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Summary. Motion control of machines and mechanisms with a mechatronics control is now recog-
nized as a key technology in mechatronics. The robustness of such motion control will be represented
as a function of stiffness and a basic for practical realization, for example, in the precise agriculture.
Target of such motion is parameterized by control stiffness which could be variable according to the
task reference. However the system robustness of motion always requires very high stiffness in the
controller. The paper shows that control of acceleration realizes specified motion simultaneously with
keeping the robustness very high. The acceleration is a bridge to connect such robustness and vari-
able stiffness. For practical applications, a technique to estimate disturbance is introduced to make
motion controller to be an acceleration controller of machine/mechanism. Optimization of motion con-
trol of flexible structure and identification of mechanical parameters are also described.
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prove the performance of motion regimes.
INTRODUCTION For example, vector controlled induction
motor has higher cut-off frequency almost up
One of the most important elements imo three times in the speed control loop com-
mechatronic technology is undoubtedly mopared to the same-sized dc motor. Following
tion control (of machine/mechanism). Howthese results, the novel theories of control
ever, the word ,mechatronics”, registered asere tested in such mechatronic systems. In
a trademark by Yaskawa Electric Co., irthe later 1980’s and the early 1990’s, mecha-
1971 did not always include a concept of mdronic seemed slow case of various applica-
tion control [1]. tions of control theories and of optimization
In the 1970’s, industries began to replactneories of control as well.
mechanical elements with electronic ones to The phenomena observed in the early
achieve higher reliability and less mainte1990’s [2] also came from the so-called
nance. Also the mechatronic devices wergoftware-servo technology”. Generally ma-
designed to occupy smaller space in the fingr of software applied to motion control car-
products. Totally junction of reliability, ries out the indispensable routines for diag-
availability, and serviceability has been veryostics and sequential procedures. Only
much improved in relatively more compacsmall area is assigned for programming con-
products (and, for example, in the agricultrol algorithms. The area was hardly suffi-
tural machines and mechanisms). cient for conventional PID controller. Re-
In the 1980’s, a remarkable progress inently the fast processor has gradually en-
mini- and micro- computers and power eleabled more complicated algorithms within a
tronics technology made it possible to imshorter sampling time. Since the software-
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servo technology has generated more roobe some intelligent process with composite

for control algorithms, higher performancestructure in the reference generator. The gen-

and flexibility have been realized withouteral motion control totally consists of the mo-

additional investment. Than the novel algotion controller and the reference generator.

rithms have gained high evaluation from thélowever, the paper lays stress on the motion

practical viewpoint because the quality otontroller.

motion was improved (in precise agricultural From the control point of view, the output

technologies as well). The motion control i®f the motions will be position and/or force.

now recognized as an important area in mé simple case is continuous path tracking

chatronics [3]—[6]. however, the need for force control is in-
This paper intends to show recent ad:reasing because the industrial demand to the

vances in motion regimes of ma-dexterous motion is growing up. A simplified

chines/mechanisms control covering controhdex which covers various motion is prefer-

and energy conversion [7] for a tutorial purable, though, there are various candidates of

pose. The physical meaning is emphasizedotion representation. One of such indices is

rather than mathematical exactness. As sdiffness.

well known, control and estimation are twin Suppose that is a position of motion of a

aspect of system design. The fact holds controlled object (machine/mechanism) and

motion control of machines and mechanismg. is a totally imposed force on that. From the

The robust control and the estimation of painematic and the dynamic equation, the fol-

rameters have the same basic. The sevel@hing holds:

example shown later seen different ap-

proaches; however, the single interpretation f =g(X x,X) 1)

is possible from the physical viewpoint. '
The paper, at first, defines the stiffness in

relation to various motion control. This CONzq(

cept leads to both the meaning of robustness

and the general structure of motion control of of

machines and mechanisms. Then the paper k=— 2
. . e ox

points out the necessity of modification .

