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ABSTRACT

O In late years the spread of robots is remarkable, and the activity spreads through the intel-
ligent field not only an industrial field including the automated factory. Multiple joints robot
arms of spread is expected as a worker for the human being, because the robots have high flex-
ibility and they can take a variety of work. One of the most important work that a robot poses
is transferring. In the industrial field, the robots are demanded high-speed transferring without
generating vibration to improve productivity and quality of products. In the intelligence field,
the robots are demanded safety transferring which not to injure a person, when robot collides
with the person.

This paper presents the vibration control strategy for two kinds of robot arms which transfer
semiconductor wafers and liquid container, and the safety transfer techniques for intelligence
field robots by applying the strategy.

Firstly, we show the vibration control strategy for semiconductor wafer transfer robot. In
this study, we propose an identification technique based on FFT and least-square approach
and proposes to employ a Preshaping approach to reduce the residual vibration. We achieve
good vibration suppression by applying this approach to angular positioning error commands
for the robot. However, using a Preshaping approach in that way causes a change in the end-
effector trajectory, which may result in collision of the semiconductor wafer with the processing
equipment. For this reason, we apply the Preshaping approach to end-effector velocity instead
of joint angular velocity to maintain the original end effector trajectory, and then derive the
angular velocity by using inverse kinematics. Hence, we can achieve cycle time reduction by
vibration suppression under the exact tracking to the original trajectory. We show the vi-
bration control strategy for liquid container transfer robots such as molten metal in casting
industry, various liquid in chemical plants and medical industries etc. In this study, we sim-
ulate the liquid vibration in the liquid container by using a pendulum model, and study path
planning without generating vibration by applying the Preshaping approach. The benefits of
the proposed strategy is showed by experiments.

Secondly, we show development of the ultrasonic motor type robot arm to achieve the intel-
ligence field robot. The ultrasonic motor is an actuator that has advantages such as low speed,

high torque (good response time), and high positioning accuracy. In this study, we analitically



vi

compare the responsiveness of the ultrasonic motors with the electromagnetic motors using
those exercise equation. From the simulation results, a good responsiveness of the ultrasonic
motors is clarified in step and frequency responses, when the output torque of both motors are
same and a load is smaller than the maximum angular acceleration of both motors becomes
same. Finally another focus of this study is that a high-speed camera with high-power lens
visualizes how the ellitilcal motion changes. By using the high speed microscope, we examine
the relationship between the change of the elliptical motion and the motor responsiveness an-
alytically and experimentally. The ultrasonic motors don’t have backdrivablity which is very
important for intelligence field robots. By changing the control signals, we achieve the function
on the robot arm which we built. By using the ultrasonic motor type robot arm, we show
benefits of the safety transfer techniques which not to injure a person, when robot collides with

the person.
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2.4 Joint Preshaping[] [
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1. Tranfer time(TS):0 000000000000 (0DDO0OOCO)0O0O0O0OOO
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oboobooboobooon

3. Total time(TT):TSO STO O O
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Table 2.1 Result of Joint Preshaping

Trajectory | TS | ST | TT | FS | Error

0] | [mm]

Original | 0.45 | 0.55 | 1.00 | - -
Joint 049 0 |0.49 | 51 | 1.60
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Table 2.2 Tip Preshaping experimental result

Trajectory | TS | ST | TT | FS | Error

0] | fmm]
LP1-LP3(0O) | 0.46 | 0.54 | 1.00 - -
LP1-LP3(T) | 0.49 | 0.00 | 0.49 | 51.0 | 0.020
LP1-LP4(O) | 0.33 | 0.67 | 1.00 - -
LP1-LP4(T) | 0.35 | 0.47 | 0.82 | 18.0 | 0.021
LP2-LP3(0O) | 0.43 | 0.57 | 1.00 - -

