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Abstract

The actuator saturation defects the countour control
perlormance of mechalronics servo systems. In this
paper, trajectory generation of contour countrol ol the
mechatronics servo systein is developed taking into ac-
count of the constraint of the torque in the system. By
using the generated trajectory, the torque constraint and
assigned working accuracy are satisfied and the accurate

contour control performance is achieved.

1. Introduction

Many techatronics servo systems such as industrial
robot arms and NC (numerical control) machines are
operating in actual production lines and assembly lines,
etc. Contour control of mechalronics servo systems is
implemented in wide fields such as grinding and cutting.
Both; the performance at high speed and high accuracy
are required for the industrial mechatronics servo sys-
tems. We have alveady experienced that the following
trajectory could coincide with an objective trajectory
only at low speed operations. The lollowing locus devi-
ates from the objeclive locus at high speed operatious.
The torque saturation of the servo motors of the actua-
tors is a big problem because it causes the deterioration
of contour control performance. The actuator salura-
tion problem was investigated|l, 2, 3]. These controllers
are almost feedback type and require changes of con-
trol strategy and/or hardwarce of the servo systems. In
industrial applications, these changes are not so easily
acceptable.  On the other hand, the trajectory gener-
ation for an interactive robol operation is proposed[1],
but the trajectory generation taking into account of the
constraint of the torque in the system has not heen in-
vestigated.

In this paper, a method of trajeclory generalion
within the torque constraints for contour control of the
mechalronics servo systems is proposed. The generated
trajectory is witlun the torque constraints of the servo
motors and it is satisfied with the assigned working accu-
racy. By using the generated trajectory and the inverse
dynamics compensation, the accurate contour control
perforinance is achieved.

2. Problem Statement

Trajectory
AT

The nain objective of the contour control of mmecha-
tronics servo systems is coincidence of the following locus
with the objective locus. In industrial applications, the
objective locus is given beforehand and the tangent ve-
locity V' of the objective trajectory is a constant. We
introduce assumptions for the contour control of the
mechatronics servo system as follows;

i. The objective locus is approximaled by the combi-

nation of lines and circles.

2. Working accuracy (¢), which means the allowable
crror between the objective locus and the [ollowing
locus, is given.

3. The maximum acceleration (n..) within the
torque constraints of the servo motors is known.

Under the above assumptions, we develop a method of
the trajectory generation so that the generated trajec-
tory is within the torque constraints. It is satisfied with
the working accuracy and the tangent velocity of the
generated trajectory keeps the tangent velocity V as long
as possible. The contour control of the two dimensional
mechatronics servo system (XY table) is considered. The
servo motors of the actuators are controlicd, indepen-
dently and the interference term of the two axis could
be neglected. The block diagram contained the torque
saturation for one axis of the XY table is shown in Fig. 1.

The dynamics of the system for one axis is described as

j(t) = sab(K (K, (u(t) — y(t)) — 5(1)) (1)
where

Omar ("nmm < ”L‘)
Sa»t(.’l‘) = T (_Qnuu: <z < Oﬂldr) (2)

—Qar ('Y' < _anuu:)

and K, and K, means the position loop gain and the
velocity loop gain, respectively. Within the torque con-

straint, the dynamics of the servo system is described by
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Figure 1 Block diagram of the mechatronics servo sys-
tem contained with the torque saturation
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the second order model in the [requency domain as