against flexible structure. Several examples

will assure the concluded remarks at the end ' he ideal position control inhibits any de-
of the paper. viation of position against any deviation of

force. That meank will be infinite in such a
case. Naturally an integrator in the forward
MATHERIALS AND METHODS loop compensates the steady error &naill
be zero at infinite time. However, such func-
A mechanical system governed by the Ldion does not reflect in (2). On the other
grange equation is represented both geom8@nd, the ideal force control inhibits any
rically and dynamically. The kinematics isforce deviation against any position devia-
represented as a set of algebraic equatioifdn- Thereforek is zero in the ideal force
which gives constrains of motion. The dy_control. In the compliance control, there must
namics is a set of differential equations bas&¥f & relation between position and force. For
on dynamic equilibrium of force. A motioninstance, a virtual compliance control will
controller generates a set of inputs to the ag@ve mechanical impedance computed in the
tuators according to motion reference. A mgzontroller according to the specified dynam-
tions reference is synthesized in the referenes- Table 1 shows thatis a good parameter
generator. The sensor signal, the databa@s a@n index which represents a target of mo-

and the commands from other motion sydion.
tems and/or human operators are input sig-
nals for the reference generator. There will

108

The stiffnesxk is defined in the partial dif-
entiation:
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Table 1. Stiffness as a motion index Most of power converters use switching

device for power control. The regulation of

t;anrgt(-i:‘(t)r?f StlffEeSS torque highly depends on the switching fre-
position - quency. Since the recent power converter
compliant finite uses !GBT’S, FET's, and so on, for fa_lst

force 0 switching, the current feedback includes high

gain inside the feedback loop and the torque
current follows the current reference with
delay of less than from 50 pus to 1 ms. The
torque itself is produced by electronic inter-

Various specifications for motion in in_ference of current and magnetic flux.
SP : e There are three types of the interference as
dustry require versatile ability in the control-

ler. An efficient way to overcome this rob-ShOWn in Table 2. The stepping motor, which
- - y . IS Prods not in Table 2, is widely used for simple
lem is to divide the function of motion con-

trol into two parts. Control flexibility is suit- positioning. [t has similar characteristics of

: : . synchronous motor, however, it generates
ably realized in the motion reference gener

: : . ) L Righ torque ripple and is not appropriate for
tor since a kind of intelligence is |nd|spensaﬁnge andqsmooF?[E motion. Each rﬁgtofin Table

retin et St o, SETeTaES orgue be he produc o torue
alely 1O rrent by field. The field and the torque cur-

control part. The more intelligent a motio ent is controlled to be orthogonal to each

reference generator becomes, the more rob ?ﬁer [8]. Then by integrating all the torque

a motion controller should be. Th'.s IS a .km ar small piece of surface of rotor, the total
of master-slave structure. There is an intel-

pretation on robustness of motion controlle ,enerated torquenis given simply as:
which makes the conception visible in mind.
Suppose the moving body whose position is m t—a
controlled along the predetermined path.

Such a rigid body should knock down okwhere:K; is a function of flux position and
break any obstacles on path and go forwagkpanded in Fourier series and is called a
to the end of part, if a motion controller isorque coefficientl, is torque current. Fast
ideally robust. So called obstacle avoidanagwitching devices make the power converter
issue is solved in the motion reference gewvith feedback of torque current as a virtual
erator by synthesizing an appropriate refecurrent converter. In most cases, it is possible

ence of trajectory. The robustness of the Mgy regardl, as 17/ (torque current reference).

tion controller assures for the utmost thg\S a result, this chapter concludes that the

“high-fidelity” to the input reference. : . . :
) . i ._actuation part is schematically represented in
The dynamical equation is excited by int. P y Tep

put force. Most of mechatronic systems adopl):tlg' 2.

electrical ac;tuator fo.r thfe purpose. Fig. ¥, e0 Typical Electric Actuators
shows a typical electric drive system.

