKEL=TATA*PI/150
TATA: 70
JM:0.0004714
MS:0.2

L:0.2S

MK:0.35

RK:0.025

R5:0.003
PI:3.1415924654

END

U T T e S S L

CONTINUOUS SYSTEM INTEG
INPUT U

OUTPUT Y

STATE X

DER DX

DX=U

Y=X

END

— o emm mw emm  eee e e mm eew e s em s e e mm e em e Em fmm W mmm e pew e s e emm e e e e e

CONNECTING SYSTEM RESPREGZ2
ULSUML1I=FIREFERLFIREF1]
VISUM11=-YLINTEG]
ECPIDVARI=YLSUM11]
FIPRICKLPIDVAR1I=YIMOTOR]
UCSUM21=YLPIDVARI]
VISUM21=-YILMOTOR]
UCINTEGI=YLMOTORI]
FI=YLINTEG]
UCPREGl=YLSUM2]
UCMOTORI=YLPREG]
KVLPIDVARI=KVLGSCHEP2]
END



F

Froe rarr /4/ &Y /9/2 S resler Mj

DISCRETE SYSTEM FIREF

OQUTPUT FIREFER

TIME T

TSAMP TS

TS=T+H

Y=MOD(TS12%H)

FIREFER=IF Y(20 THEN -1 ELSE 1
H:20

END

— = e s e e e e mmm  mm e Em e mmm e Gmm mmm wms s G ems  Em s S e S s m s e s e emm wm

CONTINUOUS SYSTEM SUM1
INPUT U V

OUTPUT Y

Y=U+V

END

- e e e s e smm mmm s e e M Gmm  mm smm mm mm mmm mmm  SEm e MEm smm e e tem e G emm e e e e e o

CONTINUOUS SYSTEM PIDVAR

INPUT E FIPRICK KV

OUTPUT Y

STATE X

DER DX

DX=E
=KV/TIV#X+KV#E-KV*TDV*#FIPRICK
TIV:1

TDhV:1

END

B e T e T I e

CONTINUQUS SYSTEM SUM2
INPUT U V

QUTPUT Y

Y=U+V

END

e e s wws R sem e s e s e mam e mmm  mm  wmm mee  mme  smm e SR smm M m  ES G Em MmO s mm e s e e

CONTINUOUS SYSTEM PREG
INPUT U

OUTPUT Y

Y=KPx*U

KP:1

END

— . s e e e s e mmm e G e mes e e e e s e S s G G W gew e s e e G e e s G e e

CONTINUOUS SYSTEM MOTOR

INPUT U

ouUTPUT VY

STATE X

DER DX

DX==1/J0%X+U

Y=10.1/J0%X

JO=774.4%J

J=IM+JISTANG+JIKLOT
JSTANG=MS* (RSP2/2+ (L*SIN(VINKEL) ) 1t2/3)



JKLOT=MK* (2/5%RK+2+ ( (L+RK) #SIN(VINKEL) }12)
VINKEL=TATA*PI/130
TATA:220
JM:0.0004714
MS:0.2

L20.25

MK:20.3S

RK:0.025

RS5:0.003
PI:3.141592654

END

- e e s e s sem s s e e e e e e e o e mm e M s e s S e mm mm wm e e o S e e

CONTINUOUS SYSTEM INTEG
INPUT U

ouUTPUT Y

STATE X

DER DX

DX=U

Y=X

END

- o e wm mmm smm s s e eem e e e e e G sme Mmoo e e e e e mem S e mm s Em e e em e

CONTINUGUS SYSTEM JUSTER
INPUT E FIMOD

OUTPUT KV

STATE X

DER DX

DX=—K1#*E*FIMOD

Kv=X

Ki:1

END

— o e e e s e e e e s e e e smm e e s s s mmm M mmm s e Smm smm G mme s e e e e e e

