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ABSTRACT

This thesis presents a design of computed torque control for the planar 3-joint robotic
arm from ESHED ROBOTEC model SCORBOT ER VII, in which its motion is driven by both the
electric motors and the gear sets, and its position is measured by the encoders.

To study the robotic arm motion, Lagrange equation is used to derive the mathematical
model and the controller design is implemented by MATLAB/Simulink. In experiments, two types
of robotic arm motion are defined as; 1. Continuous motion trajectory using COSINE-curve, and
2. Point-to-point trajectory using the cubical polynomial. For physical experiment, the robotic arm
is controlled by Real Time Window Target in MATLAB/Simulink.

From the simulation experiments with MATLAB/Simulink, the first result shows that the
arm can track the reference curve with an error of £0.00003 radian in the periodic oscillation. The
second result, the arm can successfully move from point-to-point and reach the target and the
steady-state error of arm angle is £0.0015 radian. For physical experiments, in the first experiment,
the robotic arm can track the reference curve with an error of £0.013 radian and in the second

experiment, the steady-state error of arm angle is £0.0025 radian.

Keywords: robotic arm, computed torque control, trajectory motion control
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3. Spherical Robot (Polar)
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4. SCARA Robot
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1) iilesnnnnunuaznasuiludnyue vesmsnyuildtianudangugelumsdn
Tgaga A
[ 2 Y
2) Usnmdean (Joint) 811150 Seal tiatloaiuru A1mdu w3 lade
a4 o
3) HNuimsiauun
Y XK Qy 5 kY 9 1
4) @NSENINFUIUINDINAIUDY ATUEN
[y I o 4
5) muzAum3lFuemes Wi Wugadumasu
Joido
= Ao . Ao Y
1) Us2UUNNA (Coordinate) N¥ULEOU

A A o v v £
2) NITNABUNLASIZUUAIUANNINIY Hﬂcl,i]llﬂfﬂﬂ"llu
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3) muguldnaounlunuaduass (Linear) 1den
4 Tassadeluiuninaenreansaouin s 12U NUVeY Work Envelope Yane
pyuaziimsau i ldanusivdanas
m3tlszynd 199
\ S A A ) v v Y =2 v Yo
Husuasiatawnioldauldndeunanse aunsadhdsdumuane 1aa
QNUIFON NUFONYA NTUINVBY ITUAR ITUNINTI NUATNTATOUNEINT 19U IUNUET 91U

=
Ba ‘18

222 BIRANMNATMIAIVANMTIAAOUTN (Motion Control)
9

[ a 3| 1 a a

msutauenyiavesuvunauyiiumsutriavewuunadeITnInIuaANIS
A o4k A 4 i uy DY R A4

waoun Wugumanasuiulald 2 uuu Aredune uuun 1 iHumsaiuaumsndaeuuuule

' . . < A o v qyL A & 4
@99A (Point to Point Method) vz umsiFasdinulnnunanuiluge uuun 2 unisarugunis
1A UV UABIIIB (Continuos Path Motion, Controlled Path Motion) gaulatsgaveduyuna

di Ao Aan < a Y
INADUNANHUS 3 UA ﬂ’JiJﬂZJﬂ’J”IJJLi’JLLﬁ&VIﬂVINllﬂ

d . LY
2.3 2afmansnNeINUMIKIHIvaIUHNA (Kinematics Manipulator Position)
@ o U o 1 < [

ﬁ]ﬂﬁ"lﬁ@]in'(Kinematics) ﬁi’) ﬂ313Jﬁ3JWH‘ﬁ{S$W]1Q@]1LLWUQ AITULI uazmmwwmeﬁ'a

. . Aa 'd o Y 9y . .
syUNa (Link of Manipulator) Tumsieszisamans lUdranih (Forward Kinematics) ¥934UY

I o 4 a J 4 .

na wwiumssivuasminimes Iasly Denavit-Hartenberg Homogeneous Transformation

{1 v o d 1 @ !
Matrices (D - H Parameters) N1NUONINANUAUAUTTENINUNY 2, HAZUAY X, AINTNT 2.7



Joint i-1 Joint i

MNN 2.7 Denavit-Hartenberg Parameters [7]

1w 1 a 4 Jdad a a J
ﬂﬁ‘l’i”lﬂW]’JL!ﬂW]N”] Tumsinsizrnesdsanuuuand

Joint i+1

a, UINUITYLILVINLNY Z,_, uazsunu z, 1agAaszezssnin H, uag O,

d, UNUTZZITN AN X, azuny x, lagAnssezsenin H, uay O,

Q, WNUNTOULAY X, IANNUAY Z, |
6, UNUYNTOUUNY Z, | DINY ¢,

N3 ﬂﬂzul{vg{ Transformation Matrix

cosd, —sinf cosa, sind sina,

.1 |sin@ cosb cosa;, ~—cosd sing,
i = .

0 sina; cosa,

0 0 0

4
we1=1,2,3,

Tagswiuald ¢, Ao cosd uag s, Ao siné,

a, cos 0.

a, sin @,
d,

l

1

¢, =cc;—s;s, =cos(6,+0,) uag s, =s,c, —¢;s, =sin(6, +0,)

2.1
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A Y a o . . % A A
INTUNITN 2.1 ﬁ]gllﬂlllﬁiﬂ“]fﬂ1i‘ﬁl!u (Rotation Matrix) HAZINADINITIAADUN

(Translation Matrix)

2.2
000 1 22

1 {Rotation(m) T ranslation(m)}
o
(4x4)
2.4 9y (Jacobian)
a { < 1 1
nladieu Jacobian) Ao wa3nnl¥lumsulasanusiveanazdene (Joint Space)

Tnlaswiluanus lumanaeuinlu G5amala (Work Space)

i=Jg 2.3)
LNUAT
il
Vv :
Vy 91
l=J| 6, (2.4)
Wx A
03
Wy
_WZ -
smuald z,=[0 0 1]
2[-_1 s OIR 12R > )| i~3,i72R i72,iv1R20 (25)

14

2.5 Waf1an3 (Dynamics)

I = A ~ [ o A A o Y ' wvAa

Llll!ﬂTiﬁﬂH”Iﬂ”limﬂ@l!ﬂﬂl@ﬂﬁ]@i}ﬂﬁﬂﬁu mummmrﬂu@mmmmﬂmﬁuumm
[ c?/‘ 1 4 A . A o Yo
AU U UIa (Mass) Tmuumtﬁﬂmaa (Moment of Inertia) LW@HT?JWGl‘Ifﬂ'IU'Jﬂ!ﬂH!iQ (Force)

a A 4
1531@ (Torque) 130 Iuuua (Moment)
J Aa ] A,
Tumsdneimanarmaas denldnu 233 Ao
o
1) 8uUUaIN3T9N9 (Lagrange’s Equations)

a o J
2) HUUUINU-0080035 (Newton-Euler)
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4
2.5.1 quMIa1NI039 (Lagrange’s Equations)
I A A g an = ] °
meia1ﬂsmwmmimaﬂumﬂu’g‘ﬁmsmgﬂ%ﬂumimﬁumim’imammﬂ

a 4 4 A J A A = ]
AUAFMITATUDITSUUNNNAAITAT T@]ﬂﬂﬁllﬂ?iﬂTﬂiﬂﬁ]"’U?Nﬂ1§Lﬂaﬂu‘ﬂﬁ11ﬂiﬂﬁlﬂuﬂ§ﬂugﬂ

4
v A

aumslaaail

d( oL )| oL
—| = |-==0, (2.6)
dt\ 04, ) 0q,

Taon L, q:,0. Ao Lagrangian Function, Generalized Coordinates W30 State Variables
. o . . I 1 ' [ v
1tag Generalized Forces #1UA1AU Lae Lagrangian Function HUNEANTZHINNAIIUIAUND

NEIUANG Ap

Taoft 7 naz 7 ilumdsauaiiasndenudndveasz uuaudigy wenaing
Generalized Force O, Usznonluronsaiavuaiinszideszulufian1aves i-th Generalized
Coordinate 1911

1) External Forces

2) Forces Due to Friction

E4

1< @
Generalized Force O, amnsmdoniluaunslaaedl

N — 4
O=>F— (2.8)

{ = o (% 1 4 { o 1
Tagh N,F,7 fio $1uaueynianseiagunialuszun nnmesueasainszitine

@

o ' J o 1 % 1 [
Blgﬂ1ﬂﬁ§@3@]@!tﬂiﬂiﬂi$ﬂﬂ LLa8L’JﬂmE’Ji&5]”ILL‘HLlQ%@Q@Hﬂ”lﬂﬁ%iﬂﬁﬂquﬂiﬂiuiz1J1J ANy

e

& A . . &£~ l Yo A
AUNITINIAADUN (Dynamic equations) YBILVYUNA «mmﬂuag“lugﬂaums"lﬂmu

0=M(q)§+C(q.9)+F(q)+G(q) (2.9)



Tunsain'l

Taeh

D Q m O F RS

y

AAAIANUTIANIU

0=M(q)§+C(q.4)+G(q)

A9 1IN1ADT VDI Generalized Joint Coordinates

A9 1NNIADI VDY Joint Velocities

9 1INIAB3 VD4 Joint Acceleration
ﬁ@LN%?ﬂﬁﬁNN1ﬂi%@QJomepmmInmﬁa

f1® AN Coriolis L1ag Centripetel Effects

Ao MANTIANIU Viscous Liag Coulomb Friction
o fiuﬁmmm‘iymﬁﬂmmﬁuﬂuﬁ

J
A9 1NAMDI VDI Generalized Force

A4(Q): :["f(JSJ)TJ$J+(J§JY-mR@)fﬂ

OiRTJ;:i) :l

18

(2.10)

(2.11)

(2.12)

(2.13)
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Vector of Gravitational Forces

G(q)= =— = (2.14)

d
2.6 AONIINBIA ADUINIA (Computed Torque Control) [8]
I = S a o & A Y M
wilumsanumanamaas onauanyaznilsvewauna Nilsznou lidroflesu
1A o ] . < 1 a J
punliFadu ludwnisues Joint  1azA21524199 Taengn1sAILANLLUABYNRINGSA

awnsodouliodlugdauns il
r=M[G,+k,(4,-4)+k,(q,-9)]+C+G (2.15)
INAUMIN 2.10 tazaumsn 2.15 temamanunanaialinuszuvez 1d

(G,-G)+k,(q,~4)+k,(q,—q)=0 (2.16)

=).

