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1. Wprowadzenie

Zadaniem i celem vrealizacji tematu byto opracowanie
oryginalnych publikacji naukowych zwiazanych z projektowaniem
serwomechanizmdéw poltozeniowych, w szczegdlnosci do robotdw
przemyst owych. Aktualnos¢ tej tematyki wynika ze
—~ stosowaniem serwomechanizmdw cyfrowych, co umozliwia latwe
wykorzystywanie jednej informacji do realizacji kilku celdw
tak pomniarowych Jjak i sterowniczych, a zatem ograniczenie
liczby czuajnikéw i przetwornikdw pomiarowych ; nie wszystkie
zagadnienia zwiszane 2z takim wykorzystaniem informacji sa
opracowane 1 wyjagnione

- dazeniem do globalnego rozwiazywania =zagadnienia sterowania
czasooptymalnego serwomechanizmdw, a wiec nie tylko przez
stosowanie odpowiednich algorytméw sterowania, lecz rdwniez
przez takie projektowanie elementdw serwomechanizmu by same
one miaty cechy czsooptymalnosci.

Zadaniem tematu Dbyo opracowanie 1 =zaprezentowanie dwdch

publikacji, co zostanie omdwione kolejno.

2. Publikacja : Bledy pomiaru predkosci serwomechanizmu reali-

zowanego przez obrdébke sygnalu TPK.

Publikacja zostata opracowana w Jjezyku polskim 1 angielskim.
Wersja polska (tekst zatacznik L.1) zostal zaprezentowany na
VIII Sympozjum "Mikromaszyny 1 serwonapedy', Zamek Ksiaz,
wrzesien 1992r. i wydrukowany w jego materiatach na prawach
rekopisu (zatacznik L.2). Pelny tekst na prawach normalnego
artykuiu zostai opublikowany w Biuletynie PIAP =z.4-162/92r.
(zatacznik L.3). Skrdét artykutu przedstawion0 na Sympozjum
Naukowym ''Mechatronika '92" (zataczniki L.4 i 3).

Wersja angielska (zat.L.6) =zostata przestana do redaktora
czasopisma IEEE Transactions on Industrial Electronics (za%.
L.7).



3.

Publikacja : Optimum reduction gear ratio for servoactua-

tors".

Publikacja zostata opracowana w Jjezyku angielskim. Zostata
ona zgioszona na konferencje PCIM '93 (za:.L.8) pismem (zal .
L.9) do ktérego dotaczono abstrakt (zat .L.10) i streszczenie
(zat .L.11).

Peiny tekst publikacji stanowi =zat.12. Przewiduje sie
dodatkowe zgtoszenie tego opracowania na IV Krajowa Konfe-

rencje Robotyki, Wroctaw, wrzesiern 1993r.



Zatgcznik L.1

Tadeusz MISSALA
Przemysiowy Instytut
Automatyki i Pomiaréw PIAP
Warszawa

BELEDY POMIARU PREDKOSCI SERWOMECHANIZMU
REALIZOWANEGO PRZEZ OBROBKE SYGNALU TPK

Oszacowano bledy odczytu pomiaru predkosci kqtowej
serwomechanizmu realizowanego przez probkowanie na-
pigcia wyjSciowego transformatora poloienia kqtowego
— przesuwnika fazowego. Rozwazono wplyw bledu pod-
stawowego TPK podawanego przez wytwdrce oraz bledow
dodatkowych powstalych w wyniku nieprostopadiosci na-
piec zasilania i nieréwnosci ich amplitud. Podano wzdr do
obliczania calkowitego bledu granicznego.

1. POSTAWIENIE ZAGADNIENIA

..1. Pomiar predkosci katowej

Predko$¢ katowa silnika serwomechanizmu jest mierzona przez probkowani€ wskazan transformatora
potozenia (TPK) pracujacego w ukladzie przesuwnika fazowego i dzielenie réznicy dwu kolejnych odczytow
przez czas jaki miedzy nimi uplynal wg wzoru:

oot % _ A (1.1)

gdzie: ®” — poszukiwana predkos¢ katowa,
o, i &, — kolejne odczyty poloZenia katowego walu TPK,
T — okres probkowania (staty).

1.2. Blad odczytu predkosci kgtowej

Zostanie wyznaczony blad graniczny predkosci katowej (1.1).
Zgodnie z zasadami obliczania tego biedu
filoyg do’
Ao," = — Ao, + —
A T e %A T aT
Blad odczytu, tj. blad okresu probkowania przyjmuje si¢ za zerowy, gdyz okres préobkowania jest
odmierzony zegarem mikroprocesora; przy AT = 0 otrzymuje sig:

AT (1.2)

r oo’ r

gdzie: A ,” — blad bezwzgledny odczytu predkosci katowej,

A
Ao A’ — biad odczytu kata, tj. blad odczytu réznicy o, — o,

do" _ l)
A T

Ze wzorow (1.1) i (1.3) wynika (



r_ (o) — o) A _ Aap’
bo," = T =T

Na biad odczytu réznicy polozen skladaja sie:
— biad wynikajacy z bledu podstawowego TPK, podawanego przez wytworce,
— blad wynikajacy z bledéw dodatkowych TPK, spowodowanych niedokladnosciami
zasilajacego [1].

Jako blad odczytu polozenia wirnika TPK przyjmuje sig:

(&, — o)A = sup Aa’p, + sup Ao” A= Ad’ A

gdzie: Ao’ , ;, — blad réznicy wynikajacy z blgdu podstawowego TPK,

Ad

Aa. AT blad rbéznicy wynikajacy z bledow dodatkowych TPK.

Odczytana wartos¢ predkosci katowej bedzie wigc:

, A0+ Ad'p A" Ao’ ,
=T~ T -Y Ay

(1.4

dziatania ukiadu

(1.5)

(1.6)

Skiadowe bledu predkosci katowej wynikaja ze wzoru (1.5) dla sktadowych bledu odczytu roéznicy polozen

wirnika.