KK,

YO = oy ks ok,

U(s). (3)
We generate the trajectory so that the torque satura-
tion does not occur, i.e., the dynamics is described as

equation (3).
3. Contour Control with Torque Saturation

3.1 Concept for Contour Control with Torque
Saturation

The trajectory of the mechatronics servo systems is
generaled so that the mechatronics servo systems are
operated within the torque constraint. Figure 2 shows
the structure of the contour control of the mechatronics
servo system. We generate the trajectory (w,(1), w,(1))
for the mechatronics servo system within the torque con-
straint and the error of the generated locus (w, w,) from
the objective locus (r,,7,) is sabislied with the working
accuracy. The tangent velocity of the generated trajec-
lory (w,(1),w,(t)) keeps the tangent velocity V as long
as possible. The input of the servo system (n,(1),1,(1))
is dertved from the modification of the generated trajec-
tory (1, (1),10,(1)) by using the inverse dynamics of the
mechatronics servo system. Then, the following trajec-
tory of the mechatronics servo systemn (z(1), y(t)) could
coincide with the generated trajectory (w,(t), w,(1)) and
the following locus {z,7) is satisfied with the assigned

working accuracy.

3.2 Trajectory Generation within the Torque
Constraint

The trajectory within the torque constraint is gener-
ated as lollowing procedure (see Fig. 2).

L. When the objeclive locus has corners, the corners
are approximated by circles so that the approxima-
tion error is within the working accuracy. Thus, the
generated locus (w,,w,), which is satisfied with the
working accuracy, is derived.

2. A radius of the circle, which is contained in the
approximated locus, is set to r and the minimum
tadius 7= \r"z/a,,,(,t) within the torque con-
straint is calculated by using the maximum accel-
eration am,, and the tangent velocity V. lere,
the maximum magnitude of the acceleration vector
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Figure 2 Structure of the contour control of the mecha-
tronics servo system contained with the torque salura-

tion

(wz(t), Wy(t)) is set to amar instead of the acceler-
ation of each axis. It leads us an easy derivation
of the trajectory generation and the acceleration of
the generated trajectory is satisfied with the torque
conslraint.

(a) 7 2 rmin: The trajectory (w.(t), w,(t)) is gen-

- erated so that the tangent velocity is fixed at
V.

(b) » < rmin: The tangent velocity is decclerated
from V to Vo, (Vi = /Omaer: the tangent
velocity when the acceleration of the circle r
18 Gy ) by the maximum deceleration —a,,q,-
Then, the trajectory draws the circle and the
tangent velocity is accelerated form ¥V, to V by
the maximum acceleration apqy.

According to the above mentioned procedure, the trajec-
tory (wg(1),w,(#)) is generated within the torque con-
straint and the locus (w,,w,) could coincide with the
objective locus (r,,r,) within the working accuracy (e).
We derive the trajectory when the objective locus is
two lines and one corner as shown in Fig. 3. The radius of
the circle, which is satisfied with the working accuracy,
is calculated as r = ecos(f; — 0,)/(1 — cos(f; — 8)))
by a geometric relationship. The position, velocity and
acceleration of the generated trajectory are derived as

Vicos6, (t<ty)
'maz(l — ¢ 2
wa(ty) + (V(t —t) - “—-LZ—‘—)> cos B
(<t <ty)
Vm t—t .
w(t) = we(t) + 7 (sin (0, + (—7—2—)) — sin 6’.)
{t; <t <ty)
nnxr L~ z
we(ty) + (V(t —13) + G"(Tta)) cos b,
(ty <1 < 1y)
wz(14) + Vicos 0, (ta < 1)
(4a)
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Figure 3 Trajectory generation when the objective locus

is two lines and one corner



(1< h)

Visinth .
. (1 - 2
wy (1) + (V(I, ) - SMTh—)—) sin 6§,

(fh <1 <1y)

Vi (t — 1,
wy,(ty) +r (cos (0. + M) — €03 01)