RESULTS AND DISCUSSION

3)

induction| synchronous
Power Sourse dc motor
motor motor
field cur- | rotating per-
Electric Motor , permanent rentby | manent mag
field e
magnet vector | net with field
() Power Converter control | orientation
torque
current by ac current
Torque Current Feedback torque| dc current with orienta-
vector tion
Fig. 1. A typical electric drive system control
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to output in robust control. At first, the pa-
Torque coefficient rameters 'variation is evaluat.ed. Supposg that
et T the variation of system matri& and the dis-
2 . K T, tribution vectorb is additive to the nominal
state denoted by lower suffix:

Fig. 2. Block diagram of actuator {Az Ay +AA

, _ | , b=hy + Ab. 6)
It is necessary to define the equivalent dis-

turbance in order to consider the robust cop-, . .\ A is 2 variation oA andAb is a var-
trol of motion actuated by electric motor. Th jation of b. The variation of dynamic matrii

explanation and the interpretation of robus s the same to the variation of the coefficients

ness and stiffness in motion control lead t o .
definition of disturbance. The general defini-8f the characteristic equation of (4). An ex-

tion for single-input and single-output (SISOi)efr}g)e_d disturbance is defined by modification
linear system is discussed. Such system has' "

the following transfer function between input %= (Ag +DA) [x+ (b + Ab) [u+eld =

U(s) and outpuiY(s): ~ (7
= Ap X+ by [+ (AAX + Ab [ + e[d).

Yo _ K o Cn B"+c , B" +..+cs+C

u. +a 3"'+a_ @ 2+.+as+a (4) The third term in the right side is an ex-

P P ST tended disturbance defined to have the di-
Herey(t) is output variable and(t) is in- mension of torque of force:

put variable. If the disturbanad(t) is addi- - :

tive in the input side, the system is repre- d =d+e [AATX+Ab). (8)

sented in the following state equation:

(s)

By introduction of the extended distur-

x=Ax+bu+eld bance, (5) is transformed to (9):
{y:cx ®)
{)‘(:AODHbOEHed, ©)
X, 0O 1 0 - 0 y=cX
X 0O O 1 -~ 0
Herex=| |, a=| : : : .. ]
' 0 0 0 1
Xn
ma T& & —&,
0 0]
0 0
b:g’e=3’C=[ClC2' c, 0 ..0,
0
K 1)

Fig. 3. Companion form of linear system

X is a state vectoA is a system matrixy ) _
is a distribution vector of inpug is a distri-  There are various proposals to estimate
bution vector of disturbance, amds an ob- the disturbance. There chapter introduces a

resented in Fig. 3. turbance is the function of time, it is ap-

The parameter variation and the distuRroximated by polynomials of (p-1) order
bance should not give any significant effed®]- Then (10) holds:
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d”d which estimates state variables. The mini-
dt® =0. (10)  mum order of observer is, therefore;p-m.
Gopinath’s method is a systematic way to

By putting (10) into (9), an augmentecconstruct such an observer [10]. Onde is
equation is obtained:

_~

estimated a€l , the input will be sum of two
{)..(. _ "50)..(_ + BOU (11) parts:
Yy =CpX. u= uref + udis. (12)

Here, the order of the matrix is#p) and The first term in the right side is a driving

X'is as follows: input to excite the system. The second term is
a compensation to suppress the equivalent
disturbance (and, by the way, to optimize the

% system as well), the compensation input is
% made by using the estimated equivalent — dis-
: -~ _ turbance:
X, , Ay, 1, Gyare as follows
x=|d i e 5 1% 13
! w9 = ~(bipy) Hefed =- =d. (9
d Ko
d .
3~ Since d will be delayed by the lag poles
1d®? | in the disturbance observer, the compensa-
tion of the equivalent disturbance will be also
(np) delayed by the same amount. It is possible to
o0 1 0 0O 00 - O] design such delay as small as possible not to
o o 1 0 00 : O make robust st%its)ility deteriorate. The com-
. . — - 0 0 pensation input> will change the original
(‘) (‘) (‘) ' 1 (‘) 0 0 system without any disturbance.
A= : Fig.4 visualizes a schematic diagram of
% & "&; " & 1 0 @ 0] the total system including the disturbance
o 0 0O - 0 00°:0 observer it is noted that the design uf
: : A : comes from the motion reference generator.
|0 0 0 0O 00 - 0
o %= Ax+bu+ed y
0 _ >
y=CX
0
(+p) X measured
~_|0 G= .G, 0..0.
520 lnep, &0 & G 0
Ko
v
0 2 .
: d disturbane
_6 | observer