2. BLAD PODSTAWOWY

Blad podstawowy odczytu predkosci katowej wynika z bledu podstawowego TPK podawanego przez
wytworce. Charakter tego bledu wynika gtownie z niedoktadnosci obrobki. Jak wykazano w [2] niedoktadno-
§ci te powoduja powstanie napi¢é drugiej harmonicznej. Dla bigdu podstawowego przyjmuje si¢ wiec model

matematyczny:

of A, = o Apm cos2a”
4

gdzie o, — maksymalna wartos¢ bledu podstawowego.

Apm
W potozeniu wirnika o, blad bedzie:
gt = & A cos2¢,
W polozeniu wirnika «", blad bedzie:
o, =o, cos2a
Apz Apm 2

Biad odczytu réznicy polozen bedzie wigc:

r r I . | . ' — Ao’
o+ oy —o—ay —ad,+ &p

2.1)

(2.1a)

(2.1b)



stad

A Api =« Apz ¢ Ap1 (2.2)
co po podstawieniu (2.1a,b) daje:
Ao’ Ao = o Apm (cos2u”, — cos2a”)) (2.3)
Zgodnie z definicja (1.5) poszukuje sig:
supAad’ A = o Apm max(cos2a’, — cos2a’,) = Ao’ Ap 2.4)

Z definicji polozen katowych o', i o”, wynika:
o, =0o + T 2.5)
Tak wigc wzér (2.4) bedzie mial postaé:
Ao’ Ay = of Apm 10X [cos2(e”, + @"T) — cos2a,"] (2.6)

Droga przeksztalcen trygonometrycznych otrzymuje si¢ inna postac tego wzoru:

Ao Ap = & Apm TAX [ — 2sine" T sin(a,"®@" T) (2.62)

Poszukiwanie maksimum bledu prowadzi do zaleznosci (przy zalozeniu @ = const):
sin2a"; (1 — cos2&’T) = cos2a’ sin20" T 2.7
a jezeli wylaczyé warto$¢ sin2o”; = 0 i sine”T = 0, to

_ 1— cos2e’ T

ctg2a”, = 2.7a
B2 sin2e" T 272)
natomiast jezeli wylaczyC cos2a”, = 0i 1 — cos2a"T = 0, to
sin20" T
= 2.7b
tg2ey 1 — cos2e™ T’ (2.75)
Gdy warunki uzyskania maksimum (2.7, 2.7a, 2.7b) wprowadzi sie do (2.6a), otrzymuje sie:
Ao’ in2o’
78] _ g2’ T 4+ SR 2.8)
o'y cos?@" T
pm
Dla malych @"T, tj. dostatecznie ggstego probkowania mozna przyjac¢ uproszczenia:
cos@'T =1; sin@'T =o' T (2.9)

przy czym uproszczenie dla funkcji sine” T bedzie wprowadzone dopiero przy obliczeniach liczbowych.

Z (2.9) i (2.7a) wynika, ze dla malych @ T bedzie: g



co2oy =0 .2 = Gk+1)T;  sin2ef, = | (2.10)

Wprowadzajac (2.9) i (2.10) do (2.8) otrzymuje si¢:
Ao Ap = ¥ Apm sin2@" T 2.11)

Przy wykorzystaniu tej zaleznosci ze wzoru (1.4) wynika:

. sin20” T
Ao A~ %Am T 2.12)
mozna to doprowadzi¢ do postaci:
Aw Ap o 2mchpm (2.13)
Blad wzgledny pomiaru predkosci dla matych o" T bgdzie wige:
r AmrA" o r <
dw A= o 100% = 2000 A pn %05 (2.14)
Jak wykazuja obliczenia numeryczne, przyjete uproszczenia moga by¢ stosowane dla:
o'T < 04 (2.15)

Dla TPK typu LTSallc produkowanego w ZSMEMM MIKROMA, kt6ry ma blad podstawowy 7’ kata,
wg (2.14) '

", = 0,4072 = 041%
Ar

3. BLAD DODATKOWY

3.1. Wzory ogélne

Rozpatrzone zostana bledy odczytu predkosci katowej wynikajace z istnienia bledéw dodatkowych TPK
[1] wywolanych:

— nieprostopadioscia napiec zasilania

— nier6wnoscia napi¢¢ zasilania.

Przy istnicniu tych blgdow, odezyty I'PK odpowiadajgce rzeczywistym poloZzeniom katowym wirniha o
io", beda:

o, + a’Adl; o, + oz’Adz 3.1

gdzie: o Aat i o Ay 52 bledami odczytu dodatkowymio odpowiednio w polozeniach o,

i o, wirnika.
Biad dodatkowy odczytu réznicy polozen wirnika bedzie wigc:

r U 4 r PPN S | R 4 ro— o T (?
A°‘A4i—°‘2+°‘A42 ooy —a kA = (3.2)



Zgodnic z definicjg (1.5) nalezy znalezé maksimum lub supermum tej réznicy, adpowiednio dia obu
przypudkow powodujycych powstawanic blgdu dodatkowego TPK, poslugujye sig modelumi muntenatycs,

nymi ich rozkladu.

Bledy dodatkowe a’Adi beda sumami

0"Acu = 0"Aa& + arAaei (3-3)

gdzie skladowe bledu sa wywolywane odpowiednio przez nieprostopadlo$¢ napieé zasilania (kat. 0)
i nierbwnomiernos¢ amplitud (wspolczynnik 6).

3.2. Blad dodatkowy wywolany nieprostopadlo$cig napie¢ zasilajgcych.

W [1] znaleziono model matematyczny, ktory przy zastosowaniu wprowadzonych tu oznaczen ma postac:

)

tgo” = ; 34
BYA8 T 1 + tgor (B+tgo) . 34
Dla poszukiwanej réznicy — wzér (3.2) otrzymuje si¢ nastgpujaca zaleznosé:
r r 8
8 a5, " FAs) = 1 i (3.5)

+ — :
tg (o, —0;) sin(ef, + o) sin (&, — o)

Przyj¢to  tu uproszczenie, pomijajac wyrazy zawierajace 82 jako mate drugiego rzgdu. Dalsze przeksztal-
cenia trygonometryczne oraz wprowadzenie zaleznosci (2.5) prowadza do wzoru:

t r T — —— 8
B A, T YA, T 1 A I
tga’T ~ sin o', + @' T) sine@’T

=H @) (3.6)

Blad odczytu rdznicy katéw polozenia wirnika okreslony wzorem (3.2), bedzie wigc:

Ao’ As = arctg H(a") (3.7

Poszukiwanie maksimum tego blgdu, przy zaloZeniu, Ze mianownik funkcji H(o")) jest ograniczony
i niezerowy, prowadzi do:

. , _ — &sin o'T,
maxAc/ Ay = Ao As = T F Bcoso' T (3.8)
a blad ten wystgpuje w punktach gdy:
cos (2, + @’T) =0 4.2, + &'T = (2k + 1)’—; (3.9)

A0



Dla dostatecznie matych @"T i 8 mozna przyja¢ wzor uproszczony (8 <<1)

Aa’Ads = —8a'T (3.10)

Ze wzoru (1.4) wynika teraz wg (3.8) lub (3.10)

Ad"Aus d sin@"T
r — - . 3.11
ADA 5 T T A + dcosw T)° (.11
Aoy 5 = — 80 (3.11a)
za$ blad wzgledny odczytu predkosci bedzie
Aa'pq 1008 sin®"T
Loy = % = — ° 3.12
v @’ 100% o TA + 8 cosa’T) % (3.12)
[ub
Sm’Ada = — 1006%; (3.12a)
3.3. Blad dodatkowy wywolany nieréwno$cia amplitud napigé zasilajacych
W [1] podano model matematyczny, ktéry po wprowadzeniu stosowanych tu oznaczen ma postac:
_ (-9 tgx (3.13)

B0 = 6 + g

Z wykresu zaleznoéci wzglednej wartoSci tego bledu, podanego tamze, wynika, ze z dostateczng doktadnosciag
mozna przyjaé uproszczony model metamtyczny:

—oi AD _ ginder (3.14)
* Adbm

gdzie:
1—0

CAbn = 3 o

Postepujac analogicznie, jak w przypadku blgdu podstawowego, otrzymuje si¢ dla biedu odczytu réznicy
zalezno$C (analogicznie do 2.3):

(3.15)

Ao’ AD= o’ A (sin2a”, — sin2a,) (3.16)
za$§ blgdu granicznego

Ao” AB = o AdB,, 12X (sin2o, — sin20’)) (3.17)

po wprowadzeniu (2.5) dochodzi si¢ do wzoru: /7 Jf



Ao’

AB = of A, 13X [sin 2o, + 20" T) — sin20" ] (3.18)

Droga przeksztalcen trygonometrycznych dochodzi si¢ do nastgpujacej postaci wyrazenia:

Ad"p o = oy o max [2cos(2a’; + o' T) sine’T] (3.182)

Poszukiwanie maksimum bledu prowadzi do zaleznosci

cos2a’, (cos20" T— 1) = sin2a", sin2e@"T (3.19)

a jezeli wyltaczy¢ wartosci cos2a”, = 0 i sin20"T = 0, to otrzymuje si¢:

tg2a”, = —1—;;—2—225,;)'& ; (3.19a)
Gdy warunek uzyskania maksimum wprowadzi¢ do (3.18d), otrzymuje sig: .
%?—Ar"j—;g = sin 20" T %:%;‘— ; (3.20)
dla matych o' T mozna przyja¢ uproszczenia (2.9) i wtedy z (3.19) wynika
sin2a”; = 0, cos2e’, = 1 200, = Zk%r (3.21)
co lacznie z wprowadzeniem (2.9) i (3.5) do (3.20) daje
Aoy o= ‘ 1\769 o' T (3.22)
Ze wzoru (1.4) wynika teraz dla (3.20) lub (3.22)
A’y o = % o (3.23a)

A&



Blgd wzgledny odczytu predkoscei bedzic natomiast odpowicdnio

| Aopsm] 1—6  sin20’T  cos2of, |,

r = 1 T AdV % = . . 3.24
8 Add o 100% = 100 2 \/5 o' T cos2a’ T | (3:24)
. 100]a1 — 0)] ,
80y 0 = — % (3.24a)
4. BEAD CALKOWITY GRANICZNY
Z poprzednich rozwazan wynika, ze
1) blad podstawowy ma maksimum w okolicy punktéw (2.10)
r n )
o, =2k + 1) 2
b) blad dodatkowy od nieprostopadioSci napie¢ zasilania ma maksimum w okolicy punktow (3.9)

o =k + 1)
4
c) btad dodatkowy od nierownosci napig¢ zasilania ma maksimum w okolicy punktéw  (3.21)
. T
o 1= 2k Z

Tak wiec dla obliczenia bledu catkowitego granicznego bledy a i b nalezy dodac algebraicznie i do ich sumy
doda¢ geometrycznie blad c.

Tak wigc bedzie

T

2
<6m’ A) = (3" A + 30" AaS)z + (Sc:J’Aﬂle)2 + 2 (Sco'Ap + 30" AaS) S A9 €08 g

4.1)
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Zaracznik Le.5.

Tadeusz MISSALA

Przemystowy Instytut Automatyki
i Pomiardw, Warszawa

BLEDY POMIARU PREKOSCI SERWOMECHANIZMU
REALIZOWANEGO PRZEZ OBROBKE SYGNALU TPK

1. Postawienie zagadnienia

1.1<Pomiar ‘predKosci.katowsst

Predkos¢ katowa silnika serwomechanizmu jest mierzona

przez prébkowanie wskazan TPK pracujacego w ukt adzie przesuwni-
ka fazowego i dzielenie rdznicy dwu kolejnych odczytdw przec

czas jaki miedzy nimi upiynai, wg wzoru

o o P
2 Aa

W= ' ;r i = T
gdzie: w — poszukiwana predkose  katowa, a:
odczyty potozenia katowego watu TPK. T — okres prdbkowa-

i a; — kolejne
nia (staty).

#

1.2. Btad odczytu‘predkoéci3k&théj

Zostanie wyznaczony btad graniczny predkosci katowej

Zgodnie z zasadami obliczania tego btedu jest

. Jw" . "
AwA = _EGEiAaA + 57 AT

Btad odczytu czasu t.j.btad okresu prébkowania przyjmuje sie Z¢

1

)

r

zerowy, gdyZ okres probkowania jest odmierzony =zegarem mikr

procesora: przy AT = 0 otrzymuje si¢:
r

. AW t
.r A(A)A = —W AO(A )
gdzie: AwA — btad bezwzgledny odsczytu predkosci katowe]. Aag

btad odczytu kata tj. btad odczytu réznicy a; - ai.