w,(1) =
{1y <t < 1y)
) t—13)?
wy(13) + (\”(f —f3) + ﬂ%;)) sin 0y
(ty < 1 < 1)
w,(14) + Visin (1 < 1)
(4h)
V cos by (1t <ty)
(V ”mnr( ’]))(04 0 (f] <1< f,'z)
. , Vnll — 12)
w ) = Vicos [0+ ———=] (L, <t <Hy)
”
(V4 oot —13))cos Oy (13 <1 < Hy)
Vcos 8, (14 < 1)
(5a)
Vsinf, (t<ty)
(V — tman(t = 81))sin 0y (0 <t < 1)
(1) = 4V, sin (01 + ‘—"(—7—1) (12 < 1< )
(V4 opae(t —t3))sindy  (#y <1 < 1Y)
Vsint, (ta < t)
(5b)
v (t <)
—Q g, COS ()1 (tl <t _<_ /.2)
u)l‘(l) = —maz sin (01 + M) (l? <t S tl!)
Omax COS 02 (l;; <1 S f,,‘)
0 (la<t)
(6a)
0 (t<t)
oy sin 01 (’1 <t S fz)
Wy(1) = { Qmaz €08 (9 1l 1)) (tz <t <ty)
Qg sin ()2 (l;} <t S f,,l)
0 {1y < t)
(61)

where the deceleration and the acceleration time interval
I8 la—ty = ta—1y = (V=V.)/ @ and the tinie interval
of the circle drawing is calculated as 13 ~ ty, = (8, —
00)/ V.. The acccleration of the gencrated trajectory (G)
is within the torque constraint and the generated locns
(wg, w,) is satisfied with the working accuracy as shown
in Fig. 3.
3.3 Compensation Method by Using the Inverse
Dynamics

The following trajectory (x(t),y(1)) of the mecha-
tronics servo system [ollows the generated trajectory

(wa(1),w, (1)) by using the inverse dynamics compensa-
tion. The generated trajectory is 2-times differentiable
and Lhe acceleration is within the saturation. Hence, the
compensation of the inverse dynamics can be used. The
inverse dynamics of the system (3) within the torque

constraint, is derived as

24+ Kys+ KK,

Fls) = KK,

(7)
The input trajectory (us (1), u, (1)) is calculated from the
generated trajectory (w,(t),1w,(t)) by modifying the in-

verse dynamics (7) as

1 1
(1) = w () + — I\ (1) + K ——1i,(t)  (8a)
P pity
1 1.
ll,y(f,) = U}y(l) + R—wy(l) + T(*I—,l()y(i). (Sb)
r pity

By wusing the input trajectory (u.(t),u,(?)) for the
input of the servo system, -the following trajectory
{«c(1),y(1)) could coincide with the generated trajectory

(wo(t), w,(t))
4. Examples

We derive the trajectory when the objective locus is
the orthogonal two lines of the length L for each axis as
shown in Fig. 4. The objective trajectory is given as

Lo [V (0<t<T)

ra(t) = { 0 (T<t1<2T) (92)
oo (0<t<T) (
'“”’{v (T'<t < 2T) (9b)

where T'= L/V.
Case 1: r < mpin

The first example is the general case, i.e., the corner
is approximated by the circle and the tangent velocity is

............ Objective locus Xt
Generated locus

Y-axis
T

Figure 4 Generated objective locus for orthogonal two

lines



decelerated. The generated (rajectory is derived as

Vi (0t <ty)
Vi — amur(l - t1)2

{h <1 <1y)
w,(t) = Vol —1. (10a)
w,(l) + rsin (—'—"—(—1——2)> (12 < 1 < 1y)
L . (ta <t <ty)
0 (0 <t<ty)
Vit =1
r (l — cos (—-(—i))) (tz <t <Hy)
”
wy (1) = el 15)? (10D)
P Valt —ty) + 20 (<1 < ty)
wy(ta) + V(t —t4) (ty <t <1i5)
v 0<i<t)
V—'amaar(t_tl) (’l < S ll)
oe(1) = V. cos <"‘-——'—"Vm(t - 1.2)> (12 <t <ty) (1)
m 1‘ -_— «
0 (tz <t <1g)
0 (0<t<ty)
. ‘/m(t - t?) - =
/, —_——— t, t <t
(1) = 4 VYmoi0 ( r (fa <t <ty) (11b)
",m, + 0‘ma.r(t - ld) (tﬂ < l S td)
V (ta <t < tg)
0 (0<t<ty)
Qe (I] <t S ’2)
lb.r(l) = —a sin (i'(t——tl)) (tZ <t < t,’) (123)
r -
(ta<t<ts)
0<t<ty)
Vo (l — 1)
maz C - 11 t < t_
By(t) = { M=t ( r (l<tSh) )
Cynax (t:) < f S 14)
0 (ta < t < t5)
where #,--+ 15 are derived as t; = (L —r — (V2 —