Tag

NANMIN 2.16 unua1n 14
etket+k,e=0 (2.17)

Tavdn k,, &, nldid ) luszuveziBumsnivguuuy PD - Type 331933 Pole

o Y ~ Ay [ A
Placement Taosmualvdszuuinanouduesnaeins asaunsi 2.18

¥+2fw,x+w x =0 (2.18)
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o 4 o I .. o qa.:
Aua & =1 e ldnaneuauesvessz il uupy Critically Damp System f91iu

Ay = PY ' 3
i%‘iJ‘iJ‘VWI@\iﬂﬁﬁﬁJﬁﬂL"llEluulﬂﬁlﬁmﬂu
i+20,%+w x=0 (2.19)

Tavvzidoulioglugivesudonlaozunsulddenind 2.8

9@ e---—= |
|
. >q
Ga é@A\' M(qQ) —% » ROBOT i
Kv KP
X Cq,
/L |
Ga o[ T e
(2)
da :@;

Y <3 @ a J
fn‘W‘ﬁ 2.8 Ua@ﬂhl@@3Llﬂﬁll@l')ﬂ')‘ﬂﬂlll!‘ﬂ‘ﬂﬂ@llwacﬂ@iﬂ

2.7 Tn39a31990952 11
I a = 9 ] saq ¥ 1
wilunisesuidelassaiequeuanlglunisnaaenazginsaiaieg Tunis
S ' s A q9 A Ay (o o 1 Ay Y 1
auguMsnasunvesiueua e liindoun ldimisndesms 1aun
] 4
2.7.1 HUBUAQATINNITY (Lyuna) [9]
] ¢ 9 Aa o dﬂld 1 4 ~ (= di a
Husuan 14 lulnssnuiteibiuiueudgaaivnssui luliganiuaumsindoun
] Y Y <3| a o 1 Y {
WuouaddthiluveauTEn ESHED ROBOTEC §4 SCORBOT-ER VII daunaaslunini 2.9
< A Y <3| . .
SCORBOT ER VII tilutwunaiil 5 DOF TagIasaa3191l Uty Articulated Configuration Robot
¢ Y v v 4 s S
1¥aduomosvuia 12 VDC ifludrdumaou fifies Harmonic uazliszuuaewimiugalunis

J o :j Y ! ra Y
NATDUNIITUYUVDINDIADT umuﬂammsmuumuﬂﬁﬂmmwu"lé’qqqﬂllmﬂu 2 kg aauUna
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=\ 2} @ ~ Y < 1 [ 1 =)
WUIMUNTIV 30 kg 1umw1n 2.10 ﬁ]izuﬁﬂq°lm1/imﬂum1juau@msuum&ﬂummumuna

pe14'ls

MWA 2.9 Lyuna SCORBOT ER VII

NT 2.10 uﬂmmz%ﬁiammmuﬂa [9]



= a o A
M919N 2.2 519a2108AUDIYAVUAADU [7]

22

~
UNUN

=
JYasiayn

Adueines 12 10ad Pittman-9434G697

muiﬂmag HP-HEDS-5500-K11 (Incremental Encoder)
AUAZIDEA 96 pulse/rev

(Aesna ¥iia Harmonic gear H9A31MA 1:160

YATWWIU Timing belt 9ATINATOU 1:3

Aduemas 12 178 Pittman-9434G697

oulanes HP-HEDS-5500-K11 (Incremental Encoder)
AUALI0UA 96 pulse/rev

(Aesna ¥iia Harmonic gear 19A31MA 1:160

YATWWIU Timing belt AT INATOU 1:3

Adueines 12 Tad Pittman-9434G697

muiﬂma%{ HP-HEDS-5500-K11 (Incremental Encoder)
AUAZIDEA 96 pulse/rev

(AesNA wila Harmonic gear 319A31MA 1:160

PYATIIWIU Timing belt AT INATOY 1:3

Adueines 12 1aA Pittman-9413G698

ouTAAos HP-HEDS-5500-K11 (Incremental Encoder)
A0ALI0EA 96 pulse/rev

(AesNA ¥ilA Harmonic gear 1873 1MA 1:100

YATIWWWIU Timing belt AT INATOU 1:3

%0903 12 1904 Pittman-9413G698
oulames HP-HEDS-5500-K11 (Incremental Encoder)
A1UALI0UA 96 pulse/rev

(AesnA ¥ila Harmonic gear 18A31MA 1:100

% [ 4 g { ° (B
Tag@rueUATNUTNNITII9IU (Work Envelope) A10AINE1IV0LARZLAULAZ N1

9 [ d‘ 1 d' d‘
llﬂ@numﬁﬂ,mmaz@ﬂwama Taga1519% 2.3 uagn1nm 2.11
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M9 2.3 oammsnyuluudazunuveIusud [9]

Axis Movement Maximum Degrees
Axis 1 : Base rotation 250°,310° user programmable
Axis 2 : shoulder rotation 170°
Axis 3 : Elbow rotation 225°
Axis 4 : Wrist pitch 180°
Axis 5 : Wrist roll 360°

1570 mm

d‘ dy A o 1 4
HMNN 2.11 WUNNITNINIUVDIYUYUA [9]

272 FTUUTUIAADY
o A ' s ] 2 a
STUVIUIAAD YOI UEUA SCORBOT ER VI ldwemes 1l 12 vDC wiiaves
7 I 3| v o A = . . 4
YOI 513) 11111 Brush-Commutator Wuavunasu el Harmonic Drive Gears Lag Walag
I o = L. I o 1 o W [ A
(Pulleys) Lﬂuﬂ”ﬁﬂﬂiﬂﬁﬂ]@ﬂﬂ@m@ﬁiﬂ‘c’JlIf‘T"IEJW"IL! (Tlmlng Belts) nJummmﬂmaNm ANNINN

2.12 Taguowes lihiaseansmn dea1s19n 2.4
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TIMING BELT PULLEY
PULLEY _ A
B T p—Tl) _J ===

%ﬁ—_u;_

MOTOR

HARMONIC DRIVE
GEAR
MICROSWITCH :'—‘J
H.D. OUTPUT SHAFT  CVCODER

= o A
MNN 2.12 FTUVVUNADU [9]

ci 1 a A J
M3197 2.4 Mszansmnvosnonos [9]

Motor Specifications

Motor Axes 1, 2, 3

Motor Axes 4, 5

Motor Constant

3.01 oz " inA/w

1.94 0z * inA/w

Peak Torque (Stall) 4130z " in 15.6 0z * in
No Load Speed 6151 rpm 5592 rpm
Motor Friction Torque 0.60 oz " in 0.50 oz " in
Motor Weight 10.1 oz 8.98 oz

@ 4 o 4 [~ o @ {
aﬂymzmiaNGU’miJamﬂmazwﬂmmﬁauﬁ]zlwﬂ’e)’amﬂu 2 anyae anvazi 1 lag

= = J - . 1 Y A A =
Unun 1-4 ﬂzuuemai"lﬂﬁmamgﬂ Harmonic Drive Gears @IUANHUEN 2 UAUN 5 ISURNIE

wowaes i daaasluninm 2.13
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MOTOR 5

[;[EDJ {CMOTOR 4

=

Y @ 4 ) ] o
Mui 213 yadumdeunazduiaomes Wi [9]

2.7.3 @umtauazianaveayuna
1 4 1 o ]
TuusUAQAEIMATIN ¥ SCORBOT ER VII 92iMIuandiniavesvunanas

S o w A A ] J o ] Y %) 4 o w
VYAINANTTINADUNVDIVUIUA Tasmsvenauruiez 1y wulaanes (Encoder) 4a2N139109A

] v
= =

aa a o
manasunezld aia a3 (Limit Switches)
<3 4] 4
1) wulnaaos (Encoders)
3 ) ¢ P ) P2 S R o w 9 o
ulnames Wuginisinsrviagduuvniia delianudiaguinlglumsiayuman