3w 1
Ze wzordw powyzszych . wynika (—mn = —F )
oo e AST
A(Or = };(9(2 ai,) "=‘A iA?‘Af‘“
A 0 s T [ % 'P

Na btad odczytu réznicy potozen skiadaja sig
— btad wynikajacy z biedu podstawowego TPK, podawanego prze:z

wytwdree, .
— biad wynikajacy z bteddw dodatkowych TPK, spowodowahych nie-—

dok: adnosciami dziatania uktadu zasilajacego [1]. yﬂ/ég



—2-

Jako btad odczytu potozenia wirnika T?K_przyjmuje sie

. r - r = S r,,— r - r

. r (o% & o= sup AaA%.+ sup AaAd = AaA

gdzie: AaAp — blad rdznicy wynikajacy z btedu podstawowego TPK.
r

AaAd — btad rdégnicy wynlkajacy Z bieddw dodatkowych TPK.

2. Btad podstawowy

r . T
AaAp , 51n2a1
— = gin2w T —

cos“w T

*Apm

Btad wzgledny pomiaru predkosci, dla maiych w T bedzie wiec:

Bog, L,
?wA = 100% ?§200aA m % ;
w
3. Btad dodatkowy wywoiany nleprostopadioé01a naplec zasila-
Jacych
Aw’ .
st Add 1008s1n6’ T .
Opgs = ——— 100% = - — — %
' w w T(l+Scosw T)
l1ub |
- r
‘6wAd6 = —-1005 %;
4. Btad dodatkowy wywotany nierdwnoscia amplitud napiec
zasilajacych
r
Aw . Y cosla
’6 Ade' 2 rdallooss = 10028 BN R . |%
w 248 w T cos“w T
St _ _loo0(1-8) %

5. Btad catkowity
btad podstawowy ma maksimum w okolicy punktdw

a)
of = (2k + 1) ——
b) btad dodatkowy od nieprostopadios$ci napieé zasilania ma mak-
simum w okolicy punktdw
of = (2k + 1) —
c) btad dodatkowy od nierdwnosci napied zasilania ma maksimum w

okolicy punktéw
r T
ozi—Zk-/_}—
Dla obliczenia biedu catkowitego biedy a i b nalezy dodac wi&c

algebraicznie i do ich sumy doda¢ geometrycznie biad c.
N

Tak wiec bedzie
S r Ied
+ 2(<So.>A + 6w 6)6@ Aqe COSTFH—

@w&)& (<Sw2p + S dé) + (cSwAde) o
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ERRORS OF THE SERVOMECHANISM VELOCITY

MEASUREMENT RELISED BY RESOLVER SIGNAL SCANNING

Summary

The assessment of errors of an angluar velo-
city measurement of a servomechanism is done
in the paper. when the meaasurement is reali-—
sed by scanning of the output signal of a re-
solverphase shifter. The influences of the
basic error of the resolver, as well as of
the additional errors caused by unperpendicu-
larity of supply voltages and inequality of
their amplitudes are discussed. The formula
for the calculation of the total limit error
is also done.
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ERRORS OF THE SERVOMECHANISM VELOCITY
MEASUREMENT REALISED BY RESOLVER SIGNAL SCANNING

Tadeusz Missala

1. Setting of the problem

1.1.

Measurement of the angular velocity.

Tho angular wvelocity of thoe serwomechanism gervomotor is
measured by the scanning of the resolver - phase shifter

signal; the difference of the two sucsessive readings of the

.rotor angle position is divided by the time between them,

ac.the formula:

ol = o Aot
. 2 1
o = T = = (1.1)
where : ' = the angular velocity, to be measured;
ai ,a: - the successive readings of the resolver

rotor positions;

T - the period of the scanning (constant);
Error of the angular wvelocity measurement.
The limit error value of the angular velocity (1.1) will be
calculated as

9 w D W
Aw', = A, + ———
A AsE A 'a T

The error AT of the reading of time, this means of the scan-

AT (1.2)

ning period, will be considered as null, because it is mea-—

sured off by the microprocessor clock; by AT = 0 will be

Dow
Aw, = ——— Ao’ (1.3)
A aAar A
where : Aw; — the absolute error of the angular velocity
reading,
Aa; - the error of the angle reading, this means
the error of the reading of the difference
r r
0(2 - Ol1 . awr 4
From the rformulas (1.1) and (1.3). by ﬁgzaf :i: re-
i



Aw” = = A (1.4)

The error of the rotor angle positions difference reading is

compilate of v

- the error resulting from the basic resolver error, done by

the manufacture (basic error),

— the error resulting from the resolver additional errors,
caused by inaccuracies of the supply system [1] (additional
error) .

As the error of the rotor angle positions difference reading

will be adopt the formula

r r _ r r - r
(az - ai) = sup AaAp + sup AaAd AaA (1.5)
where : Aazp — the error of the difference resulting from
the resolver basic error,
Aagd — the error of the difference resulting from

the resolver additional errors.

The read off value of the angluar wvelocity will be

.,
g
>

+ = w + Awh (1.6)

The components of the angular velocity error result from
(1.5); this formula is presenting exactly the components of

—

the rotor angle position reading error. -

'
2. Basic¢ error.

The basic error of the angular velocity reading results from
the resolver basic error. The nature of thi§ error 1is caused
mainly by the inaccuracies of the mechanical working. As 1is was
presented in (2], these inaccuracies generate the second harmonic
voltage. Then for the basic error can be adopted the mathematical

model as below

2y




r r r
= 2.1
aAp aApm0052a s ( )
where : o is the maximal value of the basic ervror.