CONTINUQUS SYSTEM SUM3
INPUT U V

ouUTPUT E

E=U+V

END

— o e o o s e e s s s e e e mmm e e e e M mme e s e e M s e e s s Em e s mm e

CONTINUOUS SYSTEM REFMODZ2
INPUT U

OUTPUT FIMOD

STATE X1 X2

DER DX1 DXz
DX1==Al*X1-AZ2%X2+U
DX2=X1
FIMOD=B1%X1+B2Z%X2
Al:l

A2:1

Bl:1

Bz2:1

END

e . . T e e T T T



CONNECTING SYSTEM RESPREG4
ULSUM1I=FIREFERLCFIREF]
VISUM11=-YLINTEGI
ELPIDVARI=YLSUM11]
FIPRICKELPIDVARI=YLMOTOR]
ULSUM21=YLPIDVAR]
VISUM21=-Y[MOTOR]
ULINTEGI=YCMOTOR]
FI=YLINTEG]
ULPREGI=YLSUMZ21]
ULMOTORI=YL[PREG1]
ULREFMOD2I=FIREFERLFIREF]
ULSUM31=FIMODLCREFMOD2]
VISUM3I=-YLINTEG]
ELJUSTERI=ELSUMZ]

FIMODLJUSTER]I=FIMODLCREFMODZ21]

KVLPIDVARI=KVLJUSTER]
END



Gown- SoMed.uLCwﬁ_ P nhash gh etslo 0P i

Qaimn -
scheduler

Toheld

A m » |1 )
L S 30 M / @2 - "

Robotens 'h@j hetsmowrenk 3

2
J = 30+ :)zfcosoc

C

kewn belunas S /Mw an o .

Poticn AL V(/-\LU/U//V\ﬁ LS o o

'g“:kom.s)' ge/ e /W‘ﬂ&%\-f>
lonsbamf  dynamile & syskwed.  (

(i _ /
(4 + s Te * S‘"a) s(3s+1)

¢
+$"T‘]> SR N— <t
3(334—1)

am:bM= i>

Pls)=
1+ k(1+
C

(<) =

ST¢

]
- L1+ g 2 el Syl = . =
C s (Js+1) + K(']‘!‘S,%—)- S-T4)

K 1
5(7‘L+S+SZTO/> -
3 2 K 1 TERLR
s'r st 5(urg) 53 +57
£

EFNdas? Yermen /—;’— O fakdorn —A{/l/a'mf/o", 52 [ nann aurérs leovame~
OSA \/(uV;.C/‘V\ . Doche &~ K Vsdort " (S‘/Y))’(.Mlq 5) ) l/&\/%o//
1

——

z ¢ veren y/)fc-/wﬂf mychet .



QQ‘.W_SOMQ(J(LU/(\/\\? P Masﬁghcf:ﬁmm\

P Ko=5
PID: TI=16 Th= Tnee oo
)D S K—J :3 ) = "] DVV\‘VV\
(,.04.29 - 21:34:10 nr: 1
HCOPY
( j: )O;' = J:Z,GO
=0 K = 50 B _ o
. ) . K=60 k=130
0 0. —
0 10 0. 10
.o 273 - . J=o0%0?
1. k=10 K:HH)’} 1. %= 80 I = 2,01
( . 5
0 10 0. 10
C _ =595 : 3-0,100
. K=Y0° k=298 . o=90° K =0,500
; 4-—— . Pt
0 : 0.
0 10. 0 10

Gam-Schedutern ge- othvJE WTgn  fovs i ng o

_ o
\/)L\J S L, .



(;LO4.29-

HCOPY

L

(!
.voSTOr e bgtinaind « %rsﬂlcmimj y S (ma& 10,
Sinmulen des .
P 1K0=5  Kmax=10 Jean 7
PD:  Ki=3 Tr=tgo TP=| T~ 100
21:38:18 nr: 2
- J=10,1 f ooy I
-O ‘(:\O ._(OO K=7O
1 T~
0 : T
0. 10. 0. 10.
9 :8|q3 P) < O\US'L
(X-;’LO jK—,lO D(,:S/O i"éOl
1 T T - = =i
0. ! - .
0. 10. 0. 10.
., J=5% g J=0,100
1 X=UoT <0 ®=0T <0506
0. . 0. .
0. 10. 0. 10.