¢ & S ¢ v ¢ o a1 g
VoIuoIAas DU AT Uiznouaie VUMY L!ﬁ%@‘ﬂﬂiﬂ!ﬁiﬁﬂﬁﬂ IﬂﬂﬂWHﬁﬁgu%gﬁJ%’ﬂﬂlﬁﬂﬂ

o Y t4 @ )

g J v o @
Wemarvesnomesnyuazildaunyu hilfadwasvesginsainglnia i ldgasunasiinig

v W [ 1 2 o Y v AN YA o [~ v A o o JAay Y o
Sudyanauiugeg 3o lddyananladanvuzdluiad sedyanaiadn ldezulsduass

99 o 9

= 1 a a J

o s & < o 7 a
ﬂUﬂWiﬁﬂguﬂJﬂﬂlWﬁWﬂJ@m@i G?\‘HJ?JEI 2 YUA ﬁ’ﬂ 1) L@uiﬂﬂlﬂ@i DUATINURN (Incremental Encoder)

o v g o s 3 3 o s 3
Taena 115 ondudulAamesuyuTsa1s (Rotary Encoder) (Hudulnaiaesuaadninuis?
o Ay ¥ | o aa = ] v <] ) J o 4
dyanudldvidudyaauuuadaea (Digital) “eademsnilsna 2) wulaameosuuuduysol

q'./ 1 a a o Q.'I
(Absolute Encoder) 130 Taen1l1i58n71 Tmnusleines (Potentiometer) Iaenaliudanis
o Yy o d o s A 1w Ay ¥ I . Y
Aauadenuoulaamesuunlsas uadyaiud ldseiduavgiudeos (Binary) msldaiuag

L 4 s ¢ A g so ¢ a A v - v
snnIuoulnamesuuulsad uadulnamesyiailaz ldanuewnsaazamisoven lann

AUMUWBINTAAUN aauaadlunIng 2.14 uaznInn 2.15
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Encoders

DISK

MOTOR ———__

Thanes [9]

<3

AUNUUDU

o

@
%

J

MNAN 2.14 voIRDILA

Aalapsad Ay M3

Iw

<3

MNAN 2.15 DU
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Aana a 4

2) auaaINy (Limit Switches)

3 a < o w o [ o ] o {

AUaInFNINNATLILNI NITHINUIEDIAVLUTINNAGUDANINTERUFY 119VBINVN
1 A dy A I~ o Y Y o o A T Y a o @
Yunansogniednsunluna uazilumai nvindudanaesgnunusy la-la audamae

[ aa a o Aaa = o 1 4 @

YOIMIFU ANHULVOIANAAINGUALNITINANATING I UoUA SCORBOT ER VII AR

luani 2.16

MICROSWITCH HARMONIC DRIVE
\ OUTPUT SHAFT

MICROSWITCH

N\ MICROSWITCH
DISK

MW 2.16 AUAEINFIALNMIINATAAINS 11U UEUS SCORBOT ER VII [20]

2.8 M3NIVAN (Controller)
a a g 1 dy 9Jq ¥ 1 o a =\
enimusiauil1dlgmsaiuaurueuduuy aAruguseiia (Computed Torque) Tnod
drulszneuvensniuay 3 dau ou'laun neuiiuaes gaduiwes lnuswes uazuyuna
4 1 ' a % ] 4
gAdIMNIIY (SCORBOT ER VII) Tagnisi¥ounniznilnouiimesnuyusudazld DAQ
[~ o A 1 A ' o W ] 4
Card 1 UAUFOUAD NDAIRMITIAIVANHUIUA
1 4 1 J a 4 [ | d v a J
ludrumaFonaeszninnouiuaes lldsjusuanuneunimes 12l DAQ Card
9 v o { g % qaj .. ..
[13] TFdmsuimdnimnudeyanazulasdyn i Analog (1/0), Digital (1/0), Timing (I/O)
. = o aa <3| <3 = < I aa S 9
tag Trigger Iasinmsullasdygruinatneai]ueudenriesuiasniuadnea Muveya
o IR v @ P o @
daanauma i ezmuwesFessudyaaningdnisinldmanes udnirldszunana dalu

AR 2.17 1aza A 2.18 uaaszinsa DAQ Card NI PCI-6221
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MNA 2.18 MTA DAQ NI PCI-6221 [10]

o J a 1 Y
woIn03 139 [11] Wan Iy Copley Controls Corp. 31 ASP - 090 — 09 T4 lun1sarugy

M3t1IUYeIeMes 1asaySUFYIUNITAIUANLNININABNNADS LazyOIAS 1AT e

[ <]

VW Y s v E < Al v s
ﬂ’J'LIﬂiJﬂ'lifl]'lflﬁiniUﬂm]lV\lﬁ'llsll'ltj"ﬂJﬂm@ﬁ ‘wiaumasUﬁmwmmuTﬂﬂmmmaﬂummm@maz

o aa aa a 4 qs.: T o < %) AN Y Y 1 a 4
AUUIUAINDAINANATINY fl]'Iﬂ‘LlLlﬁ'\iE‘Tﬂ]uﬂJ'IiHLE]uiﬂﬂmi’)iﬂllﬂﬁﬂf;fﬂﬂﬂ‘v‘nm@i
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d‘ o 4 1
HNN 2.19 M@Lﬁﬂ‘illﬂ‘i?l Accelus 371 ASP —090 — 09 [11]

Y

2.9 I55UNTINNNLIVDI

=

I o

aw { @ 1 4
611!ﬂTﬁﬁﬂ‘HTJ%]EJL?]EI'Jﬂ’UT!uEJUG]Qﬁﬁ"IﬂﬂiﬁJLmZﬂ']iﬂ’JUﬂiJ W'Jﬁ]ilhlﬁﬁﬂ‘hl'llﬂﬂﬁTi!Lag

U

A 9

au A A 9 A Y g { 0o Aw = ~ o w
\1114']%ﬂﬂlﬂﬂ')t’u@\uw’E')Glﬁlﬂﬂuy'awufﬁ']uﬁluﬂ'ﬁﬂ']jﬁ]ﬂ I@Eli':]‘llﬁjullaglﬁﬂ'ﬂliﬂ\‘]fﬂﬁzﬁ']ﬂﬂ] 9

Y
fragie lalil

Dumetz E. tagamg [12] 18 15dyanailoundunuunius (Acceleration Feedback)

1 2 (2

v s Yo 1 I A o ° 1 3 o
HJ”I?JTIJ?gQﬂﬁlﬂfﬂﬂﬂU8u@%Nﬂ1iﬂﬂﬁﬂu@’J LW]Hﬂ’]ﬁ3@ﬁﬂ]uﬂluﬂlmﬁﬂlllﬂuﬂLlagﬂ:]']?\lﬁ'ﬁnﬂ@]:]

Q

o 1 < 1 o o 1 4
@i?%iﬁ?t!ﬁﬂﬂllﬂ%ﬂ?ﬁJﬁ’J Iﬂ81%@5'Jfl]i)ﬂ’nllLi\ibl‘L!ﬂTi'NWI'ILLWuﬂﬂl@ﬂu@m@ilmglﬂluﬂﬂﬂl@ﬂ

A @ Y

] % o 1 1 y(:,‘ o 1 v W
H‘LIEJHG‘{LLTIH "dh;\‘]ﬂil]uillu1ﬂlﬂ’J'liJl,ix‘]‘Vlﬂﬂ’Jﬂﬁ]'lﬂﬂ'li@]i'Ji]gﬂ?]ﬁJLiﬂﬁﬂilguﬁJfl%ji')iJﬂiJ@]’Jﬂ'an’]‘ll

U

A
HUUNA

Xiref - Xy - X

X Motor position i Load position
Motor + X axis Z axis + load —

controller 55'2

f

Accelerometer

mwi 2.20 msnuanlaglddyanailoundunuuninuss
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Slotine J. tagzaag [13] lasinauedaniunuuuulSud (Adaptive Controller) 1o g
A4 A 1 s A Ag < o = A 7 s
augumsdeuivesusuanaouisi laiialadl 2 DOF Taghnisitimesniawamaas 1
1 Y = =) [ [ S [
nawawaz ldSeufsunanisnaaeanuAInIUAUIUDRAGA (PD  Controller) 11AZAIAIVAN
o J < ' [ a
AUIND5A (Computed-Torque Controller) teradIHwuNAILAUUUVLT DA A IWITDAANIY

9 o A Ay Y Y ' A o 7
IAUNIN (Path) ﬂ”lilﬂa’f)uvlllﬂgﬂW’Nﬂ’J”ILL‘].I‘]JWﬂLLﬂ%ﬂ’J‘]Jﬂ‘Mﬂ”IM’JﬂW]ﬂiﬂ

\i
> —KDS
. .. . — . —A~ q, q
daqa4a ?r ?d ‘z da g ROBOT .
Gr = Ga — NG
A
— Hi, +Cq,+G
A A
’ A
N Ly

i 221 Tassadraveanuyuilsudala (Adaptive Control)

Dessant L. tagame [14] IdiausdaniuaulsudiuunIaense (Direct Adaptive

o o % ' A A Ay <3 &£ q v s
Controller) mmm{guﬂummuamm (SCARA-Type) ﬂlﬂaﬂu‘ﬂﬂﬂﬂﬂ'ﬂlﬂﬁ')qq "']NGI,“IﬁJfJLﬁfJi