Aprm
For the rotor position a: the error will be

r r r
o = o s2a 2.1a
Ap1 AmeOoa s ( )

For the rotor position a; the error will be

r r r
aApz— aAmeOSZaZ (2.1b)

The error of the rotor positions difference reading will be then:

r r r r r r r
oA+ o - o - o - o + o = Aa
2 Ap2 1 Aps 2 1 Api
and
r r r
At = o - o 2.2
Api Apz Ap1 ( )

After itroducing (2.1a) and (2.1b) will be:

2

A (cosZar - cosZaP) (2.3)
™m 2 1

Olr = O(r'
Api Ap
According the definition (1.5) the quantity to be search for is:

r - r r _ r - r
supAaApi— aApmmax(COSZaz cosZal) AaAp (2.4)
From the definition of the rotor angular positions «a : and a;
results:
o =a + T (2.5)
This way the formula (2.4) will get the form

r _ r . r r _ r
AaAp = aApmmax [cosZ(a1 + w T) cosZail (2.6)

The trigonometric transformations lead to the second form of this

formula

%



r r
Aot =

. T . r r
Ap aApmmax - 28inw T 51n(a1w T) (2.6a)

-
—

/
The search for the maximum, mentioned 1in (Z;Ga) leads, Dby

w' = const, to the expression
sin2a:(l ~ cos2w' T) = cosZa:sinZer (2.7)
If take the exception of values sin2a: = 0 and sin2«w' T = 0, will
be
R 1-cos2w' T
ctg2a: = (2.7a)
sinZw T
or if take the exception of values cos2a: = 0 and l-cos2w T'= O,
will be:
sin2w T
tg2a: R — (2.7b)

1-cos2w T

Introducing the conditions (2.7), (2.7a) and (2.7b) to (2.6a)
gives:

Aazp sin2ai

- sin2w T ————— (2.8)

X Apra
If the sampling period T is sufficient small, the gquantity »'T
will be very small too and the following simplifications can be
introduced

cosw' T = 1; sine'T = &' T. (2.9)

(The simplification for the sinus functon will be used no earlier
than by the angular velocity error calculation)
From (2.9) and (2.7a)., for the small o T will be

cos2a” = 0 this means: 20°= (2k+1)X ; sinza'= 1 (2.10)
1 1 2 1

when introduce (2.9) and (2.10) to (2.8) one obtains

Ve




= Ao’ sin2w T (2.11)

r
AaAp h Aprm

This, in connection with (1.4) leads to

. sin2w' T
AwAp = aApm — (2.12)
which can be presented as:
r r r
AwAp— 2w aApm (2.13)

The relative error of angular velocity measurement will be now
N

Aw
Ap
S, = — 100% = 200a" (2.14)
Ap o Apm

The numerical’ calculation prouved, the above introduced simpli-
fications (2.9) are valid till
w'T 20,4 (2.15)
E.g. the basic error of the angular velocity measurement done by
means of the resolver LTSallc (Presilec), the basic error of
which is 7' of angle, is
éwzp = 0,4072 0.41% -
3. Additional errors.
3.1. General
The additional errors of the angular velocity reading, caused by
the additional errors of the resolver {1], will be considered one
after another as follows
— the error caused by unperpendicularity of supply voltages,
— the error caused by inequality of amplitudes of supply volta-
ges. '
When these errors exist the resolver readings by the real angle

- - r -
positions & and a; will be

L
+
Q
W
[



where: a£d1 and agdz - the reading additional errors in the angle
positions a: and a; , respectively.

The additional error of the angle positions difference will be:

W = o ot —a-al - +al = al - o (3.2)
Adi 2 Ad2 1 Adi 2 3 Adz Ad1 .

—

/
According to the definition (1.5), the maximum or-the supremum of
by use of the mathematical mo-
is the sum

A

this difference is to calculate,
dels of error distribution.The additional error aZdt

T T + (3.3)

r
pdi” %aasi T Yaged

where the error components are caused by the unperpendicularity

(angle &) and inequality of amplituds (cofficient @) of the supply

voltages, respectively.
3.2. Error caused by unperpendicularity of resolver supply volta-

ges.
The mathematical model of position error distribution was done in

{1] and by the nomenclature used above it is

_ &
. (3.4)

tga =
AdS 1+ tgar(é + tg&~)

where :& — the angle of unperpendicularity.
For the difference to be search for (3.2), the below done depen-—

dence is to obtain

r r
LG (s T Ppase) T 1 1 (3.5.)
& — +
. r r . r r
tg(ai—az) 51n(a1+a2)51n(o¢1—~o&2)

(The simplification was get here — the members with s%are neglec—

ted as very small 2-nd order).

The trigonometric transformations and introducing of (2.35) lead

to the formula

A



r r - = r

LG (o as2™ pass) = 1 1 Hie)
S +

tga’ T sin(zoi’1 + w T) sin T

The error of rotor angles difference reading (3.2) will be now

A arc tq umj) (3.7)

T
a/.\d(.‘}l
The search for error maximum by the assumptions, the denominator
of Hi(a:) is limited and isn't null, gives

. . ~S8sinw T
maxAa . = Aa = — (3.8)
AdSt AdS 1+& cosk T

This error takes place at such points, where
cos(2 + 'T) = 0 this means: 200 + T = (2k+1)% (3.9)

For the sufficient small «'T and & the simplified formula can be

used
r

s 50T (3.10)

]

Ao

From the formula (1.4) in connection with (3.8) or (3.10) resul-

ts respectively

, AcxAdé Ssinw T
AW = = - (3.11)
AdS T T(1+8cosa T)
oYy
AW, = —bw (3.11a)

AdS

The relative error of the angluar velocity reading will be res-—

pectively -
Aw' . r
. AdS 1006sinw T
Sw = —— 100% = -~ % (3.12)
Add W w(T(1+écoswyT)
7 —~

(3.6)

LR



S = -1005 % (3.12a)

W’
AdS

3.3. Error caused by inequality of amplitudes of supply volta-
ges.

The mathematical model od position error distribution was

done in {1], and by the nomenclature used abore it 1is
r
tgagde = mil:gligg_ (3.13)
@ + tg o

wehre O is the guotient od supply voltages amplitudes.