LP2-LP4(O) | 0.34 | 0.66 | 1.00 | - -
LP2-LP4(T) | 0.38 | 0.25 | 0.63 | 37.0 | 0.017
LP3-LP4(O) | 0.23 | 0.77 | 1.00 | - -
LP3-LP4(T) | 0.29 | 0.37 | 0.66 | 34.0 | 0.022

(0)
(T)
(0)
(T)
(0)
LP2-LP3(T) | 0.47 | 0.00 | 0.47 | 53.0 | 0.063
(0)
(T)
(0)
(T)
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Table 3.1 Specifications of PA10-7C

Value Unit

Total Length 1317 mm
Drive AC Servomotor -
Transfer Load 10 kg
Weight 40 kg

Number of Axis 7 axis

Dissipation Power 1.5 kVA

Table 3.2 Specifications of Each Axis

Axis | Limit Angle [rad] | Max Velocity[rad/s]
S1 + 3.14 1.00
S2 + 1.64 1.00
S3 + 3.04 2.00
El + 2.39 2.00
E2 + 4.45 6.28
W1 + 2.88 6.28
W2 + 4.45 6.28

obooobooboobooboobuoobooboobobboobobobobboobobo
gbobobboooobbbbouoooobooobboboooobboooooobooog3bon
0S30000006000000000000000O00OOOOOO (003000000
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= Rz1<Lz1 + Ry2 (Lz2 + Ry3 (Lz3

3.7
T Rya(Los + Rys(Lus + RusLas))))) (3.7
Tll T12 T13
T21 T22 T23 = Rley2Ry3Rz4Ry5Rz6 (38)
T3y 139 133
000000000 ¢,6,»00 (2.9)0(211)00000000
1,153
= tan (== 3.9
¢ (Tlg) (3.9)
0 = cos™H(Ts3) (3.10)
T
¥ = tan (=2) (3.11)
T31
T T
O000P=|2 y 2 ¢ 9¢},9:[& 0, 05 6, 05 %] 0ooo
P =f{0(t)} (3.12)
000000000000
P =J{0(t)0(t) (3.13)

D00000JO0000000000AD POOODOODOOOOJO0Dt000000
obooooboJoooboobooobo

0(t) = I { 0(t)} P(t) (3.14)
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Fig. 3.5 Simple Pendulum Type Sloshing Model
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L /g hs
fn = %\/E€1tanh(€1 E) (318)

Wy = 27 fy = % (3.19)
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PAIO-7COO0000O0OOOO0OOODOOD 150 mm|00O0O 250  mm|00000000O0O
OooboOooboboobobooboboboboobobooooosokgobooooOoO
17TmmO0 0000000000000 0O0000O0O Table3 4000000000 OODOOO
0000000000000 000000 Table3.30000000000007T; =0.208 [s]
Ok =09660000

Table 3.3 Parameter of Sloshing Model

0.075 [m]
0.17 [m]
0.075 [m]
3.0 [kg]
0.0408 [m]
9.8 [m/s?
1.02 [Ns/m]

ol | =3 |||

Table 3.4 Parameter of Transfer

Start Point | (700 [mm], -500 [mm], 250 [mm)])
Target Point | ( 700 [mm], 500 [mm], 250 [mm])
Acceleration 2.0 [m/s?]
Max Velocity 0.5 [m/s]
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Table 4.1 Specification of ultrasonic and electromagnetic motors

Ultrasonic motor Electromagnetic motor
(USM) (EMM)
USR60-B4 EC-max 22 $22 mm
(SHINSEI CO.) (Maxon motor ag)
Weight Weight

193 [g] | 110 [g](Motor) + 108 [g](Gearhead)

Motor torque

Motor torque

Tumax = 1.02 [Nm] Temax = 23.2 [mNm]

Output torque from Gearhead
(from eq.(7))
Tomax = 1.04 [Nm]

Viscous resistance

C, = 4.68x1072 [Nm/s]

Viscous resistance

C. = 1.72x1072 [Nm/s]

No load speed No load speed
O max = 21.99 [rad/s] femax = 1099.55 [rad/s]
( 210 [rpm] ) ( 10500 [rpm] )

Rotor inertia
I, = 4.68x107% [kgm?|

Rotor inertia
I.=4.45 x1077 [kgm?]