Y o o &

o . . I % @ v W dy Y o 1w

HUVTVAI (Direct Drive Motor) tHuA2AuMas Gaanduauliuditazgnlslumsilsumad
v v

AVANUUUNA (PD  Regulator) 11AZAIBAIBOUUUAIMTN (Feedforward Compensator) 1aoif7

v o

9
soupon sz gnliuai Tasngueansliud negi ldmRanainuead i (Steady -
o " & ¢ \ ¢ 7o & o
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3.1.1 %aumﬁm"ﬂﬁq (Direct Kinematics)
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aq =5 0 ¢
ss ¢ 0 Is
70| % 1 151 -
1o 0 1 0 G-
0O 0 0 1
¢, —s, 0 le+lhe,
70 = S, Gy 0 sy +ls, (3.2)
1o o0 1 0 '
0 0O 0 1
Coy =Sz 0 e +he, + 1
T30 _ Sz Ciz O Lisy+hs, s, (3.3)
0 0 1 0
0 0 0 1

A ~ 2 .
3.1.2 MIAAdUNULUUNAAITAT (Dynamics)
o ¥ A Vo= A 4 ' sq v o v v
lurideiiaznannimsaaeuiivesjusudanldlunisnaaos Tagnaldudrez 19
A ~ 1 d v A ) [ Aav 1 dy 9 ~
ANNIMIAADUNVOIMUIUAAIANNITN 2.15 s unuITeauioz Idaunisn 2.16 Tums

o d‘ d' = L ' =
ﬂ”li!'Jil!‘Vi”lﬂWiLﬂﬁﬂu‘V]Iﬂﬂzluﬂim]lﬂﬂﬂﬂTﬂ’JTlJLﬁfJﬂTnu

unua luaunisazgla
Tl
M(q)j+c(q.9)+G(q)=0=|r, (3.4)
73
Mll M12 M13 01 Cl Gl TI

M, M, M,|6, |+ C |+ G,|=|1, (3.5)



fl Manipulator Inertia Matrix, M (q)

1 1 1
M, = Emlll2 +m, (I} +11Lc, +§l§) +my (I +1; +§l32 +21Lc, +1Lcy + Llcy)

1 1 1 1
M, = mz(gl]lzcz +§Z§)+m3(lz2 +§l32 +LlLe, +1lc, +51113c23)

1 1 1
M, =m, (5132 +51113023 +Elzl3c3)

1 1 1 1
M, =m, (Elllzcz +§l§) +my (I +§l32 +1lcy +51113c23 +11,c,)

1 1
M,, :gmzlzz +m3(§l32 +122 +1L,hc5)

1 1
My = m3(§l32 +§lzlac3)

1 1 1
M =m, (5132 +El1l3cz3 +§lzl3c3)

1 1
M, = m3(§l32 +51213C3)
|
M, =§m3l3

1 Velocity Coupling Vector, C (q, q )

C, =[-m,lLs, —2mllL,s, —m]1 15,166, +[-mlLs,, — m]l,1s,]0,0,

1 1 f /.
+ [_5 mzlllzsz - m3111252 - E m3lll3523 } 922 Ss [_m3lll3sz3 y/ m3lzl3s3 ] ‘9293

1 1 :
+ [_E myl Ly, — 5 myl,lss, } 0;

1 1 . .. .. .
C, = [E myll,s, +ml s, +Em3lll3523}6’12 + [—m31213s3]t9103 + [—m3lzl3s3]92t93 + [—m31213s3]932

C, = [5 mils,, +5m31213s3}95 +[ml,1s,10,0, + [‘5’"3’2’333}922
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f Vector of Gravitational Forces, G (q)

m m m;

G = +K71+m2 +m3j11C1 +(72+m3jlzclz + 23 130123}g
m m

G, = +H72+m3jlzc1z + 23 130123}g

m
G, =+ 7313g0123

ﬁiJﬂﬁﬂ'liLﬂﬁ’fJuﬁﬂJ@\‘llLsUuﬂﬁ

T, = B m I’ +m,(I7 +11c, + %lzz) +my (7 +1 +%l32 +2lLc, +1lc,, + lzl3c3)} 6
1 1 2 2 1 2 1 P
+| m, (—lllzc2 +§l2 )+ my(; +§l3 N AR T, +Elll3023) o,

[m3( lz+ llc23+;llc3)}6'
[—mzl Ls, =2myl s, — m3lll3s23]9192 +[—m31113s23 —m3lzl3s3]9193

1 1 . .
+ _Emzlllzsz —myll,s, _Em31113sz3:lgzz + [_m3lllssz3 2} m3lzl3S3]9293
1 1 ‘2
+ _Em3lll3sz3 _Em3lzl3s3 o;

m m s
+_(71+m2 +m3j116’1 +(72+m3jlzc1z +73lzc123}g

T, = [mz (llllzcz + %lzz) +m; (122 + %132 +1Lle, +%1113023 F 111262):| ‘91

+ ;m212+m3( lz+lz+llc3)} [m3( lz+;ll3 3)}

+ ;mzlls2+m31182+;m311s23}9 +[- m3lls3]l90 +[ m3lls3]96’ +[- m3lls3]02

m m
+ _(72 +m, j Le, + 73[30123 } 8
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3.2 auN3 Trajectory Generator
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Link 1 Link 2 Link 3
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.1 ﬂ1‘Sf:hN’Jmﬁﬂﬂ1iﬂ1§!ﬂaﬂuﬁ‘ﬂﬂﬁ!!‘l}‘Mﬂi;l (Dynamics)

A a sAq Y o
HMNN 0.1 LL%HﬂﬁLLﬂzWﬁWM@ﬁﬂﬂHmiﬂm’sm

o Y
fviuala

Link 1 3508 m, #11 [,
Link 2 110a m, 817 1,
Link 3 J17a m, 817

11N13%1 Dynamics Model ¥930aUNA
M(q)0=c(g.4)+G(q)=0

Taen
yd

g 0 Joint Variables Tufitifio [(91 0,0, ]T

A . T
Q 79 Joint Torques : [Tl 7, 2'3]



15199 .1 DH-Table 118y Transformation Matrix
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Link i a, @, 6
1 L 0 6,
2 A 0 0,
3 A 0 o,
e, —s, 0 Ic
70 ;¢ 0 s
o0 10
0O 0 0 1
€ s, 0 e +lhe,
70 = S, ¢y 0 s +ls,
1o o0 1 0
0 0 O 1

ey + e, +1¢y,
Ls, + 1,80, + 1855
0
1

N
|
)
8
o
b
S = O O

M1 Jacobain §115UA 5,5, HAT s, N




o
=)
— o O O O O

0 ¢ -5 0
Taon Z,=|0|uaz Z,="RZ,=|s, ¢ O
1 0 0 1
Z,=[0 0 1]
¢ =8 0{lLc,/2
Wzt o7, ="Ry7, =8 ¢ 0| bs,/2
6/ AN 0
L, /2
(0)/1,52 lysi 12
0

le | | hLe,/2
0 T0s2 = sy |+| Lsy /2 )=
0 0

le +he,/2
Ls,+1,s,/2
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[ —ls,~1Ls,/2 —Ls,/2 0
le,+Le, /2 Le,/2 0

L= 0 0 0
o 0 0 0
0 0 0

1 1 1

0 0 0
Taon Z,=|0|: Z =|0|uaz Z,= "RZ,=| 0
1 1 1

¢, 3557 Wb/ 2
Wzt 75 = "RyFs=l8, 6y 0|l Ls/2
0 0 1 0
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L, +1c,, /2
mhs = Ls, +1,5,, 12
0

¢ =8 0||Le,+Ley/2
0hs =S G 0| sy +1sy, /2
0 0 1 0

(L, +1c,, /2
053 = Ly, + 15155/ 2
0

Le,+ e, +1hc,, /2
M (703 = Ly + 151, +1351, 12
0

__1151 =08, 1853 12 =hs; ~hsps (2 =Sy, /2]
Le + 1L, Yhan RV Ao eearmp\( L2

0 0
E Js3 =

- o O O

0
0
1

- o O

W, 1) weaudas Link 1) 1) way 1Y)

Tagit 1) = "R [0V ORT

(0) (1)

oS O O
S = O
- o O

Haz (I)I(“) :émllf



. ¢ =5 0|0 0 Ofl ¢ s O
ot Emlzf s, ¢ O0[[0 1 0f|l-s, ¢ 0
0 0 1|0 0 1|0 0 1
(0)1(25) _ ozR(z)I(s) 02RT
az (0)19) = 2R (2)1(') 2 R!
. 0 0 0
ol Bmzlj 010
0 0 1
. ¢, =S, 0]/0 0 O ¢, s, O
(o)]g?) Emzlz2 Sp ¢ 0010 1 0ff=s, ¢, 0
0 O 1§j0 0 1|f 0 0 1
| S S, 0
(0)19) Emzlzz —c St S 74
0 0 1
(s) _ 03 (s) 03 pT
(0)]3 = R(3)] R