Sﬁjh’MLn V\aVV\V\‘~’//‘_;”+) doche %o\g sTovre é_\/vsj(/éz/l\/:j .



giovdes ockes N

S)muuﬁm‘nj e d 3%7@’9 rcguled‘ovvxs
Resutmded o be yad moa. koan

e SeyvO.
Ko =5

PID: K1=72 T£=26 D=0

(::.04.29 - 21:46:45 nr: 2

HCOPY

L

10.

0=3,43

. - N\ =100 syya

e

10.

J=3,93

_ /\ a=40 k=179,

10.

D-de  bortlkerpad

K vn
100
J =20
o =60 K:B,O
10l.
. J=0,402
(X=30 K= Z'O]
10.
., J=0,00
L= ¢ 0500

10.



A:\/QV\ en S;muken‘\/\j do- hasﬁjheﬁmem uf@a’)ﬁfg 1’?0\/ 3:)0ﬂle

[Qain™ e— &

Sc,hedul '

ke=10
TH=580

e TD=0.b

—\) Yo -
.05.09 - 11:09:30 nr: 1 — =720. S \ :
S-cgpy Qéé W s T}T)W‘e LC\/D j_ 9Id'(— ej &M na. .
‘: ] OL =;C> ] X :.b(}’
1 L.
0 . 0. 1
0 10. 0 10
= 20 x = §0°
1 1.
( 0 ' ‘ ‘ 0 ‘ ‘
0. 10. 0. 10.
C K =40 ®=96°
1, L
0 0. - )

0. 10. 0. 10.



Adaphv  MRAS - eglering  av hashghetsloopes

Yot @m‘
Js+ bm
+
e g (TR
K1
T, Td
em @

—PID —Z ) K a 9"_4_‘ _
JI X Js +h S @
‘ -

MIT—Nger\:
oxm__, oe
ot~ Fegre '8

A K. q

dov e = (lzm—clbﬁ(asw»bm— Js+b)(!p/‘+

. oK _ ‘
TR

Samm i 9rumculﬁﬁaw\dc tke sona vid MoTsvmnd e
anm—S(,Mcdwwmj ,at halle kv g :_)K_ IWSJ‘O\,VL+/ Jul -

,Qa/lmr)ad@j
Resvbptan wisor  ofk en Fovs Jam - (}"Uj) /fmrsjzv-l(m)qj /
has}—{g%@hbgﬂwﬂb) /ﬁU\/‘ 2o ﬁ‘ \'DOV'L Mo oINS dljmalm/k)

X/\:(Ca\ qzﬂ/\ A o an \f(—-'.-q/\ das . Aven,  hor 9 oMo

—

otk SLTTR 100.

i



CONTINUOUS SYSTEM PIDTACH

"Simulation of an ordinary PID-regulator with tachometersignal.

INPUT UREFPID YPID DYPID KPID TIPID TDPRID

OUTPUT UPID

STATE XO

DER DXO

UPID=KPID*((UREFPID-YPIDY+XO/TIPID-DYPID*TDPID)

DXO0=IF INTLIMIT<(.S THEN UREFPID-YPID ELSE DXOLIM

DXOLIM=IF ABSC(UPID-UREFPID)) (1-LIMIT)*UREFPID THEN O ELSE UREFPID-YPID
LIMIT:.2

“Limit gives the starting point for the integrator.

INTLIMIT:O

"Intlimit is a logical variable. 1 means a delayed integratory O a normal P
END

— e mms mmm s e s s smm e s s s mm e mms s G s e s e sem e s e s e o mm mmm mm me e e e

CONTINUQUS SYSTEM PREGU

"Simulation of an ordinary variable gain proportional regulator.
"Written by Anders Nilsson.