Table 4.2 Specification of gearhead

Planetary Gearhead GP 22 H
®22 mm,2.0-3.4 Nm

Reduction E=176

Efficiency n = 0.59

Ineretia I, = 4.0x107® [kgm?|
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Fig. 4.6 Gain diagram of frequency response (simulation,A = 0.087 [rad])
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Fig. 4.7 Gain diagram of frequency response (simulation,A = 0.785 [rad])
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Fig. 4.8 Experimental device
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Fig. 4.16 Gain diagram of frequency response
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O0OA 0000000 (O (3.7)00
(3.9)0 (30 11))

000000300 (3700 (3.9)0(3.11)00000000000000000.

x = cos by (cos Oz((I5 + lg) cos O3 cos Oy sin O + sin 3 ((I3 + 14) + (I5 + l) cos b5))

+ sin Oy (lo— (I5+1g) sin O3 cos 04 sin O5+cos O5((Is+14)+(I5+16)))) — (I5+16) sin 6 sin 0, sin 05
U

y = sin 01 (cos Oy ((I5 + l) cos O3 cos O sin 05 + sin O5((I3 + 14) + (Is + lg) cos 05))

+sin Oy (lo— (I5+16) sin 03 cos 0, sin O5+cos O5((I3+14) +(I5+16)) ) )+ (I5+16) cos 0y sin O, sin O
U

z =1y —sinfy((l5 + lg) cos O3 cos Oy sin 05 + sin 03((ls + 14) + (I5 + lg) cos b5))

+cos byl — (I5 + lg) sin O3 cos O, sin 5 + cos O3((Is + 1y) + (I5 + lg) cosf5))

U
sin 6, (sin 05 cos 04 cos(0y + 03) + cos 05 sin(by + 63)) + sin 05 sin 04 cos 6,

= tan~ !
¢ = tan sin 05 cos 04 cos 01 cos(fz + 63) — sin 5 sin 64 sin 01 + cos 05 cos Oy sin(fy + 03))
0
6 = cos™!(cos 05 cos(0y + 03) — sin 05 cos Oy sin(by + 63))
O
= tan™! sin(fy 4 03)(sin Og cos 05 cos 04 + cos O sin 64) + sin g sin 05 cos(fz + 63)

sin G sin 0, sin (03 + O,) — cos O (cos O5 cos O sin(fy + O5) + sin b5 cos(6y + 63)))
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Ji1 = —sin 6y (sin(62+603) ((le+15) cos O5+14+13)+(ls+15) sin 05 cos 04 cos(f2+603) 412 sin 65)
—(lg + l5) sin 05 sin 6,4 cos 6,

0

J1a = cos by (cos(02+03)(lg+15) cos 05 + 14+ 15 — (Ig + 1) sin 05 cos Oy sin(y + 05) + l2 cos 6)
0

J1z = cos Oy (cos(0s + 03)(lg + 15) cos 05 + 1y + I3 — (g + I5) sin 65 cos 0, sin(Oy + 63))

0

Jis = —(lg + I5) sin O5(sin 64 cos 01 cos(hy + O3) + cos O, sin ;)

0

J15 = —(lg + I5)(cos O5(sin 0 sin 01 — cos 04 cos 01 cos(0y + 03)) + sin 05 cos 6 sin(by + 03))
0

Jig =0

0

Ja1 = cos 01 (sin(0s +05)((lg+15) cos 05+ 14 +13) + (I +15) sin 05 cos 04 cos(0z 4 03) + 15 sin 6)
—(lg + I5) sin O sin 0, sin 6,

0

Jao = sin 01 (cos(0s +05)((lg+15) cos 05+ 14 +13) — (Ig+15) sin 05 cos 04 sin(0z + 03) + I3 cos 6)
0