Cizs Sz Copy Sy O

| 00 0 O
(0)]3(S):Em3l32 Sy G 0110 1 0ff =5, ¢ 0
1o 0 1

0 0 0 0 1
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S1223 —Ci3813 0
(0)]3@ = Emslf 1235123 Cs 0
0 0 1

fMUIUNIAT Manipulator Inertia Matrix, M (¢) U89e14N13 Dynamic Model

M(q)=3 | mJJd o+ 0 o1, |

1

3
=1

** ﬁ?“ﬁ?ﬂii‘lﬂ'ﬁ!lfs{ﬁuﬂ1ﬁ
GGy T8,5, =¢,
CClp3 T 851853 = Cy3
CpCio3 T 81,813 =G5
M, = %mllf +m,(I7 +11,c, +§l§) +my (I +1 +%l32 +2lLe, +1lc,, +1Llc,)
1 1, o, > 1
M, =m,(=lLc, +=0L)+my(l; + =1 +LLc, +11,c, + = Lc);)
2 3 3 2
1, 1 1
M, =m, (Els +51113023 +5121303)
1 1, , 1, 1
M, =m, (5111202 + glz )+my(l; + gls +hhe, + 51113023 +1l,c,)

M, :émzlzz """3(%132 "'lz2 + L)

1 1
My =m, (5132 + 5121303)



1 1 1
M =m, (5132 +Elll3cz3 +51213C3)

1 1
M, = m3(§l32 +Elzl3c3)
|
M, =§m3l3

111 Velocity Coupling Vector, C(q, q) 1N

C, :(aMll _lﬁMlljg'Z +(8M11 _lﬁMlng'léz +(6M11 —laMBJHH

06, 206, )" | 06, 2 o6 o0, 2006 |
+ aMlZ _lale 0.6. + aMlZ _laMzz 6% + aMlZ _laMB 6.6
80, 206, )" o8, 206 ) |06, 200 )7
+ 6M13 _laMn 99 \ 5M13 _laMsz 99 AN 6M13 _laMB 92
00, 206, )" \ e, 206 )2 o6 206 )°

C = [—m2111252 =2m.l s, — m3lll3s23]9192 +[—m31113s23 —7713121353]6"19.3

1 1 X ..
+ [_Emzlllzsz - m3111252 - 5’”311]3523 } 922 + [_m3lll3S23 - m3lzl3s3 ] 9293

1 1 :
+ [—5 myl Ly, — 5 myl,1s, } 0;
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33 (oM, 1M,
C, = - = a4
’ ;;( dq, 2 0q, j o
C. = ale_laMu 6% + ale_laMlz 0.6. + ale_laMn 0.6,
*loeg 2006,)" 00, 200, )" 00, 2006 )"
oM, _lﬁle 06. + oM, _lﬁMzz 6% + oM, _laMn 6.6
00, 206, )" 06, 200, )" |06, 2006, "
6M23 _laMm 99 + 6M23 _laMn 99 + 5M23_16M33 92
o6, 2006, )" o0, 200, )°° |00, 200, )°
1 1 W .. .. "
C, = Em2lll2s2+m3lllZS2+Em3IIISS23 0, Jr[—7*/13l2l3s3]6?16?3+[—m3lzl3s3]6’26’3+[—m3lzl3s3]6’3
32 (oM, 10M.
C, = L 144
3 ,Z;[@qk 26%}”‘
C. = oM., _laMll 6% + oM, _laMu 06. + oM., _laMn 0.6
*\og 206 )" (06 200, ) ° 06 206, )""
+ oM, _laMn 06 + 8M32 _laMzz 62 + oM, _laMZB 6.6
06, 206, ) * 06, 200, ) |06, 206, )
+ 6M33 _laMn 0.6. + 8]‘/[33 _laMn 6.6. + 6M33 _laM33 6>
00, 206, )" ° \ o0, 200, )*° |06, 200 )°

G = [% mylls,; + %m3lzl3s3 } o’ + [miL,1;s, ] 0,0, + [—%m3lzl3s3 :l 0;

W19 Vector of Gravitational Forces, G(q) 1N
G

G(q)=|G, | lash
G,



u(Q) = _mlgT (0)7751 _ngT (o)fsz _m3§T (0)’733

[l /2

u(q)=—m[0 —g 0] 4s /2

| 0

e, +1,c, /2

—m, [0 —g 0]\ Ls,+1,5,/2
0

(e, +hep, +hepy 12

—

TN LS5 L ™2
0

=+mgls, /2+m,gls +m,gl,s,, | 2+mygls, +m,gls,, + mygl,s,,, /2

-m,[0 -g 0

m m '
u(q) = +(71+ m, + m3nglsl +(72+m3jg12512 +73gl3S123

0 m m "
G = 8_491{(7]—}_’”2 +m3jllS1 +(72+m3jlzs1z +73135123}g

m m mn
G = +K?l+m2 +m3j116’1 +(72+m3j12012 +7313€123}g
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o |(m m m
G2 = +6—62H71+m2 +m3J1151 +(72+m3j12512 +7313S123:|g

m m
G, =+ {(72 +m, J Le, + 73130123 } g

o |(m m m
G3 = +a—03K?1+m2 +m3jllsl +(72+m3j12512 +7313S123:|g

m
G, = +73ng€123

v
- 1 Dynamic Model ¥04uvunaiing

M(q)i+e(ad)+Gla)=0~| -
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7, = B m I’ +m,(I7 +11c, + %122) +my (I} +15 +%l32 +2lLc, +1lc,, + lzl3c3)} 0,

+| m, (%lllzc2 +§l§) +my (L +%l§ +LlLc, +11c, +%lll3cz3)} 6,

o1 1 1 .
+ _m3 (g 132 + 51113023 + 5121303)} o,
+ [—mzlllzs2 =2m,l s, —mylL;s,, ] 9192 + [—m3lll3s23 —myl,Lss, ] 9193

1 1 . .
+ _EmZIIIZSZ —myl\l,s, _Em3l|l3sz3}6’22 + [_m3lll3523 - m3lzl3s3]6’293

! 1 :
+ _Em3lll3523 _Em3lzl3s3}932

m m %
+ _(714-1712 +m3j116’1 +(72+m3jlzc1z +?3130123}g

T, = mz(%lllzc2 +§122) +m, (122 +%l32 i -k%llgc23 +lllzcz)} él
1 5 1, ., ) 1 1/ o
+ gmzl2 +m3(§l3 +1; +LlLc,) |6, + m3(§l3 +5121303) o,

1 1 3 .. .. )
+ Emzlllzs2 +myl s, + 5”131113523 :| 012 + [—m3lzl3s3 ] 6,0, + [—m3lzl3s3 ] 6,0, + [—m3lzl3s3 ] 032

m m
+ (72 +my j ey + 73130123 jl 4

3= [m3 (5132 + 51113023 + 5121303)} 0, + [m3 (5132 7 Elzlscs )jl 0, + {g m3l32 } 0,

1 1 ) 4 1 . m
+ [E myl\Ls,, + E m,l,L.s, } 6’12 + [17131213s3 ] 0,0, + [—E m,lLl.s, } 4922 + 73l3gc123
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1.2 MIMUIN Trajectory generation
° <A qy . . o ¥ o 2 ¢ A
msmuImdiie 19n15AIUANUDY Point to Point Mvualduyunane 3 asd 15y
4 d 2ol A dyd 2 od A dyod

ndeuNINYyY 0 03N Tagludean 1 wasud linyw 45 osen asdn 2 naeud luyw -30 verm
2 ol 4y g
asAd 3 wdoud linyy 20 ogen

Taglunmsndeunazdesludduwmisineg N luszeznar 2 Jud vazlvuvunaog

Tuanamzainaaoanalaz 1

Linkl 6,=0 0,=45 6=0 0,=0 =0 ¢ =2
Link2 6,=0 6,=-30" 6,=0 6,=0 =0 (=2
Link3 6,=0 6,=200 6=0 0,=0 =0 1t =2
fUNIT Cubical Polynomial
O(t)=a,+at+ at’ +at’
3197 0.2 MFul5ANTUB AT Cubical Polynomial
Link 1 Link 2 Link 3
a 0 0 0
a 0 0 0
a, 33.75 225 15
a -11.25 75 -5
MR n.3 i1 Trajectory Generator (M14281111404¢11)
Link 1 Link 2 Link 3
(1) 33.75¢ — 11.25¢ 2256 +7.5¢ 15¢ - 5¢
o(t) 67.5t - 33.75¢ 45t +22.5¢ 30t- 15t
6(t) 67.5 - 67.5t 45 + 45t 30 - 30t




n.3 3EMstaenm k,,k, Ve33TUY

INFUNIT Dynamics (ﬁumﬁﬁ n.1)
0=M(q)§+C(q.9)+G(q)=7
1azaun13 Computed Torque Law (?mmiﬁ .2)
r=M[g,+k,(4,~4)+k,(q,-9)|+C+G
theumsii n.2 unwasluaunsi 0.1 1218 nazdagaumsnies 18
(Gs=4)+k,(4.-4)+k,(9,-9)=0

fvualy
e=(q,-9)
e=(q,—q)
e=(4,~9)
Waumsi n.4 unuasdu aumsi o3 g

et+ketk,e=0

Taom k,, &, fladn1y1uszuu921973 Pole Placement

Tagsmualiszuuinanouauog

i+2lwx+w x=0

$ o & .\
I & =1 e Ivinanevauesvesszuuilunuy Critically Damp System
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it20 5+ @'x=0 (.7