Fig. 4. Robust control based on disturbance
In (11), an equivalent disturbance defined observer
by (8) seems a state variable. Clearly the sys-
tem is uncontrollable, however, is observ- Generally total controller will have cas-
able. It is possible to construct an observezhde of the outer loop to bring the desired
111
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output and the inner loop by disturbance ob-

server. The former will be a nest of the latter -kk,6
as shown in Fig. 5. d[ } [ _ki}{ } o Kool A7)
The previous design method is applied tdtLz] [1 ~klz] |(k-k)o+-~1

0

the motion system described by (14):

Equations (16) and (17) lead (18):
IV e (1)
dt a:_: kl _Kﬂ re')_ -

Sk, et a9

Herel — inertia;K; — torque coefficient of

electric motor;T| — load torque.
Two poles of the observer arand S

yoou oo u4'+> o _y  Which are arbitrarily allocated in the complex
g’ e ’ g plane. They satisfy (19):
y dis
u measured
1X a+p=-k,, aB=k. (19)
Inner loop based or i . . .
disturbance observer It is worthwhile reconsidering (19). The
parameters in (14) are the inertia and the tor-

que coefficient. The inertia will change ac-
cording to the mechanical configuration of
motion system. The torque coefficient will

vary according to the rotor position of elec-

The disturbance is load torque. The p
e . ric motor due to irregular distribution of
rameter variations are the change of |nert|a
magnetic flux on the surface of rotor:

and the change of torque constant of motor.
The output is position detected by position

Fig. 5. Total system with robust control

detector. The equivalent disturbance defined I=lo +Al, (20)
by (8) is:
y(@)is K, =K, +AK,. (21)
~ T, K (15)
d =—|—|+(|—t— to) I By substituting (20) and (21) into (14),
(22) holds:
Suppose the first derivative af is zero. dw K, Iref (T +A dw _ AK, 1), (22)
An augmented state equation corresponding ® dt dt
to (11) is:
The second term of (22) is the disturbance
] 01 ole 0K torqueTy;s:
—|w|=[0 0 1|w(+ ‘v [IF. (16) dw 23
ke o+ A, i @)
il 1o o of; 0 T, = T+A|Olt AK, 1.

0

Comparing (14), (15), and (23), the fol-

By Gopinath’s method, the following es'lowing equation holds:

timation process is obtained:
- T = o(—d). (24)
d=ké+z, e 0
Tgis contacts: 1) mechanical loadiF
7 should satisfy (17), whetg andk; are free
parameters:
112
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Fig.8. Therefore, the robust motion controller

. . . dw
2) vari If-inertia tor s ha
) varied self-inertia to qu%Al(dt)}, eliminates steady state error.

3) torque ripple from motor< AK, I ).

T
The robust motion controller is designed = N l
to cancel the disturbance torque as quickly as
possible. o Diurbane ]
The estimated disturbance torque is ob-
tained from the positiord and the current :
reference as shown in Fig. 6.

TI
1 l “ 6

+
to

Fig. 8. Equivalent block diagram of Fig.7

Equation (18) shown that disturbance is
estimated through low-pass filter. Generally
there is such a low-pass filter in the observer
structure. The poles of the observed deter-

mines the delay of the low-pass filt& ().
G; (S)gives a certain effect to the control per-
formance. Fig.6 is also transformed into

According to the result of(12) and (13)F19-9.
compensation input is as follows:

Disturbane
observe

Fig. 6. Disturbance observed in motion
system

Tdis
: (25)

G/(5)

ref + -
| i g

Robust motion controller has the sche-—*,8
matic block diagram as shown in Fig.7.