INPUT XP KP

OUTPUT UP

UP=XP*KP

END

et e T T T T T T R e e

CONTINUQUS SYSTEM MAXON

"Simulation of a servoengine MAXON-DC (Philips 4322 010 78013).
INPUT EM MS JMOTOR

OUTPUT RPM FI

STATE X1 X2

DER DX1 DX2

DX1=C(EM—-XONE) *KM*KM/JIM/R+KM/IM*MS

DX2=XONE/KM

XONE=IF X1>XiMAX THEN X1IMAX ELSE IF X1)-XiMAX THEN X1 ELSE ~-X1MAX
RPM=DX2

FI=X2

JM=IMOTOR+JOWN

JOWN=.0000214

KM:.09%4

R:7.8

X1MAX:40

END

et T T T T T e I R R

CONTINUOUS SYSTEM MODEL

"Simulation of a model of the Philips engine used in the robot.
INPUT UREFMOD JMOD KMOD

OUTPUT UMOD

STATE X1

DER DX1 )
DX1=KM/JMOD/RMOD* (UREFMOD#KMOD—-KM#*X1)

UMOD=X1

KM: .024

RMOD:7.8

END

B T T T T e T e



CONTINUOUS SYSTEM ADJUSTK

“Simulation of the adjusting link used in the MIT-rule.
INPUT DFIM E C

DUTPUT K

STATE X1

DER DX1

DX1=C#DF IM*E

K=X1

END

U T T R T T L T I I

CONNECTING SYSTEM MIT

"Simulation of an adaptive regulator using the MIT-rule.
TIME TID

UREF=AMPL/2%#SICGN(SINCW*TID) )+AMPL/2

AMPL =1

W:.3141592654

"Determination of the moment of inertia for a given angle alfa.
J=IF A{?0 THEN JO+JZ#(COS(A%.01745329252))12 ELSE JO
A0

JO:.0004

JZ:.02

UREFPIDILPIDTACHI=UREF

YPIDLPIDTACHI=FI[MAXON]

DYPIDLPIDTACHI=RPMEMAXONI]

KPIDLCPIDTACHI=K1

Ki1:3

TIPIDLPIDTACHI=TI

TIi:10

TDPIDLPIDTACHI=TD

TD:1

XPLCPREGUI=UPIDLPIDTACHI-RPML[MAXONI]

KPLPREGUI=IF KLADJUSTK] (KPMAX THEN KLADJUSTK] ELSE KPMAX
KPMAX:100

EMECMAXONI=UPLPREGU]

MSLMAXONI=M

M:0

JMOTORCMAXONI=J

Y=FIIMAXONI]

UREFMODICMODELI=UPIDCPIDTACH]I-RPMIMAXON]

JMOD CMODELJI=JREF

"JREF is the specified J which places the pole in the desired point.
JREF: .00328

KMOD CMODEL 1=K2

K2:5

DFIMCADJUSTK1I=UMODEMODEL]

ELADJUSTK1=UMOD IMODELJI-RPMEMAXONI]

CLADJUSTKI=KC

"KC is the factor in the MIT-rule.

KC:.5

END
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(.».05.14 - 15:29:00 nr: 2
hcopy "MIT-regeln K1=3 TI=10 TD=1 K2=1 KC=.05 Plot: UREF,Y * EM

( Urep Y
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{ .05.14 - 14:51:00 nr: 2

hecopy "MIT-regeln

{

Uret,Y

1.25

-1.256

1.25

-2.5

K1=3 TI=10 TD=1 K2=1 KC=.1 A=90 Plot: UREF,Y # KP * E

J =3 nin
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(9.05.14 - 15:35:25 nr: 4
hcopy "MIT-regeln K1=3 TI=10 TD=1 K2=1 KC=.05 A=90 Plot: UREF,Y *= EM
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