= 1 ~ [ ~ 9 [ v 1 A
il”lﬂﬂﬁmfmI‘Wﬁi%‘Vi’JNﬁﬂJﬂ”ﬁ‘ﬂ 0.5 NUTUNITN N.7 i]%ulﬂﬂ’;l”lllﬁuwuﬁ"ll’t’)ﬂﬂW kd,kp 19

ky=2w,, k,=aw, (n.8)
A1081
unuA @, 1Ny 100 9218

k,=2w, =2x100 =200

k,=o; =100>  =10000
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M319d 0.1 Foyasumizvesyaiumes 1uomos

GENERAL SPECIFICATIONS
Test conditions: Load = 1mH in series with 1 Ohm. Ambient temperature = 25 deg. C.
MODEL ASC-055-18 ASC-090-09
OUTPUT POWER
Peak Current 18 (12.73) 9 (6.36) Amps DC (Amps ACrms)
Peak time 1 1 Sec
Continuous current 6 (4.24) 3(2.12) Amps DC (Amps ACrms)
INPUT POWER
HV . ~HV, 20~55 20~90 VDC, Transformer-isolated
20 10 ADC (1 sec) peak input current
6.7 3.3 ADC continuous current
PWM OUTPUTS
Typ 3-phase MOSFET inverter, 20 kHz center-weighted PWM, space-vector modulation

e
PWM ripple frequency

kHz

COMMUTATION & CONTROL
Current loop update rate
Commutation
Phase Initialization

20 kHz (50 us period)

Sinusoidal, field-oriented control of DC brushless motor

Amplifier initializes in trapezoidal commutation until a Hall transition occurs, then
switches to si idal comr ion with phase-correction at each Hall signal transition.

BANDWIDTH
Current loop, small signal
HV Compensation

3 kHz, bandwidth varies with tuning & load inductance
HV__to HV_ Changes in HV do not affect bandwidth

REFERENCE INPUTS

Analog torque & velocity reference

Input impedance

Digital torque & velocity reference (Note 1)

Digital position reference (Note 1)

+/-10VDC, 12 bit resolution Differential (J1-25, 26)

Ohm between Ref(+), Ref(-)

PWM = 0~100%, Polarity = 1/0 (J1-21,23)

or PWM = 50% +/-50%, no polarity signal required
Single-ended digital inputs with 100ns RC filters
Maximum pulse or encoder line frequency 1MHz
when driven from active-output controllers.

6
/PWM, /Polarity (Note 1)

Pulse & Direction
CW & CCw
A & B Quadrature Encoder

CONTROL INPUTS (NOTE 1)
/Enable [IN2]
/PosEnable [IN3]
/NegEnable [IN4]
/Motemp [IN1]

Amplifier enable. Active level programmable. 10kQ puli-up to +5V

Positive direction limit switch. Active level programmable. 10kQ pull-up to +5V
Negative direction limit switch. Active level programmable. 10kQ pull-up to +5V

Motor overtemperature sensor input. Active level programmable. 10kQ pull-up to +5Vs
Disables amplifier when motor over-temperature occurs.

All inputs Logic threshold = +2.5V. Maximum input voltage = 32VDC.
SERIAL DATA INPUT
-232 RxD, TxD, Gnd in 6-position, 4-contact RJ-11 type modular connector, and on pc board connector J1.
Full-duplex, serial communication port for amplifier setup and control, 9600 to 115200 baud
MOTOR CONNECTIONS
Phase U, V, W Amplifier outputs to Wye or delta connected brushless motors
Hall U, v, W Digital Hall signals

Encoder A, /A, B, /B, (X,/X)
/Motemp, /Brake

Quadrature encoder signals (X or Index signal not required). SMHz maximum line frequency (20Mcounts/sec).
See Control Inputs (above) and Digital Outputs (below) for details

STATUS INDICATORS
Amp Status

Bicolor LED. Amplifier status indicated by color, and blinking or non-blinking condition as follows:
Green/Slow-Blinking = Amp OK, will run when enabled
Green/Fast-Blinking = Amp enabled but positive or negative limit switch inputs are active
Green/Solid = Amp OK and motor will move when commanded (Amp enabled)
Red/Solid = Transient fault condition: Over or under voltage, motor over-temperature,

or phasing error (current position > 60° electrical from Hall angle)
Red/Blinking = Latching fault condition: output or internal short circuit, amplifier over-temperature,

position-mode following error.

DIGITAL QUTPUTS (NOTE 1)
Fault [OUT1]

/Brake [OUT2]

Current-sinking MOSFET open-drain output with 1kQ pullup to +5V through diode, 1A sink max, 30V max.
Normally ON (LO). Output turns OFF (HI) when amplifier fault occurs

Current-sinking MOSFET to actsuate motor brake. ON when amplifier enabled and operating

OFF when amp disabled. ON-state sinks current from motor brake connected to external voltage source
such as +24VDC. Current-flow releases brake. External flyback diode required with inductive loads.

PROTECTIONS
HV Overvoltage
HV Undervolitage
Amplifier over temperature
Short circuits
I2T Current limiting
Motor over temperature

+HV > Max HV Amplifier outputs turn off until +HV < Max HV (See Input Power for Max HV)
+HV < 20VDC Amplifier outputs turn off until +HV > 20 VDC

PC Board > 90° C. Amplifier latches OFF until Enable input cycled, power off-on, or Reset (Note 1)
Output to output, output to ground, internal PWM bridge faults

Programmable: continuous current, peak current, peak time

Amplifier shuts down when motor over-temperature switch changes digital input (Note 1)

MOUNTING & COOLING
Thermal resistance

Amplifier internal resistance

3.4 °C/W
0.8 °C/W

PC board to ambient, convection-cooled, 90° mounting
PC board to ambient, fan-cooled, 300 linear ft/min.

NOTES

1.Digital inputs [IN1], [IN3], [IN4], [INS], and [IN6] & outputs [OUT1] & [OUT2] have alternate functions (programmable).
Default functions are shown here.



AMPLIFIER CONNECTIONS

Analog Torque DAC, | 25 | Ref(+) Input L. A
or Velocity +10V r\J Encoder A | 11
Reference Input 4 Gnd | 26 | Ref(-) Input Encoder /A [ 12 | A
B
EncoderB | 9 |
PWM ENCODER
Digital | ENC | PWM | s | LU - PWM Ref Input  Encoder /B | 10 ¢ B Ry
Position |Ch-A | 50% |7, ™12 | [IN6] 5 \
Reference NG EncoderXIZ: '
Inputs POL <l PWM Dir Input |
P ch.B | ™" | (bC) B 21 [IN5] Encoder /X E: X :
|
‘EI Enable Input Hall U E: !
i IN2 |
- Jq Haiv[s]e oY !  HALLS i
6 Pos Enable N
[IN3] HallW| 6 |« Jl
Neg Enable i o+ |
Controller "] iNgg signal Gnd [ 1 | ne
Digital Signal Gnd | 22 30
110 18 | Signal Gnd e 23 :
I r i
2 24 | Signal Gnd IMotemp °<€~7° T :
/7\7 [IN1] =N
> 5 Fault Output |
i= [ouUT2] +5V Output | 4 :
|
|
+
Controlier 2 »| 19 l———» RS-232 RxD Input 28y !
=4 L RS-232 TxD Output :
< 20 [« - t
WO [ eivs Re202 sgnats._ =1 XD oupd BRAKE }-——+ !
connect to both J1 & /Brake Output N |
Bt [OUT1] i
Only one external
connection can be |
active at a time E—K P1 :
Mot 113156 Fuse
2 5 = TxD ) W |
b 5 | W [2]4fs I
ol%o Yellow Gnd /I
5 ;3‘"(5” gg 3 ! Motor | 7|9 |1 Fuse v HETGR ,/
BolST I——w»e—
By \'%
> Biack > |2 7 || Motor [13[15]17 v
; 1 U I
- SUbDIo  yogyar ‘_—I—’( RJ-11 A ot extoml
D-Sub RJ-11 coa;,j. X capacitor <= 12" (30
9-pos Adapter . TN cm) from a;npliﬁer -
Mae  INA TNV =4 B N 7 herd-290 31138 ke rrt—
. Accelus +HV Input < —0— +
Serial )\ ARl Y 1 D
Cable J2 » Pov?er
Kit +HV Return [ 1921 {23125 R ]
(Power Ground) [ 20 [ 22 [ 24 [ 26 | S
Minimum
per amplifier
Notes

1. The functions of input signals on J1-2, 14, 16, 21, & 23 are programmable. Default functions are shown.
2. The functions of output signals on J1-13 & 15 are programmable. Default functions are shown.

4‘ 1 L4
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AMPLIFIER CONNECTORS

J1 = 26 position, DIL, 0.100” grid, male, .025" square pins
J2 = 34 position, DIL, 0.100” grid, male, .025" square pins
P1 = 6 position, 6 contact RJ-45 socket, AMP 555077-1

PC BOARD MATING CONNECTORS
J1 = 26 position, DIL, 0.100" grid, female receptacle
Samtec SSW-113-01-S-D-LL, or equivalent

J2 = 34 position, DIL, 0.100" grid, female receptacle
Samtec SSW-117-01-S-D-LL, or equivalent

CAUTION!