Fig. 9. A robust motion controller as an
acceleration controller

Fig.9. transformed from Fig.6 clarifies the
feedback effect of the disturbance. If there is
no delay in the estimation process, the dis-

i, turbance is completely canceled out. In fact,
since there is definitely some time-delay in
high frequency range determined by 1 —

Disturbane S+k

observer : + Gr1(5)=G4(Ss). G«(s) is called a sensitivity func-

tion which shows a performance limit of ro-
bust control in high frequency range. In most
Fig. 7. A robust motion controller of low frequency area covered I&#(s), the
motion system is robust.
There exists an integrator with high gain Fig. 9 shows another interpretation. It is

equivalently in the forward path as shown igossible to select nominal inertia and nomi-
nal torque coefficient as unity. This case
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shows that a current reference is also an ac- g K N
celeration reference. ¢ 1 N =

The chapter reaches that robust motion (32+k2 E$+k1) kt%cﬁ /|0 (27)
controller makes a motion system to be an ky Texternal
acceleration control system. The result im- (2 )
plies a versatility of rogust motion controller (S the[5+ kl) 'o
for both position and force control. If posi-
tion signal is fed back, a high-gain feedback
in the robust controller makes stiffness very
high. On the contrary, only pure force error
feedback makes total stiffness zero since
there is no gain to the position. g,rad

The disturbance estimated by (18) is used -4¢ -20 20 40
for a realization of robust mechanical system. 1-10
In the actual application, the estimated dis-

turbance is effective fir not only the distur- 1-20

bance compensation but also the parameter

identification in the mechanical system. AsFig. 10. An example of identified friction effect
defined in (15), the equivalent disturbance

d, which is estimated by the disturbance ob- The identification process of the external

server, includes the load torqde and the f_orce IS summarize_d in Fi_g. 11. The identi-
parameter variation torquefled external force is applicable to senseless

[(K /1) = (K, /1)1 . Here the load torque O/Ce feedback control in mechanical system

_ o [12] and is utilized for a realization of me-
Ty consist of friction and external force efthanical vibration control as shown in the

fects in the mechanical system as follows: pext section.
As described before, the progress of ro-

o9

T.N
+ 20

— fricti fricti . . .
T =T.""" +T,"" " w+ Text (26)  pust control technologies makes it possible to
Coulombandviscosity forcasttect realize high performance motion control of
friction effect .

machines and mechanisms. In the industrial

Thi . hat th ¢ drive system such as a still rolling mill sys-
di It? equatlgn mea(ljn_st atlt im;tpu_t OFMth@m and so on however , the development of
Isturbance observed is only the rlct!on et'echnology Is not enough to obtain the stable
fect under the constant angular velocity m

%nd high speed motion response since the
tion. This feature makes it possible to ide 'an sp ! P '

"fhechanical vibration arises under the high

tify the friction effect in the mechanical Sys'accuracy positioning control. One may say

]E_erg.fF_ig_. 10 ?fhows an _examp:]e (;f_th_e idefnté'uch words about crane’s systems as well. To
led friction effect. In Fig.10, the friction ef- 44 ess above issue, the mechanical vibration
fects are well identified as Stribeck friction

control is also taken up in the field of the mo-
model [11].

ion control [13-15]. In particular a vibration
The external force effect is also identifiecL [ ] P

beforehand by the above identification Procs yibration control strategy based on the ex-

ess. By |rEpIement|ng the angurall ac_:celzratqgmal force feedback called “resonance ratio
motion, the system parametéi/lo IS ad- control” in multiple resonance system. In this

JlfSted n ;he obs?rvelr d/elsgn SO tlhath't 'Case, the external force may be obtained by
close to the actual valu&y/l. As result, the | qjnq the identification process shown in

disturbance observer estimates only the ex;
ig. 11.
ternal force effect as follows:

114



OPTIMIZATION OF MOTION REGIMES FOR MACHINES AND MECHANISMS WITH A MEHATRONICS CONTROL

P . b=
1,5 Kl Kn

wl-

Kto + :7 9'0 +-|—anc1ion lt—] a)
 friction +
9
S+g
Fig. 12. A mode of mechanical resonance
! gl +T,fieion || systemK;. Equivalent Total Stiffness of Load
A | side;
Tex = i+ + .+ 1
Fig. 11. Identification process of external force
W‘ Treaﬁ] “;
In general, the dynamical behavior of the ] |
mechanical resonance system is described as | _____ }
multiple mass s_pri_ng mo_del. Fig. 12 _(a) gl } i i . 6
shows a schematic illustration of the multiple S 1 O K N n
mass spring system and Fig. 12 (b) is a block 1 ! 1,05
diagram. !
In the vibration control, the disturbance Acceleration

effect imposed on the motor portion is sup- Controlle

pressed by applying the robust control tech-
nique, which is based on the disturbance ob19. 13. Acceleration controller based on
server in this section. Then, the motion sygxternal force feedback

tem seems an acceleration controller. Fur-

thermore, the identified external force is fedéref 1 <] 8 ) 9
back through the feedback gad. Fig. 13 =~ — H‘":l((suw‘)) n ﬂ”(‘sﬁﬂ) ”
shows the total block diagram of the accel- = o -
eration controller based on the external force v : .

otor portion Arm portion

feedback. Fig. 13 is transformed into Fig. 14
without any approximation. In the latter dis-F
cussion, Fig. 14 is used for the analysis and
the design of the vibration control for various

mechanical systems, machines and mecr}%’rnal force feedback, PD control is applied

nISMS. to the motor position controller and the ex-

In Fig. 14, the following issues are CONternal force feedback gain is determined so

sidered to obtain the vibration SUPPressiof,,; the aphove conditions are satisfied. To

controller. ensure the effectiveness of the external force

The controller of the motor portion is de'feedback, the system stability is analyzed. In

signed so that the poles of the system do Nse PD control is applied to the motor por-

cancel the zeros by the motor state feedbaclﬁ.

. . fm of Fig. 14, the total block diagram of the
The feedforwarc! compensator is de_5|gn echanical system is rewritten as slows in
so that the location of the zeros is NGE;

. 15. Fig. 16 shows the root loci of Fig.
changed. 159 5. Fig. 16 shows the root loci of Fig

ig. 14. Equivalent transformation of Fig. 13

In the vibration controller based on the ex-
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From Fig.16, starting angle of each oscil- p(s)=s* + K, [&° + (Kp +W|?n)[$2 +

lation poled.is obtained as follows: ) 5 (31)
: + K, V] B+ K, T2,
6=270-2a,;, 6,=270-2a,,..6,,=270-2a_,, (28)
Observer and PD conrol
f<a, <90 90°<@ <270 (29) G K Mo 6,

—» » ? > >
. K S+K, 54K, [(5'+Q)

The above equations mean that the con-
troller based on the external force feedback
mares the oscillation poles stable. This is a K] (S +4r)
basic concept of the proposed approach to
obtain the stable motion response in the mé&ig. 15. Total block diagram of vibration
chanical resonance system. In the actual d@PPression controller
sign of the controller, only the first oscilla-
tion pole is considered to construct the vibra- 9
tion suppression controller (for example, for \C‘: n
the crane’s system). Then the controller gains
Ko, Ky, Kr are determined according to the Q,
resonance ratio which shows the ratio of the
natural frequency of the motor side and the 7/
load side. The vibration control strategy /
based on the resonance ratio is called “reso- /
nance ratio control” for machines, mecha- /
nisms and other mechanical systems.