The diagram of relative values of this error versus rotor angle
position «” enables to get, with sufficient accuracy, the simp-—
lified model as below:

r

*Ad0

= gin2o (3.14)

r

o{Ad B

where:

r
ol = (3.15)
AdBra 2; { )

The considerations, analogical as done in clause 2, lead to the

following formula to express the rotor angle positions difference

error

A (sin2a; - sin2a:) (3.16)

(> r = O(r
AdGL AdOm

and to express the limit error

r _ r - ro_ . r
AaAd@ = aAd@m max (s:u‘xZot.2 51n2a1) (3.17)

After introducing (2.5) is to obtain

A8



= o max [sin(Za: + 20°T) - sin2a:] (3.18)

r
IVTo AdGra

The trigonometric transformations lead to the formula

v r r r . r
AaAd@ T G aqom Max [2cos(2c>t1 + w T)sinw T] (3.18a)

The search for the error maximum leads to the dependence
cosZaI (cos2w' T — 1) = sin2a: sin2w T (3.19)

If take the exception of values cosZa: = 0 and sin?wﬁT'= 0 will

be: s

T
1 - cos2w T (3.19a)

tg2al = —
1 . r
sin2w T

If the condition of the obtaining of the maximum introduce
to (3.18a) will be

Al cos2e’
—f“e— = 5in20"T —— 1 (3.20)
aAd@m cos w T

When &' T is small. the simplifications (2.9) can be used and

this leads to the dependencies

(3.21)

N A

sin2a: = 0; cos2o<: = 1; 2o = 2k

and to the formula for the angle positions difference error:

r l - 6 r
Act = f—_— w T (3.22)

AdB \/o
The angular velocity error (1.4), by using the formulas <{(3.20)
or (3.22) respectively, will be
1 -0 sin2w T cosZar1

= . {3.23)

Awr
Ad . v
© 2\[e T cos® w'T

9
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oY ; -
Ve

Ir _- r
w40 ——————\/.e__ ) (3.23a)

The relative error of the angular velocity reading will be now

A

r

AwAdG 1-6 sin2w T cosZoitr
Ew', = |——| . 100% = 100 . == 1% (3.24)
AdG w 2\o o'T  costw'T
or
100]1—@]
Sw’ = % (3.24a)

wAd@ VET

4. Total error.
On the basis of above done considerations, the following conclu-
sjions can be given

a) the basic error has its maximum near the points (2.10)

Fo= il
a = (2k + 1) 3

b) the additional error caused by the unperpendicularity of sup-—

ply voltages has its maximum near the points (3.9)

a: = (2k + 1)

INE

¢) the additional error caused by the inequality of amplitudes of

supply voltages has its maximum near the points (3.21)

This means, to calculate the total error, errors a and b should
be added arithmetically and to their sum the error c¢ should be
added geometrically. This way below done formula for the total

error is to obtain

10

30




r 2

r 2 r r 2 r r r '
(cSooA) = (éwApﬂswAd:S) + (éwAdO) + Z(éwAp+éwAch) éwAdOCOSB (4.1)
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Abstract

The assessment of errors of an angluar velo-
city measurement of a servomechanism is done
in the paper, when the measurement is reali-
sed by scanning of the output signal of a re—
solver phase shifter. .The influences of the
basic error of the resolver, as welll as of
the additional errors caused by unperpendicu-
larity of supply voltages and inequality of
thelr amplitudes are discussed. The formula
for the calculation of the total limit error
is also done.
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Tadeusz Missala Motor Load Interface
Industrial Institute
of Automation and Measurements
PIAP, Warszawa

OPTIMUM REDUCTION GEAR RATIO FOR SERVOACTUATORS

— Abstract -

The typical problem which is to solve by servomechanism designing
is the time - optimal problem. This means, the time needed to re-
alise the positioning path from Q@ = 0 to 2 = 0 (Q is the angular
velocity) should be as short as possible. The solution is usually
reached by the time - optimal control algorithm, but if the
servoactuator isn't sufficient good designned, the solution of
the time - optimal problem will be not satisfactory.

In general the positioning task is realised by : a start from Q=0
to O = QL, the rum with the constant angular velocity Q L and the
brackeage from QL to Q@ = 0.

On the other hand the servoactuator, which is composed from a
servomotor and a gearbox, is loaded by mechanism, characterized
by : the moment of inertia, the moment of viscous friction and
the static load moment. To reach the time - optimal solution it
is necessary to fit the gear ratio to the load conditions.

The paper deals with this problem.

The "fit ratio" g is introduced; it depends on the gear ratio and
the moments of inertia of the servomotor and of the load. The

optimal values of the coefficient g are founded for two

positioning versions : positioning with the movement by the
constant angular velocity Qmax and positioning without the con-

stant angular velocity.
The formulas, which are derived, were verified.
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Tadeusz Missala

Industrigl Institute of Automation
and Measurements
PIAP, Warszawa

OPTIMUM REDUCTION GEAR RATIO FOR SERVOACTUATORS
SUMMARY

1. Set of the problem

The servoactuator is composed from

— the servomotor to which a tachogenerator and a position sen-—
sor are connected mechanically;

— the garreductor

The servomotor is characterized by

— electromagnetic torque Mg .
— armature polar moment of inertia JS
— maximum angluar velocity o
= viscous friction coefficient KD

These parameters are measured on the rotor shaft.
The load is characterized by
—~ load torque

- polar moment of inertia

— viscous friction coefficient

o
re ;br‘ rz

— maximum angular velocity
These parameters are measured on the servoactuator output
shaft.
The garreductor is characterized by
— gear ratio 1 = w Jw
L s
— efficiency coefficient 7
The angular positioning way to be realized is o
It is composed of three parts
— the angle covered during the actuator start form o = 0 to
w = w,
L
— the angle covered during the actuator run by the angular
velocity w
~ the angle covered during the actuator brakeage from w = w to

w = 0.
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The two simplifications were made
~ the curve of the angular velocity versus time during the
positioning way is a trapezoidal one,
~ the values of viscaus friction torques, during the start and
the brackeage are constant, and equal to
for the locad : MﬁLo = % wLﬂL

for the servomotor : M - 1 w_K
DO 2
The “"fit ratio" g was introduced and defined as
I 3
g=i(-j-—)

L
The problem to solve is, to calculate such a value of "fit ra-
tio" g, the positioning time turns out to minimum.
Note
The SI unit system is used.