V) 20ma)/Vy ta = 8 + (V = Vo) Cpaer ts = 1y +
a2V, ta = ts + (V — V,,.)/apar, 15 = t; + 14. The
generated trajectory is shown in Fig. 5
Case 2: r > rpuin

The second example is that the working accuracy is
vot a strict condition and the tangent velocity of the
generated trajectory is fixed at the tangent velocity V.
The velocity of the generated trajectory is derived as

Vi (0<1<ty)
we(t) =4 Vi +rsin (‘(_‘1‘_3_)) (hh <1 <ty) (13a)

L (la <1 < Hy)

0 0<t<ty
wy(l) =4 7 <l-—(r0s( '(Z—’ﬁ)) (ty < 1 < 1) (13D)

r+V(t—1,) (tp <1< 1Y)

v (0<t<t)

wy{t) = Vcos (1—(—1%22) (thh <t <ty) (l4a)
0 (t2 <1< ty)
0 (0<t<ty)

w,(t) = ¢ Vsin (Y(f—:t—l—)> (Iy <t <ty) (14b)
v (t2 < < 1y)
0 (0<t<ty)

W(t) = { —marsin (m;——b—)> (t <t <13) (15a)

(la <t < ty)

0 (0Lt <ty)
t—1
Wy(t) = Qe cOS (‘/(—1—1)-> (ti <t <t3) (15h)
0 (tz <t< tg)

where ¢, {3 and #3 are derived as ty = (L-r)/V, ta=
4 +7I’7‘/2V, ta=ty+1,. T
Case 3: e =0

The last example is the most accurate, i.e., the ob-

jective locus and the generated locus is identical. The
trajectory is stopped at the corner. The trajectory is
derived as

Vi (0<t<t)

_4.\2
w(t) =4 V- ————o‘"'”(; h) (ty < t < ty) (16a)
L (tz<t<ty)
0 (0t <ty)
amn.:(t _ tZ)2
w()y=<8 — o5 (ta <t <t5) (16b)
/2
V(t-t3) + (ta<t <ty)
amnr
v (0<t<ty)
Wr(t) =4 V = amaa(t —11) (1 <t <ty) (LTa)
0 (tz <t <ty)
0 (0<t<ty)
Wy(t) = ¢ maz(t — 12) (tg <t < t3) (17b)
|4 (ts <1 < ty)
0 (0<t<ty)
U):l'(') = ~Mnax (fl <t< f'l) (183.)
0 (tz <t <ty)
0 (0<t<ty)
Wy (1) = ¢ Gar (12 <1 < 13) (18b)

0 (ts <1 <ty)

where ;,---,1, are derived so that the length of the
generated trajectory is L oas ) = (L — V2/20a,,,.)/V,
by=1 + v/(vmn;rv a=1t + "//amuza ly =1y + 1
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The generated trajectory (w,(t), w, (1)) is modilied to
the inpul trajectory (w.(t), u,(t)) by using equation (8).
When the input trajectory (w.(t),1y(¢)) is used, the fol-
lowing trajectory (z(1),y(1)) is identical to the generated
trajectory (wy(1), w,(t)).

5. Conclusion

A method ol trajectory generation for contour con-
trol of mechatronics servo systems was proposed. The
method generated the trajectory within the torque con-
straint and it was satisfied with the assigned working
accuracy. According o the inverse dynamics compensa-
tion, the following trajectory of the servo systems could

coincide with the generated trajectory.
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