J2 connections are made to groups of pins
for current-sharing. All pins in a group
must be connected when laying out pc
boards.

Do not connect to single f)ins for signals
in this group. This will exceed current
rating
of individual pins.

PIN J2 SIGNAL

2 1
4 3 | Motor Phase W
6 5
8 7
10 9 | Motor Phase V
12 1
14 | 13
16 15 | Motor Phase U
18 | 17
20 | 19

22 | 21 | +HV Return

24 | 23 | (Power Ground)

26 | 25
28 | 27
30 | 29
+HV Input
32 | 31
34 | 33

J1 SIGNAL | PIN

Motor Temp Sensor Input [IN1] 2

PIN | J1 SIGNAL

+5V @ 200 mA Output 4

Signal Ground

Motor Hall W 6

Motor Hall V

Encoder /X (/Index) 8

Encoder /B 10

1

3

5 Motor Hall U

7 Encoder X (Index)

Encoder /A 12

9 Encoder B

Neg Enable Input [IN4] 14

11 Encoder A

Pos Enable Input [IN3] 16

13 | [OUT2] Motor Brake Output

Signal Ground 18

15 | [OUT1] Fault Output

RS-232 TxD Output 20

17 | [IN2] Enable Input

Signal Ground 22

19 | RS-232 RxD Input

Signal Ground 24

21 [IN5] Direction Input

+/-10V Ref Input 26

23 | [IN6] PWM Ref Input

Notes

25 +/-10V Ref Input

1. The functions of input signals on J1-2, 14, 16, 21, & 23 are programmable. Default functions are shown.
2. The functions of output signals on J1-13 & 15 are programmable. " Default functions are shown.

4‘ 1 4
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Series 9000 LO-COG" Brush Commutated DC Motors

.062 |
(1.58)

TYP.

£.030 (.76)

Ly MAX.*

~—— 22 AWG, (7X30),
UL STYLE 1007/1569
18" +1/2, RED & BLACK

.562 -— .37
(14.27) (8.40)
©.1564 %
3.97)

NC-2B,
72) DP. MAX.
4 HOLES EQ. SP.

SP.
ON A © 1.000 (25.40) DIA. B.C.

85

(1;7) —] L_‘°5°
DIA, (-27)
#6-32 UNC-2B, .350 (8.89) DP. MAX TYP.
oNAG 1&(?0'2)‘5(%55?6)5(;}& B.C.
mwin v.3 wees Ilih
a v 0 s
AN V.2 HAAUBYAVUNIZUDINDIAND T
N1 GM9434 GM9413
Motor Inertia Kg.cm2 0.04166 0.02754
Peak Torque N.m 0.2916 0.1102
Continuous Torque N.m 0.0431 0.0161
Velocity Limit rpm. 6151 5592
Torque Constant N.m/Apk 0.0365 0.0395
Back emf Constant V/krpm 3.82 4.14
Resistance Ohms 2.96 8.33
Inductance mH 2.51 6.17




Package Dimensions

HEDS-5500/5540, HEDM-5500

15.0 (0.59) RADIUS
REF. \

MAX
257 (1.01)

41.1 (1.62)
MAX

PART ID AND

OPTION CODE

| 262 (1.03)
MAX

i

| J&mjb_(lm

re—30.0 (1.18) —»{

TYPICAL
INDEX PULSE
POSITION

11.2 (0.44)
MAX

(0.035" HEX WRENCH)

14.5 (0.57)
MIN

+

18.3 (0.72)
MAX 7.1 (0.28)
MIN
=

NOTES:

1. LEAVE CLEARANCE FOR TURNING
AND REMOVING THE HEX WRENCH,

2. TYPICAL DIMENSIONS IN
MILLIMETERS (INCHES).

[ T.D (0.12)

9.9 (0.39)

0.64 (0.025)
SQ. LEADS ON
254 (0.100) CENTERS TYP.

*Note: For the HEDS-5500 and HEDM-5500, Pin #2 is a No Connect. For the HEDS-5540, Pin #2 is CH. I, the index output.

Block Diagram

EMITTER SECTION

CODE
WHEEL

DETECTOR SECTION

TYMYYY -‘Vce

H o

] 4

PHOTO |
{ | oiooe |

| & !

)

] CH. A
K 3
ki cHe
{1 o

i CH.1

1 LRI
L i
e zg INDEX |

\ PROCESSING |

1 SIGNAL circuiTRY |
v | PROCESSING 1
1 CIRCUITRY 1GND

T X

BN ~ 7\ S NiTadm J

NOTE: CIRCUITRY FOR CH. | IS ONLY IN HEDS-6540 AND 5640 THREE CHANNEL ENCODERS.

MW v.4 Joyad w1z Encoder hp Heds-5500
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Recommended Operating Conditions

87

Parameter Symbol | Min. | Typ.| Max. Units Notes
Temperature HEDS Series Ta -40 100 °C
Temperature HEDM Series Ty -40 70 °C non-condensing atmosphere
Supply Voltage Vee 45 | 5.0 5.5 Volts Ripple < 100 mV,,
Load Capacitance Cy, 100 pF 2.7kQ pull-up
Count Frequency i 100 kHz Velocity (rpm) x N/60
Shaft Perpendicularity +0.25 mm 6.9 mm (0.27 in.) from
Plus Axial Play (HEDS Series) (£0.010)| (in.) mounting surface
Shaft Eccentricity Plus 0.04 |mm(in.) | 6.9 mm (0.27 in.) from
Radial Play (HEDS Series) (0.0015) TIR mounting surface
Shaft Perpendicularity +0.175 mm 6.9 mm (0.27 in.) from
Plus Axial Play (HEDM Series) (£ 0.007)| (in.) mounting surface
Shaft Eccentricity Plus 0.04 |mm (in.) | 6.9 mm (0.27 in.) from
Radial Play(HEDM Series) (0.0015) TIR mounting surface

Note: The module performance is guaranteed to 100 kHz but can operate at higher frequencies. 2.7 kQ pull-up resistors
required for HEDS-5540 and 5640.

Encoding Characteristics
Encoding Characteristics over Recommended Operating Range and Recommended Mounting Tolerances
unless otherwise specified. Values are for the worst error over the full rotation.

Part No. Description Sym. | Min. | Typ.* | Max. Units
HEDS-5500 Pulse Width Error AP 7 45 e
HEDS-5600 Logic State Width Error AS 5 45 e
(Two Channel) | Phase Error Ad 2 20 ‘e

Position Error A® 10 40 min. of arc
Cycle Error AC 3 5.6 e
HEDM-5500 Pulse Width Error AP 10 45 %
HEDM-5600 Logic State Width Error AS 10 45 %
(Two Channel) | Phase Error Ad 2 15 %
Position Error A© 10 40 min. of arc
Cycle Error AC 3 7.5 %e
HEDS-5540 Pulse Width Error AP 5 35 %
HEDS-5640 Logic State Width Error AS 5 35 %
(Three Phase Error Ad 2 15 e
Channel) Position Error A® 10 40 min. of arc
Cycle Error AC 3 5.5 e
Index Pulse Width Po 55 90 125 ‘e
CH. I rise after -25°C to +100°C ty 10 100 250 ns
CH. A or CH. B fall |-40°C to +100°C ty -300 | 100 250 ns
CH. I fall after -25°C to +100°C to 70 150 300 ns
CH. B or CH. Arise | -40°C to +100°C to 70 150 | 1000 ns

Note: See Mechanical Characteristics for mounting tolerances.
*Typical values specified at V..

= 5.0 Vand 25°C.



Encoder Mounting and Assembly

ALIGNMENT
TOOL

e

1. For HEDS-5500 and 5600: Mount encoder base plate onto
motor. Tighten screws. Go on to step 2.

la. For HEDS-5540, 5640 and HEDM-5500, 5600: Slip
alignment tool onto motor shaft. With alignment tool in
place, mount encoder baseplate onto motor as shown above.
Tighten screws. Remove alignment tool.

HEX WRENCH
(

CODE WHEEL .
HuB

HUB
SET SCREW /

WHILE

TIGHTENING G

3a. Push the hex wrench into the body of the encoder to
ensure that it is properly seated into the code wheel hub set
screws. Then apply a downward force on the end of the hex
wrench. This sets the code wheel gap by levering the code
wheel hub to its upper position.

3b. While continuing to apply a downward force, rotate the
hex wrench in the clockwise direction until the hub set
screw is tight against the motor shaft. The hub set screw
attaches the code wheel to the motor's shaft.

3c. Remove the hex wrench by pulling it straight out of the
encoder body.

88

ENCODER
BODY

L

ENCODER
BASE PLATE

2. Snap encoder body onto base plate locking all 4 snaps.

SIDE SLOT
l’ CENTER SCREWDRIVER SLOT

ENCODER CAP
|- SIDE SLOT

TWO DOT POSITION

ONE DOT POSITION

4. Use the center screwdriver slot, or either of the two side
slots, to rotate the encoder cap dot clockwise from the one
dot position to the two dot position. Do not rotate the

encoder cap counterclockwise beyond the one dot position.