2. Solution of the problem.
The relationship between the positioning time TL and the start

time 'I‘OL {(both measured on the actuator output shaft) were

calculated as

2 -2 1/2
Tx_. _ 1 g(l + g™) ZaL < L
4 1 - ¢ 2 M - gdt e
s s L
where: T - 2T
c = L OL
T
L
] L]
My =n M - M M = Mot MﬁLo

For the positioning time TL, the formula as below was found

1,2 2 -2, 1.2
Lt I, g*(1+g )J;
*—q g 2 372, %-4 *g 42 M 42 K
ZwSJSMS 2ws JS MS ZMS (JL‘ M.S..JS gML)
2
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These both formulas give the possibility to solve the optimi-

zation problem.

Two variants of the positioning task realisation were analized:

- the variant of the short positioning way. when the maximum
output velocity W isn't reached, or can be reached, but the
angular way coverd during the run by the velocity W is equal
Zero,

- the variant of sufficient long positioninig way, when the
angular way covered during the run by the velocity w isn't
equal zero.

In the case of the first variant, the optimum value of the "fit

ratio" g was calculated as

J Mt X 172 J_1r2 M:
g = ( )¢5+ 1 - )
JL MZ JL MZ

In the case of the second variant the optimum value of
coefficieut g, should be calculated from the equation 4. order

as below

4 2 .2 % 3 2 3/2 . 4/2, % 2 3 W 2
g wstML - 2g w JS JL Mg + g JSML (aLML - wSJS)+
- 2ga JEIMAMMT + I M2 =0
L S L. S L L L S

If the optimum of "fit ratio" g is known, the optimum value of

the gear ratio i can be calculated as

J 1/2
L

i=g( 3 )
s
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OPTIMUM REDUCTION GEAR RATIO FOR SERVOACTUATORS.

1. INTRODUCTION.

The typical problem which is to solve by servomechanizm
designing is the time—optimal problem. This means, the time
needed to realise the positioning path from w = 0 (start) to
w = 0 (brackeage), where o is the angular velocity, should be
as shorte on possible. The solution is usually reached Dby the
time~optimal control algorithm, but if the servoactuator isn't
sufficient good designed, the solution of the time—optimal
problem will be not satisfactory.

One of the important operations needed to reach a well-de-
signed actuator is optimal calculation of its reduction gear
ratio. The analisys and solving of this problem is the object
of the paper.

It is to note that W.-H. Rein {1] has given the solution
for the servoactuators loaded by the moments of inertia only.
Such a solution isn't however suffitient for the actuators of
industrial robots, CNC machine tools etc. This paper is inten-—

ded to fulfill this gap.
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2. ANALYSIS OF THE POSITIONING PATH.

The curve of angular velocity w versus time t is shown in
the fig 1. It is composed from three segments

- the start segment from w = 0 to w = w . when the dependance
w(t) is the exponent line, the covered angular way is &, and
the varying angular acceleration is g(t) > 0;

— the run by w = const . when the dependance w(t) is the hori-
zontal right line, the covered angular way is A and the
angular acceleration is equal null ;

— the brackeage from w = tho w = 0, when the dependance w(t)
is the exponent line, the covered angular way is & and the
varyingiangular acceleration is p(t) < O.

For’the purose of the analysis to be done the following

.simplification are made [1]

1° The real curve of angular velocity versus time is replaced
by the equivalent curve, which is a trapezoidal one, done in
fig 2.

2% The real valuses of the varying angular acceleration are
replaced by the average value, constant and the same for the
start and the brackeage periods.

This way, by the denotations given in the fig 2..the following

formulas, done by Rein, result from the laws of dynamics

wL
T, = — _ (2.1)
2
wL
20 = (2.2)
o ®

wehre To is the start time.
If T is the full positioning time, from the fig 2 results

cT + 2To =T (2.3)
when introduce the full angular way «, then will be

cTw = o — 2a (2.4)
L (o)
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and

Taa = o + 2a (2.5)
L (=4
From (2.4) and (2.3) results
2 -2
a - 2a ao
c = = - (2.6)
a + 2ao a + 2
o
o
The dependancies (2.1), (2.2), (2.4) and (2.5) lead to the

formulas connecting the times T and To with the angular ways &

and ao as follows
- from (2.3)
T _ 1
2T 1-c (2.7)
7o
—- from-(2.1), (2.2) and (2.5)
o
T = T = 1+20(o (2 8)
2T w 2 :
o L
2 =
©
Afterwords from (2.6) is
g— + 2
1 o
T+ = (2.9)
2 =2
o
o)
[2 §
. 1 + 2a
1 o _ °
5 Za_ - 7 (2.10)
and
T 1 o
2T, " Tvc 24 (2.11)

T

(2.12)
ZTO

(

Dircetly from (2.8) results
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3. SET OF THE PROBLEM.
The servoactuator is composed from
— the servomotor to which a tachogenerator and a position
sensor are connected mechanically ;
— the gearreductor.

The servomotor is characterized by

- electromagnetic torque . Ms
~ armature polar moment of inertia Js
~ maximum angular velocity W
— viscous friction coefficient KD

The parameters are mesured on the rotor shaft.

The load is characterised by :

- load torque ML
— polar moment of inertia’ JL
— maximum angular velocity W
— viscous friction coefficient ﬁL

These parameters are measured on the servoactuator output
shaft.

The gearreductor is characterized by

— gear ratio i= W 0 (3.1)
— efficiency coefficient »

The problem to solve is, to calculate such a value of gear
ratio i, the positioning time turns out to minimum.

The whole of the calculation will be led using SI units system.
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4. SOLVING OF THE PROBLEM

4.1. Basic dependencies.
To make the calculation all pérameters should Dbe refered

to one shaft : the motor shaft or the servoactuator output

shaft.

The last of these two possibilities is chosen.