As described before, all pole — loci of the
mechanical resonance system move to the / ..
stable direction by the external force feed- / oo
back. In the next step, the controller gains are /N
determined according to the resonance ratio. /

Here it is asumed that the dominant oscilla- / \Clel_
tion pole of the mechanical system is the first / L 01Q
oscillation pole. Then the transfer function of o . 7~

the system is described as follows: /R”?ﬂ(
2 ) a
em = ﬁs\:—lz—vvg) E(B_I_(S) [GZ(S) [(chd, 'y 1

_ cmd. _ ﬁ ¢ —
9 = Gu(9) Go(9 B o=, (30) Q

K .
W, :,/Tf [@+K 0,) =Ky,; K=y1+K I,. Fig. 16. Root locus of Fig. 15

1 . To simplify the controller designG:(s)
Here w, _and ‘_fﬂ are the qulval_ent_ fre- and G;(s) are defined as second order system

Wi andK is the natural frequency of the mothe motion performance in each system. Then
tor side and the equivalent stiffness of thgy(s) s also given us follows:

load side, respectively(is the resonance ra-

tio. The denominatoD(s) of the transfer D(s) = (s &

function ofGy(s)-Gy(s) is given as follows: (SZ (520 B Ts+ o) ¢
X (s +20, [, 3+ aB).

A

(32)
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From (31) and (32), the following rela- flrad] L 16ld]
tions are obtained: 1
Ky = 2({g [0y +{; [0y), Kp=u§§§,
(, 44
(33) ¢
%z\/_(‘igﬁ +0f +u5+4G, (45 (69 (00, e
(271
The important goal in the vibration control t (g
is to suppress the vibration, so that R m— HLILL :

1000 200( S0 00 2000 3000
¢, ={,=10in (33). Also W =w, =), to ob- ( (

tain the high speed motion response in therig. 18. Resonance ratio control in mechanical
load side. Finally, the following control gains resonance system

are obtained with resonance ratio\ﬂ_f:

Ky =4/, CONCLUSIONS
Kp = W3, (34)
K, =4w,. 1. The paper intends to give a tutorial of

motion control technology in mechatronics
By using a set of the gains shown in (34and in various machines and mechanisms as
the vibration of the mechanical resonanceell. The robustness of the motion control
system is well suppressed. Fig. 17 and 18 ameakes the mechanical system more flexible.
the experimental results of PD control andhe stiffness of the motion, which corre-
resonance ratio control respectively. Thesspond with the forward gain of the position,
results clearly show that the resonance ratis defined to be a good index of robustness.
control is effective for the vibration suppresThe motion controller acquires robustness by
sion in the mechanical resonance systergstimating disturbance. The robustness and
various machine and mechanisms as well. the identification is both sides of an optimal
flrad] control each other. The resent — modern tech-
0.64 nique including two-degrees-of freedom (op-
timal) control, H* - control has proved the

0.4+ same structure from physical point of view
[16]. The estimated disturbance includes re-
action force from the environment. The in-
— ‘ . t[mg formation is used for estimation of mechani-
0 1000 2000 3000 - cal parameters. By direct use of reaction
a) force, an antivibration (optimal) control
b Gg] called a resonance ratio control for flexible
i structure is realized.

2. The paper little describes the reference
generator. An intelligence in the reference
0 generator is another key for intelligent me-
chatronics for mechanical systems, machines
and mechanisms, however, it presuppose the

0.2+

t[mg robustness of the motion controller (for ex-
25 100¢ 2000 3000 ~ ample, for crane’s systems). From such point
b) of view the role of robust motion controller
Fig. 17. PD control in mechanical resonance will be more important in modern mecha-
system tronics.
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3. The further development, particularly in ~ manipulator, IEEE Trans. Ind. Electron, vol.
the connection of reference generator and 40, Nr2.
controller of motion for crane’s systems, fod3. Murakami T. 1995. Eds. Robot Soc. Jpn.,
agricultural machine and mechanisms, for SPecial Issue on Advanced Motion Control

; : .1 in Vibration System, Vol. 13, Nr 8.
various mechanical (resonance) systems, wijll n . ’ -
be expected. }L4. Seto K., Yoshida K., Nonami K. 1992.
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