The encoder is ready for use!
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fi
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f
raa

AlO 68]34|| A8
Al GND 67|33]| Al
Al9 66 [32]| AIGND
Al2 65 31| A10 &
Al GND 64[30(| aI3 Sa
Al 11 63 [ 29| AlGND on
AISENSE |[62]28]| A4 EE
Al12 61|27 || AlGND §“
AlS 60 (26| AI13
Al GND 59]25]| Ale @
Al14 58|24 || AIGND
A7 57]23|| Al 15 TERMINAL 68 M—— TERMINAL 34
Al GND 56[22|| A0 0
AO GND 55| 21| A0 1
AO GND 54|20 | NC
D GND 53| 19]| Po.a
P0.0 s2[18]| b GND
P05 51 (17| Po.1
D GND 50| 16] | Po.6
P02 49|15|| D GND
PO7 48 (14| +5v
PO.3 47[13]| b GND
prde2 0\ N6 [ 12 | Nl TERMINAL 35 —4@%— TERMINAL 1
PFI10P2.2 |[45]11]| PFIOP1.0
DGND a4 (10| PRL1/P1Y @
Pri2P1.2 |[43] 9 || DeND
PFIaP1a |[42] 8|45V
PFIaPi4 ([41] 7 || DenD
PFI13P25 |[40] 6 || PFISP1S
PFI15P2.7 |{39] 5 || PFIeP1e
pri7P1.7  |[38[4 || DGND
PrigP20 |[37] 3 || PFiom2
D GND 36| 2 || PFI12/P2.4
D GND 35| 1 || pFi14m26

=y

NC = No Connect

MW 4.6 Toyasuw1z DAQ card NI PCI 6221
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M351971 0.4 Lernadoyad uNIzved DAQ card NI PCI 6221

Product Name

Product Family

Part Number

Part Number

Operating System/Target
LabVIEW RT Support
DAQ Product Family

Measurement Type

Isolation Type

RoHS Compliant

Analog Input

Channels

Single-Ended Channels

Differential Channels

Resolution

Sample Rate

Max Voltage

Maximum Voltage Range

Maximum Voltage Range Accuracy
Maximum Voltage Range Sensitivity
Maximum Voltage Range

Maximum Voltage Range Accuracy
Maximum Voltage Range Sensitivity
Number of Ranges

Simultaneous Sampling

On-Board Memory

Analog Output

PCI-6232

Multifunction Data Acquisition

PCI

779617-01

Windows , Real — Time

Yes

M Series

Digital , Frequency , Quadrature encoder ,
Vottage

Bank Isolation

Yes

16,8

16

8

16 bits

250 kS/s
10V
-10V,10V
3.1 mV
97.6 UV
-02V,02V
112 uv
52 UV

4

No

4095 samples
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Channels

Resolution

Max Voltage

Maximum Voltage Range
Maximum Voltage Range Accuracy
Maximum Voltage Range
Maximum Voltage Range Accuracy
Update Rate

Current Drive Single

Current Drive All

Digital I/O

Bidirectional Channels

Input-Only Channels

Output-Only Channels

Number of Channels

Timing

Logic Levels

Input Current Flow

Output Current Flow
Programmable Input Filters
Supports Programmable Power-Up States?
Current Drive Single

Current Drive All

Watchdog Timer

Supports Handshaking 1/O

Supports Pattern I/O

Maximum Input Range

Maximum Output Range

2

16 bits

10V
-lov,10V
3.23 uv
-0V, 10V
323 UV
500 kS/s

5 mA

10 mA

0,6,4

Software

24V

Sinking , Sourcing
Sourcing

Yes

Yes

350 mA

400 mA
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Counter/Timers

Counters

Number of DMA Channels
Buffered Operations
Debouncing/Glitch Removal
GPS Synchronization
Maximum Range

Max Source Frequency
Minimum Input Pulse Width
Pulse Generation

Resolution

Timebase Stability

Logic Levels

Physical Specifications
Length

Width

1/0O Connector
Timing/Triggering/Synchronization
Triggering

Synchronization Bus (RTSI)

Yes

Yes

No
0vV,30V
80 MHz
12.5 ns
Yes

32 bits

50 ppm
24V

15.5cm
9.7 cm

37-pin D-Sub

Digital

Yes
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MUY (GT:u) ﬁymﬁ’ﬂ (kg)/ﬂ‘?u
1 thihadandi 1 2 1.47
2. thihedsdi 2 2 0.76
3. éjudaﬂfmﬁﬂ 1 12.6
4. woipes las 4 1.8
5.1Hesna 3 0.7
6. AafT 3 1 3.08
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Oral Presentation

28" National Graduate Research Conference,
Assumption University of Thailand, 28-29 June 2013

Code Thesis Topic Name

28011 | Factors Affecting the Willingness to Buy Renewable Energy: | Kamyar Jenab
A Case Study of Thai Students and English Program Staff
Members at Five Major Universities in Bangkok, Thailand

28013 | “The Hero’s Journey” in Harry Potter Mullika Pongcharoen

28015 | Computed Torque Control for 2-Link Planar Robot Chanatip

Vongpraramat

28016 | Development of a Compressor Machine for an Organic Rompruck
Fertilizer with a Lower Energy Applied Method Permgeattisak

28018 | An Empirical Investigation of the Determinants of Behavioral | Wipawan Udomsant
Intentions toward Counterfeit Luxury-Brand Handbags: The
Case of Handbags Consumers in Bangkok, Thailand

28021 | Predictors of the Use of Personal Protective Equipments Kriangkrai Phukjit
among Nurses Exposed to Antineoplastic Drugs

28024 | Problems with Verbal Communication between Tribes and Nongkran Lengthai
Staff Service Providers of the Administration District,
Amphur Pang Mapha, Mea Hong Son Province, Thailand

28026 | 2-(4-Acetoxyphynyl)-2-Chloro-N-methyl-Ethylammonium Aroonroong
Chloride Reduces the Production of MIP-1b in Dengue Suttitheptumrong
Virus-infected HepG2 Cells

28028 | Situation Problems and Guidance for Debt Collection of Pipat Buranaklas
Mobile Phone Service Providers

28029 | Factors Influencing Mainland Chinese Tourist Behavior LiLi Liu
Intention to Revisit Bangkok, Thailand

28031 | Predictors of Personal Protective Equipment Use among Nongyao Pitaksuriyarat
Garbage Collectors in the Municipality of Chon Buri

28032 | Molecular Detection of Bee Pathogens and Bacteria in the Pawonrut Nonthapa
Guts of Thai Apis cerana Honeybees

28033 | A Flow Cytometric Analysis of B Cell Profile in Healthy and | Warattaya
Periodontal Disease Tissues Rattanathammatada

28035 | Logistics Efficiency Measurement of Distribution for Vehicle | Piyaprach Thitiviroon
Lubricant Manufacturers in Thailand

28036 | Pasting Properties of Tapioca Starch with and without Duenchay Tunnarut
Hydroxypropyl Methylcellulose

28037 | Factors Influencing the Effectiveness of the Strategic Kanittha Kwanchuay
Management of Head Nurses at the Central Hospital of
Public Health in Inspection Regions 6 and 7

28039 | An Analysis of a Group Exercise Program to Promote Rapeepun Thungtak
Balance Performance for Elderly with Diabetic Peripheral
Neuropathy

28040 | Impacts of the Relationship Benefits of Four Types of Taywin
Customer Trust: A Case Study of Central Department Store | Wongvisutthikul
and The Mall Department Store in Bangkok, Thailand

28041 | Developing a Geographic Information Dataset for 3D Route | Kraiwut Chuwilai
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28" National Graduate Research Conference,
Assumption University of Thailand, 28-29 June 2013

Computed Torque Control for 2-Link Planar Robot
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Abstract

The objective of this research is to determine a mathematical model of a robot arm in
order to design a computed torque controller to control its motion. A 2-link planar robot arm
was studied to find its forward kinematics and dynamic equations and design the computed
torque controller. The control law is t = C + G + M[ijy + ka(qgs — ) + k,(qq — q)], Where k, and
k, are control gains for adjusting the system response of the robot arm. The pole placement
method was used for calculating both control gains k, and k,. The MATLAB/Simulink was
implemented to simulate the robot arm and test the designed controller, meant to control the
robot arm by tracking the desired path as sine curve. The experiment shows that the designed
controller can control the motion of the robot arm with 2 s. of its settling time and steady
state error +0.2 x 1072 radian.

Keywords: Computed torque control, control law, pole placement.
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Abstract

The objective of this research is to determine a mathematical model of a robot arm in order to design a computed
torque controller to control its motion. A 2-link planar robot arm was studied to find its forward kinematics and dynamic
equations and design the computed torque controller. The control law is T = C + G + M[Gq + kq(qq — @) + kp(qq —
q)]. where k4 and k,, are control gains for adjusting the system response of robot arm. The pole placement method was used
for calculating both control gains k4 and k;,. The MATLAB/Simulink was implemented to simulate the robot arm and test the
designed controller, meant to control the robot arm by tracking the desired path as sine curve. The experiment shows that the
designed controller can control the motion of the robot arm with 2 s. of its setting time and steady state error + 0.97 x 10~*

radian.

Keywords : computed torque control, control law, pole placement
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