By this assumption the motor parameters referred to the output

shaft will be

M
— electromagnetic torque M5L= n —?E
Js
— armature polar moment of inertia JSL = >
i
KD
— viscous friction coeffitient KDL = —

i
Out of regard for the analogy to the assumptions made for the
accelerations, the statements for the viscous damping moment
are adopted
~ in the range of the start and the brackeage the wviscous
damping moment is constant and equal to its average value, this
means
for the load

_ 1
MﬁLo 2 wLﬁL (4.1)
= for the motor
. w
-1 Ry
M$o T2 wsKi T 21 KD (4.2)

— in the range of the run by constant angular wvelocity W

for the load

i

MﬁL = wLBL (4.3)
= for the motor o
_ - L

Mb = wSKD = -7 KD (4.4)
6
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On the basis of the assumptions (4.1) and (4.2) and the
d'Alembert principle, the below done formula for the angular

acceleration is valid

7% Mo
M -M-M__-M T — M Mg L)
L L DLO ~ f3LO
o = = (4.5)
Js Is
J + — J + —=
L 2 L .2
i i

The "fit ratio" g, the same as in [1] is introduced

g
i=g ()7 (4.6)
L
The denominator of (4.5) will be now :
J+-JE—J +JSJ“—J(1+’2) (4.7)
L 2z L 2 T L g :
i g J
s
To simplify the records,the following denotations are adopted:
* *
nMé - Mﬁo = Mg ; Mi + MﬁL°-= ML (4.8)

The introduction of (4.7) and (4.8) to (4.5) leads to the for-

mula
3 L
I W - o
o = (4.9)

1
- -2
Jsz JL g(l +g”)

To reach the start, the below done condition should be full-

filed : 1 i

2 o 2 »
JL Ms- Js gML >0 (4.10)

On the basis od (3.1) and (4.6) is

N

J
w = e = g(-ji) ® (4.11)

The formulas (4.9) and (4.11) give the possibility to calcula-
te the start time TOL from the formula (2.1), as follows

’
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o _t Fasi
TOL - 5— = ZJSJL wS _&_ ‘12_
e 203 My - J2 g M

(4.12)

From the formula (2.2) the angular displacement & . covered in

the time TOL will be calculated as

1 W2 ‘ g3(1+g-2) a2z 12
= J

= o J J

L,
P s“s "L
2(5%M*— 31’g m*

2 1
L 2

= L
From the formula (2.12) results
i
—E; =T 1 i ! ) _gti+g ™™ _ zaLJ;JL
* o1 2, 1-C ’ E iy
L s = L

On the other hand, from the formula (2.13) results

T, T 2(J"}M*— fM: 2(52’M gM )
- - + 1
TOL '% 2 2 2 é’ é’ - ] -2

20 J0g (1-g) 29009 (1+g )

Note : the formulas (4.12) and (4.13) were also used.
This above done equation leads to the result

4
2 2 -2
T, a, 3 , 9 (1+g )Jﬁ
de—g g : . 1
20_J_M: % vy X 3

Mg L ] e
M “%ygtgqub_,

(4.13)

(4.15)

(4.16)

The formulas (4.14) and (4.15) give the possibility to solve

optimization problem.

Two variants of the positioning task realisation should be

analysed

- the variant of the short positioning way, when the the maxi-

mum output velocity w isn't reached, or can be reached, but

the angular way covered during the run by the velocity w is

equal zero ;
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— the variant of the sufficient long positioning way, when the
angular way covered during the run by the velocity w isn't
equal zero.

4.2. Variant of the short positioning way. ,

This variant is charakcterised by the dependenceies

c =0 (4.17)
T = 2T (4.18)
| 1§ OL
From the formula (4.14) is now :
/ g(l+g %)
T = A
L Y :
2 (JLM:—gJ SM*L
(4.19)

1
A=2\/a J23
L S L

The derivative of (4.19) is

2. Fx Ao 2 &
1 dTL } (1-g )(JLMS—ngl\{)+g(1+g )JSML 4.20)
A dg A e B 2% '
(JLMg'ngML) 2g(l+g )
dTL
To fulfil the optimisation condition dg = 0, by the condi-

tion (4.10), needs and suffices the numerator of (4.20) should
be equal zero. This leads to-the equation

gZJfM; + 2gJ-:-M:— M =0 (4.21)

As the discriminent of (4.21) is positive we recive the solu-

tion

P ] : L 3
J M \2 J'Y¥M
s L . S L .
=/ 2 ==+ 1 - [=|— 4.2
ot T/ I { w (JL i+ @22
S =
9



4.3. Variant of the long positioning way.
The positioning time is now done by (4.16)

If

= *-1
B ZwstMé (4.23)

the derivative of (4.15) will be
1/2 1/2 1/2 1/2

1/2 ) L] L 2 e
1 dTL .1 aLJL . JL_ 2g(JL,MS-,gJS JML)_-f-(g +1)J$-ML
B ° dg 2 2. 8,2 . %1 LB s ¥ g o ¥ 2
g 2wsf's M 2M_ U7 M ~gI % m)
_ dT (4.24)
From the optimisation condition —35 = 0, by the fulfiled con-
dition
172
A
g —_— (4.25)
Jt/zﬁr
= L

results the solution of the optimisation problem :

3/2 172

g*w2I2M - 2g%2_ JOM o+ g*M J_ (aLM:—w;Js) +
172 1/2
—2gaJ. J MM +aJM?=o0 (4.26)
L = L S L L L 8§

This equation of 4 th order cannot be resolved on a general way.
The solution may be reached on the numeric calculation only.

4.4. Calculation of the gear ratio.
When the value of the, "fit ratio" g is calculated, the va-
lue of the gear ratio i can be found from the formula (4.6) as:
J 1.2

i=g () (4.27)
s
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5.NUMERIC EXAMPLE

The input data are
(=}

aL = 180" = 3,14 radian
M = 10000 Nm
J_ = 55000 kgm®
ﬁL = 8000 Nms
o, = 209 % = 2000 obr/min
J_ = 24,2 . 10 °kgm®
K, =4 . 10" ®Nms
M_ = 315 Nm
s
n =20,7
The aproximate value of w is w = 0,8 %
From (4.1)
1 -
Mayo =7 - 0.8 . 8000 = 3200 Nm
From (4.2)
M _ =2209 .4 . 10° = 0,418 Nm
DO 2
From (4.8)
M: = 0,7 . 315 — 0,418 = 220 Nm
M* = 10000 + 3200 = 13200 Nm

Checking of the condition (4.10)

-4

55000"% . 220 - 24,2"% . 10 13200 = 45128 > 0

The equation (4.26) will be now :
4 3a 2
3.49 - 53,79 + 9,87g" - 210,49 + 836,3 =0

The resolution of this equation is
g= 2,11
From (4.27) is now :

24,22 3 1

i=2,11 (—5'—-5-) 10 =

11
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