Joz = sin 0y (cos(Oy + 63)((l + 15) cos 05 + g + I3) — (I + I5) sin 05 cos 04 sin (O + 63))

0

Jas = (lg + I5) sin O5(cos 04 cos 6, — sin 6, sin 6, cos(0y + 03))

0

Jos = (I + l5)(cos O5(cos O sin 0 cos(6y + 03) + sin O, cos 0;) — sin 05 sin 0; sin(6y + 63))

0

Jog =0
U
J31 =10
O

J32 = — sin(92 + 93)((l6 + l5) COS 95 + l4 + 13) — (lﬁ + l5) sin ‘95 COS 94 COS(eg —+ 93) — lg sin ‘92
U

J3g = —sin(fy + 63)((lg + I5) cos b5 + Iy + 13) — (Ig + I5) sin 05 cos O, cos(0s + 03)

0
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(Ig + l5) sin 05 sin 04 sin (6, + 03)

—(lg + 15)(cos 05 cos 04 sin(fz + O3) + sin 05 cos(f2 + 03))

sin 65 sin 4 (sin 05 cos 04 sin(f2+03)—cos 05 cos(02+03))
sin? 5 (cos? 04 cos2(02+63)+sin? 64)+2 sin 05 cos 5 cos 04 sin(f2+03) cos(f2-+03)+cos? 05 sin? (02 +03)

sin 05 sin 4 (sin 05 cos 04 sin(02+4-03)—cos O5 cos(02+63))
sin? 05 (cos? 04 cos2(02+63)+sin? O4)+2 sin O cos O5 cos 04 sin(f2+03) cos(H2+03)+cos? Az sin? (A2 +603)

sin(205) cos 04 sin(H2+03)+2 sin? 05 cos(f24-03)
2sin? 05 (cos? 04 cos2(02+63)+sin? O4)+sin(205) cos O sin(2(h2+03))+2 cos? 05 sin (02+63)

1
cos? O5csc(04) sin(B2+03)+sin 5 (sin 05 sin Oacsc(02+03)+cot(04) (cos(02+03) (sin 05 cos Oacot (02+63)+2 cos 05)))

sin 05 cos 04 cos(0s + 03) + cos 05 sin(0y + 63)
\/1 — (cos 05 cos(6s + 0;) — sin 5 cos O sin? (6, + 63))

sin 65 cos 04 cos (02 + 03) + cos 05 sin (02 + 03)
/1 — (cos 05 cos(05 + 03) — sin 05 cos O, sin?(Ay + 6s))

— sin 05 sin 0, sin(0y + 03)
/1 — (cos 05 cos(03 + 0) — sin 05 cos 0, sin® (0 + 03))

cos 05 cos 0, sin(0y + 03) + sin 05 cos(0y + 63)
\/1 — (cos 05 cos(6s + 0;) — sin 5 cos O sin? (6, + 63))

— sin @5 sin 64
sin?(02+03)(cos2 O5 cos? B4+sin? O4)+2 sin O cos O5 cos 04 sin(f2+03) cos(H3+02)+sin? 05 cos2 (A2+03)

— sin 65 sin 04
sin? (62+03)(cos? 05 cos2 O4+sin? §4)+2 sin O cos 5 cos 04 sin(f2+03) cos(03-+02)+sin? 05 cos? (02+03)
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Joy = —(sin 05 cos 04 sin(2(02+03))+2 cos 05 sin?(H2+603))
64 = 25inZ(02103)(2cos 05 cos? O4+sin2 04)+sin(205 ) cos 04 sin(2(02+03))+2 sin 05 cos? (02+03)
U
Jer = sin 04 sin(02+63)(cos 05 cos(02+03)—sin 05 cos 04 sin(f2+603))
65 = Sin2 (A2+603)(cos? 65 cos? By sin? 04)+2 sin 5 cos O5 cos 04 sin(f2+03) cos(62+63)+sin? 5 cos2 (A2 +03)
U

Jog = —1
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